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Abstract

Uterine serous cancer (USC) is aggressive, and the majority of recurrent cases are chemoresistant. 

Because the receptor tyrosine kinase AXL promotes invasion and metastasis of USC and is 

implicated in chemoresistance in other cancers, we assessed the role of AXL in paclitaxel 

resistance in USC, determined the mechanism of action, and sought to restore chemosensitivity by 

inhibiting AXL in vitro and in vivo. We used small hairpin RNAs and BGB324 to knock down and 

inhibit AXL. We assessed sensitivity of USC cell lines to paclitaxel and measured paclitaxel 

intracellular accumulation in vitro in the presence or absence of AXL. We also examined the role 

of the epithelial-mesenchymal transition in AXL-mediated paclitaxel resistance. Finally, we 

treated USC xenografts with paclitaxel, BGB324, or paclitaxel plus BGB324 and monitored tumor 

burden. AXL expression was higher in chemoresistant USC patient tumors and cell lines than in 

chemosensitive tumors and cell lines. Knockdown or inhibition of AXL increased sensitivity of 

USC cell lines to paclitaxel in vitro and increased cellular accumulation of paclitaxel. AXL 

promoted chemoresistance even in cells that underwent the epithelial-mesenchymal transition in 
vitro. Finally, in vivo studies of combination treatment with BGB324 and paclitaxel showed a 

greater than 51% decrease in tumor volume after 2 weeks of treatment when compared to no 

treatment or single agent treatments (P<0.001). Our results show that AXL expression mediates 

chemoresistance independent of EMT and prevents accumulation of paclitaxel. This study 

supports the continued investigation of AXL as a clinical target, particularly in chemoresistant 

USC.
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2. Introduction

Endometrial cancer is the most common gynecologic malignancy in the United States, and 

the incidence and attributed death rates are rising. There will be an estimated 61,380 new 

cases diagnosed in the year 2017 [1]. Of these, 10% will be uterine serous carcinoma (USC), 

which is more aggressive and difficult to treat than other histologies [2] and is responsible 

for up to 40% of deaths from uterine cancer each year [3]. Currently, USC patients are 

treated with platinum and taxane, to which 50-60% of tumors respond. However, 40-50% of 

USC tumors are resistant to chemotherapy [4, 5]. Thus, defining the pathways involved in 

USC chemoresistance will be important to improve outcomes for these patients.

In recent work, we demonstrated that advanced stage and high-grade uterine cancer 

specimens expressed high levels of the receptor tyrosine kinase AXL and that AXL 

expression correlated with poor survival. Additionally, we found that AXL was required for 

migration and invasion of the USC cell line ARK1 in vitro and that ARK1 cells in which 

AXL was knocked down produced smaller tumor burden than AXL-expressing cells in a 

metastatic xenograft model [6]. These data were consistent with findings that AXL is a 

critical player in the metastatic potential and overall prognosis of numerous other solid 

cancers [7-11]. Binding of AXL to its only ligand, growth arrest specific gene-6 (GAS6), 

induces proliferation, survival, invasion, metastasis, avoidance of apoptosis, and 

angiogenesis in other tumor types [12, 13], though no activating mutation has been identified 

in AXL [14]. AXL acts through a number of downstream pathways, including the 

PI3K/AKT and Ras/ERK pathways [15].

Several lines of evidence indicate that AXL plays a role in chemoresistance in other tumors. 

For example, increased AXL expression was observed in non-small cell lung cancers with 

activating mutations in epidermal growth factor receptor (EGFR) that acquired resistance to 

the EGFR inhibitor erlotinib. Furthermore, genetic or pharmacological inhibition of AXL 

prevented or overcame the acquired resistance in these tumors [16-19]. AXL appears to 

promote resistance by several mechanisms, including feedback loops and receptor crosstalk 

in signaling pathways, cell survival and anti-apoptotic mechanisms, and alterations in the 

tumor microenvironment [18, 20-26]. In addition, AXL can regulate the epithelial-

mesenchymal transition (EMT) and EMT can influence AXL expression, thus contributing 

to invasive and chemoresistant phenotypes [16, 27-31].

Given these findings that AXL promotes chemoresistance in other cancers and our findings 

that AXL is required for uterine cancer cell migration, invasion, and metastasis [6], our 

objective here was to assess the role of AXL in chemoresistance in USC. We report that 

AXL expression mediates USC resistance to paclitaxel-induced cell cycle arrest and 

apoptosis independently of EMT. Moreover, we demonstrate that inhibition of AXL restores 

USC chemosensitivity and thus may provide a therapeutic strategy for chemoresistant 

uterine cancer.
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3. Materials and Methods

3.1. TCGA Oncoprint

The Uterine Corpus Endometrial Carcinoma dataset from The Cancer Genome Atlas was 

accessed through www.cbioportal.org to develop an Oncoprint. The published dataset 

included 240 uterine cancer tumors with copy number alterations data. Limited clinical 

information was available including disease status [32, 33].

