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Abstract

Renal cancer presents a poor prognosis due to high metastatic potential and chemoresistance. Shikonin,
a natural naphthoquinone compound, exhibits potent antitumor activities. In this article, we report that
shikonin induced renal cancer cells to undergo apoptosis through the downregulation of Anexelokto
(AXL) expression. First, we employed human XL Oncology protein array to survey the molecular target of
shikonin in renal cancer cells. Treatment with 6 uM shikonin repressed AXL expression, whereas
cotreatment with the antioxidant agent N-acetyl cysteine (NAC) recovered AXL expression. Furthermore,
Western blot analysis indicated that AXL expression was repressed in proportion to shikonin
concentration, and NAC reversed AXL expression in the presence of shikonin. The Cancer Genome Atlas
database analysis revealed that AXL was significantly higher in clear and papillary renal cancer tissues
than in normal tissues. AXL was also significantly correlated with advanced stage (p = 0.004), T status
(p = 0.005), and survival (p < 0.001). The knockdown of AXL expression by small interference RNA
(siRNA) abolished AXL expression. As evidenced by flow cytometry, AXL downregulation enhanced
apoptosis and necrosis induced by 2 and 4 uM shikonin. Western blot analysis also revealed that in the
presence of 2 uM shikonin, cleavage-PARP increased in AXL siRNA cells relative to in parental cells.
Moreover, shikonin dose-dependently abolished the expression of the AXL upstream transcription factor
hypoxia-induced factor-1a. Taken as a whole, our findings indicate that shikonin combined with AXL
siRNA could be a potential therapeutic approach for the treatment of renal cancer.

1. Introduction

Renal cell carcinoma (RCC) is a highly prevalent malignant disease (sixth in men and 10th in women)
worldwide [1]. The treatment of renal cancer depends on surgical resection, chemotherapy, and
immunotherapy [2]. However, as a result of late diagnosis, recurrence and metastasis, the prognosis of
renal cancer remains unsatisfactory, with a five-year survival rate of approximately 10%-18% [2, 3].
Searching for novel and effective therapies with few side effects is an urgent issue for RCC treatment.

Shikonin, a naphthoquinone isolated from the Chinese traditional medicine Lithospermum erythrorhizon,
exhibits anti-inflammation, antioxidant, and antitumor properties [4, 5]. Shikonin is currently receiving
considerable attention because of its strong cytotoxicity effects. It has been found to elevate cellular
oxidative stress and induce cancer cells to undergo programed cell death in various cancers, such as
blood cancer, glioma, and oral cancer [6]. It induces reactive oxygen species (ROS) generation and
eventually triggers apoptosis in adult T cell leukemia/lymphoma cells [7]. Shikonin enhances
endoplasmic reticulum stress and mitochondrial membrane permeability disruption to promote the
apoptosis of glioma and oral cancer cells [8, 9]. It was also found to trigger distinct cell death processes,
such as apoptosis, necrosis, and autophagy, in the renal cancer cell line ACHN and Caki-1 cells through
the elevation of cellular ROS [10]. Blocking LC3II expression through small hairpin RNA (shRNA) or
inhibiting p38 activity with an inhibitor significantly recovers shikonin-induced cell death in renal cancer
cells [10]. Kiraly et al. demonstrated that treatment with 5 uM shikonin significantly enhances apoptosis
in renal cancer cells, as evidenced by elevated caspase-3 and caspase-7 activities and Ras/MAPK and
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PI3K/AKT pathway activation [11]. Shikonin regulates the expression of microRNA (miR)-15b, miR-99b,
and miR-181a and their downstream targets, such as FOX01, FOX03, and PDCD4 and MAPK, to promote
apoptosis in clear cell renal cancer cells [12].

Receptor tyrosine kinases (RTKs) execute a wide range of cellular functions, such as cell proliferation,
differentiation, metastasis, and angiogenesis [13]. Upon binding to its high-affinity ligand growth arrest-
specific protein 6, anexelokto (AXL) protein, a member of the TYRO3-AXL-MER RTK family, participates
in cancer progression, metastasis, and drug resistance [14]. AXL activation enhances the MAPK/ERK
and PI3K/AKT pathways to stimulate cell proliferation, chemoresistance, metastasis, and regulate
metabolic activities [14]. AXL has been reported to be overexpressed in several human cancers, such as
pancreatic cancer, lung adenocarcinoma, renal cancer, and papillary thyroid carcinoma, and is correlated
with advanced stages and poor prognosis [15]. In breast cancer cells, the high expression of AXL was
found to be correlated with resistance to anti-Her2 therapies, whereas the knockdown of AXL elevates
the therapeutic effects of trastuzumab [16]. Cancer proliferation is repressed in vitro and/or in vivo by
using antibody-blocked AXL receptor or promoting AXL degradation. Several clinical trials have shown
that the administration of AXL inhibitor markedly improves the outcomes of a range of cancers [17].

