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Background and Purpose: Overexpression or aberrant activation of the T-lympho-

kine-activated killer cell-originated protein kinase (TOPK) promotes gene expression

and growth of solid tumours, implying that TOPK would be a rational target in devel-

oping novel anticancer drugs. Acetylshikonin, a diterpenoid compound isolated from

Lithospermum erythrorhizon root, exerts a range of biological activities. Here we have

investigated whether acetylshikonin, by acting as an inhibitor of TOPK, can attenuate

the proliferation of colorectal cancer cells and the growth of patient-derived tumours,

in vitro and in vivo.

Experimental Approach: Targets of acetylshikonin, were identified using kinase pro-

filing analysis, kinetic/binding assay, and computational docking analysis and knock-

down techniques. Effects of acetylshikonin on colorectal cancer growth and the

underlying mechanisms were evaluated in cell proliferation assays, propidium iodide

and annexin-V staining analyses and western blots. Patient-derived tumour xeno-

grafts in mice (PDX) and immunohistochemistry were used to assess anti-tumour

effects of acetylshikonin.

Key Results: Acetylshikonin directly inhibited TOPK activity, interacting with the

ATP-binding pocket of TOPK. Acetylshikonin suppressed cell proliferation by induc-

ing cell cycle arrest at the G1 phase, stimulated apoptosis, and increased the expres-

sion of apoptotic biomarkers in colorectal cancer cell lines. Mechanistically,

Abbreviations: PDX, patient-derived tumour xenograft; RSK, ribosomal s6 kinase; TOPK, T (T-LAK)-cell-originated protein kinase.
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acetylshikonin diminished the phosphorylation and activation of TOPK signalling. Fur-

thermore, acetylshikonin decreased the volume of PDX tumours and reduced the

expression of TOPK signalling pathway in xenograft tumours.

Conclusion and Implications: Acetylshikonin suppressed growth of colorectal cancer

cells by attenuating TOPK signalling. Targeted inhibition of TOPK by acetylshikonin

might be a promising new approach to the treatment of colorectal cancer.

1 | INTRODUCTION

Colorectal cancer is one of the most common causes of cancer-related

death. It comprises a substantial proportion of the global burden of

cancer morbidity and mortality, being the fourth most common cause

of cancer mortality, accounting for 600,000 deaths annually (Rossi,

Anwar, Usman, Keshavarzian, & Bishehsari, 2018). Colorectal cancer is

the third most commonly diagnosed cancer among men and the sec-

ond most diagnosed among women worldwide (Kolligs, 2016;

Roswall & Weiderpass, 2015). New cases diagnosed each year in the

United States are estimated to be around 95,520 which results in

about 50,260 patients deaths (Siegel et al., 2017). Although there

have been remarkable progress in developing anticancer therapies

including recently approved immune check point inhibitors (Davide

et al., 2019), the incidence of and mortality from colorectal cancer is

still alarming. Because of the heterogenous nature of colorectal can-

cer, interventions in a range of oncogenic signalling pathways would

be a rational approach for developing new therapies. One of the

emerging oncogenic signalling molecules is an intracellular protein

kinase, the T-lymphokine-activated killer cell-originated protein kinase

(TOPK; also known as PDZ binding kinase, PBK), which has been

implicated in the development and progression of gastric (Ohashi

et al., 2017) and ovarian cancers (Ikeda et al., 2016), oesophageal

squamous cell carcinomas (Ohashi et al., 2016), and colorectal cancer

(Zlobec et al., 2010).

TOPK is a PDZ-binding kinase (PBK) and a serine–threonine

kinase of the MAPK kinase (MAPKK) family (Abe, Matsumoto, Kito, &

Ueda, 2000). TOPK is a member of the novel MEK3/6-related

MAPKK family (Aksamitiene, Kholodenko, Kolch, Hoek, &

Kiyatkin, 2010) and plays an important role in many kinds of cellular

processes, including growth, development, apoptosis, and inflamma-

tion (Li et al., 2011; Nandi, 2004; Simons-Evelyn et al., 2001; Zykova

et al., 2010). Elevated expression of TOPK is associated with poor

prognosis of ovarian cancer (Ikeda et al., 2016), oesophageal squa-

mous carcinoma (Ohashi et al., 2016), and gastric carcinoma patients

(Ohashi et al., 2017). TOPK directly phosphorylates ERK, histone H3

(Ser10), histone H2AX (Ser139), peroxiredoxin 1 (PRX1, Ser32), JNK1

(Thr183/Tyr185), and p53-related protein kinase (PRPK, Ser250; Oh

et al., 2007; Roh et al., 2018; Zykova et al., 2010). These phosphory-

lated substrates of TOPK activate down-stream signalling cascades,

including the MAPKs, and ribosomal S-6 kinase (RSK), and transcrip-

tion factors, including activator protein-1 (AP-1) or NF-κB, thereby

promoting cell proliferation, migration, and invasion (Aksamitiene

et al., 2010; Oh et al., 2007; Park et al., 2014). TOPK is highly

expressed in human colorectal cancer tissues and cell lines and medi-

ates its tumour promoting effects via phosphorylation of ERKs (Zhu

et al., 2007). Zhu et al. (2007) also demonstrated that phosphorylation

of TOPK at Tyr74 and Tyr272 by Src kinase increases the stability

and activity of TOPK, thereby promoting colon cancer growth (Xiao

et al., 2016). The TOPK signalling pathway directly promotes colorec-

tal cancer metastasis through its modulation of PRPK (Zykova

et al., 2017; Zykova et al., 2018). TOPK also interacts with the DNA

binding domain of p53 tumour suppressor protein, thereby down-reg-

ulating p53-regulated gene transcription (Hu et al., 2010; Lei

et al., 2013). Thus, TOPK is a potential drug target for developing new

therapies for the treatment of colorectal cancer.

There have been few reports of synthesis and functional studies

of TOPK inhibitors, such as HI-TOPK-032 (Kim et al., 2012) and

OTS964 (Sugimori et al., 2017). Whereas HI-TOPK-032 reduced the

growth of colon cancer xenograft tumours in mice (Kim et al., 2012),

OTS964 inhibited the size of glioma stem cells tumour spheres in vitro

(Sugimori et al., 2017). However, the latter study also demonstrated

that the surviving glioma stem cells start to regrow as tumour spheres,

thus limiting the therapeutic value of OTS964. Moreover, OTS964

showed substantial adverse haematological reactions in an in vivo

xenograft study (Matsuo et al., 2014). Hu et al. (2019) recently

reported the synthesis of a series of 1-phenyl phenanthridin-6(5H)-

one compounds as TOPK inhibitors, which reduced the growth of

colorectal tumour growth in a xenograft mouse model. These studies

What is already known

• The intracellular protein kinase, TOPK/PBK, is highly

expressed in colorectal cancer cells.