3.2. Clinical samples and immunohistochemistry

A tissue microarray containing specimens from primary and metastatic uterine serous 

carcinoma was developed under IRB approval #201409005 from patients treated at 

Washington University in St Louis. Written informed consent was obtained for tumor 

banking, and specimens were obtained in accordance with recognized ethical guidelines per 

the U.S. Common Rule. Patients were considered chemoresistant if disease recurred within 6 

months of last chemotherapy regimen. Briefly, slides were deparaffinized with xylene, 

rehydrated according to standard methods, and stained with anti-AXL primary antibody 

(R&D Systems, Minneapolis, MN). Two cores per patient were evaluated by a similar 

system developed and validated by Rankin and colleagues [9]. Intensity based on degree of 

brown staining and percentage of positive immunoreactive cells were blindly scored by two 

independent reviewers, averaged, stratified, and assigned a corresponding histology score (0 

for 0-15%, 1 for 16-40%, 2 for 41-70%, and 3 for 71-100%).

3.3. Cell Lines and Culture Conditions

Established human, immortalized, previously characterized USC cell lines were used [34, 

35]. ARK1 cells were provided by Shi-Wen Jiang (Mercer University School of Medicine, 

Savannah, GA) in 2010, ARK4 cells were purchased from Dr. A. Santin (Yale University, 

New Haven, CT) in 2016, and AN3CA cells were provided by Yan Yin (Washington 

University School of Medicine, St. Louis, MO) in 2010. ARK1 and ARK4 cells were 

cultured in RPMI (Sigma-Aldrich, St. Louis, MO) supplemented with 10% heat-inactivated 

fetal bovine serum (FBS) (Sigma-Aldrich) and 1% penicillin and streptomycin 

(ThermoFisher, Waltham, MA). AN3CA cells were cultured in DMEM (Sigma-Aldrich) 

similarly supplemented with FBS and antibiotic. The AXL ligand GAS6 (R&D Systems, 

Minneapolis, MN) was used to stimulate AXL phosphorylation. To induce mesenchymal 

phenotypes, cells were cultured with 100 ng/mL TGFβ (Peprotech, Rocky Hill, NJ) and 50 

ng/mL TNFα (R&D systems) for at least seven days. All cells were maintained at 37°C in a 

5% CO2 incubator. Cell lines were authenticated by IDEXX Bioresearch, which performs 

short tandem repeat profile and interspecies contamination testing. All cell lines were 

confirmed negative for mycoplasma, as indicated by the MycoAlert Mycoplasma Detection 

Kit (Lonza, Basel, Switzerland), before performing experiments and re-tested before 

subsequent experiments.

3.4. Stable transfection with short hairpin RNA to knock down AXL expression

Oligos encoding an AXL shRNA (shAXL-S) were synthesized as previously described [36] 

(5′-GATTTGGAGAACACACTGA-3′), and an additional shAXL-C4 construct was 
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similarly synthesized (5′-GCTGTGAAGACGATGAAGATT-3′). A scrambled sequence 

was used as a non-targeting shRNA control (5′-AATTGTACTACACAAAAGTAC-3′). 

shSCRM-S and shAXL-S oligos were cloned into the pSiren RetroQ vector (BD 

Biosciences, Franklin Lakes, NJ), and viral particles were produced in 293T cells. Target 

cells were incubated with viral media for 24 h. shAXL-C4 oligos were cloned into p156 

RRL-hTERT vector plasmid, and viral media was incubated with target cells for 4 h. Cells 

were then selected in puromycin (Sigma-Aldrich), and AXL knockdown in polyclonal cell 

populations was validated by Western blot.

3.5. Western blot analysis

Protein lysates were harvested in 9 M Urea, 0.075 M Tris buffer (pH 7.6). Protein lysates 

were quantified by using the Bradford assay and subjected to reducing SDS-PAGE 

according to standard methods. Western blots were probed with antibodies against AXL 

(1:1000, R&D Systems), β-actin (1:1000, Sigma-Aldrich), p-AXL702/703 (1:500, Cell 

Signaling), AKT (1:1000, Cell Signaling), PARP (1:500, Santa Cruz Biotechnology, Dallas, 

TX), E-cadherin (1:1000, Cell Signaling), Vimentin (1:1000, BD Biosciences), and Slug 

(1:1000, BD Biosciences). Appropriate horseradish peroxidase-conjugated secondary 

antibodies were used (Jackson ImmunoResearch, West Grove, PA), and chemiluminescence 

was measured on a ChemiDoc (Bio-Rad Laboratories, Hercules, CA).

