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Abstract
Acetylshikonin (ASK) is a natural naphthoquinone derivative of traditional Chinese 
medicine Lithospermum erythrorhyzon. It has been reported that ASK has bactericidal, 
anti- inflammatory and antitumour effects. However, whether ASK induces apoptosis 
and autophagy in acute myeloid leukaemia (AML) cells and the underlying mecha-
nism are still unclear. Here, we explored the roles of apoptosis and autophagy in ASK- 
induced cell death and the potential molecular mechanisms in human AML HL- 60 
cells. The results demonstrated that ASK remarkably inhibited the cell proliferation, 
viability and induced apoptosis in HL- 60 cells through the mitochondrial pathway, and 
ASK promoted cell cycle arrest in the S- phase. In addition, the increased formation of 
autophagosomes, the turnover from light chain 3B (LC3B) I to LC3B II and decrease 
of P62 suggested the induction of autophagy by ASK. Furthermore, ASK significantly 
decreased PI3K, phospho- Akt and p- p70S6K expression, while enhanced phospho- 
AMP- activated protein kinase (AMPK) and phospho- liver kinase B1(LKB1) expression. 
The suppression of ASK- induced the conversion from LC3B I to LC3B II caused by 
the application of inhibitors of AMPK (compound C) demonstrated that ASK- induced 
autophagy depends on the LKB1/AMPK pathway. These data suggested that the au-
tophagy induced by ASK were dependent on the activation of LKB1/AMPK signalling 
and suppression of PI3K/Akt/mTOR pathways. The cleavage of the apoptosis- related 
markers caspase- 3 and caspase- 9 and the activity of caspase- 3 induced by ASK 
were markedly reduced by inhibitor of AMPK (compound C), an autophagy inhibitor 
3- methyladenine (3- MA) and another autophagy inhibitor chloroquine (CQ). Taken 
together, our data reveal that ASK- induced HL- 60 cell apoptosis is dependent on the 
activation of autophagy via the LKB1/AMPK and PI3K/Akt- regulated mTOR signalling 
pathways.
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1  |  INTRODUCTION

Acute myelogenous leukaemia (AML) is a neoplasm of immature my-
eloid cells, and it is the second most common blood cancer in hu-
mans.1 AML is caused by the overproduction of immature myeloid 
cells in the bone marrow, which can lead to bone marrow failure 
and organ infiltration. AML has an aggressive clinical course, and 
the overall five- year survival rate is approximately 25%.1 Over the 
past decades, the refinement of supportive therapies, such as che-
motherapy and haematopoietic stem cell therapy, has improved the 
prognosis of AML patients. However, more than 90% of older pa-
tients and 50% of younger patients still die from the disease.2 The 
treatment outcome of AML appears to be worse with increasing 
age.3 Older AML patients often cannot tolerate treatments such as 
chemotherapy and haematopoietic stem cell therapy. Resistance to 
chemotherapeutic drugs, as regulated by the expression of multi-
drug resistance (MDR) genes, is also more frequently observed in 
elderly AML patients.4 The prognosis of AML patients is poor, and 
most die within a year of diagnosis.5 Therefore, it is very import-
ant to find highly effective natural drugs with less side effects for 
treating acute myeloid leukaemia. The combination of chemothera-
peutics and traditional Chinese herbs may be an effective treatment 
option for patients with AML.

Autophagy, a highly conserved pathway in eukaryotic cells that 
is mediated by lysosomes and degrades cytosolic components, is 
an important process that can degrade and recycle cellular compo-
nents. It is triggered in response to diverse stress and/or extrinsic 
stimuli.6 Autophagy integrates several signalling pathways to reg-
ulate multiple cellular functions, such as cell metabolism, growth, 
proliferation and survival.6 Mammalian target of rapamycin (mTOR) 
is a major negative regulator of mammalian autophagy as controlled 
by growth receptors, nutrient depletion, hypoxia, oxidative stress or 
low energy.7 Inhibition of mTOR will lead to the autophagy induc-
tion,8 and mTOR repression could be activated by the LKB1/AMPK 
signalling and be inhibited by phosphatidylinositol 3 kinase (PI3K)/
protein kinase B (Akt) signalling.8

A number of studies suggest that LKB1/AMPK and PI3K/Akt sig-
nalling pathway serves a key role in the occurrence and development 
of tumours.9,10 The LKB1/AMPK signalling pathway is regarded as tu-
mour suppressor axis in recent years.11 In acute myeloid leukaemia, 
LKB1/AMPK signalling pathway has tumour suppressive activity by 
inhibiting mTOR- dependent oncogenic mRNA translation.12 The ac-
tivation of AMPK can promote autophagy, and cyclinD1 inhibits the 
autophagy induced by oncogenes by regulating the AMPK- LKB1 sig-
nalling pathway.13 The results of mice transplanted with a human 
AML cell line suggest that AMPK agonists may become a new per-
spective for AML therapy.12 Activation of PI3K/Akt/mTOR pathway 
seems to be important for the development of leukaemia, including 
acute myeloid leukaemia (AML).9 The activation of PI3K/Akt/mTOR 
pathway in cancers leads to rapid proliferation, apoptosis escape 
and chemoresistance of tumour cells.14 PI3K/Akt /mTOR pathway 
was demonstrated to be as the modulators of autophagy. Therefore, 
targeting PI3K/Akt/mTOR- mediated autophagy has emerged as a 

possible tumour therapeutic strategy. Tanshinone, extracted from 
Salvia miltiorrhiza, can induce autophagy and apoptosis by inhibiting 
the PI3K/Akt/mTOR pathway in ovarian cancer cells.15

The root of traditional Chinese herbs Lithospermum erythrorhizon, 
named Zicao, has been widely used in the treatment of burns and 
scalds, allergic purpura, measles, rashes and yellow spots.16 Shikonin 
and acetylshikonin are the main active components of Lithospermum 
erythrorhizon. Shikonin and its analogues exhibit strong anticancer 
and anti- inflammatory properties, but with potential adverse ef-
fects.16 A derivative of shikonin, acetylshikonin (ASK), is less toxic 
to normal cells than shikonin, so it could be used as a potential an-
ticancer drug.17,18 It has been reported that ASK has antitumour 
effects and can induce apoptosis in squamous cell carcinoma, mela-
noma cells and colorectal cancer cells through inhibition of the PI3K/
Akt pathway and induction of Foxo nuclear translocation.19– 22 ASK 
is also responsible for ameliorating autophagy in nonalcoholic ste-
atohepatitis via AMPK/mTOR pathway.23 However, no studies have 
investigated the effects of ASK on acute myelogenous leukaemia 
(AML), and the apoptotic and autophagy mechanism of acetylshiko-
nin against AML cells is still not thoroughly investigated. The goals of 
this study were to improve our understanding of the effects of ASK 
on HL- 60 cells derived from a patient with AML FAB- M2,24 to study 
the mechanisms involved and to evaluate the therapeutic potential 
of ASK in treating acute myelogenous leukaemia (AML).

2  | MATERIALSANDMETHODS

2.1  |  Celllinesandreagents

Acetylshikonin was purchased from Shanghai ShiFeng Chemical Co. 
(Shanghai, China), and its chemical had a purity of >98%. All cell lines 
used in this study were obtained from the Cell Resource Center of the 
Shanghai Institutes for Biological Sciences of the Chinese Academy of 
Sciences. DMSO was purchased from Sigma (No. D4540). DAPI and 
PI were obtained from Solarbio (Beijing, China). EdU Cell Proliferation 
Detection Kit was purchased from RiboBio Co. (Guangzhou, China). 
Annexin V- FITC was purchased from BD Biosciences (San Jose, CA). 
Caspase- Glo® 3/7 Assay was purchased from Promega Corporation 
(Madison, USA). Compound C (sc- 200,689) was purchased from Santa 
Cruz Biotechnology Inc (Santa Cruz, CA, USA). 3- methyladenine 
(3- MA) and Chloroquine (CQ) were obtained from Sigma- Aldrich 
(St. Louis, MO, USA). Anti- LC3B antibody- Autophagosome Marker 
(ab48394) was purchased from Abcam (Cambridge, UK). Antibodies 
against poly (adenosine diphosphate [ADP]- ribose) polymerase (PARP) 
(Asp214) (No. 9532), caspase- 3 (Asp175) (5A1E) (No. 9662), caspase- 9 
(No. 9502), Bax (No. 2772), Bcl- 2(124) (No. 15071), CDK2(78B2) (No. 
2546), AMPKα (No. 2532), p- AMPKα (Thr172) (40H9) (No. 2535), p- 
LKB1 (Ser428) (C67A3) (No. 3482), p70S6 Kinase (49D7) (No. 2708), 
P21 (12D1) (No. 2947), p- AKT (Ser473) (D9E) (No. 4060), AKT (C67E7) 
(No. 4691) and p- Raptor (24C12) (No.2280S) were purchased from Cell 
Signaling Technology (Beverly, MA). Antibodies against cytochrome 
c (A- 8) (No. SC- 13156), apoptosis- inducing factor (AIF, E- 1) (No. 
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SC- 13116), P62 (SQSTM1) (No. SC- 28359), LKB1 (No. SC- 32245), cyc-
lin E (HE12) (No. SC- 247), PI3K p85α (B- 9) (No. SC- 1637), p- P70S6 (A- 
6) (No. SC- 8416) and Raptor (10E10) (No. SC- 81537) were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti- LC3B (ab51520), 
ATG5 (ab108327), ATG7 (ab52472), Beclin- 1 (2A4) (ab114071) and cy-
clin A2 (ab181591) were purchased from Abcam (Cambridge, UK). The 
dye mix for the EB/AO staining was 100 μg/mL acridine orange and 
100 μg/mL ethidium bromide in PBS.