What this study adds

• Acetylshikonin inhibited colorectal cancer growth depen-

dent on the expression of TOPK/PBK.

What is the clinical significance

• Acetylshikonin could provide a new approach to treat-

ments for colorectal cancer.
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suggest that TOPK is a valid drug target for developing anticancer

therapies.

In the present study, we have attempted to evaluate the potential

of developing acetylshikonin, a major biologically active compound

present in Lithospermum erythrorhizon root (Cho, Paik, & Hahn, 1999;

Rajasekar et al., 2012), as a TOPK inhibitor and assess its anti-cancer

effects in cultureds of colorectal cancer cells and in patient-derived

xenograft (PDX) tumour models in mice. Acetylshikonin reportedly

inhibits human pancreatic cancer cell proliferation through inhibition

of NF-κB activity, attenuates HepG2 hepatoma cell growth by

suppressing CYP2J2, and reduces obesity and hepatic steatosis in db/

db mice (Cho & Choi, 2015; Gwon, Ahn, Chung, Moon, & Ha, 2012;

Park et al., 2017). These findings led us to examine whether

acetylshikionin could inhibit colorectal tumour growth and to eluci-

date its underlying mechanisms. Here, we report that acetylshikonin

directly interacts with TOPK and inhibits TOPK kinase activity,

resulting in reduced proliferation of colon cancer cells and diminished

growth of PDX tumours in mice. Our study suggests that

acetylshikonin, as an inhibitor of TOPK, may be a potential

candidate for clinical development as an anticancer therapy for colo-

rectal cancer.

2 | METHODS

2.1 | Cell culture

The human CCD-18Co (Cat#CRL-1459, RRID:CVCL_2379), normal

colon cell line and colorectal cancer cell lines HCT-15 (Cat#CCL-225,

RRID:CVCL_0292), HCT-116 (Cat#CCL-247, RRID:CVCL_0291), SW

620 (Cat#CCL-227, RRID:CVCL_0547), DLD-1 (Cat#CCL-221, RRID:

CVCL_0248), HT-29 (Cat#HTB-38, RRID:CVCL_0320), and SW

480 (Cat#CCL-228, RRID:CVCL_0546) were purchased from Ameri-

can Type Culture Collection (ATCC). The cells were cultured in a mini-

mum essential medium (CCD-18Co), RPMI-1640 (HCT-15, DLD-1),

McCoy's 5A (HCT-116, HT-29), or L-15 (SW 620, SW 480) containing

penicillin (100 units�ml−1), streptomycin (100 μg�ml−1), and 10% FBS

(Biological Industries, Kibbutz Beit-Haemek, Israel). The cells were

maintained at 5% CO2, 37�C in a humidified atmosphere. All cells

were cytogenetically tested and authenticated before being frozen.

Each vial of frozen cells was thawed and maintained in culture for a

maximum of 8 weeks.

2.2 | In vitro kinase assay

c-Jun (400 ng), ERK1 (200 ng), and histone H3.3 (200 ng) were used

as substrates for in vitro kinase assays with 200 ng of active TOPK,

MEK1, Aurora A and Aurora B. Reactions were conducted at 30�C for

30 min in 1× kinase buffer (25-mM Tris–HCl, pH 7.5, 5-mM

β-glycerophosphate, 2-mM DTT, 0.1-mM Na3VO4, 10-mM MgCl2,

and 5-mM MnCl2) containing 200-μM ATP. The reactions were

stopped, and the proteins were detected by western blotting.

2.3 | In vitro and ex vivo pull-down assay

A recombinant human TOPK protein (200 ng) and SW 620 cell lysates

(500 μg) were incubated with acethylshikonin-Sepharose 4B

(or Sepharose 4B only as a control) beads in reaction buffer (50-mM

Tris–HCl, pH 7.5, 5-mM EDTA, 150-mM NaCl, 1-mM DTT, 0.01%

NP-40, and 0.2-mM PMSF, 20× protease inhibitor). After incubation

with gentle rocking overnight at 4�C, the beads were washed three

times with washing buffer (50-mM Tris–HCl, pH 7.5, 5-mM EDTA,

150-mM NaCl, 1-mM DTT, 0.01% NP-40, and 0.2-mM PMSF), and

binding was visualized by western blotting. For the ATP competitive

binding assay, active TOPK was incubated with acetylshikonin-

Sepharose 4B beads and vehicle, 10-, 100-, or 1,000-μM ATP, follow-

ing the procedure described above for the binding assay.

2.4 | Computational modelling

To further confirm that acetylshikonin can bind with TOPK, we per-

formed in silico docking using the Schrödinger Suite 2017 software

programs (Schrödinger, 2017). The sequence of TOPK was down-

loaded from the National Center for Biotechnology Information (GI:

83305809). The TOPK crystal structure was built with prime

followed by refining and minimizing loops in the binding site, and

then it was prepared under the standard procedures of the Protein

Preparation Wizard. Hydrogen atoms were added consistent with a

pH of 7, and all water molecules were removed. The TOPK ATP-

binding site-based receptor grid was generated for docking.

Acetylshikonin was prepared for docking by default parameters using

the LigPrep program. Then, the docking of acetylshikonin with TOPK

was accomplished with default parameters under the extra precision

(XP) mode using the program Glide. Then, TOPK modelling structure

was refining and minimizing loops in the binding site. When the

docking was performed, usually several docking models were gener-

ated. Herein, we based on the docking score and ligand interaction

diagram to choosing best docked representative structure for our

final docking model.

