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Simple Summary: Non-small cell lung cancer (NSCLC) patients harboring KRAS muta-
tions are targeted using monoclonal antibody (mAb) or tyrosine kinase inhibitors (TKI)
therapies. To impede the KRAS activity, it was proposed to inhibit SRC kinase, an inter-
mediary signal transductor between DDR2 and KRAS, using Dasatinib (Bcr-Abl TKI).
However, clinical trials using Dasatinib failed to fully inhibit SRC or sensitize therapies
towards SRC inhibitors, and its mechanistic failure remains partially understood. This re-
portidentifies AXL as a bypass resistant gene and investigates its role with SRC and KRAS
activity. We found that AXL overexpression drives downstream KRAS and Akt pathways,
and co-inhibiting AXL and SRC using SGI-7079 and Dasatinib effectively impeded both
those pathways. Synergistic inhibition of AXL and SRC led to significant tumor growth
suppression in A549 mice xenografts. The results from this study will be beneficial in un-
derstanding drug-resistance mechanisms and to strategize effective drug therapies in pa-
tients harboring KRAS mutations.

Abstract: Background/Objectives: KRAS-mutated NSCLC has been targeted using mon-
oclonal antibody (mAb) or tyrosine kinase inhibitor (TKI) therapies. However, in time,
these mutations appear to develop resistance against the targeted antibodies and TKI
treatments. One possible explanation is the activation of pro apoptotic pathways through
the AXL-SRC-Akt axis. In this study, we identify AXL as the bypass resistant gene and
investigate its role with KRAS and SRC activity. Methods: In this study, we use Dasatinib
and SGI-7079 to co-inhibit SRC and AXL respectively. In vitro studies were conducted
using four cell lines, and AXL suppression was achieved using siRNA and in CRISPR-
Cas9 mediated knockout models. Subsequently, we studied gene-protein expression anal-
ysis using Western blot, apoptotic markers using a cytochrome release assay and cytotox-
icity using an MTT assay. A549 xenografts were studied for in vivo validation of our pro-
posed hypothesis. Results: The results suggest that dual inhibition of AXL and SRC sig-
nificantly reversed this resistance, both in in vivo and in vitro studies. Conclusions: Co-
inhibition of AXL and SRC synergistically reduced KRAS activity and induced apoptosis
in NSCLC.
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Non-small cell lung cancer (NSCLC) remains a high-mortality disease as patients of-
ten develop resistance to treatment. Patients with mutations in EGFR or KRAS initially
respond well to small-molecule inhibitors but quickly stop responding to the drug. Dif-
ferent mechanisms have been proposed to predict drug resistance, among which AXL is
well-known and is overexpressed in patients with EGFR mutations and KRAS mutations
[1,2]. Small-molecule inhibitors targeting AXL are being developed to overcome drug re-
sistance. These inhibitors are most effective when used as a combination therapy rather
than a standalone treatment. Various combinations have been identified and are currently
being evaluated in preclinical or clinical trials, and the most efficacious combination is yet
to be identified [3]. To determine the right combination therapy for controlling NSCLC
tumors, we assessed the effectiveness of combining AXL and SRC inhibitors in regulating
tumor growth using human cell lines and an animal CDX model.

AXL is a member of the TAM family, which also includes TYRO3 and MERTK. It is
a transmembrane receptor tyrosine kinase. The extracellular domain of AXL contains a
binding site for the growth arrest specific-6 (GAS-6) ligand. When GAS-6 binds to AXL,
receptor dimerization occurs, activating the intracellular kinase domain. This activation
triggers several downstream signaling pathways, including the PI3K/AKT, MAPK, and
NF-«B pathways. These pathways contribute to cell survival, proliferation, migration and
invasion [4]. The upregulation of AXL is an adaptive response to treatment pressures, es-
pecially observed during the treatment with EGFR or KRAS inhibitors. AXL overexpres-
sion in cancer is associated with aggressive disease progression and often associated with
poorer clinical outcomes in NSCLC patients. Based on these robust data, AXL is emerging
as a therapeutic target, and several small molecule inhibitors are being developed and
evaluated for combination therapy. The ongoing research and development of AXL inhib-
itors, such as Bemcentinib, Cabozantinib, Gilteritinib, and TP-0903, hold promise for im-
proving treatment outcomes in drug-resistant NSCLC patients. Targeting AXL may offer
new avenues for combination therapies, and the studies highlight the need for continued
exploration to ultimately overcome drug resistance in NSCLC [4].

SRC is an important target in drug-resistant NSCLC. SRC is overexpressed in NSCLC
and promotes tumor growth and proliferation. Lung tissue sample data from patients
confirm the activation of SRC-family kinases, which have been identified as a key mecha-
nism behind drug resistance. For instance, SRC regulates YAP, a known promoter of drug
resistance and cancer progression in NSCLC [5-7]. The interaction between SRC and other
pathways suggests the potential for combination therapies. Although pre-clinical studies
have indicated that Dasatinib, an SRC inhibitor, shows promise for treating NSCLC sub-
jects [8], clinical trials showed modest response when compared to established chemo-
therapeutic agents [9]. Notably, dual inhibition of both SRC and DDR2 leads to enhanced
suppression of cancer growth [10,11]. These findings have prompted us to explore the
combination of AXL and SRC targeting in controlling tumor growth.