2.2  |  Cellculture

HL- 60 and K562 cells were grown in Iscove's modified Dulbecco's 
medium (IMDM, HyClone) supplemented with 10% foetal bovine 
serum (FBS, Gibco) and 100 IU/mL penicillin and 100 μg/mL strep-
tomycin at 37°C and 5% CO2. THP- 1 cells were maintained in RPMI- 
1640 medium (sigma) supplemented with 10% foetal bovine serum 
(FBS, Gibco). The cells were prepared for subculture every 24– 48 h. 
The log phase cells with >98% activity were employed for subse-
quent experiments.

2.3  | Assessmentofcellproliferationinhibitionby
XTT assay

HL- 60, K562 and THP- 1 cells (1.6 × 105 cells/mL) were grown in a 
96- well plate and then exposed to 0.3125– 5 µM ASK. The same 
amount of DMEM or RPMI- 1640 was employed as the blank con-
trol. A minimum of 6 replicates was made at each concentration, and 
the experiments were conducted in a total volume of 100 µL/well. 
The cells treated without ASK were employed as the control group. 
After incubation for 24– 48 h, XTT (50 μL/well) was added and incu-
bated again for 4 h. The absorbance (A) values were detected using 
a BioRad M450 microplate reader at 490 nm. All experiments were 
repeated 3 times, and the cellular proliferation inhibition rate (CPIR) 
was determined as follows: CPIR = (1 -  mean A490 value of the 
treatment group/mean A490 value of the control group) × 100%. 
GraphPad Prism was used to calculate the IC50 values.

2.4  | AssessmentofcellproliferationbyEdUassay

HL- 60, K562 and THP- 1 cells (2.0 × 105 cells/mL) were exposed to 
0.3125– 5 µM ASK for 24 h. The cells treated without ASK were em-
ployed as the control group. Cell proliferation was measured using EdU 
kits (RIBOBIO, Guangzhou, China) according to the manufacturer's in-
structions to analyse the incorporation of EdU during DNA synthesis. 
Cells were collected by centrifugation and incubated with 50 μM EdU 
for 2 h. The supernatant was discarded after the cells were collected 
by centrifugation. Wash cells with PBS for one time, and then fix cells 
with methanol for 30 min. The cell membranes were lysed with 0.5% 
Triton X- 100 in a shaking table. Then, the 1xApollo® dyeing reaction 
solution was added to the cells and cultured for 30 min without light. 

The cell nucleus was stained with Hoechst 33322 for 30 min. The 
proportion of cells incorporated EdU was determined by fluorescence 
microscopy (Invitrogen™ EVOS FL Auto 2, Thermo Fisher Scientific, 
America). Assays were performed in triplicate.

2.5  | DeterminationofcellviabilitybyTrypan
blue assay

Cell viability was evaluated using the trypan blue exclusion test. HL- 
60 cells (2.0 × 105 cells/mL) were exposed to 0.3125– 5 µM ASK in 
a 6- well plate. The cells treated without ASK were employed as the 
control group. After incubation for 48 h, the cells were trypsinized, 
resuspended in medium and stained with trypan blue dye (0.4%) for 
5 min. The blue- stained (non- viable) and unstained (viable) cells were 
measured using a haemocytometer. The cellular death rate (CDR) 
was calculated using the following equation: CDR = (1 -  mean num-
ber of living cells in the experimental group/mean number of living 
cells in the control group) × 100%. All experiments were repeated 
3 times.

2.6  |  Cellcycleanalysis

HL- 60 cells (1.5 × 105 cells/mL) were exposed to 0.3125– 5 µM ASK 
for 24 h. After harvesting, rinsing with PBS and fixing in 70% etha-
nol overnight, the cells were centrifuged and rinsed again with PBS. 
Then, the cells were incubated with propidium iodide (PI, 50 μg/mL) 
and RNase (2.5 μg/mL in PBS) at room temperature (RT) for 30 min. 
The DNA content was analysed using a flow cytometer at 488 nm. 
All experiments were repeated 3 times.

2.7  | Apoptosisevaluation

HL- 60 cells (1.5 × 105 cells/mL) were grown in 6- well plates and 
then exposed to 0.3125– 5 µM ASK for 24 h. Apoptotic cells were 
assessed by annexin V/PI double staining using a flow cytometer. 
After resuspension in 1× binding buffer (100 µL), the cells were incu-
bated with annexin V (5 µL) and PI (5 µL) at RT for 15 min in the dark. 
Subsequently, 500 µL of the above- mentioned buffer was added, 
and flow cytometric analysis was conducted with BD FACSCanto II. 
All experiments were repeated three times.

2.8  |  Examinationofapoptoticmorphologyby
ethidium bromide (EB)/acridine orange (AO) staining

HL- 60 cells (2.0 × 105 cells/mL) were grown in a 6- well plate and 
then exposed to 0.3125– 5 µM ASK for 24 h. After harvesting and 
rinsing with PBS, 50 µL cell suspension (0.5– 2.0 million cells/mL) was 
stained with 1 µL EB/AO solution (100 μg/mL). Then, 25 µL stained 
cell suspension was transferred onto a microscopic slide, covered 
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with a glass coverslip and observed under a fluorescence micro-
scope. A minimum of 100 stained cells in each sample were counted. 
All experiments were repeated three times.

2.9  |  Caspase-3activityassay

Caspase- 3 activities were analysed with Caspase- Glo 3/7 assay kit 
(Promega, G8091) in accordance with the Caspase- Glo 3/7 assay 
protocol. Exponentially growing HL- 60 (1.6 × 105 cells/mL) cells were 
grown in a 96- well plate and then exposed to 0.3125– 5 µM ASK. The 
same amount of DMEM was employed as the blank control. A mini-
mum of six replicates was made at each concentration, and the ex-
periments were conducted in a total volume of 100 µL/well. The cells 
treated without ASK were employed as the control group. After incu-
bation for 24 h, 100 μL Caspase- Glo 3/7 assay reagent was added and 
mixed gentle at 300– 500 rpm for 30 s using a plate shaker. The sam-
ples were incubated at RT for 1 h. Finally, luminescent measurement 
was performed on a plate- reading luminometer by following the manu-
facturer's instructions (GloMax Navigator, Promega, Madison, USA).

2.10  |  Immunofluorescence

The expression of microtubule- associated protein 1 light chain 3 
beta (LC3B), a general marker for autophagic membranes,25 was 
analysed by immunofluorescence and Western blotting. HL- 60 cells 
were exposed to 0, 0.625 and 1.25 μM ASK for 24 h. After harvest-
ing and rinsing with PBS, the cells were fixed with ice- cold methanol 
(100%) for 20 min and permeabilized with Triton X- 100 (0.1%) for 
10 min. After blocking with BSA (3%) at RT for 1 h, the cells were 
incubated with a 1:300 dilution of primary anti- LC3B antibody at 
RT for 2 h and then with CY3- conjugated anti- rabbit secondary an-
tibody at RT for 1 h in the dark. The cells were washed repeatedly 
with PBS. After adding DAPI to counterstain the nucleus and incu-
bating the cells with the dye at RT for 1 h, the cells were rinsed with 
PBS. Fluorescence was imaged with a fluorescence microscope 
(Invitrogen™ EVOS FL Auto 2, Thermo Fisher Scientific, America).