2.5 | Cell proliferation assay

The cells were seeded (2 × 103 cells per well for HCT-116 and HCT-

15, 4 × 103 cells per well for SW 620, and 1 × 103 cells per well for

DLD-1) in 96-well plates and incubated for 36 hr and then treated

with different doses of acetylshikonin or vehicle. After incubation for

24, 48, or 72 hr, cell proliferation was measured by MTT assay. For

anchorage-independent cell growth assessment, the cells (8 × 103 per

well) suspended in 10% maintenance media were added to 0.3% agar

with vehicle, 0.3-, 0.6-, or 1.25-μM acetylshikonin, in a top layer over

a base layer of 0.5% agar with vehicle, 0.3-, 0.6-, or 1.25-μM

acetylshikonin. The cultures were maintained at 37�C in a 5% CO2

incubator for 3 weeks, and then colonies were visualized under a

microscope and counted using the Image-Pro Plus software program

ZHAO ET AL. 2305

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=262#1332
info:x-wiley/rrid/RRID:CVCL_2379
info:x-wiley/rrid/RRID:CVCL_0292
info:x-wiley/rrid/RRID:CVCL_0291
info:x-wiley/rrid/RRID:CVCL_0547
info:x-wiley/rrid/RRID:CVCL_0248
info:x-wiley/rrid/RRID:CVCL_0248
info:x-wiley/rrid/RRID:CVCL_0320
info:x-wiley/rrid/RRID:CVCL_0546
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1936
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1937&familyId=557&familyType=ENZYME


(Media Cybernetics, Rockville, MD, USA, Version 6.0, RRID:

SCR_007369).

2.6 | Analysis of cell cycle and apoptosis

The cells (2 × 105 cells) were seeded in 60-mm dishes and treated

with 0-, 5-, or 10-μM acetylshikonin for 24 hr. For cell cycle analysis,

the cells were fixed in 70% ethanol and stored at −20�C for 24 hr.

After staining with annexin-V for apoptosis or propidium iodide for

cell cycle assessment, the cells were analysed using a BD FACSCalibur

Flow Cytometer (BD Biosciences, San Jose, CA, USA).

2.7 | Western blot analysis

Cell pellets were incubated on ice for 30 min in NP-40 cell lysis buffer

(50-mM Tris, pH 8.0, 150-mM NaCl, 0.5–1% NP-40, protease inhibi-

tor cocktail, dephosphorylation inhibitor tablets, and 1-mM PMSF).

After centrifugation at 18,000 x g for 20 min, the supernatant frac-

tions were harvested as total cellular protein extracts. Determination

of protein concentration was performed using the BCA Quantification

Kit (Solarbio, Beijing, China, Cat#PC0020). The total cellular protein

extracts were separated by SDS-PAGE and transferred to PVDF mem-

branes in a transfer buffer. Membranes were blocked with 5% nonfat-

dry milk in 1× PBS-T (PBS containing 0.05% Tween-20) and incubated

with antibodies against pTOPK, TOPK, pMEK, MEK, pERK, ERK,

pRSK, RSK, pc-Jun, c-Jun, p21, PARP, caspase-3, cleaved PARP,

cleaved caspase-3, cleaved caspase-7, or β-actin. Blots were washed

three times in 1× PBS-T buffer, followed by incubation with the

appropriate HRP-linked IgG. The specific proteins were visualized

using the enhanced chemiluminescene (ECL) detection reagent and

the Amersham Imager 600 (GE Healthcare Life Science, Pittsburgh,

PA, USA). Quantification was done with ImageJ free software (Version

1.47, RRID:SCR_003070), and each lane was normalized to β-actin.

The immuno-related procedures used comply with the recommenda-

tions made by the British Journal of Pharmacology (Curtis et al., 2015).

2.8 | Lentiviral infection

Each viral vector and packaging vectors (pMD2G, psPAX2, shTOPK

#1–4) were transfected using the Simple-Fect Transfection Reagent

(Signaling Dawn Biotech, Wuhan, Hubei, China, Cat#profect-01) into

293T cells. The viral particles were harvested by filtration using a

0.22-μm filter and then stored at −20�C. The cultured HCT-15, HCT-

116, SW 620, or DLD-1 colon cancer cells were infected with virus

particles and 8 μg�ml−1 polybrene (Millipore, Billerica, MA, USA,

Cat#TR-1003) for 24 hr. Then, the cells were selected with puromycin

for 24 hr, and the selected cells were used for subsequent experi-

ments. The cells of DLD-1 were seeded (1 × 103 cells per well) in 96-

well plates, and after incubation for 24, 48, or 72 hr, cell proliferation

was measured by CellTiter 96® Aqueous One Solution Cell

Proliferation Assay (MTS assay, Promega, G3581); the protocol is

followed by CellTiter 96® Aqueous One Solution Cell Proliferation

Assay Technical Bulletin.

2.9 | Reporter gene activity assay

Transient transfection was conducted using the Simple-Fect Transfec-

tion Reagent, and the luciferase reporter gene activity assays were

performed according to the instructions of the manufacturer

(Promega, Madison, WI, USA). Briefly, the cells (2 × 104) were seeded

the day before transfection into 24-well culture plates. The cells were

co-transfected with the NF-κΒ-luc or pGL-3-luc firefly reporter plasmid

and the pRL-SV control Renilla reporter plasmid. Following incubation

for 24 hr, the cells were treated with vehicle or acetylshikonin for an

additional 24 hr and then harvested in a lysis buffer. Firefly and Renilla

luciferase activities were assessed using the substrates provided in

the reporter assay system (Promega, Cat#E2810). The Renilla lucifer-

ase activity was used for normalization of transfection efficiency.

Luciferase activity was measured using the Luminoskan Ascent plate

reader (Thermo-Scientific, Swedesboro, NJ, USA).

2.10 | PDX mouse model

All animal care and experimental procedures complied with, and were

approved by, the Ethics Committee of Zhengzhou University (Zheng-

zhou, Henan, China). Six- to eight-week-old female NOD.CB17-

Prkdcscid/NcrCrl mice (Vital River Labs, Beijing, China) with body

weight 18–20 g were used for these experiments. Animals were

housed in a specific pathogen-free facility using IVC level cages, bed-

ding material made of corncob granules, housing five mice per cage.

The mice were maintained on a 12-hr light/dark cycle with food and

water available ad libitum, at a temperature of 22 ± 3�C and 40–70%

relative humidity. Animal studies are reported in compliance with the

ARRIVE guidelines (Kilkenny et al., 2010) and with the recommenda-

tions made by the British Journal of Pharmacology.

The PDX mouse model has been widely used in preclinical studies

to identify therapeutic targets, including specific molecules and

molecular interactions, and to serve as a guide for clinical treatment of

cancer (Lai et al., 2017). The PDX tumour samples were obtained from

three different patients (HJG41, HJG175, and HJG152; see Figure S5B

for details) with permission from the Ethical Committee of China-US

(Henan) Hormel Cancer Institute and with full informed consent of

the patients. The PDX tumour mass (100-130 mg per mouse) was

subcutaneously implanted into the back of SCID mice. When tumours

reached an average volume of ~100 mm3, mice were divided into

three treatment groups by randomization and blinding methods for

further experimentation as follows: for HJG41 and HJG175 cases,

vehicle group (n = 5 for HJG41, n = 8 for HJG152); (2) 60 mg�kg−1 of

acetylshikonin (n = 5 for HJG41, n = 8 for HJG152); and

(3) 120 mg�kg−1 of acetylshikonin (n = 5 for HJG41, n = 8 for

HJG152). For HJG 175 cases, vehicle group (n = 10); (2) 80 mg�kg−1
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of acetylshikonin (n = 10); and (3) 160 mg�kg−1 of acetylshikonin

(n = 10). Tumour volume was calculated from measurements of three

diameters of the individual tumour base using the following formula:

tumour volume (mm3) = (length × width × height × 0.5).