In this study, we want to investigate whether combining AXL and SRC inhibitors
effectively controls NSCLC tumors. The rationale for the dual inhibition in drug-resistant
NSCLC is based on their complementary roles in resistance mechanisms and tumor pro-
gression [12]. As previously mentioned, AXL is a mediator for resistance, while SRC is a
central node in several signaling pathways that enhance cancer cell survival and metasta-
sis. Both kinases can independently activate overlapping downstream pathways, such as
the PI3K/AKT and MAPK signaling pathways. These data suggest that dual inhibition
may provide a comprehensive blockade of these pathways and reduce the possibility of
compensatory activation. Simultaneous inhibition of both AXL and SRC could prevent
resistance and control tumor progression. We examined the effect of AXL inhibition, alone
and in combination with SRC inhibition, in KRAS mutant NSCLC mouse model. Our
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studies confirmed that dual inhibition of AXL and SRC led to enhanced cell death and
reduced tumor growth in both in vitro and in vivo models.

2. Materials and Methods
2.1. Materials, Instrumentation and Software

Dasatinib and AXL inhibitor, SGI-7079, were purchased from Selleck chemicals
(Houston, USA). Tween-20, bovine serum albumin (BSA), MS-SAFE Protease and Phos-
phatase Inhibitor, triton X-100, phosphate buffer saline (PBS), cell dissociation buffer and
cell grade DMSO were purchased from Sigma-Aldrich. 2-mercaptoethanol, Pierce ECL
Western Blotting Substrate, Pierce BCA Protein Assay Kit and UltraPure DNase/RNase-
Free Distilled Water were purchased from Thermo-Fisher Scientific (Waltham, USA). Edit-
R predesigned CRISPR kit and sulfur-group-linked siRNA were custom synthesized from
Horizon Discovery (Waterbeach, United Kingdom). TransIT-X2 transfection agent was
purchased from Mirus Bio LLC (Madison, USA). Furthermore, 10x TBS, 10x Tris/Gly-
cine/SDS buffer, 4-15% 10-well 50 uL ready Mini-Protean TGX gels, Precision Plus Protein
Dual color standard ladder and supported nitrocellulose Membrane (0.2 pm) were pur-
chased from Bio-Rad (Hercules, USA). Primary antibodies against DDR2, AXL, p-SRC
(T416), cleaved-PARP, phospho-SHP2 (T542), phospho-SHP2 (T580), Survivin, Actin,
cleaved-Caspase 3, and HRP-conjugated anti-rabbit, Alexa-fluor® 647 attached secondary
antibody and anti-mouse IgG antibodies were purchased from Cell Signaling (Danvers,
USA). Phospho-DDR2 was purchased from R&D Systems (Minneapolis, USA). Athymic
nude mice were purchased from Charles River Laboratories International Inc. (Wilming-
ton, USA).

Gel electrophoresis was performed on a Bio-Rad Mini-Protean Tetra system and blots
were transferred using a Biorad Transblot Turbo transfer system. Western blot image ac-
quisition was performed using Image Lab 5.2.1 software on a ChemiDoc XRS system from
Bio-Rad, and densitometry was performed using Image Studio Lite (Li-COR Biotechnol-
ogy, Lincoln, USA). The spectral absorbance was measured at 570 nm to 620 nm using the
Cytation 5 microplate reader. The results were analyzed using Biotek Gen5 image+ pro-
gram. The slides were imaged using a Leica (DM5550 B) microscope. Gene expression
analysis was performed on a QuantStudio™ 3 Real-Time PCR System (Applied Biosys-
tems™, Waltham, USA). The cells were analyzed using BD CyAn ADP high performance
flow cytometer, and histograms were generated using Flow]Jo 10 (Flow]Jo, Ashland, USA).
Statistical analysis was performed on GraphPad Prism 7 software (Boston, USA).

2.2. Inhibitor Reagent Preparation

All were suspended in cell-grade DMSO. A Dasatinib concentration of 40 uM was
used (used within 24 h of preparation). In a similar fashion, the AXL inhibitor was dis-
solved in cell-grade DMSO to obtain 0.1 uM concentration (used within 24 h of prepara-
tion). The solutions were stored at —4 °C.

2.3. Cell Lines and Knockout Model Generation

All NSCLC cell lines A549, H460, H2122, and H441 were purchased from ATCC
(American Type Culture Collection; Manassas, USA) and cultured as described by the
ATCC. The cell lines were maintained at 37 °C with 5% COz2 in 10% RPMI medium 1640
by ATCC. To develop A549 AXL knockout cells we targeted site Exon 9 (NM_001278599)
of the human AXL gene, using 200 pL of crRNA complex (Edit-R predesigned crRNA)
containing transfer RN A, CRISPR-Cas9 mRNA and transfection agent (dissolved in serum
free media, and incubated for 72 h), followed by single cell purification and isolation. The
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final knockout cells were tested by Western blot, tested for mycoplasma and stored in
liquid nitrogen.