2.11  |  Transmissionelectronmicroscopy(TEM)

Transmission electron microscopy examination of ASK- treated HL- 
60 cells was conducted to determine autophagy- induced cell death. 

HL- 60 cells were exposed to 0, 0.625 and 1.25 µM ASK for 24 h. 
After harvesting and rinsing with PBS, the cells were fixed with 
glutaraldehyde (2%) in 0.1 M PBS and then postfixed with osmium 
tetroxide (1%). The cells were then incubated with uranyl acetate 
(1%), dehydrated with a graded series of ethanol and infiltrated with 
LX112 solution. After embedding in epoxy resin, the samples were 
sectioned and stained with uranyl acetate (2%) and lead citrate. 
Lastly, the sections were observed using a transmission electron mi-
croscope (HT- 7700, Hitachi, Japan).

2.12  | Quantitativereal-timePCR(RT-qPCR)

HL- 60 cells (2.0 × 105 cells/mL) were exposed to 0.3125– 5 µM ASK 
for 24 h and 1.25 µM ASK for 6– 24 h. Total RNA was extracted using 
TRIzol® (Invitrogen), and the concentration of all RNA samples was de-
tected. Afterwards, cDNA was synthesized using a ReverTra Ace qPCR 
RT Kit (TOYOBO; Catalog number: TYB- FSQ- 101). Next, qRT- PCR 
was performed for detecting Akt and MAPKα1 mRNA expression after 
treated with ASK by using SYBR Select Master Mix (Thermo Fisher; 
Catalog number: 4472919). The primers used for RT- qPCR were de-
scribed in Table 1 to detect expression levels of Akt1, Akt2, Akt 3 and 
MAPKα1. The relative mRNA expression of MAPKα1 and Akt1- 3 was 
calculated via the 2−ΔΔCt method and normalized to GAPDH.

2.13  |  Totalproteinextraction,
isolation of cytosolic and mitochondrial fractions and 
Immunoblotting analysis

After harvesting and rinsing with PBS, the cells were subjected to pro-
tein extraction. Total proteins were extracted with PMSF- containing 
RIPA lysis buffer (Solarbio, China). Cytosolic and mitochondrial pro-
teins were extracted with Cytoplasmic and Mitochondrial Protein 
Extraction Kit (Sangon Biotech, C500051, Shanghai, China) accord-
ing to the manufacturer's protocol, and protein concentration was 
assessed with the BCA method (Beyotime, P0012). The protein sam-
ples were then loaded and separated by SDS- PAGE gels. After trans-
ferring onto a nitrocellulose membrane, primary antibody incubation 
was conducted at 4°C for 24 h, followed by secondary antibody in-
cubation for 2 h. Lastly, enhanced chemiluminescence reagent was 
used to visualize the protein bands. GAPDH was employed as an in-
ternal control of total cell protein and cytosolic fraction; COXIV was 
used as mitochondrial fraction control.

TA B L E  1  Sequences of primers used for Quantitative real- time PCR analysis

Gene name Forwardprimer(5′−3′) Reverseprimer(5′−3′)

Akt 1 GCAGCACGTGTACGAGAAGA GGTGTCAGTCTCCGACGTG

Akt 2 AGTCCCCACTCAACAACTTCT GAAGGTGCGCTCAATGACTG

Akt 3 TGCCTCTACAACCCATCATAAA TCCACTTGCCTTCTCTCGAA

MAPKα1 GATTCGGAGCCTTGATGTGG TCCTGAGACATATTCCATCACCA



1610  |    WU et al.

2.14  |  Statisticalanalysis

All data were presented as mean ± standard deviation (SD). Statistical 
tests were performed with SPSS v16.0 software. Student's t- test, 
one- way ANOVA or repeated- measures ANOVA was used to com-
pare the differences among variables. The level of statistical signifi-
cance was set at p < 0.05.

3  |  RESULTS

3.1  | ASKattenuatestheproliferationandviability
of HL- 60 cells

This study aimed to investigate whether ASK can be employed as ef-
fective therapeutic option for AML. To address this, an XTT assay was 
used to assess the proliferation inhibition effect of ASK (Figure 1A) on 
a panel of leukaemia cell lines HL- 60, K562 and THP- 1. The cells were 

exposed to varying concentrations of ASK for 24 and 48 h. Our results 
revealed that three tested leukaemia cell lines demonstrated a vari-
ous proliferation inhibition with ASK treatment in a dose- dependent 
pattern. The HL- 60 cells showed more sensitivity to ASK treatment 
with an IC50 of approximately 1.126 μM at 24 h and 0.614 μM at 48 h 
(Figure 1B). After 24- h treatment, the cell proliferation was also as-
sessed using the EdU assay. The results showed that ASK signifi-
cantly inhibited the proliferation of three tested leukaemia cell lines 
in a concentration- dependent manner. The results of EdU assay also 
showed that HL- 60 cells were the most sensitive to ASK (Figure 1C, D).

We next determined whether HL- 60 cell viability could be affected 
by ASK. HL- 60 cells were exposed to various concentrations of ASK for 
24 h, and cell viability was examined by the trypan blue dye exclusion 
assay. Our results demonstrated that the untreated HL- 60 cells were 
viable and were shown to have an obvious cytoplasm (Figure 2A 1), 
while the majority of 0.3125– 5 μM ASK- treated cells were non- viable 
and shown to have a blue cytoplasm (Figure 2A 2- 6). The cell survival 
results indicated that ASK (0.3125– 5 μM) significantly attenuated 

F IGURE 1 (A) Chemical structure of ASK. (B) A panel of leukaemia cell lines HL- 60, K562 and THP- 1 cells were treatment with 0– 5 μM 
ASK for 24 and 48 h. Cell proliferation inhibiration was detected by XTT method. Mean ± SD, n = 6. (C, D) HL- 60, K562 and THP- 1 cells 
were treatment with 0– 5 μM ASK for 24 h. Cell proliferation was detected by EdU assay. ×260; Scale bar = 20 μm. Mean ± SD, n = 3. 
*p < 0.05, **p < 0.01
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HL- 60 cell viability in a dose- dependent fashion (p < 0.05; Figure 2B). 
Interestingly, a low concentration of ASK (0.3125 μM) significantly 
suppressed the viability of HL- 60 cells. These findings reveal that ASK 
remarkably inhibits HL- 60 cell viability and induces cell death.

3.2  | ASKcausesS-phasearrestinHL-60cells

The effect of ASK on the cell cycle distribution in HL- 60 cells was per-
formed with flow cytometry method after PI staining. Treatment with 
0.3125– 5 μM ASK for 24 h remarkably altered the distributions of cell 

cycles in HL- 60 cells. As shown in Figure 3A and B, ASK induced the 
cell cycle arrest of HL- 60 cells at the S phase, along with the decreased 
percentage of cells at the G1 phase. With increasing ASK doses, the 
proportion of HL- 60 cells at the S phase gradually increased from 
39.38% to 61.19% (p < 0.05), while that of HL- 60 cells at the G1 phase 
reduced from 48.52% to 17.73% (p < 0.05). This result suggests that 
ASK could induce the S- phase cell cycle arrest of HL- 60 cells.

To explore the mechanisms underlying ASK- induced cell cycle 
arrest in HL- 60 cells, the expression levels of cell cycle proteins 
were detected by immunoblotting. The results showed that, com-
pared with control group, the levels of the cyclin- dependent kinases 

F IGURE 2 Effects of ASK on HL- 60 cell viability. (A) Morphological evaluation of HL- 60 cells with Trypan blue assay under treatment 
with ASK (0– 5 μM). ×400; Scale bar = 20 µm. (1) Untreated HL- 60 cells; (2– 6): HL- 60 cells exposed to 0.3125– 5 µM ASK. Non- survived cells 
are stained blue. (B) Percentage of cell viability. Mean ± SD. n = 3. *p < 0.05, **p < 0.01
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(CDKs) cyclin A, cyclin E and CDK2 were decreased in HL- 60 cells, 
whereas the levels of the CDK inhibitors p21 and p27 were upreg-
ulated in ASK treatment groups (Figure 3C, D). Therefore, ASK in-
duced cell cycle arrest in the S- phase by increasing the protein levels 
of p21 and p27 and decreasing those of CDK2, cyclin A and cyclin E.

