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ABSTRACT

Receptor tyrosine kinase (RTK)-targeted therapies are often effective but invariably limited by
drug resistance. A major mechanism of acquired resistance involves “bypass” switching to
alternative pathways driven by non-targeted RTKs that restore proliferation. One such RTK is
AXL whose overexpression, frequently observed in bypass resistant tumors, drives both cell
survival and associated malignant phenotypes such as epithelial-to-mesenchymal (EMT)
transition and migration. However, the signaling molecules and pathways eliciting these
responses have remained elusive. To explore these coordinated effects, we generated a panel of
mutant lung adenocarcinoma PC9 cell lines in which each AXL intracellular tyrosine residue was
mutated to phenylalanine. By integrating measurements of phosphorylation signaling and other
phenotypic changes associated with resistance through multivariate modeling, we mapped
signaling perturbations to specific resistant phenotypes. Our results suggest that AXL signaling

can be summarized into two clusters associated with progressive disease and poor clinical
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outcomes in lung cancer patients. These clusters displayed favorable Abll and SFK motifs and
their phosphorylation was consistently decreased by dasatinib. High-throughput kinase
specificity profiling showed that AXL likely activates the SFK cluster through FAK1 which is
known to complex with Src. Moreover, the SFK cluster overlapped with a previously established
focal adhesion kinase (FAK1) signature conferring EMT-mediated erlotinib resistance in lung
cancer cells. Finally, we show that downstream of this kinase signaling, AXL and YAP form a
positive feedback loop that sustains drug tolerant persister cells. Altogether, this work
demonstrates an approach for dissecting signaling regulators by which AXL drives erlotinib

resistance-associated phenotypic changes.

One-sentence summary: A systems biology approach elucidates the signaling pathways driving

AXL-mediated erlotinib resistance in lung cancer.

INTRODUCTION

Lung cancer is the leading cause of cancer mortality, accounting for almost 25% of all cancer
deaths in the United States for 2022 (/). Comprehensive genomic sequencing and expression
profiling of non-small cell lung cancer (NSCLC) patients, the most common form of lung cancer,
has helped to identify genetic alterations that drive disease progression and can be therapeutically
targeted with improved clinical efficacy and safety compared to conventional chemotherapy. One
such therapy is the EGFR tyrosine kinase inhibitor (TKI) erlotinib which is effective in patients
with advanced EGFR mutant (EGFRm) NSCLC (2). However, despite being initially effective,
targeted therapies invariably result in incomplete responses, with tumor relapse upon acquiring
drug resistance. A major source of resistance to EGFR targeted therapy arises from secondary

mutations in the kinase domain, such as the “gatekeeper” EGFRTM, leading to an increased
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affinity towards ATP relative to its TKI affinity. Second- and third-generation EGFR TKI therapies,
such as afatinib and osimertinib respectively, have been developed to effectively target resistance
derived from mutant forms of EGFR (3). However, while agents targeting EGFR secondary
mutations delay tumor relapse, the efficacy of these therapies is ultimately limited by resistance

through still other mechanisms.

Another well-appreciated means of resistance to EGFR inhibition is receptor tyrosine kinase
(RTK) “bypass” resistance, wherein alternative pathways are activated so that cells are no longer
reliant on the drug-targeted pathway. Our lab and others have shown that, while individual RTKs
are able to activate a common set of downstream pathways, they do so to varying extents and thus
have varied capacity to confer bypass resistance (4—6). Two well-studied RTK bypass resistance
mechanisms are Her3 signaling providing resistance to Her2-targeted therapy in breast carcinoma
and Met signaling driving resistance to EGFR-targeted therapies in lung carcinoma (35, 7-9).
Bypass resistance-conferring RTKs may contribute to intrinsic or acquired resistance, can become
activated by ligand-mediated autocrine or paracrine induction, amplification, or mutations, and

can sometimes be targeted by combination therapy!°.

