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Inhibition of AXL enhances chemosensitivity of human
ovarian cancer cells to cisplatin via decreasing glycolysis
Min Tian1,2, Xi-sha Chen1, Lan-ya Li1,2, Hai-zhou Wu1,2, Da Zeng3, Xin-luan Wang4, Yi Zhang5, Song-shu Xiao3 and Yan Cheng1

Anexelekto (AXL), a member of the TYRO3-AXL-MER (TAM) family of receptor tyrosine kinases (RTK), is overexpressed in varieties of
tumor tissues and promotes tumor development by regulating cell proliferation, migration and invasion. In this study, we
investigated the role of AXL in regulating glycolysis in human ovarian cancer (OvCa) cells. We showed that the expression of AXL
mRNA and protein was significantly higher in OvCa tissue than that in normal ovarian epithelial tissue. In human OvCa cell lines
suppression of AXL significantly inhibited cell proliferation, and increased the sensitivity of OvCa cells to cisplatin, which also
proved by nude mice tumor formation experiment. KEGG analysis showed that AXL was significantly enriched in the glycolysis
pathways of cancer. Changes in AXL expression in OvCa cells affect tumor glycolysis. We demonstrated that the promotion effect of
AXL on glycolysis was mediated by phosphorylating the M2 isoform of pyruvate kinase (PKM2) at Y105. AXL expression was
significantly higher in cisplatin-resistant OvCa cells A2780/DDP compared with the parental A2780 cells. Inhibition of AXL decreased
the level of glycolysis in A2780/DDP cells, and increased the cytotoxicity of cisplatin against A2780/DDP cells, suggesting that AXL-
mediated glycolysis was associated with cisplatin resistance in OvCa. In conclusion, this study demonstrates for the first time that
AXL is involved in the regulation of the Warburg effect. Our results not only highlight the clinical value of targeting AXL, but also
provide theoretical basis for the combination of AXL inhibitor and cisplatin in the treatment of OvCa.
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INTRODUCTION
The latest cancer statistics estimate that 21,750 new cases of
ovarian cancer (OvCa) will be diagnosed and 13,940 patients will
die of OvCa in the United States in 2020 [1]. Since the early
symptoms of OvCa are atypical and there is no effective method
for early diagnosis, OvCa is called the “invisible killer” of female
health [2]. Patients with OvCa often initially respond to first-line
platinum-based treatment (~70% of patients respond to therapy),
but unfortunately, most of them experience relapse due to
platinum resistance [3]. Poor chemotherapy sensitivity is one of
the main causes of treatment failure, thus resulting in patient
death from OvCa [4]. Although several pathways related to
cisplatin resistance in OvCa have been reported [5], the underlying
mechanisms remain to be further explored.
Recent data indicated that AXL, a member of the TAM family of

RTK, is strongly upregulated and highly related to poor prognosis
in OvCa [6]. It has been reported that AXL is highly expressed in a
variety of malignant tumors and promotes tumor development in
breast cancer [7, 8], NSCLC [9], melanoma [10], and prostate
cancer [11]. AXL autophosphorylates at residues Y702 and Y703
after binding to ligand growth arrest specific 6 (Gas6) or
dimerizing with other RTK extracellular domains [12]. The
activation of AXL promotes the tyrosine phosphorylation of its

substrate protein, activates downstream pathways, accelerates
tumor proliferation, epithelial-mesenchymal transition, and
immune escape, and plays an important role in the development
of cancer [13]. Several studies have reported that AXL plays a
major role in tumor resistance to targeted therapies [14] and
conventional cytotoxic agents, such as vincristine [15], etoposide
[16], and cisplatin [17]. The study published by Jeanne M. et al.
indicated that AXL promotes OvCa resistance to platinum drugs
[18]. However, the underlying mechanism by which AXL regulates
cisplatin resistance in OvCa needs to be further clarified.
The reprogramming of energy metabolism has been identified