3.3  | ASKsignificantlyenhancedHL-60
cell apoptosis

Apoptosis is a physiological form of programmed cell death. To con-
firm the occurrence apoptosis, we analysed apoptotic cells under ASK 
treatment by flow cytometry afterannex in V- PI staining. In this ex-
periment, HL- 60 cells were exposed to various concentrations of ASK 
for 24 h. Our results indicated that the percentage of HL- 60 cell ap-
optosis gradually increased with increasing ASK concentrations. The 
percentages of apoptotic HL- 60 cells treated with 0.3125– 5 μM ASK 
were 20.12 ± 2.15%, 43.36 ± 2.87%, 71.91 ± 3.12%, 85.45 ± 3.61% 
and 89.31 ± 3.06%, respectively, indicating that the apoptotic rate 
of HL- 60cells treated with ASK was remarkably higher than that 
(9.82 ± 1.21%) of untreated HL- 60 cells (p < 0.05, Figure 4A, B).

EB/AO staining was used to assess the morphology and cell 
membrane integrity of HL- 60 cells after treatment with ASK. EB 
can stain the nucleus of cells whose membrane integrity is lost and 
makes the nucleus appears red, whereas AO permeates the whole 
cell and makes the nucleus appears green.26 HL- 60 cells treated 
with/without ASK for 24 h were subjected to EB/AO staining, and 
the amount of apoptotic cells was compared between different 
treatment lines. As shown in Figure 4C, the nuclear morphology 
of the untreated cells was normal, suggesting that chromatin was 
equally distributed in the nuclei. On the contrary, the ASK- treated 
cells had apoptotic body formation and nuclear condensation, indi-
cating that cell apoptosis was induced with increasing concentra-
tions of ASK (Figure 4C).

3.4  | ASKpromotesHL-60cellapoptosisvia
mitochondrial pathway

To elucidate the mechanisms by which ASK promotes cell apopto-
sis, the cleavage and expression levels of the intrinsic apoptotic 
pathway- related proteins were detected after ASK treatment. Our 

F IGURE 3 Effects of ASK on HL- 60 cell cycle distribution. (A, B) Cell cycle histograms of HL- 60 cells exposed to ASK (0– 5 μM). (C, D) 
Western blot results showed the expression of p21, p27, cycline E, cycline A2, CDK2 in HL- 60 cells exposed to ASK. The results B and D are 
presented as Mean ± SD, n = 3. *p < 0.05, **p < 0.01
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immunoblotting results showed that ASK increased the protein lev-
els of Bax and the cleavage of PARP, caspase- 3 and caspase- 9, which 
are morphological hallmarks of apoptosis (Figure 5A and B). We also 
can see that the expression of Bcl- 2 family proteins regulating mi-
tochondrial apoptosis was changed with ASK treatment. The results 
demonstrated that the expression of Bcl- 2 was downregulated with 
increasing ASK concentrations, while that of Bax was significantly 
increased. The ratio of Bax: Bcl- 2 was increased in ASK group in a 
dose- dependent fashion (Figure 5A and B). The activity of caspase- 3 
in ASK- treated cells was further verified. Our data also showed that 
caspase- 3 activities gradually increased with increasing ASK concen-
trations (Figure 5E).

Apoptosis- inducing factor (AIF) and cytochrome C (Cyt C) are 
released from the mitochondria into the cytosol in response to cell 
apoptosis induced by most chemotherapeutic agents. Therefore, 
we examined the expression levels of AIF and Cyt C in the cytosolic 
and mitochondrial fraction by immunoblotting. It was found that the 
level of Cyt C and AIF were decreased in the mitochondrial fraction 
(Figure 5C and D), but they were upregulated in the cytosol after ASK 
treatment (Figure 5A and B). The results indicated that ASK could 
trigger the release of AIF and Cyt C from the mitochondria into the 

cytosol. Taking these results into account, we hypothesize that mito-
chondria play an important role in ASK- induced HL- 60 cell apoptosis.

3.5  | ASKpromotesautophagyinHL-60cells

Autophagy can promote cell apoptosis or survival under specific 
circumstances.27 To investigate whether ASK can induce cell au-
tophagy, the formation of autophagosomes in HL- 60 cells was de-
tected. Autophagosome formation was confirmed by detecting the 
localization of the autophagic membrane LC3B in HL- 60 cells by 
immunofluorescence after treatment with ASK. The LC3B distribu-
tion displayed an increased speckled pattern in the cell cytoplasm in 
the 0.625 and 1.25 μM ASK treatment group (Figure 6A, 0.625 and 
1.25 group) compared to the control group (Figure 6A, 0 group). 
ASK significantly increased the autophagic cell rate, and the au-
tophagic cell rate induced by 1.25 μM ASK was higher than that of 
0.625 μM ASK (Figure 6A, B). Autophagosome formation after ASK 
exposure was also verified by TEM. After treatment with 0.625 and 
1.25 μM ASK for 24 h, the formation of double- membrane bound 
autophagic vesicles was detected in ASK- treated cells (Figure 6C, 

F IGURE 4 ASK promotes HL- 60 cell apoptosis. The cells were exposed to different concentrations (0– 5 μM) of ASK for 24 h. Annexin V/
PI apoptosis assay was then carried out. (A) 0, 0.3125, 0.625, 1.25, 2.5 and 5 μM ASK treatment groups. (B) Apoptotic rates of HL- 60 cells 
exposed to ASK. Mean ± SD. n = 3. *p < 0.05, **p < 0.01. (C) Effects of ASK on apoptosis- related morphological alterations by ethidium 
bromide (EB)/acridine orange (AO) staining in HL- 60 cells. ×400; Scale bar = 20 µm. (1) Control HL- 60 cells; and (2– 6) HL- 60 cells exposed to 
0.3125– 5 µM ASK. Arrow indicates late apoptosis
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0.625– 1,2 and 1.25– 1,2), but not in control cells (Figure 6C, 0– 
1,2). Organelles were visible within double- membrane autophagic 
vesicles at high magnifications (Figure 6C, 0.625– 2 and 1.25– 2). In 
addition, an increased number of autophagy structures ASS (au-
tolysosome) and AP (autophagosome) were observed in the ASK 
treatment groups (Figures 6A, 0.625– 1,2 and 1.25– 1,2) compared 
to the control group (Figure 6C, 0– 1,2). The number of ASS and AP 
after 1.25 μM treatment was higher than that of 0.625 μM treat-
ment (Figure 6C, D). These findings indicated that autophagy is 
induced in HL- 60 cells exposed to ASK treatment.

To identify further evidence supporting the formation of au-
tophagosomes and modulation of macroautophagic flux in HL- 60 
cells following ASK treatment, the turnover from LC3B I to LC3B II 
was detected. Western blotting results revealed that ASK- treated 
HL- 60 cells exhibited a higher ratio of LC3B II over LC3B I than the 
control cells (Figure 6E). We also observed that the expression of 
other autophagy- related genes (e.g. Beclin- 1, ATG5 and ATG7) was 
upregulated after exposure to ASK in a dose- dependent fashion 
(Figure 6E, F). However, the expression of P62 was decreased in a 
dose- dependent fashion (Figure 6E, F). These findings demonstrate 
that ASK treatment induces the autophagic process of HL- 60 cells.

3.6  | ASKpromotesautophagybyupregulating
LKB1/AMPK and downregulating PI3K/Akt/mTOR 
pathways in HL- 60 cells

To elucidate the underlying mechanisms of ASK- regulated au-
tophagy, LKB1/AMPK and PI3K/Akt/mTOR signalling pathways 
were assessed in HL- 60 cells treated with ASK. Figure 7A– D showed 
that the PI3K- Akt signalling was suppressed after ASK treatment, as 
shown by probing with antibodies of p- Akt and PI3K (p85). However, 
the LKB1/AMPK signalling was activated by ASK, as revealed by the 
increased expression of p- LKB1 and p- AMPK. The expression of p- 
Akt was decreased after treatment with ASK in a time-  and dose- 
dependent fashion, while p- AMPK and p- LKB1 protein expression 
was increased (Figure 7A– D). Analysis of quantitative real- time RT- 
PCR results showed that gene expression of Akt (including Akt1, 
Akt2 and Akt3) was decreased and MAPKα1 was increased under 
the action of ASK in a dose-  and time- dependent manner, which 
is consistent with the western blot results (Figure 7E, F). This indi-
cated that the changes of Akt and AMPK total protein expression 
induced by ASK were caused at the gene expression level. The lev-
els of phospho- p70S6K, a protein downstream of mTOR, decreased 

F IGURE 5 Cleavage and expression of apoptosis- related proteins in HL- 60 cells exposed to ASK. (A, B) The cleavage of PARP, caspase- 3 
and caspase- 9 and protein levels of Bcl- 2, Bax, Cyt C and AIF (in the cytosol). (C, D) Western blot results showed the expression of AIF and 
Cyt C in the mitochondrial fraction. (E) Caspase- 3 activity under ASK treatment. The results B, D and E are presented as Mean ± SD, n = 3. 
*p < 0.05, **p < 0.01
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in a similar manner to the p- Akt protein (Figure 7A, B). AMPK can 
phosphorylate Raptor directly, and this phosphorylation is required 
for the suppression of raptor- containing mTOR.28 It was observed 
that p- Raptor was upregulated after treatment with ASK (Figure 7A, 
B), which was consistent with the activation of p- AMPK induced by 
ASK. From the above data, we can see that both the LKB1/AMPK 
and PI3K/Akt pathways are involved in the ASK- induced autophagy.