Acetylshikonin was administered by gavage once a day until tumours

reached ~1.0 cm3 total volume; at which time mice were killed by an

overdose of pentobarbital (4%, i.p.), before tumour collection.

2.11 | Immunohistochemical (IHC) analysis

Subcutaneous tumours were collected from the mice and fixed, and

paraffin-embedded sections (5 μm) were prepared for IHC analysis.

After antigen unmasking, the sections were blocked with 5% goat

serum and incubated at 4�C overnight with antibodies rabbit anti-

Ki-67 (1:200, Abcam, Cat#ab16667), rabbit anti-phosphorylated

TOPK (pTOPK) (1:200, Sigma, Cat#SAB4504053, RRID:

AB_2070042), rabbit anti-phosphorylated ERK1/2 (Thr202/Tyr204)

(pERK) (1:100), rabbit anti-phosphorylated RSK (Ser380) (pRSK)

(1:100), and rabbit anti-phosphorylated c-Jun (pc-Jun) (1:100). After

incubation with a rabbit secondary antibody, DAB (3,30-dia-

minobenzidine) staining was used following the manufacturer's

instructions to visualize the protein targets. Sectioned tissues were

counterstained with haematoxylin, dehydrated through a graded

series of alcohol into xylene, and mounted under glass coverslips.

Images were obtained using OLYMPUS IMAGING BX43. The fluo-

rescence intensity was quantified using Image-Pro Plus software

(Version 6.0, RRID:SCR_007369).

2.12 | Data and statistical analysis

The design and analysis of this study complies with the recommenda-

tions of the British Journal of Pharmacology on experimental design

(Curtis et al., 2018). Animals were randomly allocated to the experi-

mental groups. Data collection and evaluation of all experiments were

performed blindly of the group identity. Statistical analysis was carried

out using the software GraphPad Prism (v7, GraphPad Software, USA,

RRID:SCR_002798). Differences among multiple groups were tested

using one-way ANOVA followed by Dunnett's post hoc comparisons.

Post hoc tests were conducted only if F was significant and there was

no variance inhomogeneity. A value of P < .05 was used as the crite-

rion for statistical significance, and the data are shown as mean

values ± SD.

2.13 | Materials

Acetylshikonin (purity >95%) was purchased from Chem Faces

(Wuhan, Hubei, China) and isolated in-house from L. erythrorhizon

root for animal experiments. Active TOPK (Cat#T14-10G-10), MEK1

(Cat#M02-10G-10), Aurora A (Cat#A28-18G-10), Aurora B

(Cat#A33-10G-10), inactive c-Jun protein (TOPK substrate,

Cat#J05-55G-20), and inactive ERK1 protein (MEK1 substrate,

Cat#M29-14G-20) for kinase assays were purchased from

SignalChem Biotech Inc. (Richmond, BC, Canada). The histone H3.3

human recombinant protein (substrate of Aurora A and Aurora B,

Cat#M2507S) for kinase assays was purchased from New England

Biolabs, Inc. (Ipswich, MA, USA). c-Src kinase assay was purchased

from Cyclex (Andes, NY, USA, Cat#CY-1083). Antibodies used in

this study were as follows: rabbit anti-phosphorylated TOPK (Thr9)

(pTOPK) (1:1,000, Cell Signaling Technology, Cat#4941, RRID:AB_

2160132), rabbit anti-TOPK (1:1,000, Cell Signaling Technology,

Cat#4942, RRID:AB_2160130), rabbit anti-phosphorylated MEK

(Ser217/221) (pMEK) (1:1,000, Cell Signaling Technology, Cat#9154,

RRID:AB_2138017), mouse anti-MEK (1:1,000, Cell Signaling Tech-

nology, Cat#4694, RRID:AB_10695868), rabbit anti-phosphorylated

ERK (Thr202/Tyr204) (pERK) (1:1,000, Cell Signaling Technology,

Cat#4370, RRID:AB_2315112), rabbit anti-ERK (1:1,000, Cell Signal-

ing Technology, Cat#4695, RRID:AB_390779), rabbit anti-phosphor-

ylated RSK (Ser380) (pRSK) (1:1,000, Cell Signaling Technology,

Cat#11989, RRID:AB_2687613), rabbit anti-RSK (1:1,000, Cell Sig-

naling Technology, Cat#5528, RRID:AB_10860075), rabbit anti-

phosphorylated c-Jun (pc-Jun) (1:1,000, Cell Signaling Technology,

Cat#3270, RRID:AB_2129575), rabbit anti-c-Jun (1:1,000, Cell Sig-

naling Technology, Cat#9165, RRID:AB_2130165), rabbit anti-cyclin

D1 (1:1,000, Cell Signaling Technology, Cat#2922, RRID:AB_

2228523), mouse anti-cyclin D3 (1:1,000, Cell Signaling Technology,

Cat#2936, RRID:AB_2070801), rabbit anti-p21 waf1/cip1 (1:1,000,

Cell Signaling Technology, Cat#2947, RRID:AB_823586), rabbit anti-

PARP (1:1,000, Cell Signaling Technology, Cat#9542, RRID:AB_

2160739), rabbit anti-caspase-3 (1:1,000, Cell Signaling Technology,

Cat#9662, RRID:AB_331439), rabbit anti-cleaved-PARP (1:1,000,

Cell Signaling Technology, Cat#5625, RRID:AB_10699459), rabbit

anti-cleaved caspase-3 (1:1,000, Cell Signaling Technology,

Cat#9664, RRID:AB_2070042) and rabbit anti-cleaved caspase-7

(1:1,000, Cell Signaling Technology, Cat#8438, RRID:AB_11178377)

by western blot were purchased from Cell Signaling Technology

(Beverly, MA, USA). Rabbit anti-phosphorylated TOPK (pTOPK)

(1:200, Sigma, Cat#SAB4504053, RRID:AB_2070042) to detect

immunohistochemical was purchased from Sigma. Antibodies rabbit

anti-Ki-67 (1:200, Abcam, Cat#ab16667, RRID:AB_302459) to

detect Ki-67 by immunohistochemical assay was purchased from

Sigma. The mouse anti-β-actin antibody (1:5,000, Cat#TA-09) as a

loading control was obtained from ZSGB-Bio Company (Beijing,

China). Goat anti-rabbit antibody (1:5,000, Cat#ZB-2301) and goat

anti-mouse antibody (1:5,000, Cat#ZB-2305) were obtained from

ZSGB-Bio Company (Beijing, China).