as a new characteristic of cancers in which most cancer cells
generate energy by aerobic glycolysis instead of oxidative
phosphorylation [19–21]. Aerobic glycolysis not only promotes
cancer progression but also contributes to drug resistance,
thereby decreasing the efficiency of anticancer therapies [22–
25]. In the process of glucose metabolism, pyruvate kinase is the
rate-limiting enzyme in the final step of the glycolytic pathway
and catalyzes the conversion of phosphoenolpyruvate (PEP) and
ADP into pyruvate and ATP [26]. PK consists of four isoforms, PKR,
PKL, PKM1, and PKM2. PKM2, also called tumor-specific pyruvate
kinase, is mainly expressed in tumor tissues [27]. PKM2 is
considered to be a key factor affecting the prognosis of OvCa
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by regulating glycolysis [28]. The inhibition of PKM2 can
significantly inhibit the proliferation of OvCa cells with no obvious
toxicity to mice, indicating that PKM2 is a potential therapeutic
target for OvCa [29]. Analysis of the cisplatin-resistant COC1/DDP
cell line and its parental COC1 cell line by LC-MS/MS also revealed
that PKM2 contributes to cisplatin resistance in OvCa cells [30].
The phosphorylation of PKM2 at tyrosine 105 is a key site for the
regulation of PKM2 activity, since it promotes aerobic glycolysis by
inhibiting PKM2 activity [31]. It has been shown that the receptor
tyrosine kinase FGFR1 phosphorylates the tyrosine (Y) 105 residue
of PKM2 to inhibit its activity and promote the Warburg effect [32].
In this study, we demonstrated for the first time that the

regulatory role of AXL in glycolysis is mediated by phosphorylat-
ing PKM2 in OvCa. The inhibition of AXL not only suppressed cell
proliferation but also increased the sensitivity of parental cells and
cisplatin-resistant OvCa cells to cisplatin. Overall, our study
proposed that the combination of an AXL inhibitor and cisplatin
will be an effective new strategy for OvCa therapy.

MATERIALS AND METHODS
Cell lines and culture
The human OvCa cell lines HO-8910 and SKOV3.ip were cultured
in RPMI-1640 medium supplemented with 10% fetal bovine serum
(Gibco, USA) and antibiotics (Biological Industries, Israel). The
cisplatin-resistant human OvCa cell line A2780/DDP and its
parental cell line A2780 were cultured in Dulbecco’s modified
Eagle’s medium (DMEM)/high glucose medium supplemented
with 10% FBS and antibiotics. HEK293T cells were cultured in
DMEM supplemented with 10% FBS. The cells were maintained at
37 °C with 5% CO2 in a humidified incubator.

Reagents and antibodies
R428 and 2-DG were purchased from Selleck. Cisplatin was
purchased from Sigma-Aldrich. Rabbit monoclonal antibodies
against AXL, PKM2, and phospho-PKM2 (Y105) were purchased
from Cell Signaling Technologies. Anti-β-actin, anti-His, and anti-
GST antibodies were purchased from Proteintech.

Plasmids and siRNA transfection
Gene silencing was performed for the OvCa cell lines in 6-well
plates at 1.5 × 105 cells per well. The cells were transfected with
commercially validated siRNAs (50 nM; siNT, siAXL, and siPKM2
were purchased from RiboBio, China) using Lipofectamine 2000
(Invitrogen, USA). The effective silencing of siRNA was determined
by protein expression, and all experiments with gene silencing
were performed 48–96 h after transfection. For plasmid transfec-
tion, the cells were transfected with a mixture of His-AXL, GST-
PKM2 plasmid (Vigene Biosciences, China) or empty vector and
Lipofectamine 2000. The cells were incubated for 48 h after
transfection before testing for transgene expression or performing
subsequent experiments.

Generation of stable AXL knockdown cell lines
HO-8910 and SKOV3.ip cells grown in 6 cm dishes were
transduced with lentiviruses harboring shNT or shAXL (Genechem,
China). The resultant cell lines were selected with 2 μg/mL
puromycin for 6–10 days. The knockdown efficiency was assessed
by Western blotting.

RNA isolation and analysis of gene expression by RT-qPCR
Total RNA was isolated from OvCa cells or tissue samples using
TRIzol reagent (Cwbiotech, China) according to the manufacturer’s
instructions. The quality, quantity, and integrity of RNA were
measured using a NanoDrop 2000 spectrophotometer. A 20 µL
reverse transcription reaction mixture including 1 µg of isolated
RNA and an equal volume of primers and oligo dT was prepared
using the TaqMan High-capacity cDNA Kit (Takara, Japan). SYBR®

Premix Ex TaqTM (Tli RNaseH Plus) (Takara, Japan) was used for real-
time PCR, which was run on a Bio-Rad system. The 2-ΔΔCt method
was used to quantify gene expression. Actin served as an internal
control relative to AXL. Primers were designed and synthesized by
TsingKe Biotech.