We further proved that ASK can induce autophagy through ac-
tivating LKB1/AMPK/ signalling by application of an AMPK inhibi-
tor compound C combined with ASK in HL- 60 cells. Compound C, 
a reversible selective inhibitor of AMPK, was used to prove that the 
increase of AMPK phosphorylation was involved in the inhibition 
of mTOR during autophagy.29 The cells were pre- exposed to 5 µM 
compound C (AMPK inhibitor) for 2 h, followed by 1.25 µM ASK for 
24 h. Western blotting results showed that ASK- induced the con-
version of LC3B from type I to type II was reduced in compound 
C group combined with ASK compared with ASK alone (Figure 8A, 
D). Based on the fact that compound C inhibited the function of 
AMPK, the conversion of LC3B- I to LC3B- II induced by ASK is re-
duced to the original level when combined with compound C. Based 
on the above results, we can see that that ASK- induced autophagy 

requires activation of AMPK- LKB1 pathway and inhibition of PI3K/
Akt pathway.

3.7  | Acetylshikonin-inducedautophagyenhances
HL- 60 cell apoptotic cell death

The above data indicated that ASK promotes both apoptosis and 
autophagy in HL- 60 cells. To elucidate the relationships between ap-
optosis and autophagy, the cells were pretreated with the inhibitor 
of AMPK (compound C) (5 µM), an autophagy inhibitor 3- MA (2 mM) 
and another autophagy inhibitor CQ (10 µM) for 2 h followed by 
1.25 µM ASK for 24 h, and we detected the turnover from LC3B I 
to LC3B II and the cleavage of caspase- 3 and caspase- 9 compared 
with that in cells treated with ASK alone. It has been well accepted 
that 3- MA is a widely used inhibitor of autophagy via its inhibitory 
effect on class III PI3K.30 CQ inhibits autophagy by neutralizing 
lysosomal pH and inhibiting the fusion of autophagosomes and lys-
osomes.31 Therefore, CQ is also often used as another inhibitor of 
autophagy. Western blotting results showed that ASK- induced the 
conversion of LC3B from type I to type II was reduced in 3- MA and 

F IGURE 6 ASK induces autophagy in HL- 60 cells. HL- 60 cells were grown in a 6- well plate and then exposed to 0.625 and 1.25 µM 
ASK for 24 h. (A, B) Autophagy marker LC3B was assessed by immunofluorescence after exposure to 0.625 and 1.25 µM ASK for 24 h. Red 
fluorescence indicates LC3B expression in the cytoplasm, while blue fluorescence represents DAPI in the nucleus. ×400; Scale bar = 20 μm. 
(C, D) Autophagy structures ASS and AP formation were examined by transmission electron microscopy after treatment with 0.625 and 
1.25 µM ASK for 24 h, the left column was detected with magnification of 13 500× and the right column was detected with magnification 
of 50 000×. Numerous AP and ASS were observed in ASK- treated cells. ASS, autolysosome; AP, autophagosome; M, mitochondrion; RER, 
rough endoplasmic reticulum. (E, F) HL- 60 cells were exposed to various concentrations of ASK for 24 h, the conversion from LC3B I to LC3B 
II and the levels of autophagy- related proteins were detected by immunoblotting. The result of B, D and F is presented as Mean ± SD, n = 3. 
*p < 0.05, **p < 0.01
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compound C groups combined with ASK compared with ASK alone 
(Figure 8A, D and B, E), while combined treatment with CQ and ASK, 
ASK- induced the turnover from LC3B I to LC3B II was upregulated 
compared with ASK alone (Figure 8C, F). Because 3- MA inhibit au-
tophagy by inhibitory effect on class III PI3K, the conversion from 
LC3B I to LC3B II induced by ASK is reduced to the original level 
when ASK combined with 3- MA. Since CQ inhibits the binding of 

autophagosomes to lysosomes, the higher ratio of LC3B II over LC3B 
I was detected when combination with CQ compared with ASK 
alone. We can also see that the cleavage of caspase- 3 and caspase- 9 
was decreased when 3- mA, CQ and compound C were combined 
with ASK compared with ASK alone (Figure 8A– F). Caspase- 3 en-
zyme activities were decreased with ASK treatment in the presence 
of 3- MA, CQ and compound C in comparison with the group treated 

F IGURE 7 HL- 60 cell autophagy induced by ASK is dependent on a role of LKB1/AMPK and PI3K/Akt/mTOR signalling pathways. (A, B) 
P- AMPK/AMPK, p- Akt/Akt, PI3K (P85), p- p70S6K/p70S6K, p- Raptor/Raptor and p- LKB1/LKB1 were assessed by immunoblotting after HL- 
60 cells were exposed to various concentrations of ASK for 24 h. (C, D) P- AMPK/AMPK, p- Akt/Akt were assessed by immunoblotting after 
HL- 60 cells were exposed to 1.25 μM ASK for different times. (E) Akt (including Akt1, Akt2 and Akt3) and MAPKα1 mRNA expression were 
analysed by qRT- PCR after HL- 60 cells were exposed to various concentrations of ASK for 24 h. (F) Akt and MAPKα1 mRNA expression 
were analysed by qRT- PCR after HL- 60 cells were exposed to 1.25 μM ASK for different times. The results B, D, E and F are presented as 
Mean ± SD, n = 3. *p < 0.05, **p < 0.01
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with ASK alone (Figure 8G). From these data, we can conclude 3- MA, 
CQ and compound C inhibits apoptosis, indicating that the HL- 60 
cells apoptosis induced by ASK should be enhanced by autophagy. 
To determine whether ASK induced cell death through autophagy, 
3- MA, CQ and compound C were used. The findings demonstrated 
that the anti- proliferation effects of ASK on HL- 60 cell were de-
creased under cotreatment with ASK and 3- MA, CQ and compound 
C in comparison with the group treated with ASK alone (Figure 8H). 
From the above data, we preliminarily concluded that the autophagy 
induced by ASK can enhance the apoptotic cell death of HL- 60 cells.

4  | DISCUSSION

Acetylshikonin exhibits various biological activities and therapeu-
tic potentials. Several studies have reported that ASK can induce 

apoptosis in different cancer cells and exhibit antitumour activities 
against oral squamous cells, melanoma cells and colorectal cells.19– 22 
Our previous study showed that ASK can inhibit the proliferation 
of human chronic myelogenous leukaemia K562 cells and induce 
apoptosis by blocking NF- κB signalling and depleting Bcr- Abl.32 
Increasing attention has been paid to the mechanism involved in 
ASK- induced autophagy. Wang and colleagues33 reported that ASK 
could suppress the growth of cisplatin- resistant oral squamous cell 
carcinoma via apoptosis and autophagy. In this work, we described 
that ASK triggered both cell autophagy and apoptosis in the acute 
myelogenous leukaemia FAB- M2 cell line HL- 60 through the key 
LKB1- AMPK and PI3K/Akt- regulated mTOR signalling pathways, 
which could better understand the relationship between autophagy 
and apoptosis during ASK- induced cell death.