3.6. Drug treatment and cell growth (XTT) assays

For cell growth assays, 5 × 103 cells were plated in each well of a 96-well plate. The cells 

were allowed to attach overnight, then vehicle or drug was added to each well. Cells were 

treated with paclitaxel (Sigma-Aldrich) in increasing concentrations from 0.7 nM to 320 

nM. When using the small molecule inhibitor of AXL, BGB324 (also known as R428) 

(Selleckchem) [37], cells were pre-treated with BGB324 for 4 hours, then treated with a 

combination of paclitaxel and BGB324. After 72 hours, a 2,3-bis(2-methoxy-4-nitro-5-

sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT)-based assay (Sigma-Aldrich) 

was performed as previously described [37] to measure viability. The 96-well plates were 

returned to the 37°C incubator for 1 to 2 hours. Metabolism of XTT was quantified by 

measuring the absorbance at 450 nm (Tecan infinite M200 Pro). Experimental data were 

quantified relative to values obtained for the control cells.

3.7. Clonal survival assay

Cells were plated in duplicate at a density of 500 cells per well in standard 6-well tissue 

culture plates and allowed to attach overnight. Then, vehicle or drug was added to the dishes, 

and cells were incubated in the presence of drug for 7 days. At the conclusion of the 

incubation period, colonies were identified with crystal violet stain (6.0% glutaraldehyde 

+ 0.5% crystal violet), and plating efficiency and surviving fraction were calculated.

3.8. Cell cycle analysis

Cells were plated at a density of 5×105 cells per 10 cm dish and allowed to attach overnight. 

The day after plating, vehicle or drug (10 nM paclitaxel) was added to each plate and 

incubated for 6 h. Cells were harvested and combined with the culture supernatants, then 
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fixed with 90% ethanol for 30 min at 4°C. Fixed cells were pelleted, resuspended in PBS, 

and incubated with 50 μg/mL RNAse for 1 h at 37°C. Then, cells were pelleted, resuspended 

in PBS, and stained with 100 μg/mL propidium iodide (PI) for 1 h at 37°C. Fluorescense 

was measured by flow cytometry on a FACSCalibur flow cytometer (BD Biosciences), and 

cell cycle was fit with FlowJo software.

3.9. Flow cytometry assessment of apoptosis

The Annexin-V/PI kit (eBioscience, San Diego, CA) was used. Cells were plated at a 

density of 2×105 cells per 10 cm dish and allowed to attach overnight. The day after plating, 

vehicle or drug was added to each plate and incubated for 24 h. Cells were harvested and 

combined with the culture supernatants. Cell pellets were washed with PBS then 1X Binding 

Buffer, then were resuspended in 1X Binding Buffer at 1-5 × 106 cells/mL; 5 μL of 

fluorochrome-conjugated Annexin V was added to 100 μL of the cell suspension and 

incubated for 15 min at room temperature, protected from light. The cells were then washed 

with 1X Binding Buffer and resuspended in 200 μL of 1X Binding Buffer. Next, cells were 

stained with 5 μL PI Staining Solution and analyzed by flow cytometry within 4 hours on a 

FACSCalibur flow cytometer (BD Biosciences). Apoptotic cells were quantified with 

FlowJo software.

3.10. Assessment of apoptotic nuclei

Cells were plated at a density of 1.6×105 cells per well in 6-well plates and allowed to attach 

overnight. Then, vehicle or drug was added to the plate and incubated for 24 h. Cells were 

fixed and permeabilized in 4% paraformaldehyde (ThermoFisher) and 0.1% Triton-X 100 

(Sigma-Aldrich) in cold PBS. Mounting media containing 6-diamiidino-2-phenylindole 

(DAPI) (Vector Laboratories, Burlingame, CA) was applied to fixed cells, and nuclear 

morphology was assessed by fluorescent microscopy.

3.11. Measurement of paclitaxel accumulation

Cells were plated at a density of 5×105 cells per 10 cm dish and allowed to attach overnight. 

For experiments with shAXL- and shSCRM-treated cells, cells were then incubated with 10 

nM [H3]paclitaxel (100 pmol) (Movarek, Brea, CA) or vehicle control for 2 h. For 

experiments with BGB324, cells were first pre-treated with BGB324 for 2 h, then treated 

with [H3]paclitaxel as above. Media was removed, cells were washed three times with PBS, 

and lysates were collected. To measure remaining intracellular paclitaxel post-treatment, 

cells were removed from [H3]paclitaxel supplemented media, washed, and incubated in fresh 

media for 2 or 4 h before lysate preparation. Samples were added to scintillation fluid and 

analyzed in a liquid scintillation counter (Beckman Coulter, Pasadena, CA).