Western blot analysis
The treated cells were washed with PBS and lysed by ice-cold RIPA
buffer (Cwbiotech, China) supplemented with protease inhibitor
cocktail and phosphatase inhibitor cocktail (Selleck, USA). A BCA
protein assay kit (Beyotime, China) was used to quantify the
protein concentration. The proteins (15–30 µg) were separated by
10% SDS-PAGE and transferred onto polyvinylidene difluoride
(PVDF) membranes. The PVDF membranes were incubated with
5% skim milk prepared with 0.1% PBST (1 L PBS and 1mL Tween
20) for 1 h at room temperature, followed by overnight incubation
with primary antibodies at 4 °C. Subsequently, the membranes
were washed with PBST and then incubated with anti-rabbit
secondary antibody at room temperature for 1 h. Protein bands
were visualized by chemiluminescence using ECL reagents, and β-
actin was used as an internal control. Band intensities were
analyzed using Image Lab software.

Immunoprecipitation
HEK293T cells transfected with His-AXL, GST-PKM2, or empty
plasmids were harvested 48 h later and subjected to immunopre-
cipitation analysis. After extracting the protein lysate at 4 °C, a
small amount of lysate was taken for WB analysis. Antibody 1 μg
was added to the remaining supernatant and incubated at 4 °C for
1 h and then incubated with protein A/G plus agarose beads
overnight. The protein-beads complex was washed four times
with PBS buffer, resuspended in 30 μL of 1× SDS sample buffer,
boiled for 5 min, and then resolved by 10% SDS-PAGE. The
proteins were visualized by immunoblotting.

Determination of the levels of aerobic glycolysis
The cells were seeded at a density of 1.5 × 105 cells/well in a 6-well
plate. Culture media was collected at 48 h after treatment, and the
Glucose Kit (Robio, China) and Lactate Assay Kit (Jiancheng
Bioengineering Institute, China) were used to determine the
concentrations of glucose and lactate in the medium. The cells
were seeded into 96-well plates at a density of 5 × 103 cells/well,
and ATP production was determined 24 h later using an ATP assay
kit (PerkinElmer, USA). Experiments were performed in triplicate.

Cell viability assay
Cell viability was examined using the Cell Counting Kit-8 (CCK-8)
(Selleck, USA). At the end of the treatment, the cells were
incubated with 10 μL of CCK-8 reagent in 5% CO2 for 2 h at 37 °C.
The result was detected at a wavelength of 450 nm.

5-Ethynyl-2’-deoxyuridine assay
The CellLightTM EdU Apollo R567 in vitro Imaging Kit (RiboBio,
China) was used to observe the proliferation rate of cancer cells. At
the end of the treatment, the cells were treated with 50 μmol/L
EdU for 2 h at 37 °C. After fixation with 4% paraformaldehyde for
15min, the cells were treated with 0.5% Triton X. The cells were
incubated with 100 μL of 1 × Apollo® reaction mixture for 30 min
and then incubated with 5 μg/mL Hoechst 33342 for 30min to
stain the nucleus. The images were visualized under a fluores-
cence microscope.

Colony formation assay
The cells were seeded in 6-well plates at a low density (8 × 103

cells per well). After overnight incubation, the cells were treated
with vehicle or drugs for 48 h, which were then replaced with
conventional medium. The cells were then incubated for 14 days.
Cell colonies were fixed with 4% paraformaldehyde for 30min and
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then stained with 0.1% crystal violet and photographed, after
which the colonies were counted. Experiments were performed in
triplicate.

Soft agar assay
SKOV3.ip cells stably transfected with shAXL or shNT were seeded
on top of 1.2% agar in RPMI-1640 medium containing 10% FBS
with 0.7% agar (Bioweste, Spain) in a 24-well plate. After 14 days,
the clones were observed with a microscope and photographed.
The clones from three independent experiments were quantified
using ImageJ.

Tumor xenograft model
Subconfluent cultures of SKOV3.ip cells were washed with sterile
PBS and resuspended at 2 × 107 cells/mL in PBS. Female athymic
nude mice (aged 4–6 weeks) received 100 μL of cell suspension via
s.c. injection in the left or right flank. When the average tumor
volume reached >150mm3, the mice were randomly divided into
four groups (5 mice per group) with the indicated treatments. The
animals in the control group received the same volume of vehicle
in the same way as the animals in the experimental group. The
animals in the cisplatin treatment group received 1.2 mg/kg
cisplatin intraperitoneally twice a week and were orally adminis-
tered 0.1 mL of corn oil twice daily. The animals in the R428
treatment group received oral gavage of 7 mg/kg R428 twice a
day and 0.1 mL of saline intraperitoneally twice a week. The
animals in the cisplatin and R428 combination treatment group
were administered 1.2 mg/kg cisplatin twice a week and 7mg/kg
R428 orally twice a day. The mice were weighed, and tumor
diameters were measured with calipers every 2 days. Tumor
progression was monitored by tumor size measurements every
other day, and the tumor volume (V) was calculated using the
following formula: V= (W2×L)×π/6. On day 14 after administration,
tumors were harvested, weighed, and photographed. All animal
experimental procedures used in this study were approved by the
Animal Ethics Committee of Central South University and
conducted in accordance with the Guideline of the Care and
Use of Laboratory Animals in Central South University.