2.4. RNAi

Small interfering RNA (siRNA) for AXL (sense: S-SGGAACUGCAUGCUGAAU-
GAULU, antisense: UCAUUCAGCAUGCAGUUCCUU) were used. For our experiments,
1 x 10¢ cells per mL were incubated overnight in a custom RPMI medium, enriched with
10% FBS. The cells were then transfected with siRNA using the TransIT-X2 transfection
agent and incubated overnight in serum-free media before being treated for Western blot.
For toxicity study and immunocytochemistry, 2 x 10° cells/mL and 5 x 10 cells/mL were
seeded using the same above protocol, respectively.

2.5. Western Blotting

To prepare the cell lysates, 1 x 10¢ cells/mL were seeded overnight in a custom RPMI
medium, enriched with 10% FBS. Then the cells were washed with PBS and incubated for
48 h, followed by treatment with Dasatinib (40% of ICso value of each cell line) and 0.1 uM
of AXL inhibitor. The cells were lysed using MS-SAFE protease and a phosphatase inhib-
itor cocktail and protein estimations were performed using a bicinchoninic acid (BCA)
assay. The samples were subjected to PAGE (polyacrylamide gel electrophoresis) using
4-15% 10-well 50 uL ready Mini-Protean gels and blotted onto a nitrocellulose membrane
(0.2 um), immunostained and imaged for chemiluminescence.

2.6. MTT Assay

Cell proliferation was determined using a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-
tetrazolium bromide (MTT) assay that detects the cellular capacity to convert tetrazolium
salt to formazan. Briefly, 2 x 10¢ cells/mL of each cell line were plated in a 96-well plate.
After 24 h incubation in FBS enriched RPMI, the medium was removed and replaced with
0.1 uM AXL inhibitor/Dasatinib of decreasing concentration (50% of each previous dose),
starting from 40 pM in serum free media, by serial dilution. After 48 h of treatment, 10 uL
of MTT dye was added, followed by the addition of stop solution after 6 h, as per manu-
facturer’s protocol. The plates were read for absorbance at 570 nm.

2.7. Cytochrome-C Release Assay

First, 5 x 105 cells/mL A549 cells were seeded on to a coverslip, pre-coated with poly-
L-lysine for 24 h. The cells were then treated with 40% ICso value of Dasatinib of the re-
spective cell line and 50 uM of AXL-siRNA. The cells were fixed using 4% paraformalde-
hyde in PBS for 20 min in room temperature. To improve the signal, the cells were treated
at 95 °C with antigen retrieval buffer (100 mM Tris, 5% urea (w/v), pH 9.5). The cells were
made permeable using 0.1% Triton-X 100 for 10 min at room temperature, followed by
blocking with 10% goat serum for 1 h at room temperature and incubation with primary
antibodies, diluted in 10% goat serum for 2 h at room temperature. The cells were then
rinsed with 1% goat serum, away from light, and again incubated for 1 h at room temper-
ature with fluorophore-conjugated secondary antibodies, diluted in 10% goat serum. The
coverslips were rinsed again in 1% goat serum, and DAPI was added at the final wash to
stain the nuclei. The manufacturer’s protocol was followed [ApoTrack™ Cytochrome-c
Apoptosis ICC Antibody Kit (ab110417)], and the slides were imaged using fluorescence
microscopy.

2.8. Flow Cytometry

First, 2 x 106 cells/mL of A549 cell line were treated with either AXL or SRC inhibitors
or a combination of both (48 h) and then harvested using PBS-based cell dissociation
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buffer. Next, cells were fixed using BD Cytofix/Cytoperm™ solutions that contain 4% par-
aformaldehyde. The fixed cells were then incubated for 1.5 h with AXL or SHP2 primary
antibodies, followed by an Alexa-fluor® 647 attached secondary antibody incubation for
30 min. Three washes using saponin-based wash buffer were performed after fixing and
after each incubation step. The cells were analyzed with a high-performance flow cytom-
eter.

2.9. Animal Studies

First, 1 x 107 cells/mL of A549 cells were injected at the left flank to stimulate tumor
growth. Mice were distributed in 6 groups of 8 animals each (4 males and 4 females). SRC
inhibitor Dasatinib and AXL inhibitor SGI-7079 were administered 5 days a week orally
at 40 mg/kg and 25 mg/kg, respectively. All orally administered solutions were dissolved
in DMSO to reach their desired concentration and then in propylene glycol and water at
1:1 ratio to reach the final administration volume of 200 puL per animal per dose. Both oral
and IP vehicle were administered to the control group in the same way as the treatment
mice. Tumor sizes were monitored twice weekly, and volumes were calculated with the
formula: (mm?) =length x width x width x 0.5. Animals were sacrificed as per IBC protocol
and regulations.