3.12. cDNA preparation and quantitative real time PCR

The RNEasy mini kit (Qiagen, Hilden, Germany) was used to isolate total RNA from cells, 1 

ug of which was used to make cDNA using the SuperScript IV system (ThermoFisher) 

according to the manufacturer's directions. Applied Biosystems 7500 detection system and 

SYBR-green master mix (ThermoFisher) were used to perform quantitative PCR (qPCR). 

mRNA expression was normalized with respect to glyceraldehyde-3-phosphate 
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dehydrogenase. Fold change was calculated using the 2(x0005E)(-ΔΔCT) method. Primer 

sequences were previously published [9, 38, 39].

3.13. Tumor xenograft model

Female (NOD) SCID mice (Jackson Laboratory) aged 6-8 weeks were used to establish 

tumor xenograft models. Experiments were conducted according to institutional animal care 

and use committee (IACUC) policy. ARK1shSCRM cells (1×107) were resuspended in 1 

mg/mL Matrigel (Corning, Corning, NY) and injected subcutaneously onto the flank. After 

tumor engraftment, tumors were measured every three days with calipers and tumor volume 

was calculated using the equation V=l*w*π/6 (l=longest diameter, w=shortest, 

perpendicular diameter). Relative tumor volume for control and treatment conditions (VC or 

VT was calculated by normalizing tumor volume at day 14 over tumor volume at day 1. 

Relative tumor growth (VT / VC) was then calculated for each treatment condition.

3.14. Statistical analysis

Data are shown as representative example of at least three independent experiments. 

Statistical analyses and IC50 calculations were performed using GraphPad Prism 7. 

Statistical significance between groups was determined by unpaired t-tests and defined as P< 

0.05.

4. Results

4.1. AXL expression is elevated in chemoresistant USC patient tumors

Given our previous observation that AXL expression correlated with poor survival in 

endometrial cancer patients, we wondered whether AXL expression also correlated with 

response to treatment. First, we queried data from The Cancer Genome Atlas project and 

identified 43 USCs with information on copy number alterations. We found that two of the 

patients had AXL gene amplification, and both of these patients' cancers had recurred (Fig. 

S1) [40]. Next, we examined AXL expression by immunohistochemistry in a panel of 82 

USC tumors from patients treated with chemotherapy at Washington University. We scored 

the level of AXL expression on a scale from 0 to 3 and found that chemoresistant tumors had 

a significantly higher mean score than did those from chemosensitive and non-recurrent 

cases (Table 1 and Fig. S2).

4.2. Increased AXL expression is associated with resistance to paclitaxel in USC

To determine whether AXL expression correlates with chemotherapy response in USC, we 

first evaluated expression of AXL protein in three cell lines, ARK1, ARK4, and AN3CA. 

The cell line AN3CA was derived from a chemosensitive uterine adenocarcinoma, whereas 

ARK1 and ARK4 were derived from chemoresistant pure USC. As shown in Fig. 1A, AXL 

expression was markedly higher in ARK1 and ARK4 cells than in AN3CA cells. We then 

compared the effects of paclitaxel chemotherapy between these three cell lines. The AXL-

expressing cell lines, ARK1 and ARK4, were more resistant to paclitaxel than the AXL-non-

expressing cell line, AN3CA (Fig. 1B). The IC50 values for paclitaxel were 4.4- and 3.0-fold 

higher in ARK1 and ARK4 cells, respectively, than in AN3CA cells. These results indicate 

that AXL expression correlates with paclitaxel resistance.
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4.3. Knockdown of AXL expression enhances USC sensitivity to paclitaxel

To determine whether AXL is required for paclitaxel resistance in USC cell lines, we used 

lentiviruses to deliver AXL-specific shRNA constructs (shAXL-S and shAXL-C4) or a 

scrambled sequence (shSCRM) to ARK1 and ARK4 cells. After confirming by Western blot 

that AXL expression was reduced (Fig. 1C), we treated the cells with vehicle or 0.7 nM to 

320 nM paclitaxel for 72 hours, and then assessed viability via the XTT assay. Cells in 

which AXL was knocked down were significantly more sensitive to paclitaxel (with 31–75% 

lower IC50 values) than the parent AXL-expressing cell lines (Fig. 1D). Consistent with our 

XTT assay results, we also found that ARK1 cells containing the shAXL-S construct had 

significantly lower clonogenicity than cells containing the shSCRM construct (Fig. S3).