Patient samples
With the approval of the Research Ethics Committee of the Third
Xiangya Hospital of Central South University, high-grade epithelial
OvCa samples were obtained. In addition, consent was received
from all patients.

Statistical analysis
The data are presented as the mean ±SD or mean ± SEM of three
independent experiments. Statistical analyses were performed by
using the two-tailed unpaired Student’s t test or two-way ANOVA
as indicated in the corresponding figure legends. Differences were
considered to be statistically significant at P < 0.05 (P < 0.05, P <
0.01).

RESULTS
AXL is a potential therapeutic target for the treatment of OvCa
To verify whether AXL plays an important role in the development
of OvCa, we first analyzed the expression of AXL via public gene
expression databases. The GSE14407 dataset from the GEO
database, which contains the transcriptional expression profiles
of OvCa, was analyzed (https://www.ncbi.nlm.nih.gov/geo/). The
results demonstrated that AXL expression was significantly
increased in epithelial OvCa samples compared to normal ovarian
samples (Fig. 1a). We further examined the mRNA expression of
AXL in OvCa patients and found that AXL was frequently (63.6%,
7/11) overexpressed in the tumor tissues compared with the
contralateral normal ovarian tissues (Fig. 1b). The relevance of AXL
to the clinical outcomes of OvCa patients was further analyzed

using survival analysis via PrognoScan (http://www.prognoscan.
org/). As shown in Fig. 1c, the overall survival of patients with high
AXL expression was significantly poorer than that of patients with
low AXL expression (P < 0.001). Next, we measured AXL expression
in OvCa cell lines and found that the expression of AXL in OvCa
cells (HO-8910, A2780, and SKOV3.ip cells) was higher than that in
ovarian epithelial cell line IOSE80 (Fig. 1d). The effect of AXL on
the growth of OvCa cells was further explored. The CCK-8 assay
showed that the cell proliferation rate was significantly reduced in
OvCa cells with knockdown of AXL or AXL small-molecule inhibitor
R428 treatment (Fig. 1e). Colony formation assays also showed
that the colony-forming ability was significantly reduced in shAXL-
SKOV3.ip cells compared with shNT-SKOV3.ip cells (Fig. 1f). We
also explored the effect of AXL on anchorage-independent cell
growth. The soft agar cloning experiment showed that the size
and number of clones were significantly reduced after AXL
silencing (Fig. 1g). These results indicate that AXL is related to the
poor prognosis of OvCa patients and plays an important role in
OvCa cell proliferation.

AXL promotes aerobic glycolysis in OvCa cells
To further explore the underlying mechanisms by which AXL
promotes tumor progression, gene set enrichment analysis (GSEA)
was used for pathway enrichment analysis. In addition to the
known functions of regulating autophagy, apoptosis, and cell
cycle (Supplementary Fig. 1), KEGG analysis showed that AXL was
significantly enriched in the glycolysis pathways of cancer (Fig. 2a).
To validate the results of pathway enrichment, the metabolic flux
in OvCa cell lines with or without AXL knockdown was assessed by
glucose consumption, lactate export, and ATP production. As
presented in Fig. 2b, glucose consumption, lactate production,
and ATP production were significantly decreased in AXL-silenced
OvCa cells compared with the control cells. To further verify the
regulatory role of AXL in glycolysis, we transfected A2780 cells
with the His-AXL plasmid and measured glycolysis flux. A
significant increase in glycolysis was observed in the cells after
transfection with exogenous AXL (Fig. 2c). These results indicate
that AXL increases the level of glycolysis in OvCa.
Based on the sequences of PKM2, we found that the Y105