2.10. Statistics

All tests were averaged from triplicate. For the MTT assay, cell-free duplicate col-
umns were used, blanking each concentration dose. Two-way ANOVA and Fisher’s LSD
test or ordinary one-way ANOVA and Tukey’s multiple comparison test, with a single
pooled variance, were performed. A p-value less than 0.05 was considered statistically
significant and was represented in figures as * (p < 0.05), ** (p < 0.01), *** (p < 0.001) or ****
(p <0.0001). Mean + SEM was represented for all experiments.

3. Results

3.1. Co-Inhibition of AXL and SRC Synergistically Reduces KRAS Activity and Induces
Apoptosis in Cancer Cell Lines

Our previous research and other independent studies have shown that AXL overex-
pression can regulate the PI3K/Akt pathway and activate SRC [3,12,13]. This result led us
to explore the effects of inhibiting both AXL and SRC. For our study, we selected two cell
lines from the available options — A549 with KRAS-G12S mutation and H460 with KRAS-
Q61H mutation. For the combined inhibition of AXL and SRC, we employed siRNA tar-
geting AXL and Dasatinib to inhibit SRC (Dasatinib is an FDA-approved SRC inhibitor).
Previous studies have indicated that AXL is associated with DDR2, a SRC phosphorylator
[14]. Interestingly, SRC can also phosphorylate DDR2 in a reinforcing-feedback loop
[15,16]. Therefore, the DDR2 levels measured before or after inhibition provide critical
information about efficacy. Our studies used Western blot to monitor the change in AXL,
phospho-SRC, phospho-DDR2, and Akt protein levels in the wild type and AXL-knockout
cell lines (Figure 1a). When AXL is knocked out or downregulated in A549 cells, the levels
of phosphorylated SRC and DDR2 increase, while Akt activity decreases (Figure 1a,b).
Inhibition of AXL alone resulted in the autophosphorylation of SRC when DDR2 was pre-
sent and thus may lead to uninhibited PI3K-Akt and KRAS downstream activity (Figure
1c) [17]. So, we co-inhibited AXL and SRC and found that phosphorylated SRC homology
region 2-containing protein tyrosine phosphatase 2 (SHP2) and DDR?2 levels decreased
(Figures 1d and S1). We assessed the protein expression levels of SHP2 at tyrosine residues
542 and 580, which are known to activate RAS and are also associated with DDR2 down-
stream signaling [18]. Survivin, an inhibitor of apoptosis (AIP) family protein increased
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when cells were treated with Dasatinib; however, protein expression decreased during
co-inhibition, indicating reduced cell compensatory activity (Figure 1d). DDR2, SHP2, and
Survivin activity reduction indicate pro-apoptotic cell activity.
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Figure 1. Downstream effects of AXL and SRC in KRAS mutant NSCLC. (a) Western blot image
showing protein expression of AXL- and SRC-related markers in AXL knockout A549 cells. (b)
Western blot image showing protein expression for AXL and phospho-SRC in A549 cells treated
with either siAXL, Dasatinib or both. (c¢) Western blot showing protein expression of KRAS and
phospho-SHP2 (T542 and T580) in A549 cells before or after siAXL or knockout treatments. In-
creased expression in SHP2 activity is observed when AXL is inhibited. (d) Western blot image for
downstream KRAS activity in A549 cells treated with either siAXL, Dasatinib or both.

To further verify, we estimated the expression levels of pro-apoptotic proteins such
as cleaved Caspase, cleaved PARP, and assessed cytochrome-C leakage from the mito-
chondrial wall to cytosol. Co-inhibition of AXL and SRC resulted in increased expression
of cleaved Caspase and cleaved PARP, indicating a greater likelihood of cell death (Figure
2a). After staining the mitochondrial membrane with a mitochondrial marker and cyto-
chrome-C in the cytosol using fluorophore-conjugated monoclonal antibodies, the dual-
inhibited cells A549 exhibited a significantly greater green fluorescence signal (indicating
cytochrome-C) in the cytosol surrounding the mitochondria (shown by the red signal)
compared to the cells treated with Dasatinib alone (see Figures 2b and S52). This finding
supports the higher expression of pro-apoptotic proteins. We observe increased cell death
under dual-inhibition conditions compared to inhibiting AXL or Dasatinib alone (Figure
2¢) in the cell death assay using microscopy. Significant cell death was observed in AXL
CRISPR-knockout cells treated with Dasatinib (Figure 2d).
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Figure 2. Effect of co-inhibiting AXL and SRC in KRAS mutant NSCLC. (a) Western blot image for
apoptotic proteins in A549 cells treated with either siAXL, Dasatinib or both. (b) Cytochrome-C
assay for A549 cells; scale bar = 100 um. (c) Cell-Death assay: Bright field Microscopy images (20x)
for triggered cell death in A549 cells before or after either siAXL or DAS or treatment with both;
scale bar = 200 um. (d) Cell-Death assay: Bright field microscopy images (20x) of H460AK cells (i)
before and (ii) after treatment with Dasatinib (DAS) for 48 h; scale bar = 200 um. Results indicate
higher cell death after DAS treatment in AXL knockout H460 cells.
These results align with both the Western blot and cytochrome-C release assays. To-
gether, the data show that co-inhibition of AXL and SRC effectively blocked KRAS activity
and promoted cell death (Figure 3).
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Figure 3. Postulated molecular mechanism for AXL bypass signaling and therapy.