It was found that ASK suppressed the proliferation of HL- 60 cells 
in a time-  and dose- dependent fashion (Figure 1). The trypan blue 

F IGURE 8 HL- 60 cells were exposed to 1.25 μM ASK in the combination of 5 μM compound C (A, D), 2 mM 3- MA (B, E) and 10 μM 
CQ (C, F) for 24 h, then the conversion from LC3B I to LC3B II and the cleavage of PARP, caspase- 3 and caspase- 9 were analysed by 
immunoblotting. The results D, E and F are presented as Mean ± SD, n = 3. *p < 0.05, **p < 0.01. Caspase- 3 activity was determined by 
commercial kit (G), and cell proliferation was analysed by XTT assay (H). Mean ± SD. n = 3. *p < 0.05 vs. normal group; #p < 0.05 vs. ASK- 
exposed cells
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exclusion results demonstrated that low concentrations of ASK re-
markably affected HL- 60 cell viability (Figure 2).

The suppressive effects of ASK on HL- 60 cell growth may be 
through apoptotic induction and cell cycle arrest. Our finding in-
dicated that ASK promoted HL- 60 cell cycle arrest in the S- phase 
(Figure 3). It has been reported that shikonin suppresses tumour cell 
proliferation by promoting cell cycle arrest as Topo I inhibitor,34 such 
as our previous study.32 Zhang and colleagues also demonstrated 
that shikonin as Topo I inhibitor induced the cell cycle arrest at the S 
phase.35 So we speculated that ASK should be employed as a Topo I 
inhibitor in HL- 60 cells, thus blocking DNA synthesis at the S phase. 
Moreover, we found ASK might modulate PI3K/Akt and AMPK path-
way resulting in autophagy- dependent apoptosis. Our results may 
benefit to use ASK to overcome topoisomerase inhibitor- resistant 
cancers. The progression of cell cycles is regulated by the coordi-
nated activity of CDKs and regulatory cyclins.36 The G1/S phase 
transition is mainly dependent on cyclin A/CDK2 and cyclin E/
CDK2 kinase complex activities, which can be blocked by p21 and 
p27.37– 40 In the present study, the downregulated expression of cy-
clin A, cyclin E and CDK2 and the upregulated expression of p21 and 
p27 were consistent with the increased S- phase arrest (Figure 3).

Apoptosis induction should be another potential mechanisms 
underlying the antiproliferative effects of ASK on HL- 60 cells. Our 
results of apoptosis rates and typical morphological changes of 
apoptotic cells indicated that 0.3125– 5 μM ASK significantly in-
duced HL- 60 cell apoptosis (Figures 4, 5).

Moreover, our findings also demonstrated that ASK induces au-
tophagy in HL- 60 cells. The turnover from LC3B I to LC3B II is usu-
ally investigated as the hallmark of the autophagic membrane that 
monitors autophagosome formation at the early stages.41 ASK en-
hanced the conversion from LC3B I to LC3B II and protein levels of 
Atg5, Atg7 and Beclin- 1 while decreasing P62 expression (Figure 6E 
and F) in HL- 60 cells. Autophagosome formation was also confirmed 
by detecting the localization of LC3B using immunofluorescence 
method and by detecting autophagy structures ASS and AP for-
mation using TEM method in HL- 60 cells after treatment with ASK 
(Figure 6A– D). Therefore, HL- 60 cell death induced by ASK was trig-
gered by both apoptotic and autophagic machinery. Notably, ASK 
was shown to trigger both apoptosis and autophagy in human oral 
cancer cells.33 Thus, our study is consistent with previous findings.

Beclin- 1 and Bcl- 2 family pathways have been reported to involve 
in the regulation of autophagy in cancer cells.42 The capability of 
Beclin- 1 to promote autophagy or apoptosis is negatively regulated 
by Bcl- 2 via BH3 domain binding.43 Our results showed that the 
expression of Beclin- 1 protein was upregulated by ASK treatment. 
In addition, Bcl- 2 expression was suppressed by ASK, while Bax 
expression was increased to some extent. These results indicated 
that ASK could promote HL- 60 autophagy or apoptosis through en-
hancing the Beclin- 1 release from its binding with Bcl- 2 via the sup-
pression of Bcl- 2. Furthermore, we also found that treatment with 
ASK could exert apoptotic effects on HL- 60 cells via PARP cleavage 
and caspase- 3 activation. Bcl- 2 is also recognized as one of the anti- 
apoptosis family proteins.44 Bax/Bcl- 2 can regulate the release of Cyt 

C from mitochondria into the cytosol, and subsequently activates 
the caspase cascades (e.g. caspase- 3 and caspase- 9), thus leading to 
cell apoptosis.45 Caspase- 9 is activated by Cyt C in the intrinsic path-
way46 and has the unique ability to activate effector caspases (e.g. 
caspase- 3, caspase- 6 and caspase- 7).47 PARP is then cleaved by the 
activated caspase- 3, which in turn leads to cell apoptosis.48 Our find-
ings showed that ASK remarkably upregulated the cleavage of PARP, 
caspase- 3 and caspase- 9 in a dose- dependent fashion, together with 
the increased expression of AIF and Cyt C in the cytosol (Figure 5). 
These findings are in good agreement with those of previous stud-
ies,46,49 indicating that ASK- treated HL- 60 cells underwent apoptosis 
through the mitochondria- mediated intrinsic pathway. Thus, it can be 
inferred that ASK induces autophagic and apoptotic cell death by in-
hibiting Bcl- 2 interaction with Beclin- 1 in HL- 60 cells.

Akt and AMPK are essential for the regulation of cell apoptosis 
and autophagy.50 It is generally agreed that the process of autoph-
agy is mediated through the PI3K/Akt/mTOR signalling pathway. 
Inhibition of Akt signalling is crucial for the development of therapeu-
tic agents against tumour cells.51 Zhao and co- workers52 found that 
MK- 2206 (an Akt inhibitor) could induce autophagy in human naso-
pharyngeal cancer cells. Currently, AMPK can act as a negative reg-
ulator of mTOR to induce autophagy by directly modulating Beclin- 1 
and ULK1.53 AMPK regulate the ULK1 complex by downregulating 
the raptor activation, a direct substrate of AMPK and mTOR complex 
1.53 The phosphorylation of raptor is required for the suppression 
of raptor- containing mTOR. In our results, ASK decreased the p- Akt 
expression and induced the expression of p- AMPK, p- raptor and 
Beclin- 1 (Figures 6E and 7). In addition, we observed that compound 
C (an AMPK inhibitor) potently inhibited the conversion from LC3B I 
to LC3B II induced by ASK (Figure 8A, C). Therefore, we confirmed 
that ASK promoted autophagic cell death through activation of the 
LKB1/AMPK pathway and suppression of PI3K/Akt/mTOR signalling 
in HL- 60 cells. The results of Liu and colleagues54 showed that AA005 
(an AMPK activator) could induce autophagy in colon cancer cells via 
suppression of mTORC1, which were consistent with our results.

As suggested above, we can see that ASK could induce apopto-
sis and autophagy by increasing the cleavage of PARP, caspase- 3 and 
caspase- 9 and the turnover from LC3B I to LC3B II in HL- 60 cells via ac-
tivation of LKB1/AMPK pathways and suppression of PI3K/Akt/mTOR 
signalling pathway. Our data showed that apoptosis and autophagy 
pathways are both activated and enhanced by ASK, which is consistent 
with previous reports.33,55,56 These results led us to study the potential 
relationship between autophagy and apoptosis processes.

Apoptosis is associated with the mitochondria- integrated cell 
death signals and autophagy activation.57 For instance, mitochondrial 
permeability transition can cause interconnection between apoptotic 
and autophagic cell death, and resveratrol- induced apoptosis could 
be regulated by caspase- 3 activity and Cyt C level.58 Our results 
showed that ASK significantly elevated caspase- 3 activities in a dose- 
dependent fashion (Figure 5E), and ASK induced HL- 60 apoptotic cell 
death regulated by the mitochondrial intrinsic apoptotic pathway. We 
also found that the cleavage of caspase- 3 and caspase- 9 and the ac-
tivity of caspase- 3 were decreased when 3- mA, CQ and compound 
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C were combined with ASK treatment compared with ASK treatment 
alone. This indicated that ASK- induced apoptosis is reduced after the 
inhibition of autophagy by pharmaceutical inhibitors of autophagy. 
Our findings also revealed that the inhibition of HL- 60 cell prolifer-
ation decreased after ASK treatment combined with 3- MA, CQ and 
compound C. From these experimental data, we suggest that auto-
phagy induced by ASK can serve as important process by which to 
promote HL- 60 apoptotic cell death, as suggested by others.55,59

5  |  CONCLUSION

In summary, our findings demonstrated that ASK can inhibit the pro-
liferation, induce the apoptosis and autophagy of human acute my-
elogenous leukaemia (AML) HL- 60 cells. ASK effectively promoted 
cell cycle arrest at the S phase and suppressed cell proliferation 
through apoptosis and autophagy in vitro. Moreover, activation of 
LKB1/AMPK and suppression of PI3K/Akt/mTOR signalling path-
way played a crucial role in the treatment with ASK. The mecha-
nism underlying ASK- induced HL- 60 cell death may occur through 
autophagy, and ASK- induced autophagy may be a necessary process 
for apoptosis. However, the experiments were done only in cellular 
level. Further investigation is needed to completely elucidate this 
observation in vivo. Our findings may shed light on the underly-
ing mechanisms of ASK and propose its therapeutic potentials. 
Exploring the key pathways underlying the inhibitory effects of ASK 
on HL- 60 cells give an idea as a candidate in developing novel human 
leukaemia therapeutic alternatives with less side effects.