position of PKM2 has the characteristics of an AXL phosphoryla-
tion motif, indicating that AXL may regulate the phosphorylation
of PKM2 on tyrosine 105 (http://gps.biocuckoo.cn/). Western blot
analysis revealed a significant decrease in the phosphorylation
level of PKM2 at Y105 after transfection with siAXL, and there was
no significant change in the level of PKM2 protein (Fig. 2d). To
further illustrate the relationship between AXL and PKM2, a
immunoprecipitation experiment was performed. Western blot
analysis showed that AXL can be immunoprecipitated by the GST
antibody and that PKM2 can also be immunoprecipitated by the
His antibody, indicating that AXL interacts with PKM2 (Fig. 2e). The
structural analysis of AXL and PKM2 showed that peptides
100–110 of PKM2 fit well with the catalytic domain of AXL, and
the distance between the PKM2 Y105 residue and the γ-
phosphate of ATP was ~4.5 Å, indicating that AXL can phosphor-
ylate PKM2 at residue Y105 (Fig. 2f). We next tested whether AXL
activates glycolysis through PKM2. The increase in glycolysis
caused by AXL overexpression was blocked by PKM2 knockdown
(Fig. 2g). Consistently, the suppression of glycolysis caused by AXL
knockdown was rescued by PKM2 overexpression (Fig. 2h). These
data together illustrate that AXL promotes the glycolysis of OvCa
cells through PKM2.

AXL mediates the effect of cisplatin on aerobic glycolysis in OvCa
cells
Several studies have reported that the upregulation of glycolysis is
an important way for cancer cells to evade cisplatin-induced
apoptosis [33], and glycolysis inhibition has been shown to
increase the chemotherapeutic sensitivity of OvCa to cisplatin [34].
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Consistent with those of previous studies, our results also show
that cisplatin can promote glycolysis in a concentration-
dependent manner in OvCa cells (Fig. 3a). In addition, we found
that the combination therapy of cisplatin and the glycolysis
inhibitor 2-DG had a stronger antitumor effect than cisplatin alone
(Fig. 3b, c). Moreover, we also observed a concentration-
dependent increase in AXL and p-PKM2 in cisplatin-treated OvCa
cells (Fig. 3d), which prompted us to explore the role of AXL in the
process of cisplatin-induced glycolysis. After silencing AXL, the
induction of glycolysis by cisplatin was repressed (Fig. 3e),
indicating that AXL mediates the regulation of glycolysis by
cisplatin in OvCa cells. These results indicate that the increase in
AXL expression may be the pro-survival mechanism of OvCa cells
under cisplatin treatment.

Inhibition of AXL enhances the chemotherapy sensitivity of OvCa
to cisplatin
Based on the above results, we further explored whether the
inhibition of AXL could increase the sensitivity of OvCa cells to
cisplatin. First, we used datasets from the Kaplan–Meier plotter
(http://kmplot.com) to analyze the relationship between AXL
expression and the prognosis of patients with OvCa who received
platinum chemotherapy. In patients receiving platinum che-
motherapy, the survival time of the low AXL expression group
was significantly longer than that of the high expression group
(Fig. 4a), indicating that high AXL expression is associated with
poor prognosis in patients treated with platinum chemotherapy.
We further found that AXL expression was negatively correlated
with the drug activity of cisplatin, which was illustrated by the

data of 7 OvCa cell lines from the Cell Miner Analysis Tool project
(http://discover.nci.nih.gov/cellminer/) (Fig. 4b). Next, we demon-
strated that silencing AXL increased the sensitivity of OvCa cells to
cisplatin, as evidenced by CCK-8, colony formation, and EdU
assays (Fig. 4c–e). These results suggest that silencing AXL
promotes the chemosensitivity of OvCa cells to cisplatin. More-
over, the effect of AXL inhibition on enhancing cisplatin
chemotherapy sensitivity was confirmed by using R428. As shown
in Fig. 4f, g, combined treatment with cisplatin and R428 sig-
nificantly enhanced the inhibitory effect of cisplatin on OvCa cells.
Furthermore, the effect of AXL on cisplatin sensitivity in OvCa was
determined in vivo. As shown in Fig. 5a–c, the combination of
cisplatin and R428 was more effective in inhibiting tumor growth
than either drug alone. In addition, the combination of R428 and
cisplatin had no significant effect on the weight of mice (Fig. 5d).
These results suggest that R428 has synergistic effects with
cisplatin to promote the chemosensitivity of OvCa cells.