3.2. Synergistic Effects of AXL and SRC: In Vitro Study

Inhibition of AXL and SRC led to increased levels of pro-apoptotic proteins in cancer
cells. This finding prompted us to explore the potential of dual inhibition as a combined
therapy for controlling cancer cell proliferation. To investigate this approach further, we
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conducted experiments using in vitro cancer cells and in vivo mice models. Our study fo-
cused on two groups of cell lines: those expressing AXL (AXL +ve) and those lacking AXL
expression, referred to as AXL-negative. We selected AXL +ve A549 and H460 cells and
AXL -ve H441 and H2122 cells for our investigation. We employed SGI-7079 and Da-
satinib as inhibitors for AXL and SRC, respectively. In our initial experiment, we exam-
ined the effectiveness of simultaneously inhibiting both AXL and SRC in various cancer
cell lines (Figure 4a). We hypothesized that inhibiting AXL would enhance cellular sensi-
tivity to SRC, leading to a lower ICso value for Dasatinib than cells lacking AXL inhibition.
We applied a consistent concentration of an AXL inhibitor (0.1 uM) while systematically
varying the concentration of Dasatinib to determine the ICso values. In the cell lines that
express AXL, we observed a significant decrease in the ICso values following AXL inhibi-
tion, resulting in a dose reduction of 66% to 93% (18 uM to 6 uM in A549 and 39 uM to 2.5
uM in H460). In contrast, AXL-negative cells did not show any change in ICso values; these
results are anticipated because AXL is not a primary driver of growth in these cell lines.
As anext step, we aimed to investigate whether the effectiveness of SRC inhibition is con-
tingent upon the method employed for AXL inhibition, specifically examining the use of
siRNA, AXLi, and CRISPR-Knockout techniques. We observed a slight variation in the
ICs0 values; nonetheless, AXLi demonstrated a minor advantage compared to pure inhi-
bition, likely attributable to its pleiotropic effect (Figure 4b). According to this information,
we can verify that the effectiveness of SRC is minimally influenced by the method of AXL
inhibition.
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Figure 4. Synergistic AXL and SRC therapy in vitro. (a) Dasatinib (ICso) sensitization of NSCLC cell
lines after co-inhibition of AXL + SRC using MTT assay (72 h). (b) Dasatinib (ICso) sensitization of
A549 and H460 cell lines comparing co-inhibition of AXL + SRC using siAXL or AXLi or CRISPR-
knockout methods in an MTT assay (72 h). p-values are denoted by * (p < 0.05), ** (p < 0.01), ** (p <
0.001) or *** (p < 0.0001).

3.3. Synergistic Effects of AXL and SRC: In Vivo Study

To evaluate the therapeutic effectiveness of combined SRC and AXL inhibitors in
vivo, we selected the A549 CDX model due to its overexpression of AXL and SRC. The
study included three groups: untreated, treated with Dasatinib alone and treated with the
combination of Dasatinib and AXL inhibitors. Treatment began after 12 days of tumor
growth, following baseline measurements. We hypothesized that the combination treat-
ment would more effectively control tumor growth than the other two groups. Since AXL
inhibitors alone have not demonstrated significant benefits in cell studies, we did not in-
clude a separate group for that treatment. The objective of this study is to enhance the
efficacy of Dasatinib when used in combination with AXL inhibitors. As illustrated in Fig-
ure 5a,b, there was no notable change in tumor growth for the Dasatinib group compared
to the untreated group. In contrast, a significant and rapid reduction in tumor growth was
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noted in the AXLi + Dasatinib treated group starting from the 12th day of measurements
(Figure 5a). The dual inhibitor group demonstrated an average reduction of approxi-
mately 60% (p < 0.001) in tumor volume in comparison to the untreated group. While the
Dasatinib group exhibited a tumor growth inhibition of around 20% compared to the un-
treated group, the dual inhibitor group achieved up to 70% inhibition relative to the un-
treated group (Figure 5b). Moreover, the dual inhibitor group displayed a tumor growth
inhibition of approximately 60% relative to the Dasatinib-treated group (Figure 5b). We
also assessed the tumor size after excising the tumors, and the results indicated a reduc-
tion in tumor volume of up to 60% (p < 0.1) for the dual inhibitor group when compared
to the untreated group (Figure 5c). No significant changes were observed for the Da-
satinib-treated group. Additionally, we analyzed the DDR2, SHP2 and SRC activity levels
in the tumor lysates using Western blotting (Figure 5d), observing a significant decrease
in protein levels for the dual inhibitor group relative to the untreated group. These find-
ings suggest a successful inhibition of KRAS activity downstream of SRC following the
dual inhibitor (AXLi + Dasatinib) therapy, contributing to tumor sensitization and the
subsequent reduction in tumor volume.
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Figure 5. Synergistic AXL and SRC therapy in vivo. (a) Tumor growth reduction in A549 xenografts
treated with Dasatinib or combination of AXLi and Dasatinib (b) Corresponding graph showing
tumor growth inhibition (%). (¢) Tumor volume reduction plot for excised tumors. (d) Western blot
image for DDR2, SHP2 and SRC activity in tumor lysates at the end of study. p-values are denoted
by * (p <0.05), ** (p < 0.01), ** (p < 0.001) or **** (p < 0.0001).