ACKNOWLEDG EMENT
This work was supported by grants from the Shandong Province 
Traditional Chinese Medicine Science and Technology Development 
Plan Project (2020M064) and Key Technology Research and 
Development Program of Shandong (2016GSF201199).

CONFLIC T OF INTERE S T
The authors declare that they have no competing interests.

AUTHORCONTRIBUTIONS
wu mengdi: Data curation (equal); Formal analysis (equal); Investigation 
(equal); Methodology (equal); Writing –  original draft (equal). zhang 
yuanying: Data curation (equal); Investigation (equal). yi shuying: 
Data curation (equal); Investigation (equal). sun beibei: Data curation 
(equal). lan jing: Data curation (equal); Investigation (equal). hanming 
jiang: Conceptualization (equal); Supervision (equal); Writing –  re-
view & editing (equal). hao gangping: Conceptualization (equal); Data 
curation (equal); Formal analysis (equal); Funding acquisition (equal); 
Investigation (equal); Methodology (equal); Project administration 
(equal); Resources (equal); Supervision (equal); Visualization (equal); 
Writing –  original draft (equal); Writing –  review & editing (equal).

ORCID
Gang- Ping Hao  https://orcid.org/0000-0003-2820-8674 

R E FE R E N C E S
 1. Narayanan D, Weinberg OK. How I investigate acute myeloid leu-

kemia. Int J Lab Hematol. 2020;42(1):3- 15.
 2. Ma HY, Wang CQ, He H, et al. Notopterol- induced apoptosis and 

differentiation in human acute myeloid leukemia HL- 60 cells. Drug 
Des Devel Ther. 2019;13:1927- 1940.

 3. Klepin HD, Balducci L. Acute myelogenous leukemia in older adults. 
Oncologist. 2009;14(3):222- 232.

 4. Leith CP, Kopecky KJ, Godwin J, et al. Acute myeloid leukemia in 
the elderly: Assessment of multidrug resistance (MDR1) and cyto-
genetics distinguishes biologic subgroups with remarkably distinct 
responses to standard chemotherapy. A southwest oncology group 
study. Blood. 1997;89(9):3323- 3329.

 5. Nazha A, Ravandi F. Acute myeloid leukemia in the elderly: do 
we know who should be treated and how? Leuk Lymphoma. 
2014;55(5):979- 987.

 6. Wang MY, Liang XS, Cheng M, et al. Homocysteine enhances neural 
stem cell autophagy in vivo and in vitro model of ischemic stroke. 
Cell Death Dis. 2019;10(8):561.

 7. Pattingre S, Espert L, Biard- Piechaczyk M, et al. Regulation of 
macroautophagy by mTOR and Beclin 1 complexes. Biochimie. 
2008;90:313- 323.

 8. Lin CJ, Chen TL, Tseng YY, et al. Honokiol induces autophagic 
cell death in malignant glioma through reactive oxygen species- 
mediated regulation of the p53/PI3K/Akt/mTOR signalling path-
way. Toxicol Appl Pharmacol. 2016;304:59- 69.

 9. Nepstad I, Hatfield KJ, Grønningsæter IS, et al. Effects of insulin and 
pathway inhibitors on the PI3K- Akt- mTOR phosphorylation profile in 
acute myeloid leukemia cells. Signal Transduct Target Ther. 2019;4:20.

 10. Lee JH, Son YH, Kwon YW, et al. Anticancer effects of a Korean 
herbal medicine Formula (H9) via AMPK and HER2- PI3K/Akt sig-
naling in breast cancer cells. Phytother Res. 2017;31:1765- 1775.

 11. Shackelford DB, Shaw RJ. The LKB1- AMPK pathway: metabo-
lism and growth control in tumor suppression. Nat Rev Cancer. 
2009;9(8):563- 575.

 12. Green AS, Chapuis NM, Thiago T, et al. The LKB1/AMPK signalling 
pathway has tumor suppressor activity in acute myeloid leukemia 
through the repression of mTOR- dependent oncogenic mRNA 
translation. Blood. 2010;116(20):4262- 4273.

 13. Casimiro MC, Sante GD, Rocco AD, et al. Cyclin D1 Restrains 
oncogene- induced autophagy by regulating the AMPK- LKB1 sig-
naling axis. Cancer Res. 2017;77(13):3391- 3405.

 14. Li LL, Fen YB, Hu S, et al. ZEB1 serves as an oncogene in acute my-
eloid leukemia via regulating the PTEN/PI3K/AKT signalling path-
way by combining with P53. J Cell Mol Med. 2021;25(5):5295- 5304.

 15. Zhou J, Jiang YY, Chen H, et al. Tanshinone I attenuates the malig-
nant biological properties of ovarian cancer by inducing apoptosis 
and autophagy via the inactivation of PI3K/AKT/mTOR pathway. 
Cell Prolif. 2020;53(2):e12739.

 16. Jin YD, Ren YM, Wu W, et al. Effect of shikonin on multi-
drug resistance in HepG2: The role of SIRT1. Pharm Biol. 
2015;53(7):1016- 1021.

 17. Xuan YY, Hu X. Naturally- occurring shikonin analogues- a class 
of necroptotic inducers that circumvent cancer drug resistance. 
Cancer Lett. 2009;274(2):233- 242.

 18. Zeng Y, Liu G, Zhou LM. Inhibitory effect of acetylshikonin on 
human gastric carcinoma cell line SGC- 7901 in vitro and in vivo. 
World J Gastroenterol. 2009;15(15):1816.

 19. Kim D, Lee JH, Park HR, et al. Acetylshikonin inhibits growth of 
oral squamous cell carcinoma by inducing apoptosis. Arch Oral Biol. 
2016;70(10):149- 157.

 20. Zhao R, Choi BY, Wei LX, et al. Acetylshikonin suppressed growth 
of colorectal tumour tissue and cells by inhibiting the intracellular 
kinase, T- lymphokine- activated killer cell- originated protein kinase. 
Br J Pharmacol. 2020;177(10):2303- 2319.

https://orcid.org/0000-0003-2820-8674
https://orcid.org/0000-0003-2820-8674


1620  |    WU et al.

 21. Jiang SA, Wang HT, Guo Y, et al. Acetylshikonin inhibits the mi-
gration and invasion of A375 cells by reversing EMT process 
via the PI3K/Akt/mTOR pathway. Biotechnol Biotechnol Equip. 
2019;33(1):699- 706.

 22. Lim HM, Lee J, Nam MJ, Park S- H. Acetylshikonin induces apopto-
sis in human colorectal cancer HCT- 15 and LoVo cells via nuclear 
translocation of FOXO3 and ROS level elevation. Oxid Med Cell 
Longev. 2021;664707:1- 19.

 23. Zeng JC, Zhu BH, Su ML. Autophagy is involved in acetylshikonin 
ameliorating non- alcoholic steatohepatitis through AMPK/mTOR 
pathway. Biochem Biophys Res Commun. 2018;503(3):1645- 1650.

 24. Dalton WT, Ahearn MJ, McCredie KB, Freireich EJ, Stass SA, Trujillo 
JM. HL- 60 cell line was derived from a patient with FAB- M2 and not 
FAB- M3. Blood. 1988;71(1):242- 247.

 25. Kabeya Y, Mizushima N, Ueno T, et al. LC3, a mammalian homo-
logue of yeast Apg8p, is localized in autophagosome membranes 
after processing. EMBO J. 2000;19(21):5720- 5728.

 26. Ribble D, Goldstein NB, Norris DA, et al. A simple technique for 
quantifying apoptosis in 96- well plates. BMC Biotechnol. 2012;5:12.