AXL is involved in cisplatin resistance in OvCa cells
To explore the reasons for the poor efficacy of cisplatin in some
OvCa patients, ROC Plotter (http://www.rocplot.org), which
divided the treated OvCa patients into responders and non-
responders according to their pathological response [35], was
used to compare the AXL gene expression levels between the two
groups. Analysis of transcriptome data revealed that the expres-
sion level of AXL was related to the sensitivity of OvCa patients to
cisplatin chemotherapy and that patients with no significant
pathological response after platinum treatment had higher AXL
expression levels (Fig. 6a). We further found that the mRNA level

Fig. 1 AXL is a potential therapeutic target for the treatment of ovarian cancer. a GEO2R analysis comparing differences in AXL mRNA
expression levels between normal ovarian epithelial tissue and OvCa tissue in GSE14407. b The levels of AXL mRNA between OvCa tissues and
normal ovarian tissues were determined by qRT-PCR. Actin served as a loading control. c The effect of AXL mRNA levels on the overall survival
of OvCa patients was analyzed in the GSE9891 dataset. d The expression of AXL protein in the normal ovarian epithelial cell line and OvCa cell
lines was measured by Western blot analysis. Actin served as a loading control. e The cell proliferation of HO-8910 and SKOV3.ip cells stably
transfected with shAXL or treated with 1 μM R428 was measured by the CCK-8 assay. f Cell proliferation was measured by a colony formation
assay in SKOV3.ip cells transfected with AXL shRNA. g SKOV3.ip-shNT and SKOV3.ip-shAXL cells were plated in 0.7% agar. After 14 days,
colonies were photographed and quantified. **P < 0.01.
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Fig. 2 AXL enhances aerobic glycolysis in ovarian cancer cells. a Enrichment plots from gene set enrichment analysis (GSEA) of AXL in
glycolysis. b HO-8910 and SKOV3.ip cells were transfected with the nontargeting RNA or AXL siRNA and then tested for glucose uptake, lactate
production, and ATP production. c A2780 cells transfected with the empty vector or His-AXL plasmid were tested for glucose uptake, lactate
production, and ATP production. d HO-8910 and SKOV3.ip cells were transfected with nontargeting RNA or AXL siRNA, and the expression of
AXL, PKM2, and p-PKM2 (Y105) was measured by WB. β-Actin served as a loading control. e HEK293T cells were transfected with His and GST-
PKM2 plasmids, GST and His-AXL plasmids, or His-AXL and GST-PKM2 plasmids, followed by immunoprecipitation with anti-His and anti-GST
antibodies. f Electrostatic surface view of AXL compounded with the PKM2 peptide. The close-up view shows that the PKM2 (100–110)
peptide is suitable for the catalytic domain of AXL. The Y105 residue of PKM2 is highlighted in green, and the γ-phosphate of ATP is
highlighted in red. g A2780 cells were transfected with either the nontargeting RNA or PKM2 siRNA, followed by transfection with a His-AXL
plasmid, and then the expression of p-PKM2 and glycolysis level were measured. h HO-8910 or SKOV3.ip cells were transfected with
nontargeting RNA or AXL siRNA, followed by transfection with the PKM2 plasmid. Then, the expression of p-PKM2 and glycolysis level were
measured. **P < 0.01.
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of AXL in the cisplatin-resistant OvCa cell line was significantly
increased compared with that in the parental cell line using the
GEO database (Fig. 6b). Compared to those in A2780 cells, the
glycolysis levels and AXL and p-PKM2 expression were signifi-
cantly higher in the A2780/DDP cisplatin-resistant OvCa cells

(Fig. 6c, d). These results suggest a potential role for AXL in
regulating glycolysis and cisplatin resistance in OvCa. The
silencing of AXL significantly decreased p-PKM2 expression and
glycolysis levels in A2780/DDP cells (Fig. 6e, f). Consistently, the
AXL inhibitor also reduced glucose consumption, lactate

Fig. 3 AXL is involved in cisplatin-regulated aerobic glycolysis in ovarian cancer cells. a HO-8910, SKOV3.ip, and A2780 cells were treated
with cisplatin, and glucose uptake, lactate production, and ATP production were measured. b HO-8910 and SKOV3.ip cells were treated with
cisplatin in the presence or absence of 0.5 mM 2-DG. Cell viability was measured by the CCK-8 assay after 48 h. c SKOV3.ip cells were treated
with 1 μM cisplatin with or without 0.5 mM 2-DG, and cell proliferation was measured by the colony formation assay. d HO-8910, SKOV3.ip, and
A2780 cells were treated with cisplatin; AXL, PKM2, and p-PKM2 protein expression was measured by WB; β-actin served as a loading control.
e HO-8910 and SKOV3.ip cells were transfected with nontargeting RNA or AXL siRNA, followed by 1 μM cisplatin treatment for 48 h, and then
the glycolysis levels were measured. **P < 0.01.
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production, and ATP production levels in A2780/DDP cells (Fig. 6g),
indicating the promotive effect of AXL on glycolysis in cisplatin-
resistant OvCa cells. We further investigated whether AXL-
mediated glycolysis affected the sensitivity of A2780/DDP cells

to cisplatin. As shown in Fig. 6h, i, A2780/DDP cells were more
sensitive to cisplatin after silencing PKM2 or AXL. The CCK-8 assay
also confirmed that the combination of the AXL inhibitor R428 and
cisplatin (Fig. 6j) can significantly improve the therapeutic effect of