4.4. Inhibition of AXL with BGB324 enhances USC sensitivity to paclitaxel

Next, we asked whether inhibiting AXL with the tyrosine kinase inhibitor BGB324 (also 

called R428) [37] would similarly increase USC cells' sensitivity to paclitaxel. First, to 

confirm that BGB324 inhibited AXL activation in a dose-dependent manner, we treated 

ARK1 cells with vehicle or BGB324 in the presence of the AXL-specific ligand GAS6, 

which induces AXL phosphorylation. As expected, BGB324 inhibited GAS6-induced AXL 

phosphorylation in a dose-dependent manner (Fig. 1E). Next, we pre-treated ARK1 or 

ARK4 cells with BGB324 for 4 hours, then added increasing concentrations of paclitaxel 

and measured viability 72 hours later. Treatment with BGB324 increased chemosensitivity 

in both ARK1 and ARK4 cell lines in a dose-dependent manner (Fig. 1F). Importantly, 

treatment with increasing concentrations of BGB324 alone had no effect on cell viability 

(Fig. S4). Additionally, Settleman and colleagues demonstrate that at the same 1μM dose of 

BGB324, AXL-null cells did not show reduction in invasion, migration, or chemoresponse 

[16]. Taken together, these data demonstrate that inhibition or knockdown of AXL restores 

sensitivity to paclitaxel in USC.

4.5. AXL expression reduces paclitaxel-induced cell cycle arrest and apoptosis

We next sought to determine the mechanism by which AXL inhibition improves paclitaxel 

sensitivity in USC cells (Fig. 2A). Because paclitaxel stabilizes microtubules, leading to cell 

cycle arrest and apoptosis [41], we first examined the effect of AXL inhibition on the cell 

cycle. Flow cytometry revealed that loss of AXL had little effect on the percentage of 

vehicle-exposed cells in the G2/M phase (29.8%, vs 26.1%). However, loss of AXL in 

paclitaxel-treated cells significantly increased the percentage of cells in the G2/M phase 

(33.9% vs 42.9%, P<0.05).

We assessed the effect of loss of AXL on paclitaxel-induced apoptosis in three ways. First, 

we used the Annexin-V/PI method to detect apoptotic cells by flow cytometry. At each 

paclitaxel concentration tested, ARK1 cells in which AXL was knocked down with shAXL 

had higher levels of apoptosis than the shSCRM-treated cells (Fig. 2B, S5). To confirm that 

the observed differences in apoptosis were specific to paclitaxel and not due to stress or 

differences in cell fitness, we serum starved the two groups of ARK1 cells and found that 

fewer than 3% of shAXL- or shSCRM-treated cells were apoptotic (Fig. S5).
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Second, we confirmed differences in the magnitude of apoptosis between ARK1shSCRM 

and ARK1shAXL-S cells by visually examining nuclear morphology after treating cells with 

paclitaxel for 24 hours. We found that features associated with apoptosis including abnormal 

DNA condensation (arrowhead) and nuclear blebbing (arrow) were more common in 

shAXL-treated ARK1 cells than in shSCRM-treated ARK1 cells (Fig. 2C, 2D, S5).

Finally, we performed Western blots to assess the level of the apoptosis marker cleaved 

PARP in ARK1 cells. In the presence of paclitaxel, ARK1shAXL-S cells contained more 

cleaved PARP than did ARK1shSCRM cells (Fig. 2E). Similarly, ARK1 cells treated with 

BGB324 contained more cleaved PARP in the presence of paclitaxel than did cells not 

treated with the AXL inhibitor (Fig. 2F). Collectively, these three methods indicate that the 

AXL-expressing cells are less sensitive to paclitaxel-induced cell cycle arrest and apoptosis 

than AXL-non-expressing cells.

4.6. AXL inhibition increases intracellular paclitaxel accumulation

Given these findings, we wondered whether AXL expression affected accumulation of 

paclitaxel in cells. Thus, we treated ARK1shSCRM and ARK1shAXL cells with 

[3H]paclitaxel for two hours and then quantitated the accumulated paclitaxel. ARK1shAXL 

cells contained 54% more intracellular paclitaxel than did ARK1shSCRM cells (Fig. 3A). 