2.14 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org/, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018), and are permanently archived in the
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Concise Guide to PHARMACOLOGY 2019/20 (Alexander, Fabbro

et al., 2019; Alexander, Kelly et al., 2019).

3 | RESULTS

3.1 | Acetylshikonin is a novel inhibitor of TOPK
but has no effect on MEK1

To examine the effects of acetylshikonin on TOPK activity, we con-

ducted a TOPK kinase assay. Acetylshikonin inhibited the kinase

activity of TOPK but had no effect on the kinase activity of MEK1,

which is another subfamily of the MAPKKs (Figure 1a,b). The direct

binding between acetylshikonin and TOPK was revealed by ex vivo

and in vitro pull-down assays (Figure 1c,d). Acetylshikonin was incu-

bated with SW 620 cell lysate ex vivo or with a human recombinant

active TOPK protein in vitro. To confirm whether TOPK is a major

target for acetylshikonin, we performed a kinase profiling assay.

Kinase profiling assay results showed that acetylshikonin (20 μM)

inhibited the kinase activity of Aurora A, Aurora B, and c-Src but

had no effect on the kinase activity of PDK1, Akt1, JNK1, or ERK1

(Figure S1A). We then conducted kinase assays to further confirm

the inhibitory effects of acetylshikonin against Aurora A, Aurora B,

or c-Src activity (Figure S1B–D). The kinase assay results showed

F IGURE 1 TOPK is a potential target of acetylshikonin.
(a) in vitro kinase assay to check the effect of acetylshikonin
on TOPK activity, and densitometric quantification was
evaluated. Data shown are individual values with means ±
SD; n=5 independent experiments. *P < .05, significantly
different as indicated. (b) in vitro kinase assay to check the
effect of acetylshikonin on MEK1 activity, and densitometric
quantification was evaluated. Data shown are individual
values with means ± SD; n=5 independent experiments. ns,
no significant difference as indicated. (c) The binding of
acetylshikonin with TOPK and MEK present in SW 620 cell
lysate was determined using Sepharose 4B and
acetylshikonin-conjugated Sepharose 4B beads, and
densitometric quantification was evaluated. Data shown are
individual values with means ± SD; n=5 independent
experiments. *P < .05, significantly different as indicated; ns,
no significant difference as indicated. (d) The binding of
acetylshikonin with a recombinant TOPK protein was
determined using Sepharose 4B and acetylshikonin-
conjugated Sepharose 4B beads, and densitometric
quantification was performed. Data shown are individual
values with means ± SD; n=5 independent experiments. ns,
no significant difference as indicated. (e) The specificity of the
binding of acetylshikonin with active TOPK in the presence of
ATP and densitometric quantification of recombinant TOPK
protein were evaluated. Data shown are individual values
with means± SD; n=5 independent experiments. *P < .05,
significantly different as indicated. (f) Kinetic analysis of the
inhibition of TOPK by acetylshikonin competing with ATP.

Data shown are individual values; n=5 independent
experiments. (g) The interaction between acetylshikonin and
TOPK was predicted using a computational docking model:
(A) Acetylshikonin binding at the ATP-binding pocket of
TOPK. TOPK structure is shown in ribbon representation, and
acetylshikonin is shown as sticks. (B) The ligand interaction
diagram of acetylshikonin with TOPK
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F IGURE 2 TOPK inhibits proliferation of several colon cancer cell lines. (a) The effect of acetylshikonin on growth of HCT-15, HCT-116, SW
620, and DLD-1 cells was measured by MTT assay at 24, 48, or 72 hr. Data are shown as means ± SD of five independent experiments. (b) The
effect of acetylshikonin on anchorage-independent growth of colon cancer cells was evaluated. Data are shown as means ± SD of five
independent experiments. (c) Representative photographs of the effects of acetylshikonin on anchorage-independent growth are shown. For
(a) and (b), *P < .05, significantly different from untreated control cells
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that acetylshikonin had little effect on the activity of these kinases.

To determine whether acetylshikonin can bind to TOPK, we per-

formed an ATP competitive pull-down assay using a recombinant

active TOPK protein. The binding of acetylshikonin with TOPK in

the presence of ATP (10, 100, or 1,000 μM) was reduced as ATP

concentration was increased (Figure 1e), indicating that

acetylshikonin might interact with the ATP-binding pocket of TOPK.

Furthermore, we confirmed that the competitive nature of

acetylshikonin and ATP binding to TOPK, by kinetic analysis with an

increasing KM value 15 to 20 (Figure 1f). To have better insight into

how does acetylshikonin interacts with TOPK, we docked it compu-

tationally at the ATP-binding pocket of TOPK, using several pro-

grams in the Schrödinger Suite 2017 (Figure 1g). From the docking

model, we found that acetylshikonin binds and fits into the ATP-

binding pocket of TOPK very well forming hydrogen bonds at

Lys64, Gly118, and Asn172. These results indicated that

acetylshikonin might be a potential inhibitor of TOPK.

3.2 | TOPK as a potential target of acetylshikonin
in suppressing colon cancer cell growth

An ideal anti-cancer agent should lack cytotoxicity against normal

cells. We, therefore, first assessed the effect of acetylshikonin on the

proliferation of normal human colon cells. Incubation of CCD-18Co

colon cells with acetylshikonin (0, 2.5, 5, or 10 μM) for 24, 48, or

72 hr did not show cytotoxicity up to 10 μM at 72 hr (Figure S2A).