Fig. 4 AXL affects the chemotherapy sensitivity of ovarian cancer to cisplatin. a Kaplan–Meier curves for the PFS of 93 OvCa patients who
received platinum as the chemotherapy drug (GSE26193). The patients were divided into two groups according to the level of AXL mRNA.
b The mRNA expression of AXL in parent cells and cisplatin-resistant cells was compared in the GSE58470 dataset. c HO-8910, SKOV3.ip, and
A2780 cells were transfected with AXL siRNA and then treated with cisplatin for 48 h, and cell viability was measured via the CCK-8 assay.
d SKOV3.ip cells were transfected with AXL shRNA and treated with 1 μM cisplatin, and cell proliferation was measured by the colony
formation assay. e HO-8910 and SKOV3.ip cells were transfected with AXL siRNA and then treated with 1 μM cisplatin for 48 h, and cell
proliferation was assessed via the EdU assay. f HO-8910 and SKOV3.ip cells were pretreated with 1 μM R428 for 4 h and then treated with
various concentrations of cisplatin. Cell viability was measured by the CCK-8 assay. g SKOV3.ip cells were pretreated with 1 μM R428 and then
treated with 1 μM cisplatin, and cell proliferation was detected by the colony formation assay. **P < 0.01.
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Fig. 6 Inhibition of AXL enhances the efficacy of cisplatin in chemoresistant ovarian cancer cells. a The ROC Plotter was used to analyze
the transcriptome data of 961 patients, and the differences in AXL expression levels between patients with and without significant
pathological response after platinum treatment were compared. b The mRNA expression levels of AXL in the parental cisplatin-sensitive
IGROV-1 cell line and acquired cisplatin-resistant IGROV-1/Pt1 cell line were compared in GSE58470. c Western blotting detection of AXL,
PKM2, and p-PKM2 expression in A2780 and A2780/DDP cells; β-actin was used as a loading control. d The glycolysis levels of A2780 and
A2780/DDP cells were measured. e A2780/DDP cells were transfected with either the nontargeting RNA or AXL siRNA, and the expression of
AXL, PKM2, and p-PKM2 was detected by Western blotting; β-actin was used as a loading control. f A2780/DDP cells were transfected with AXL
siRNA, and the glycolysis level was measured. g A2780/DDP cells were pretreated with 1 μM R428, and the glycolysis level was measured.
h A2780/DDP cells were transfected with either the nontargeting RNA or PKM2 siRNA, followed by treatment with cisplatin, and then cell
viability was measured by the CCK-8 assay. i A2780/DDP cells were transfected with siNT or siAXL, followed by treatment with cisplatin, and
cell viability was measured by the CCK-8 assay. j A2780/DDP cells were pretreated with 1 μM R428 for 4 h and then treated with cisplatin for
48 h. Cell viability was measured by the CCK-8 assay. **P < 0.01.

Fig. 5 Inhibition of AXL increases the cisplatin sensitivity of ovarian cancer in vivo. Four-week-old female nude mice were inoculated
subcutaneously with SKOV3.ip cells. The tumor-bearing mice were grouped and received the indicated treatment. a Tumors were harvested
and photographed at the termination of the experiment. b Tumor weights were measured after excision. c The average tumor volumes were
measured every two days from the first day of administration. d Each mouse was weighed every 2 days. **P < 0.01.

AXL regulates chemosensitivity through glycolysis
M Tian et al.

1187

Acta Pharmacologica Sinica (2021) 42:1180 – 1189



cisplatin in A2780/DDP cells. Altogether, these results indicate that
AXL is involved in the acquired resistance of OvCa to cisplatin by
promoting glycolysis, and the inhibition of AXL can significantly
improve the therapeutic effect of cisplatin in chemoresistant cells.