A previous report from our laboratory demonstrated that shikonin triggers different cell death processes
in renal cancer cells in a ROS-dependent manner [10]. However, the molecular mechanisms of these
effects still remained to be elucidated. In this study, we investigated the downstream target of shikonin
and explored its cell death effects on renal cancer cells.

2. Materials and methods
2.1. Cell culture

Human clear cell carcinoma cells (Caki-1, ATCC HTB-46) and papillary cell carcinoma cells (ACHN, ATCC
CRL-1611) were kindly gifted from professor Yi-Hsien Hsieh (Institute of Medicine, Chung Shan Medical
University) and maintained in minimum essential medium (MEM) with 10% fetal bovine serum, 100 U/mL
penicillin, and 50 g/mL streptomycin at 37°C with 5% CO.,.

2.2. Human XL oncology protein array assay

Caki-1 cells with or without 10 mM N-acetyl cysteine (NAC) pretreatment were treated with 0 or 6 uM
shikonin for 24 h. Cell lysates were extracted by using RIPA lysis buffer (25 mM Tris-HCI, pH 7.6, 150 mM
NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS) and subjected to human XL Oncology protein
array in accordance with the manufacturer’s protocol. Signals were measured with a densitometer.

2.3. Western blot analysis

Human Caki-1 and ACHN cells with or with 10 mM NAC pretreatment and treated with the indicated
concentration of shikonin were lysed in RIPA lysis buffer. A total of 30 pg of proteins was separated on
4%-20% polyacrylamide gel, transferred, and blocked with 5% nonfat milk plus 0.1% bovine serum
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albumin at room temperature for 1 h. After being washed with phosphate buffer saline containing 0.1%
Tween-20, the membranes were incubated with the indicated primary antibodies at 4°C overnight.

2.4. Cell viability assay

ACHN or Caki-1 cells were plated in 24-well plates at a density of 1 x 10*/mL. Cells were treated with the
indicated concentration of shikonin for 24 h.

2.5. Statistical analysis

The chi-squared test was used to determine significant differences between clinical parameters.
Kaplan—Meier analysis was conducted to measure overall survival rate. p < 0.05 indicated a significant
difference.

3. Results
3.1. Shikonin significantly reduced AXL expression

We performed human XL oncology array analysis to elucidate the downstream targets of shikonin.
Figure 1A shows that AXL expression in ACHN cells significantly decreased under 6 uM shikonin
treatment but recovered under NAC pretreatment. We conducted Western blot analysis to confirm
whether shikonin downregulated AXL expression further. AXL expression in the presence of 2,4, and 6
UM shikonin reduced compared with that in control ACHN cells but significantly recovered under NAC
treatment (Fig. 1B). Similarly, AXL expression in Caki-1 cells was inversely related to the concentration of
shikonin (Fig. 1C). These data indicate that shikonin repressed AXL expression in renal cancer cells.