Based on this result, we selected the highest concentration of

acetylshikonin as 10 μM for further experiments. Because the initial

assessment of the expression of pTOPK, TOPK, and the members of

F IGURE 3 Acetylshikonin induces cell cycle arrest and apoptosis of colon cancer cells. The effects of acetylshikonin on cell cycle phase (a) or
apoptosis (b) were assessed in colon cancer cells. The cells were treated with 0-, 5-, or 10-μM acetylshikonin and then incubated 24 hr for cell
cycle analysis or for the annexin-V staining (i.e., apoptosis) assay. Data shown are individual values with means± SD; n=5 independent experiments.
*P < .05, significantly different as indicated. The effects of acetylshikonin on the expression of biomarkers and densitometric quantification
associated with cell cycle (c) and apoptosis (d) are shown. The cells were treated with 0-, 5-, or 10-μM acetylshikonin and incubated 24 hr for
detection of cyclin D1, cyclin D3, p21, cleaved PARP, caspase-3, cleaved caspase-3, and cleaved caspase-7. Data shown are individual values with
means± SD; n=5 independent experiments.*P < .05, significantly different as indicated
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TOPK signalling pathway, such as pERK, pRSK, and pc-Jun, was ele-

vated in HCT-15, HCT-116, SW 620, and DLD-1 colon cancer cells,

compared to HT-29 and SW 480 colon cancer cells (Figure S2B), we

studied the effects of acetylshikonin on HCT-15, HCT-116, SW

620, and DLD-1 colon cancer cell lines. Treatment of these cells with

acetylshikonin (0, 2.5, 5, or 10 μM) significantly inhibited growth in a

time- and concentration-dependent manner compared to DMSO con-

trol (Figure 2a). Acetylshikonin showed less inhibition of cell prolifera-

tion in HT-29 and SW 480 cells, compared to the other cell lines

(Figure S2C). In addition, acetylshikonin attenuated anchorage-

independent growth of HCT-15, HCT-116, SW 620, and DLD-1 cell

lines (0.3, 0.6, or 1.25 μM) compared to the untreated DMSO control

(Figure 2b). Representative images illustrate the number and size of

colonies (Figure 2c).

3.3 | Acetylshikonin induces cell cycle arrest and
apoptosis of colon cancer cells

Treatment with acetylshikonin affected cell cycle distribution and

induced apoptosis in colon cancer cell lines (Figure 3).

Acetylshikonin (5 or 10 μM) showed significant G1 phase cell cycle

arrest in HCT-15, HCT-116, SW 620, and DLD-1 cells (Figure 3a).

We further examined how acetylshikonin altered the expression of

proteins associated with the G1 phase of the cell cycle (Figure 3b).

Acetylshikonin reduced the expression of cyclin D1 and cyclin D3

as compared with the DMSO control (Figure 3b). Acetylshikonin

(5 or 10 μM) also induced apoptosis in these cell lines (Figure 3c).

Treatment of colon cancer cells with acetylshikonin-increased levels

of p21, cleaved PARP, cleaved caspase-3, and cleaved caspase-7,

and decreased the total levels of PARP, and caspase-3 as compared

to DMSO controls (Figure 3d).

3.4 | Acetylshikonin inhibits TOPK signalling

Because TOPK signalling pathways are involved in cell cycle, apopto-

sis, and cancer cell growth, we determined the effects of

acetylshikonin on the expression of phosphorylated TOPK (Thr9),

phosphorylated ERK (Thr202/Tyr204), phosphorylated RSK (Ser380),

and phosphorylated c-Jun (Ser73) as well as on the transcriptional

activity of NF-κB (Figure 4). Treatment of HCT-15, HCT-116, SW

620, or DLD-1 colon cancer cells with acetylshikonin decreased the

levels of phosphorylated TOPK (Thr9), phosphorylated ERK (Thr202/

Tyr204), phosphorylated RSK (Ser380), and phosphorylated c-Jun

(Ser73; Figure 4a). The total levels of TOPK, ERK, RSK, and c-Jun

were unchanged as compared to DMSO controls (Figure 4a). Further-

more, transient transfection of HCT-15, HCT-116, SW 620, or DLD-1

colon cancer cells with an NF-κB-luciferase plasmid followed by treat-

ment with acetylshikonin showed significant inhibition of NF-κB tran-

scriptional activity (Figure 4b).

To confirm that the inhibition of TOPK expression impairs growth

of colon cancer cells, we assessed cell proliferation after knock-down

of TOPK by transferring shRNA-TOPK #1–4 into colon cancer cell

lines. The anchorage-independent cell growth was attenuated by

shRNA-TOPK #4 (Figure S3A–D). We confirmed that silencing of

TOPK by shRNA abolished the expression of TOPK in HCT-15, HCT-

116, SW 620, or DLD-1 cells (Figure 5a) and treatment of these TOPK

knock-down cells with acetylshikonin failed to inhibit anchorage-

independent growth (Figure 5b,c).

3.5 | Anti-proliferative and apoptotic effects of
acetylshikonin in HCT-116 cells are independent of
p53 status

To address whether the anti-proliferative and apoptotic effects of

acetylshikonin on colon cancer cells are dependent on intracellular

p53, we treated HCT-116 p53+/+ (p53 wild type) and HCT-116

p53−/− (p53 deficient) colon cancer cells with various concentrations

(0, 1.25, 2.5, 5, or 10 μM) of acetylshikonin for 24, 48, or 72 hr

(Figure 6). The results revealed that proliferation of HCT-116 p53+/+

cells was significantly inhibited by treatment with acetylshikonin at

5 μM (Figure 6a). Cell cycle was arrested at G1 phase in both cell

types irrespective of p53 status (Figure 6b). Treatment with 5-μM

acetylshikonin induced apoptosis in HCT-116 p53+/+ and HCT-116

p53−/− cells by 40.87% and 57.26%, respectively (Figure 6c). We con-

firmed the expression of p53 in HCT-116 53+/+ and HCT-116 p53−/−

cells (Figure S4).

3.6 | Acetylshikonin inhibits the growth of TOPK-
positive PDX tumours in SCID mice

To examine the anti-tumour activity of acetylshikonin in vivo, we used

three PDX models, HJG41, HJG175, and HJG152, which exhibited a

range of levels of TOPK (Figures 7, S5, and S6). The PDX tumour mass

was implanted into SCID mice, and then vehicle or acetylshikonin

(60 or 120 mg�kg−1 body weight for HJG41 and HJG152, and 80 or

160 mg�kg−1 body weight for HJG175) was administered by oral

gavage once a day for 50, 88, or 46 days for HJG41, HJG152, and

HJG175, respectively. The results showed that treatment of HJG41

or HJG175 PDX tumour-bearing mice with acetylshikonin at a dose of

120 or 160 mg�kg−1, respectively, significantly reduced tumour vol-

ume and weight compared to the vehicle-treated group (Figures 7a,b

and S6A, B), without changing body weight (Figures 7c and S6C).