4. Discussion

KRAS mutant NSCLC poses a therapeutic challenge due to its reliance on adaptive
survival mechanisms, which enable resistance to targeted therapies [19]. The previous
studies have shown that Dasatinib, a SRC inhibitor, achieves limited efficacy due to the
activation of compensatory pathways [9], particularly those mediated by RTKSs such as



Cancers 2025, 17, 490

10 of 12

AXL [20]. AXL, a member of the TAM family of RTKs, is implicated in activating survival
pathways, including RAS/RAF/MAPK and PI3K/Akt/mTOR, which are critical for tumor
proliferation and resistance [4]. Notably, inhibition of SRC often triggers upregulation of
RTKSs as a feedback mechanism to sustain oncogenic signaling, thereby reducing the ther-
apeutic efficacy of SRC-targeted treatments [20]. Based on these findings, we hypothe-
sized that simultaneous inhibition of AXL and SRC could effectively suppress this feed-
back loop, reduce KRAS-driven signaling and enhance the therapeutic potential of Da-
satinib in KRAS mutant NSCLC. Our findings strongly support the hypothesis that AXL
plays a role in resistance to Dasatinib in KRAS mutant NSCLC. Using both pharmacolog-
ical inhibition with SGI-7079 and genetic suppression with siRNA, we demonstrated that
AXL inhibition significantly sensitizes KRAS mutant NSCLC cell lines, such as A549
(KRAS G12S) and H460 (KRAS Q61H), to Dasatinib. Notably, A549 and H460 cells exhib-
ited a reduction in Dasatinib ICs0 values by three-fold and sixteen-fold, respectively. In
contrast, the AXL-negative H441 cell line (KRAS G12V) showed no significant change in
ICso values, indicating the AXL'’s role in resistance. These results indicate that the suppres-
sion of AXL disrupts key survival pathways, enhancing the cytotoxic effects of Dasatinib.
Furthermore, we observed that dual inhibition of AXL and SRC disrupted DDR2 and
downstream KRAS signaling. DDR2, a key mediator in resistance mechanisms, was par-
tially downregulated upon AXL suppression. The combination of Dasatinib and SGI-7079
further abrogated downstream signaling through RAS and its effectors, significantly in-
creasing pro-apoptotic markers such as cleaved caspase-3 and cleaved PARP. Addition-
ally, immunocytochemistry revealed increased cytosolic cytochrome-C levels, confirming
the activation of mitochondrial apoptosis pathways. In vivo studies using A549 xenografts
corroborated these findings. Dual inhibition of AXL and SRC produced superior tumor
growth inhibition (TGI ~70%) compared to either monotherapy. This robust therapeutic
response highlights the necessity of targeting AXL as a critical node in overcoming adap-
tive resistance to Dasatinib. This study demonstrates the therapeutic potential of dual in-
hibition of AXL and SRC in addressing resistance mechanisms in KRAS mutant NSCLC.
Our findings reveal that AXL suppression disrupts compensatory feedback loops that
maintain KRAS-driven oncogenic signaling during SRC inhibition, thereby enhancing the
efficacy of Dasatinib. Dual inhibition impaired DDR2 and KRAS activity and induced ro-
bust apoptotic responses through mitochondrial pathways, leading to significant tumor
growth inhibition in vivo. This study lays the fundamental groundwork for developing
more effective combination therapies in this challenging subset of lung cancer by eluci-
dating the molecular mechanisms underlying these synergistic effects. Further studies are
warranted to understand the detailed mechanism and unequivocal confirmation of ther-
apeutic efficacy, as our studies are limited to one cell line. However, our study highlights
the vital role of AXL in adaptive resistance, supporting clinical strategies that target both
AXL and SRC to enhance outcomes in KRAS mutant NSCLC.