 27. Tsujimoto Y, Shimizu S. Another way to die: autophagic programmed 
cell death. Cell Death Differ. 2005;12(suppl 2):1528- 1534.

 28. Gwinn DM, Shackelford DB, Egan DF, et al. AMPK phosphor-
ylation of raptor mediates a metabolic checkpoint. Mol Cell. 
2008;30:214- 226.

 29. Zhang J, Chiu JF, Zhang HW, et al. Autophagic cell death induced by 
resveratrol depends on the Ca2+ /AMPK/mTOR pathway in A549 
cells. Biochem Pharmacol. 2013;86(2):317- 328.

 30. Wu YT, Tan HL, Shui G, et al. Dual role of 3- methyladenine in 
modulation of autophagy via different temporal patterns of in-
hibition on class I and III phosphoinositide 3- kinase. J Biol Chem. 
2010;285(14):10850- 10861.

 31. Mauthe M, Orhon I, Rocchi C, et al. Chloroquine inhibits autophagic 
flux by decreasing autophagosome- lysosome fusion. Autophagy. 
2018;14(8):1435- 1455.

 32. Hao GP, Zhai J, Jiang HM, et al. Acetylshikonin induces apoptosis of 
human leukemia cell line K562 by inducing S phase cell cycle arrest, 
modulating ROS accumulation, depleting Bcr- Abl and blocking NF- 
κB signaling. Biomed Pharmacother. 2020;122(2):109677.

 33. Wang P, Gao WY, Wang YB, et al. Acetylshikonin inhibits in vitro 
and in vivo tumorigenesis in cisplatin- resistant oral cancer cells by 
inducing autophagy, programmed cell death and targeting m- TOR/
PI3K/Akt signalling pathway. J BUON. 2019;24(5):2062- 2067.

 34. Yang F, Chen Y, Duan WH, et al. SH- 7, a new synthesized shikonin 
derivative, exerting its potent antitumor activities as a topoisomer-
ase inhibitor. Int J Cancer. 2006;119:1184- 1193.

 35. Zhang FL, Wang P, Liu YH, et al. Topoisomerase I inhibitors, shiko-
nin and topotecan, inhibit growth and induce apoptosis of glioma 
cells and glioma stem cells. PLoS One. 2013;8(11):e81815.

 36. Ji P, Agrawal S, Diederichs S, et al. Cyclin A1, the alternative A- type 
cyclin, contributes to G1/S cell cycle progression in somatic cells. 
Oncogene. 2005;24(16):2739- 2744.

 37. Erlandsson F, Linnman C, Ekholm S, et al. A detailed analysis of cy-
clin A accumulation at the G(1)/S border in normal and transformed 
cells. Exp Cell Res. 2000;259(1):86- 95.

 38. Jeon Y, LeeKY KMJ, et al. Human Top BP1 participates in cyclin E/
CDK2 activation and preinitiation complex assembly during G1/S 
transition. J Biol Chem. 2007;282(20):14882- 14890.

 39. Wang Y, Yuan ZG, You CY, et al. Overexpression p21WAF1/CIP1 in 
suppressing retinal pigment epithelial cells and progression of pro-
liferative vitreoretinopathy via inhibition CDK2 and cyclin E. BMC 
Ophthalmol. 2014;14:144.

 40. Tsytlonok M, Hemmen K, Hamilton G, et al. Specific confor-
mational dynamics and expansion underpin a multi- Step mech-
anism for specific binding of p27 with Cdk2/Cyclin A. J Mol Biol. 
2020;432(9):2998- 3017.

 41. Zhu YS, He WJ, Gao XJ, et al. Resveratrol overcomes geftinib re-
sistance by increasing the intracellular geftinib concentration and 

triggering apoptosis, autophagy and senescence in PC9/G NSCLC 
cells. Sci Rep. 2015;5:17730.

 42. Yima NH, Hwanga YH, Liangb C, et al. A platycoside- rich frac-
tion from the root of Platycodon grandiflorum enhances cell death 
in A549 human lung carcinoma cells via mainly AMPK/ mTOR/
AKT signal- mediated autophagy induction. J Ethnopharmacol. 
2016;194:1060- 1068.

 43. Wang N, Feng YB, Zhu MF, et al. Berberine induces autophagic cell 
death and mitochondrial apoptosis in liver cancer cells: the cellular 
mechanism. J Cell Biochem. 2010;111(6):1426- 1436.

 44. Hockenbery DM, Oltval ZN, Yin XM, et al. Bcl- 2 functions in an an-
tioxidant pathway to prevent apoptosis. Cell. 1993;75(2):241- 251.

 45. Chipuk JE, Bouchier- Hayes L, Green DR. Mitochondrial outer mem-
brane permeabilization during apoptosis: the innocent bystander 
scenario. Cell Death Differ. 2006;13(8):1396- 1402.

 46. Wang FF, Shi C, Yang Y, et al. Medicinal mushroom Phellinus igni-
arius induced cell apoptosis in gastric cancer SGC- 7901 through 
a mitochondria- dependent pathway. Biomed Pharmacother. 
2018;102(6):18- 25.

 47. Cai J, Yang J, Jones DP. Mitochondrial control of apoptosis: the role 
of cytochrome c. Biochim Biophys Acta. 1998;1366(1– 2):139- 149.

 48. Green DR. Apoptotic pathways: Paper wraps stone blunts scissors. 
Cell. 2000;102(1):1- 4.

 49. Shi LY, Qin HH, Jin XD, et al. The natural phenolic peperobtusin 
A induces apoptosis of lymphoma U937 cells via the caspase de-
pendent and p38 MAPK signaling pathways. Biomed Pharmacother. 
2018;102(6):772- 781.

 50. He CC, Klionsky DJ. Regulation mechanisms and signalingpathways 
of autophagy. Annu Rev Genet. 2009;43:67- 93.

 51. Hsieh MT, Chen HP, Lu CC, et al. The novel pterostilbene deriva-
tive ANK- 199 induces autophagic cell death through regulating PI3 
kinase class III/beclin 1/Atg- related proteins incisplatin- resistant 
CAR human oral cancer cells. Int J Oncol. 2014;45(2):782- 794.

 52. Zhao YY, Tian Y, Zhang J, et al. Effects of an oral allosteric AKT 
inhibitor (MK- 2206) on human nasopharyngeal cancerin vitro and 
in vivo. Drug Des Devel Ther. 2014;8:1827- 1837.

 53. Kim J, Kundu M, Viollet B, et al. AMPK and mTOR regulate au-
tophagy through direct phosphorylation of Ulk1. Nat Cell Biol. 
2011;13(2):132- 141.

 54. Liu YQ, Cheng X, Guo LX, et al. Identification of an annonaceous 
acetogenin mimetic, AA005, as an AMPK activator and autophagy 
inducer in colon cancer cells. PLoS One. 2012;7(10):e47049.

 55. Fan YY, Chiu JF, Liu J, et al. Resveratrol induces autophagy- 
dependent apoptosis in HL- 60 cells. BMC Cancer. 2018;18(1):581.

 56. Zhu XX, Yao XF, Jiang LP, et al. Sodium arsenite induces ROS- 
dependent autophagic cell death in pancreatic β- cells. Food Chem 
Toxicol. 2014;70(8):144- 150.

 57. Torgersen ML, Engedal N, Bøe S- O, et al. Targeting autophagy po-
tentiates the apoptotic effect of histone deacetylase inhibitors in 
t(8;21) AML cells. Blood. 2013;122(14):2467- 2476.

 58. Huang WW, Chiu YJ, Fan MJ, et al. Kaempferol induced apopto-
sis via endoplasmic reticulum stress and mitochondria- dependent 
pathway in human osteosarcoma U- 2 OS cells. Mol Nutr Food Res. 
2010;54(11):1585- 1595.

 59. Varoni EM, Lo Faro AF, Sharifi- Rad J, et al. Antiicancer molecular 
mechanisms of resveratrol. Front Nutr. 2016;3:8.

How to cite this article: Wu M- D, Zhang Y- Y, Yi S- Y, et al. 
Acetylshikonin induces autophagy- dependent apoptosis 
through the key LKB1- AMPK and PI3K/Akt- regulated mTOR 
signalling pathways in HL- 60 cells. J Cell Mol Med. 
2022;26:1606– 1620. doi:10.1111/jcmm.17202

https://doi.org/10.1111/jcmm.17202