However, tumour growth of HJG152, which had low expression of

TOPK, was not affected by treatment with acetylshikonin

(Figure S6E–H). To further analyse haematopoietic toxicity, we coun-

ted the white blood cell (WBC) number after treatment with

acetylshikonin. The results revealed that the WBC count was not

affected by treatment with acetylshikonin (Figures 7d and S6D).

Tumour tissues were prepared for IHC analysis, and the expression of

Ki-67, phosphorylated TOPK, ERK, RSK, or c-Jun was examined

(Figure 7e,f). The results indicated that expression of all these protein

markers were significantly reduced after treatment with
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F IGURE 4 Acetylshikonin attenuates the expression of proteins involved in TOPK signalling. (a) The effect of acetylshikonin on TOPK signalling
in colon cancer cells was assessed by western blot analysis followed by densitometric quantification. The cells were treated with 0-, 5-, or 10-μM
acetylshikonin and harvested at 24 hr, and then cell lysates were subjected to western blotting. Data shown are individual values with means± SD;

n=5 independent experiments. *P < .05, significantly different as indicated. (b) The effect of acetylshikonin was evaluated in colon cancer cells
transfected with an NF-κB luciferase reporter plasmid. Data shown are individual values with means± SD; n=5 independent experiments. Data
shown are individual values with means± SD; n=5 independent experiments
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F IGURE 5 TOPK is a potential target in colon cancer cells. (a) The expression of TOPK in HCT-15, HCT-116, SW 620, and DLD-1 cells expressing
shRNA-mock or shRNA-TOPK was evaluated by western blotting. Data shown are individual values with means± SD; n=5 independent experiments.
*P < .05, significantly different as indicated; ns, not significant. (b) Anchorage-independent growth was assessed in HCT-15, HCT-116, SW 620, and
DLD-1 colon cancer cells expressing shRNA-mock or shRNA-TOPK. Data shown are individual values with means± SD; n=5 independent experiments.
*P < .05, significantly different as indicated. (c) Representative photographs of the effects of TOPK knock-down on anchorage-independent growth are
shown for HCT-15, HCT-116, SW 620, and DLD-1 colon cancer cells
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acetylshikonin in the HJG41 tumours compared with vehicle-treated

controls (Figure 7e,f).

4 | DISCUSSION

Colorectal cancer is a major public health issue worldwide. Because

of the involvement of diverse genetic and epigenetic alterations in

colon cancer pathogenesis, a combination of therapies would

improve therapeutic outcome. Despite substantial progress in

developing anticancer therapies including the inhibitors of immune

checkpoints and that of TK receptors for the treatment of colon can-

cer, novel therapeutic avenues are always being sought. Among the

various oncogenic intracellular kinases, the TOPK family has been

identified as a promising drug target (Hu et al., 2019; Kim

et al., 2012; Sugimori et al., 2017). In this study, we have examined

whether acetylshikonin, a natural diterpenoid, can inhibit colon carci-

nogenesis by acting as an inhibitor of TOPK. Acetylshikonin, a major

bioactive component of leaf extracts of L. erythrorhizon root (Gwon

et al., 2012; Pietrosiuk et al., 2006; Zhao, Wu, Wu, Zhao, &

F IGURE 6 Acetylshikonin inhibits colon cancer cell growth irrespective of cellular p53 status. (a) The growth of HCT-116 p53+/+ and p53−/−

cells was determined by MTT assay, after treatment with various concentrations of acetylshikonin (0, 1.25, 2.5, 5, or 10 μM) for 24, 48, or 72 hr,
and similar results were obtained. Data shown are individual values with means± SD; n=5 independent experiments. *P < .05, significantly

different as indicated. (b) The effect of treatment with acetylshikonin on cell cycle of HCT-116 p53+/+ and p53−/− cells was evaluated. Data
shown are individual values with means± SD; n=5 independent experiments. *P < .05, significantly different as indicated. (c) The effect of
acetylshikonin on apoptosis was assessed in HCT-116 p53+/+ and p53−/− cells. Data shown are individual values with means± SD; n=5
independent experiments. *P < .05, significantly different as indicated
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F IGURE 7 Acetylshikonin attenuates the growth of PDX tumours (HJG41) in mice. (a) The effect of acetylshikonin on the size of PDX
tumours was assessed (as volume) over 50 days. Vehicle or acetylshikonin (60 or 120 mg�kg−1 body weight) was administered by gavage, and
tumour volume was measured twice a week. Data are shown as mean values ± SD, from n = 5 in each group.. (b) No changes in the body weight
were observed in mice treated with vehicle, 60 or 120 mg�kg−1 acetylshikonin. (c) Tumour weight was measured after treatment on the last day
of the study. (d) White blood cell (WBC) count from PDX tumour-bearing mice treated with vehicle or acetylshikonin (60 or 120 mg�kg−1). In (c )
and (d), Data shown are individual values with means± SD; n=5 mice per group. *P < .05, significantly different as indicated; ns, not significant.
(e) The expression of Ki-67, pTOPK, pERK, pRSK, or pc-Jun was examined by immunohistochemical analysis (100× magnification). (f) The
expression of Ki-67, pTOPK, pERK, pRSK, or pc-Jun was quantified from four separate areas on each slide and an average of five samples in
vehicle- and acetylshikonin-treated groups. Data shown are individual IOD values with means± SD; n=5. *P < .05, significantly different as
indicated
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Chen, 2016), exhibits various pharmacological activities including

induction of autophagy, anti-oxidative, anti-inflammatory, anti-prolif-

erative, anti-fertility, and anticancer effects (He, Li, Su, Huang, &

Zhu, 2016; Pietrosiuk et al., 2006; Skrzypczak et al., 2015; Wu

et al., 2011; Zeng, Zhu, & Su, 2018). Several studies have demon-

strated that the compound inhibits growth of a variety of cancers,

including colorectal, breast, liver, medullary thyroid carcinoma, pan-

creas, melanoma, and gastric cancers (Cho & Choi, 2015; Hasenoehrl

et al., 2017; Kim, Lee, Park, & Choi, 2016; Kretschmer et al., 2012;