3.2. Clinical correlation of AXL with the clinical parameters
of patients with renal cancer

A previous report indicated that AXL promotes tumor progression in several cancers. We randomly
selected 303 patients with renal cancer from The Cancer Genome Atlas (TCGA) database
(https://portal.gdc.cancer.gov/) to detect whether AXL expression was correlated with the clinical
parameters of patients with renal cancer and subdivided AXL expression into high (N = 152) and low (N
=151). Of the patients with low AXL expression, 67.5% were at the lower clinical stage (stage | +11) and
32.5% were at the higher stage (stage Ill +1V). On the other hand, of the patients with high AXL
expression, approximately 51.3% were at the low clinical stage and 49.7% were at the high clinical stage.
These results indicate that AXL expression is highly correlated with clinical stage (p = 0.04). In terms of
clinical TNM status, high AXL expression was significantly associated with high clinical T status (T3 +
T4) (p = 0.005). However, no association was found between AXL expression and N and M status.
Survival statistics revealed that the survival rate of patients with low AXL expression (80.1%) was
significantly higher than that of patients with high AXL expression (59.9%). GEPIA website analysis
indicated that AXL expression was significantly higher in tumors than in normal parts of clear cell renal
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carcinoma; while it was also elevated in tumors of papillary renal carcinoma, this change was not
statistically significant (Fig. 2A). We found no association between the expression of AXL and the
different stages of renal carcinoma on the GEPIA website (Fig. 2B). Moreover, Kaplan—Meier survival
analysis showed that the five-year survival rate was significantly lower in patients with high AXL
expression than in those with low AXL expression (Fig. 2C). These results indicate that AXL plays a
pivotal role in renal cancer progression.

3.3. Knockdown of AXL enhanced shikonin-induced cell
death and related protein expression

We performed siRNA to knockdown AXL expression and thus investigate the effect of AXL on shikonin-
induced cell death. Figure 3A shows that siAXL-574 decreased AXL expression to 53% and 27% in ACHN
and Caki-1 cells, respectively, whereas siAXL-575 inhibited AXL expression to 8% and 11% in ACHN and
Caki-1 cells, respectively. We selected si-AXL-575 clones for further experiments.

Nest, we conducted Pl/annexin V double staining to detect the effect of AXL on shikonin-induced cell
death. While we found no overt alteration in necrosis in AXL-knockdown ACHN cells, we discovered that
AXL knockdown significantly enhanced 2 uM shikonin—induced apoptosis in ACHN cells (Fig. 3B).
Necrosis and apoptosis were significantly elevated in AXL-knockdown Caki-1 cells treated with 2 yM
shikonin relative to in cells in the scramble group (Fig. 3B).

We conducted Western blot analysis to verify whether apoptosis-related proteins were affected by AXL
knockdown. Figure 3C shows that 2 uM shikonin significantly increased cleaved PARP in the AXL-575
knockdown group relative to in the scramble group.

3.4. Shikonin attenuated hypoxia-induced factor-1a
expression

Previous report demonstrated that hypoxia-induced factor-1a (HIF-1a) bound to the AXL promoter region
and elevated AXL expression in renal cancer cells [18]. We performed Western blot analysis to determine
whether shikonin affected HIF-1a expression. Shikonin significantly mitigated HIF-1a expression in
proportion to concentration, and pretreatment with NAC recovered HIF-1a expression (Fig. 4B). Next, we
used MG-132, a proteinase inhibitor, to detect whether the downregulation of AXL or HIF-Ta by shikonin
resulted from protein degradation. Western blot analysis showed that in cells pretreated with MG-132,
AXL or HIF-1a expression did not recover in the presence of shikonin (Fig. 4A).

4. Discussion

Renal cancer is a leading cause of urinary system cancer—related deaths, causing approximately
15,0000 deaths annually [19]. AXL overactivation plays critical roles in the proliferation,
chemoresistance, and metastasis of human cancers [20]. Shikonin has been shown to promote cell
death in several cancers [21]. In this study, we revealed that shikonin dose-dependently abolished HIF-1 a
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and its downstream target AXL, the expression of which facilitated shikonin-induced cell death via the
elevation of ROS generation.

AXL is a major RTK that is involved in cancer progression, metastasis, and chemoresistance. Its
overexpression has been observed in human cancers. In line with these observations, we demonstrated,
by using TCGA database analysis, that in patients with renal cancer, AXL expression was significantly
higher in stages Ill and IV than in stages | and Il. Elevated AXL expression was also associated with a
short overall survival rate.

Dietary flavonoids from vegetables and/or fruits exhibit several benefits, including anti-inflammation,
antioxidant, and antitumor effects [22]. Yuan et al. reported that kaempferol bound to AXL through
hydrogen binding, inhibited AXL activities, and then abolished NSCLC proliferation in a dose-dependent
manner [23]. In cisplatin-resistant lung cancer cells, epigallocatechin gallate increased cisplatin
sensitivity through the downregulation of AXL [24]. In small cell lung cancer cells, Marsdenia tenacissima
extract significantly diminished AXL expression and promoted endoplasmic reticulum stress and
immunogenic cell death [25]. Kim et al. demonstrated that quercetin decreased AXL mRNA levels,
protein expression, and stability then repressed the viability of glioma cells [26]. In MDA-MB-231 breast
cancer cells, ampelopsins A and C inhibited the phosphorylation of AXL then exerted antiproliferation
effects [27]. In line with these observations, our results showed that shikonin dose-dependently reduced
AXL expression via the elevation of ROS levels. The depletion of AXL expression by siRNA increased
shikonin-induced cell death, as evidenced by the enhancement in apoptosis.