5. Conclusions

In this study we demonstrate the therapeutic potential of synergistic treatments in
KRAS mutant NSCLC targeting AXL and SRC. Our findings indicate that targeting SRC
alone in NSCLC may activate an AXL RTK switch that will impede complete shutdown
of KRAS activity downstream. We show that dual inhibition of AXL and SRC led to im-
pairment of DDR2 regulation and downstream KRAS activity. Furthermore, we show that
dual inhibition leads to successful activation of pro-apoptotic markers in the cell, release
of cytochrome-C in the cytosol, cell-death and subsequent sensitization of cells towards
Dasatinib. Finally, we validated that co-inhibition of AXL and SRC significantly reduced
tumor growth in A549 xenografts. In conclusion, the results from this study support the
therapeutic potential of dual inhibition of AXL and SRC towards KRAS mutant NSCLC
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therapies and will aid in our understanding of molecular mechanisms behind TKI thera-
pies in KRAS mutant harboring cancers.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: Flow cytometry data for AXL and SHP2 (inactivated) expression
in A549 cells before and after treatment with Dasatinib (DAS), siAXL or a combination of both for
48 h. Results indicate a spike in AXL expression when SRC is inactivated and a spike in inactivated
SHP2 when both AXL and SRC are co-inhibited.; Figure S2: Quantification of cytochrome-C fluo-
rescence intensity in A549 cells before and after treatment with DAS or siAXL + DAS.

Author Contributions: S.M. and R.K. conceived the hypothesis. S.M. and S.G. carried out the West-
ern blotting. S.M. performed the cell culturing and toxicity assays. D.S. carried out cellular imaging.
D.S. and S.M. performed the cytochrome-C assay. D.S., S.M. and S.G. performed the CRISPR-Cas9
knockout. S M., A.Z.,, S.Y. and A.U. handled the animal studies. S.M carried out the statistics. S.M.,
D.S. and R.K. wrote and edited the manuscript. All authors have read and agreed to the published

version of the manuscript.

Funding: This research was funded by the National Institutes of Health (Grant No. NIH R01-
CA274677-01). RK. Thank you Michael J. and Sharon R. Bukstein for their generous endowment
funds supporting the study.

Institutional Review Board Statement: The animal study protocol for this study (protocol number:
9342) was approved by the MU Institutional Animal Care and Use Committee (IACUC) at the Uni-

versity of Missouri.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data related to this publication is presented in the main text or

Supporting Information.

Conflicts of Interest: The authors declare no competing financial interests.

References

1.  Koulouris, A.; Tsagkaris, C.; Corriero, A.C.; Metro, G.; Mountzios, G. Resistance to TKIs in EGFR-Mutated Non-Small Cell Lung
Cancer: From Mechanisms to New Therapeutic Strategies. Cancers 2022, 14, 3337. https://doi.org/10.3390/cancers14143337.

2. Reita, D; Pabst, L.; Pencreach, E.; Guérin, E.; Dano, L.; Rimelen, V.; Voegeli, A.-C.; Vallat, L.; Mascaux, C.; Beau-Faller, M. Direct
Targeting KRAS Mutation in Non-Small Cell Lung Cancer: Focus on Resistance. Cancers 2022, 14, 1321.
https://doi.org/10.3390/cancers14051321.

3. Zhu, C; Wei, Y.; Wei, X. AXL Receptor Tyrosine Kinase as a Promising Anti-Cancer Approach: Functions, Molecular Mecha-
nisms and Clinical Applications. Mol. Cancer 2019, 18, 153. https://doi.org/10.1186/s12943-019-1090-3.

4.  Gay, C.M,; Balaji, K.; Byers, L.A. Giving AXL the Axe: Targeting AXL in Human Malignancy. Br. J. Cancer 2017, 116, 415-423.
https://doi.org/10.1038/bjc.2016.428.

5. Masaki, T; Igarashi, K.; Tokuda, M.; Yukimasa, S.; Han, F.; Jin, Y.J.; Li, ].Q.; Yoneyama, H.; Uchida, N.; Fujita, J.; et al. Pp60c-
SRC Activation in Lung Adenocarcinoma. Eur. J. Cancer 2003, 39, 1447-1455. https://doi.org/10.1016/S0959-8049(03)00276-4.

6.  Giaccone, G.; Zucali, P.A. SRC as a Potential Therapeutic Target in Non-Small-Cell Lung Cancer. Ann. Oncol. 2008, 19, 1219-
1223. https://doi.org/10.1093/annonc/mdn048.

7.  Bjorge, ].D.; Jakymiw, A.; Fujita, D.J. Selected Glimpses into the Activation and Function of SRC Kinase. Oncogene 2000, 19,
5620-5635. https://doi.org/10.1038/sj.onc.1203923.

8. Redin, E.; Garmendia, I.; Lozano, T.; Serrano, D.; Senent, Y.; Redrado, M.; Villalba, M.; De Andrea, C.E.; Exposito, F.; Ajona, D.;
et al. SRC Family Kinase (SFK) Inhibitor Dasatinib Improves the Antitumor Activity of Anti-PD-1 in NSCLC Models by Inhib-
iting Treg Cell Conversion and Proliferation. J. Immunother. Cancer 2021, 9, €001496. https://doi.org/10.1136/jitc-2020-001496.

9.  Johnson, F.M.; Bekele, B.N.; Feng, L.; Wistuba, I.; Tang, X.M.; Tran, H.T.; Erasmus, ].J.; Hwang, L.-L.; Takebe, N.; Blumenschein,

G.R; et al. Phase II Study of Dasatinib in Patients with Advanced Non-Small-Cell Lung Cancer. JCO 2010, 28, 4609-4615.
https://doi.org/10.1200/JCO.2010.30.5474.