Park et al., 2017; Vukic et al., 2017; Zeng, Liu, & Zhou, 2009). Mech-

anistically, acetylshikonin has been reported to act by down-

regulating NF-κB, Bcl-2 expression, and CYP2J2 activity, and the IL-

8/MMP axis, or by up-regulating expression of haem oxygenase-1

(Cho et al., 2018; Cho & Choi, 2015). To identify a direct target for

acetylshikonin, we examined the effect of acetylshikonin on the

kinase activity of TOPK and MEK1 by an in vitro kinase assay

(Figure 1a,b). Acetylshikonin clearly inhibited TOPK kinase activity

(Figure 1a) but had no effect on MEK1 activity (Figure 1b). We used

a kinase profiling assay to assess the effects of acetylshikonin on the

kinase activity of several other kinases associated with TOPK signal-

ling. The results indicated that acetylshikonin at 20 μM inhibited the

kinase activity of Aurora A, Aurora B, and c-Src but had no effect on

the activity of JNK1, ERK1, PDK1, or PKB (Figure S1A). in vitro

kinase assay further confirmed the inhibitory effects of

acetylshikonin on Aurora A, Aurora B, and c-Src kinases. However,

the compound had no effect on the catalytic activity of these kinases

at or below 2.5-μM concentration (Figure S1B–D). We have made

prediction of binding scores between acetylshikonin and TOPK and

compared that with the binding score of a reported TOPK inhibitor,

3-deoxysappanchalcone, by using computational modelling. The score

between acetylshikonin to TOPK and that of 3-deoxysappanchalcone

to TOPK is −6.94 and −5.02, respectively (Zhao et al., 2018). More-

over, the ATP competitive pull-down assay indicated that

acetylshikonin might interact with the ATP-binding pocket of TOPK.

We also confirmed the ATP competitive binding of acetylshikonin

with TOPK by kinetic analysis with an increasing KM value 15 to

20 (Figure 1e,f). Kim et al. (2012) reported the synthesis of a TOPK

inhibitor, HI-TOPK-032, which also inhibited MEK1 activity by 40%,

whereas acetylshikonin interacted with TOPK directly and inhibited

TOPK kinase activity without affecting the activity of MEK1

(Figure 1). The results of computer modelling and in vitro binding

assays were further supported by significant inhibition of the growth

of HCT-15, HCT-116, SW 620, and DLD-1 colon cancer cell lines

(Figure 2) as assessed by MTT and soft agar colony formation assays.

The observed anti-proliferative effects of acetylshikonin was in

accordance with the report of Zeng et al. (2009), who reported that

acetylshikonin inhibited proliferation of PANC1 cells (Cho &

Choi, 2015). Whereas acetylshikonin inhibited proliferation of

PANC1 cells at 12.5 μM, it induced apoptosis and G1 phase arrest in

HCT-15, HCT-116, SW 620, and DLD-1 colon cancer cell lines at

2.5 μM (Figure 3). This variation in effective concentration may be a

cell type-specific phenomenon. However, it is notable that these

colon cancer cell lines (HCT-15, HCT-116, SW 620, and DLD-1)

express very high levels of TOPK (Figure S2B). It is interesting to

note that acetylshikonin had no effect on proliferation of HT-29 or

SW 480 cells that express low levels of TOPK (Figure S2C). Our

results suggest that TOPK is a major target of acetylshikonin to

inhibit proliferation and induce apoptosis in colon cancer cells. Sev-

eral signalling molecules, including ERK, RSK, and c-Jun

(Li et al., 2016; Zhu et al., 2007) are involved in TOPK signalling and

acetylshikonin decreased the phosphorylation of TOPK, ERK, RSK,

and c-Jun and the transcriptional activity of NF-κB (Figure 4). These

results are in good agreement with other studies reporting that

TOPK inhibition decreased the phosphorylation levels of MAPK sig-

nalling and NF-κB transcriptional activity (Gao et al., 2017; Yang

et al., 2016). Cheng et al. (2008) found that shikonin derivatives

including acetylshikonin inhibited LPS-induced NOS through the

down-regulation of NF-κB transcriptional activation by suppression

of ERK phosphorylation. Cho and Choi (2015) observed that

acetylshikonin could inhibit cancer cell proliferation by regulating the

NF-κB transcriptional activity. Furthermore, acetylshikonin did not

affect the proliferation of TOPK-deficient cells (Figures 5b,c and

S3B–D), suggesting the requirement of TOPK in acetylshikonin-

induced apoptosis in colon cancer cells. Although Lei and Fu reported

the interaction of TOPK with mutant p53 or with the DNA binding

domain of p53 (Hu et al., 2010; Lei et al., 2015), our results showed

that acetylshikonin inhibited proliferation, arrested cell cycle, and

induced apoptosis in both p53-positive and p53-negative cells. Thus,

acetylshikonin can exert its anticancer effects independently of cellu-

lar p53 status (Figure 6).

The PDX mouse tumour model is a preclinical in vivo model that

resembles human tumour growth (Nunes et al., 2015; Tentler

et al., 2012). The inhibition of the growth of PDX tumours

expressing high levels of TOPK in mice after treatment with

acetylshikonin (Figure 7) further demonstrated the anti-tumour

effects of the compound. Compared with vehicle-treated mice, mice

given acetylshikonin p.o did not show changes in body weight or

any marked signs of toxicity, thus indicating the potential of devel-

oping acetylshikonin as a novel therapy for colorectal cancer. It is

interesting to note that the growth of the PDX tumours derived

from patient HJG152 which expressed low levels of TOPK was not

markedly affected by acetylshikonin (Figures S5A and 6e,f), whereas

statistically significant inhibition of tumour volume and weight in the

HJG175 PDX (medium TOPK expression) and in HJG41 PDX (high

levels of TOPK expression) by acetylshikonin was observed. IHC

analysis of xenograft tumours showed that acetylshikonin decreased

the expression of Ki-67, pTOPK, pERK, pRSK, or pc-Jun (Figure 7e,f),

further suggesting that the compound interrupted major components

of TOPK signalling. Other inhibitors of TOPK, such as OTS514 and

OTS964, induced haematopoietic toxicity as reported by decreased

WBC count in an in vivo study (Matsuo et al., 2014; Nakamura

et al., 2015). The present study revealed that acetylshikonin did not

affect the WBC count in our mouse model (Figure 7d). It has been

reported that some glioma stem cells are resistant to the TOPK

inhibitor OTS964 (Sugimori et al., 2017). Whether acetylshikonin, as

a TOPK inhibitor, can cause other serious side effects or can induce
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resistance in colon cancer cells needs to be examined in further

investigations.

In summary, our study suggests that acetylshikonin can inhibit the

growth of colorectal cancer tumours, in vitro and in vivo, by

suppressing TOPK signalling through its direct targeting of TOPK,

without modulation of MEK1 activity. As acetylshikonin inhibited

tumour growth in the mouse model only when the PDX tumour tissue

expressed high levels of TOPK, and showed no marked side effects,

the compound or its derivatives can be considered for further clinical

development of molecular target-based therapy for colorectal cancer.
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