Reports have demonstrated that HIF-1a regulates AXL expression. High-throughput chromatin
immunoprecipitation with gene expression analysis identified AXL as a downstream target of HIF-1a
[18]. The depletion of HIF-1a activity led to the downregulation of AXL expression [18]. Promoter assays
also revealed that HIF-1a bound to the promoter region of AXL and regulated AXL expression [18].
Nalwoga et al. showed that HIF-1a expression is associated with AXL expression and correlated with
advanced stages of breast cancer [28]. Li et al. demonstrated that treatment with shikonin diminished
HIF-1a activity in several human cancer cell lines [29]. In HMVEC-dLy cells, shikonin suppressed
lamphangiogenesis via the downregulation of HIF-1a expression [30]. Network pharmacology and
molecular docking technology have recently shown that shikonin regulates the HIF-1a pathway and then
plays a critical role in the proliferation in oral and renal cancers [31, 32]. In line with these observations,
our results revealed that shikonin significantly repressed HIF-1 a expression in a ROS-dependent manner.

5. Conclusion

In conclusion, our results provide the first evidence that shikonin significantly mitigates HIF-1a and the
expression of its downstream target AXL in a ROS-dependent manner. AXL expression was associated
with advanced stages and poor survival rates. When combined with AXL siRNA, shikonin synergistically
triggered cell death in renal cancer cells. Taken together, our findings indicate that the combination of
shikonin with AXL siRNA could be a promising antirenal cancer agent.
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Table 1

Table 1 is available in the Supplementary Files section.

Figures

(A)

® Achn

Shikonin (uM) ¢ 4 6 8 0 4 6 8
NAC (S5mM) . - - - + + + +

AXL - bt TR ST

GAPDH =~ s s sssmm o GHES S s o—— . 35 )4

Figure 1

R i
| H
: Hy
© Caki-1
Shikonin (uM) ¢ 4 6 8 0 4 6 8
NAC (5mM) ) - _ - N - +
AXL - O 10 kDA

GAPDH e o e — —— — =35 kDA

Shikonin mitigated AXL expression in renal cancer in a dose-dependent manner. (A) Proteins extracted
from Caki-1 cells with or without NAC pretreatment were treated with 6 mM shikonin and subjected to
human XL oncology array analysis. Red boxes indicate AXL expression. (B and C) Cell lysates obtained
from ACHN or CAki-1 were subjected to the indicated treatment for 24 h. AXL expression was detected

through Western blot analysis.
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Figure 2

AXL expression in (A) different types and (B) stages of renal carcinoma. (C) Kaplan—Meier survival
analysis of patients with or with high AXL expression. A total of 303 patients with renal cancer were
classified as AXL high (AXL mRNA levels above average) and AXL low (AXL mRNA levels below
average), and their survival rate was calculated through Kaplan—Meier analysis. *: p < 0.05.
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Figure 3

Knockdown of AXL enhanced shikonin-induced cell death. (A) ACHN and Caki-1 cells were treated with
scramble or AXL shRNA for 24 h. Cell lysates were then subjected to Western blot analysis by using AXL-
specific antibodies. (B) ACHN or Caki-1 cells treated with scramble or AXL-575 shRNA were treated with
2 mM shikonin for 24 h. Cells were stained with PI/Annexin V and subjected to flow cytometry. (C) Cell
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lysates derived under the indicated ACHN and CAki-1 treatment were subjected to Western blot analysis.
DAPDH was used as the internal control.
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Figure 4

Shikonin downregulated HIF-1 a expression. (A) ACHN or Caki-1 cells with or without NAC pretreatment
were treated with the indicated concentration of shikonin for 24 h. Cell proteins were subjected to
Western blot analysis. (B) ACHN or Caki-1 cells with or without MG-132 pretreatment were treated with
the indicated concentration of shikonin for 24 h. Cell proteins were subjected to Western blot analysis.
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