Similarly, cells treated with 0.5 μM or 1 μM BGB324 contained 31% or 43% more 

paclitaxel, respectively, than cells treated with vehicle control (Fig. 3B). The higher amount 

of paclitaxel in BGB324-treated cells could indicate that they take up more paclitaxel than 

untreated cells or that they secrete paclitaxel more slowly. To assess this, we measured the 

amount of [3H]paclitaxel in cells after two- and four-hour washout periods. We found no 

significant difference in intracellular paclitaxel at the time points measured (Fig. 3C), 

suggesting that cells in which AXL is active accumulate less paclitaxel than do cells in 

which AXL is inhibited. Additionally, we investigated whether cells with genetically 

inactivated AXL demonstrated differences in RNA corresponding to known multidrug 

resistant proteins (Fig. 3D). In agreement with Lin and colleagues' findings that AXL-

expressing cells show increased pGP (ABCB1) mRNA [25], ARK1 cells transfected with 

shAXL RNA demonstrated downregulated pGP mRNA when compared to shSCRM-

transfected cells.

4.7. AXL expression is positively associated with mesenchymal and chemoresistant 
phenotypes

To metastasize, uterine cancer cells undergo EMT, and mesenchymal cells are often more 

resistant to chemotherapy than are epithelial cells. Thus, we wondered whether AXL-

expressing cells were chemoresistant because of their mesenchymal phenotype. To test this, 

we first confirmed by Western blot that ARK1 and ARK4 cells, which express AXL, 

expressed higher levels of the mesenchymal markers vimentin and slug and lower levels of 

the epithelial marker E-cadherin than AN3CA cells, which do not express AXL (Fig. 4A). 

To determine whether AXL was required for the mesenchymal phenotype in USC cells, we 

compared expression of mesenchymal and epithelial markers in ARK1shSCRM and 

ARK1shAXL-S cells and found that cells expressing AXL expressed more vimentin and less 

E-cadherin than cells in which AXL expression was knocked down (Fig. 4B).
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If the mesenchymal phenotype is sufficient for paclitaxel resistance, then epithelial cells that 

are induced to undergo EMT should be paclitaxel resistant. To test this, we treated AN3CA 

cells with TGFβ and TNFα. These cells underwent EMT as evidenced by increased 

expression of vimentin, slug, and AXL and decreased expression of E-cadherin (Fig. 4C). 

We then compared paclitaxel sensitivity in AN3CA cells that had vs. those that had not 

undergone EMT and found that treated, “mesenchymal” AN3CA cells were more resistant 

to paclitaxel than untreated, “epithelial” AN3CA cells (Fig. 4D).

The preceding experiment indicated that the mesenchymal phenotype, which included AXL 

expression, was sufficient for paclitaxel resistance. To independently interrogate the role for 

mesenchymal phenotype vs. AXL expression in chemoresponse, we used shRNAs to knock 

down AXL expression in AN3CA cells and then treated them with TGFβ and TNFα to 

induce EMT (Fig. S6). We first confirmed that both shAXL- and shSCRM-treated AN3CA 

cells could be induced to take on a mesenchymal phenotype as evidenced by increased 

expression of vimentin and slug and decreased expression of E-cadherin (Fig. 4E). While the 

decrease in ECAD is less dramatic in the transfected cells, this could be due to the short 

treatment period for EMT induction or unmeasured technical factors, considering ECAD is a 

cell surface protein and robust changes were still observed in transcription factor markers. 

Comparison of response of these two cell types to paclitaxel revealed that the AXL-

expressing “mesenchymal” AN3CA cells were more resistant to paclitaxel than were the 

AXL non-expressing “mesenchymal” AN3CA cells (Fig. 4F). Thus, we conclude that AXL 

is required for paclitaxel resistance independently of EMT.

4.8. AXL inhibition restores USC chemosensitivity in vivo

Finally, we wondered whether our in vitro findings regarding the role of AXL in 

chemoresistance would be recapitulated in an in vivo model. We subcutaneously injected 

ARK1shSCRM cells into NOD-SCID mice. After tumors had engrafted, we treated the mice 

with paclitaxel, BGB324, or paclitaxel plus BGB324 for 14 days. Measurement of tumor 

volume throughout this period revealed that the combination of paclitaxel plus BGB324 was 

significantly more effective at restricting tumor growth than was either drug alone (Fig. 5). 

In agreement with previous findings in our laboratory, AXL inhibition alone was not found 

to significantly decrease proliferation in xenograft models [6]. These results indicate that 

AXL inhibition enhances USC sensitivity to paclitaxel in vivo.