DISCUSSION
The most common treatment for OvCa is surgery combined with
chemotherapy. Cisplatin is widely used as a first-line treatment in
the clinical treatment of OvCa [36]. However, data from the
American Cancer Center indicated that the 5-year overall survival
rate of OvCa has not significantly increased over the past 20 years
[37], and most patients will develop acquired chemoresistance. As
patients are in critical need of new treatment options that can
enhance the effects of standard-of-care chemotherapy, further
molecular characterizations and novel therapeutic targets need to
be validated. Herein, our study not only revealed the promotive
role of AXL in OvCa cell proliferation by regulating glycolysis by
phosphorylating PKM2 but also demonstrated that the inhibition
of AXL enhanced the efficacy of cisplatin against OvCa cells, even
cisplatin-resistant OvCa cells.
The overexpression of AXL has been detected in multiple

cancers, and its role in supporting tumorigenesis is well
recognized [38–40]. Sun et al. reported that the mRNA levels of
AXL in OvCa tissues were significantly higher than those in normal
ovarian tissues [41]. Consistently, our study demonstrated that
AXL is overexpressed in OvCa cell lines, and the inhibition of AXL
significantly decreased cell proliferation, illustrating that AXL is a
very promising clinical therapeutic target for OvCa.
Bemcentinib (R428), an oral selective AXL inhibitor developed

by BerGenBio, is the first AXL-specific TKI to enter clinical trials. In
non-small cell lung cancer, the company has completed clinical
phase II trials of combination therapy with bemcentinib and
erlotinib [42]. The combination treatment of bemcentinib with the
PD-1 inhibitor pembrolizumab in non-small cell lung cancer [43]
and triple-negative breast cancer has entered clinical phase II [42].
These clinical trial results suggest that R428 may be successfully
marketed in the future and widely used in antitumor therapy. Our
research illustrated that combination with R428 can significantly
promote the therapeutic effect of cisplatin in OvCa, which will be a
new strategy to reduce the clinically applied concentration of
cisplatin and improve the chemosensitivity of patients. It has been
reported that AXL supports tumor growth and spread by
regulating cell survival, proliferation, migration, and tumor
microenvironment [44]. Our study found that the knockdown of
AXL expression reduced glucose uptake and lactate production in
OvCa cells, suggesting that AXL promotes glycolysis in tumors.
The results provide new ideas for further studying the molecular
mechanisms of AXL in affecting tumor development. Based on the
characteristics of AXL as a receptor tyrosine kinase, we supposed
that AXL may affect tumor progression by regulating the
phosphorylation of the tyrosine sites of glycolysis-
related enzymes. By studying the mechanism of AXL in regulating
cancer metabolism, we demonstrated the regulatory effect of
AXL on PKM2 for the first time. Our results provide evidence that
AXL regulates PKM2 activity by interacting with PKM2 and
phosphorylating it at the Y105 site. This interaction contributed
to a decrease in the ability of PKM2 to bind to PEP, thereby
promoting the glycolysis of OvCa cells. The molecular mechanism
between AXL and PKM2 not only defined the new tyrosine kinase
affecting PKM2 activity but also identified a new substrate protein
for AXL.
Several papers have examined the relationship between AXL

expression and chemoresistance in cancer cells [45–49]. AXL is
considered to be associated with chemotherapy resistance in
OvCa. For example, apigenin can significantly inhibit the growth of
chemotherapy-resistant OvCa cells by inhibiting the expression of
AXL [50]. Our results confirmed that the inhibition of AXL

significantly enhanced the sensitivity of OvCa cells to cisplatin.
Importantly, the suppression of AXL reversed the resistance of
OvCa cells to cisplatin. Deregulated cancer metabolism has been
demonstrated to mediate therapeutic resistance due to increased
energy production and metabolite synthesis, which promotes cell
proliferation, decreases drug-induced apoptosis, and increases
drug efflux [51, 52]. Our study confirmed that AXL promotes
glycolysis in tumors, which affects the sensitivity of OvCa cells to
cisplatin, suggesting that the effect on tumor metabolism may be
a new direction for studying the relationship between AXL and
chemotherapy resistance.
In conclusion, our study proposed that glycolysis is a new

mechanism by which AXL promotes the development of tumors.
Increased expression of AXL by cisplatin induced the phosphor-
ylation of PKM2 and subsequently enhanced glycolysis, contribut-
ing to chemoresistance. Our results suggest that AXL could be a
potential therapeutic target to improve the sensitivity of OvCa
cells to cisplatin, providing a theoretical basis for the combination
of R428 and cisplatin in the treatment of OvCa.
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