Cancers 2025, 17, 490 12 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Xu, C.; Buczkowski, K.A.; Zhang, Y.; Asahina, H.; Beauchamp, E.M.; Terai, H.; Li, Y.Y.; Meyerson, M.; Wong, K.; Hammerman,
P.S. NSCLC Driven by DDR2 Mutation Is Sensitive to Dasatinib and JQ1 Combination Therapy. Mol. Cancer Ther. 2015, 14, 2382—
2389. https://doi.org/10.1158/1535-7163.MCT-15-0077.

Hammerman, P.S.; Sos, M.L.; Ramos, A.H.; Xu, C,; Dutt, A.; Zhou, W.; Brace, L.E.; Woods, B.A.; Lin, W.; Zhang, J.; et al. Muta-
tions in the DDR2 Kinase Gene Identify a Novel Therapeutic Target in Squamous Cell Lung Cancer. Cancer Discov. 2011, 1, 78—
89. https://doi.org/10.1158/2159-8274.CD-11-0005.

Murakami, Y.; Kusakabe, D.; Watari, K.; Kawahara, A.; Azuma, K., Akiba, ].; Taniguchi, M.; Kuwano, M.; Ono, M.
AXL/CDCP1/SRC Axis Confers Acquired Resistance to Osimertinib in Lung Cancer. Sci. Rep. 2022, 12, 8983.
https://doi.org/10.1038/s41598-022-12995-8.

Rankin, E.B.; Fuh, K.C.; Castellini, L.; Viswanathan, K.; Finger, E.C.; Diep, A.N.; LaGory, E.L.; Kariolis, M.S.; Chan, A ; Lindgren,
D.; et al. Direct Regulation of GAS6/AXL Signaling by HIF Promotes Renal Metastasis through SRC and MET. Proc. Natl. Acad.
Sci. USA 2014, 111, 13373-13378. https://doi.org/10.1073/pnas.1404848111.

Sala, M.; Allain, N.; Moreau, M.; Jabouille, A.; Henriet, E.; Abou-Hammoud, A.; Uguen, A.; Di-Tommaso, S.; Dourthe, C.; Ray-
mond, A.-A.; et al. Discoidin Domain Receptor 2 Orchestrates Melanoma Resistance Combining Phenotype Switching and Pro-
liferation. Oncogene 2022, 41, 2571-2586. https://doi.org/10.1038/s41388-022-02266-1.

Iwai, L.K,; Payne, L.S.; Luczynski, M.T.; Chang, F.; Xu, H.; Clinton, RW.; Paul, A.; Esposito, E.A.; Gridley, S.; Leitinger, B.; et al.
Phosphoproteomics of Collagen Receptor Networks Reveals SHP-2 Phosphorylation Downstream of Wild-Type DDR2 and Its
Lung Cancer Mutants. Biochem. . 2013, 454, 501-513. https://doi.org/10.1042/BJ20121750.

Yang, K; Kim, J.H.; Kim, H.J.; Park, I.-S.; Kim, 1.Y.; Yang, B.-S. Tyrosine 740 Phosphorylation of Discoidin Domain Receptor 2
by SRC Stimulates Intramolecular Autophosphorylation and Shc Signaling Complex Formation. J. Biol. Chem. 2005, 280, 39058—
39066. https://doi.org/10.1074/jbc.M506921200.

Ruess, D.A.; Heynen, G.J.; Ciecielski, K.J.; Ai, J.; Berninger, A.; Kabacaoglu, D.; Gorgiilii, K.; Dantes, Z.; Wérmann, S.M.; Dia-
kopoulos, K.N.; et al. Mutant KRAS-Driven Cancers Depend on PTPN11/SHP2 Phosphatase. Nat. Med. 2018, 24, 954-960.
https://doi.org/10.1038/s41591-018-0024-8.

Bunda, S.; Heir, P.; Srikumar, T.; Cook, ].D.; Burrell, K.; Kano, Y.; Lee, ].E.; Zadeh, G.; Raught, B.; Ohh, M. SRC Promotes GTPase
Activity of Ras via Tyrosine 32 Phosphorylation. Proc. Natl. Acad. Sci. USA 2014, 111, E3785-E3794.
https://doi.org/10.1073/pnas.1406559111.

Reck, M.; Carbone, D.P.; Garassino, M.; Barlesi, F. Targeting KRAS in Non-Small-Cell Lung Cancer: Recent Progress and New
Approaches. Ann. Oncol. 2021, 32, 1101-1110. https://doi.org/10.1016/j.annonc.2021.06.001.

Bromann, P.A.; Korkaya, H.; Courtneidge, S.A. The Interplay between SRC Family Kinases and Receptor Tyrosine Kinases.
Oncogene 2004, 23, 7957-7968. https://doi.org/10.1038/sj.onc.1208079.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.