5. Discussion

Current drug regimens for USC are suboptimal, as evidenced by the fact that most patients 

relapse with and die as a result of chemotherapy-resistant disease [3, 42]. To improve 

outcomes for these patients requires defining the mechanisms by which USC becomes 

chemoresistant and developing strategies to restore chemosensitivity. We present here 

evidence that the receptor tyrosine kinase AXL participates in chemoresistance and is an 

attractive target for development of new treatment strategies. We show that AXL expression 

was highest in chemoresistant tumor samples from USC patients. Next, we demonstrate that 

AXL expression is required for paclitaxel resistance in USC cell lines and that inhibition of 

AXL with the small molecule BGB324 restores paclitaxel sensitivity in vitro. Finally, we 

Palisoul et al. Page 9

Mol Cancer Ther. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



report that inhibition of AXL with BGB324 acts in an additive fashion with paclitaxel to 

reduce tumor burden in an in vivo xenograft model of USC. Combined with our previous 

observations that AXL was required for uterine cancer cell invasion and metastasis, and that 

AXL expression correlated with overall worse prognosis in uterine cancer patients [6], these 

findings provide strong preclinical support for combining an AXL inhibitor with paclitaxel 

in USC clinical trials.

This study also provides new evidence regarding three mechanisms by which AXL promotes 

resistance to paclitaxel. First, AXL expression limits USC cell accumulation of paclitaxel. 

Second, AXL-mediated chemoresistance is independent of the epithelial-mesenchymal 

transition. Third, AXL reduces paclitaxel-mediated cell cycle inhibition and apoptosis.

The first way in which AXL acts is by limiting accumulation of paclitaxel in USC cells. 

AXL has been implicated in chemoresistance in other cancers [16-19], but this is the first 

demonstration that AXL acts by limiting drug accumulation in USC cells. One mechanism 

by which cancers become resistant to taxanes and other conventional cytotoxic agents is via 

upregulation of the drug efflux pumps ATP-binding cassette (ABC) transporters such as 

ABCB1, ABCB2, and ABCC10 [43-47]. Additionally, intracellular paclitaxel accumulation 

is associated with increased expression of ABC transporters in multiple cell types [47-49]. 

Recently, Lin and colleagues showed that mRNA levels for the transport protein ABCB1 

were upregulated in AXL-expressing docetaxel-resistant prostate cancer cells [25]. We also 

demonstrate a relationship between AXL expression and ABCB1 mRNA levels, where AXL 

inactivation in chemoresistant cells produced decreased ABCB1 transcript levels. Although 

our data suggest that AXL affects paclitaxel uptake or accumulation rather than efflux alone, 

future work will investigate the role of ABC transporters in paclitaxel resistance in USC.

The second novel finding regarding the mechanism by which AXL promotes paclitaxel 

resistance came from our assessment of the role of EMT, revealing, for the first time in any 

cancer, that AXL is required for chemoresistance independently of the epithelial or 

mesenchymal phenotype of the cells. For example, Lin and colleagues showed that 

inhibition of AXL reversed EMT in prostate cancer cells, but they did not assess whether 

chemosensitivity could be restored with AXL knockdown [25]. Similarly, several reports 

suggest that inhibition or knockdown of AXL reduces the resistance of mesenchymal cells to 

chemotherapeutic drugs while also reverting them to an epithelial state [18, 33, 38, 50, 51]. 

Our finding that inactivation of AXL improves chemosensitivity without affecting the 

mesenchymal phenotype indicates that AXL directly regulates chemoresistance.

The third way in which AXL acts is by reducing paclitaxel-mediated cell cycle arrest and 

apoptosis. Taxane therapy abrogates completion of mitosis by blocking cells in the G2/M 

phase of the cell cycle [41, 52-54], and AXL-expressing USC cells accumulate in this phase 

to a greater degree than AXL-non-expressing cells in the presence of paclitaxel. This G2/M 

arrest then leads to apoptotic cell death. These findings are consistent with the current 

literature on AXL mediated chemoresistance [16, 23-25, 53].

Our data provide preclinical in vitro and in vivo evidence that BGB324 (also called R428) 

[37] is a promising drug for treatment of USC. Although this drug has not been used 
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extensively in gynecologic cancers, preclinical data show success with BGB324 as 

monotherapy and in combination treatment in cancers such as acute myeloid leukemia 

(AML), non-small cell lung cancer (NSCLC), melanoma, breast, head and neck, esophageal, 

prostate, and endometrial [6, 16, 17, 25, 54-57]. Synergism between BGB324 and taxane 

therapy has been demonstrated in other tumor types [16, 25], and BGB324 is currently being 

investigated in several phase I/II trials. For example, BGB324 is being used in combination 

with docetaxel or with erlotinib for management of NSCLC, as monotherapy or in 

combination with cytarabine for management of acute myeloid leukemia, and in 

combination with pembrolizumab or dabrafenib and trametinib for management of 

melanoma. Phase I studies demonstrated safety of BGB324 at efficacious doses [58]. Our 

data indicate that AXL inhibitors should be tested in combination with paclitaxel in clinical 

trials for USC, especially for cases that have developed resistance to chemotherapy or other 

treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. AXL expression is elevated in paclitaxel resistant USC cell lines, and AXL inhibition 
restores chemosensitivity
(A) Western blot detection of AXL in AN3CA, ARK1, and ARK4 cells with β-actin used as 

a loading control. (B) Results of XTT assay of cell viability in increasing concentrations of 

paclitaxel. (C) Western blot detection of AXL in lysates of ARK1 and ARK4 cells 

transfected with the indicated shRNAs. shAXL-S and shAXL-C4 target AXL, and shSCRM 

is nonspecific. (D) Results of XTT assay of cell viability in increasing concentrations of 

paclitaxel. (E) Western blot detection of AXL and phosphorylated AXL (pAXL) in ARK1 

cells treated with the AXL inhibitor BGB324. (F) Results of XTT assay of cell viability in 
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increasing concentrations of paclitaxel and the indicated concentrations of BGB324. In (B), 
(D), and (F), cell viability is expressed relative to the respective controls treated with vehicle 

(DMSO). XTT assays were performed in triplicate and graphed as the mean ± SD. *P< 0.05 

compared to matched controls.

Palisoul et al. Page 16

Mol Cancer Ther. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. AXL knockdown or inhibition increases paclitaxel-mediated apoptosis
(A) Flow cytometry analysis of cell cycle distribution in ARK1shSCRM and ARK1shAXL-

S cells treated with paclitaxel or vehicle (DMSO). Numbers indicate the percentage of cells 

in G2/M. (B) Percentage of paclitaxel-treated ARK1shSCRM and ARK1shAXL-S cells 

detected as apoptotic in the Annexin-V/PI assay. Values are reported as the mean ± SD. *P< 

0.05 **P< 0.01, ***P< 0.001. (C) and (D) Quantitation (C) and representative images (D) of 

apoptotic ARK1shSCRM and ARK1shAXL-S cells detected by staining with DAPI and 

microscopic analysis of nuclear morphology. Arrow indicates blebbing, arrowhead indicates 

abnormal DNA condensation. ****P< 0.0001. (E and F) Western blot detection of full-

length and cleaved PARP in (E) ARK1shSCRM and ARK1shAXL-S cells treated with 
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increasing doses of paclitaxel and (F) ARK1 cells treated with vehicle, paclitaxel, BGB324, 

or paclitaxel plus BGB324.
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Figure 3. AXL knockdown or inhibition increases intracellular paclitaxel accumulation
(A) Quantitation of intracellular [3H]paclitaxel in ARK1shSCRM-S and ARK1shAXL-S 

cells. (B) Quantitation of intracellular [3H]paclitaxel in ARK1 cells treated with vehicle or 

the AXL inhibitor BGB324. (C) Quantitation of [3H]paclitaxel in ARK1 cells after a two-

hour washout period. (D) qPCR was performed on ARK1 cells transfected with shSCRM or 

shAXL-S, and expression patterns of mRNA were assessed. Error bars indicate range of the 

fold change, and significance was calculated using SD of DDCT. *P< 0.05, ***P< 0.001.
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Figure 4. AXL-mediated paclitaxel resistance is independent of the epithelial-to-mesenchymal 
transition
(A, B, C, E) Western blot detection of AXL and mesenchymal and epithelial markers, plus 

β-actin as a loading control, in (A) AN3CA, ARK1, and ARK4 cells, (B) ARK1 cells 

transfected with shAXL-S or shSCRM, (C) AN3CA cells treated with 100 ng TGFβ and 50 

ng TNFα to induce EMT, and (E) AN3CA cells transfected with shAXL-S or shSCRM. (D 
and F) Results of XTT assays of cell viability in increasing concentrations of paclitaxel of 

(D) AN3CA cells treated with or without TGFβ and TNFα to induce EMT and (F) 
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AN3CAshSCRM and AN3CAshAXL-S cells that had undergone TGFβ-induced EMT. XTT 

assays were performed in triplicate and graphed as the mean ± SD. *P< 0.05 compared to 

matched control.
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Figure 5. AXL inhibition improves chemoresponse in subcutaneous xenograft tumors in vivo
(A) Volume of tumors over 14 days in mice injected with ARK1shSCRM cells and treated 

with vehicle, paclitaxel, BGB324, or paclitaxel plus BGB324. Mean tumor volume (n=6 per 

group) and S.E. are plotted. ***P< 0.001 by one-way ANOVA of tumor volume data 

collected on day 14. B) Quantitation of relative tumor proliferation rate (VTreatment/VControl) 

calculated by using the tumor volumes at day 14 relative to tumor volumes at initial 

treatment administration. *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001.
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