AXL, a member of the Tyro3, AXL, and MerTK (TAM) RTK family, is frequently upregulated in
tumors resistant to chemotherapy, targeted therapies, and immunotherapy, across cancer types,
including EGFR-driven NSCLC (/0-20). AXL expression is additionally associated with
additional phenotypic changes in resistant cells, including epithelial-to-mesenchymal transition
(EMT) and cell migration, indicative of increased metastatic capacity (2/—27). Furthermore, AXL
has been shown to sustain the viability of osimertinib resistant cells in lung cancer in vitro and in
vivo EGFRm lung cancer models (28, 29). A landmark study describing AXL-driven erlotinib

resistance showed that tumor xenografts with acquired resistance harbored altered expression of


https://doi.org/10.1101/2023.10.20.563266
http://creativecommons.org/licenses/by-nd/4.0/

75

80

85

90

95

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563266; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-ND 4.0 International license.

several EMT marker genes (/4). AXL additionally drives resistance to EGFR inhibition of cycling
drug-tolerant persister (DTP) cells by protecting them against treatment-induced DNA damage
through the activation of low-fidelity DNA polymerases, MYC activation, and a
pyridine/pyrimidine metabolism imbalance (29). The triple combination treatment of osimertinib,
cetuximab, and an anti-AXL antibody led to cures in mice whose tumors had already acquired
resistance to osimertinib (29). Based on these observations, ongoing phase I/II clinical trials are
testing the clinical benefit of AXL and EGFR inhibitor combinations in EGFRm NSCLC

(NCT02729298).

Although drug resistance is commonly quantified as a measure or proxy of cell number, tumor
relapse is a multifaceted challenge driven by the development of malignant phenotypes that
coordinately promote tumor growth and metastasis (30). AXL has been involved in a myriad of
biological processes that direct cancer progression, including EMT and metastasis (21, 22, 24, 31),
inhibition of apoptosis (32) and induction of cell proliferation (717, 28, 33), DNA damage repair
(29, 34, 35), endocytosis (13, 36), and tumor immunosuppression (10, 20, 37, 38). Consequently,
it is unclear exactly which pathways AXL activates to promote resistance, and therefore where,
when, and how AXL-mediated resistance develops. Increasing our mechanistic understanding of
how AXL regulates these pathways will inform the design of more precise targeted therapy
combinations that simultaneously inhibit AXL as well as effector downstream pathways driving
resistance. Moreover, a better characterization of AXL signaling might help to better understand
the shortcomings of anti-AXL therapies currently undergoing clinical trials. However, identifying
these pathways is hindered by RTK crosstalk and signaling pleiotropy: Each RTK regulates a set

of downstream pathways that can be also regulated by other RTKs alone or in combination.
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Therefore, we require a methodology that specifically addresses RTK redundancy and signaling

pleiotropy to mechanistically characterize AXL-mediated bypass resistance.

Mutational studies perturbing phosphorylation sites can break RTK pleiotropy into pathway-
specific effects. Upon interaction with its cognate ligand, an RTK dimer auto-phosphorylates
100  tyrosine (Y) residues within its kinase domain and C-terminal tail, creating binding sites for
interacting adapters and kinases with phospho-binding domains (PBD) such as SH2 domains (39).
The RTKSs then phosphorylate these signaling proteins to initiate downstream signaling cascades
(6). Since phenylalanine (F) is a non-phosphorylatable mimetic of Y, Y-to-F mutational studies
provide a tool for dissecting the signaling role of individual phosphosites. For instance, AXL drives
105 resistance to cetuximab and radiation through interaction of Abl1 with AXL Y821 in head and neck
cancer; accordingly, editing Y821 to F abolishes this resistance (40). Other AXL Y-to-F mutational
experiments have shown that Y821 serves as a docking site for PLCy, p85, GRB2, as well as Src
and Lck (47). As individual AXL Y-to-F mutations have different signaling effects, we
hypothesized that these mutations would also distinctly mediate AXL’s ability to confer erlotinib
110 resistance, providing an opportunity to establish specific AXL signaling and phenotypic

associations during bypass resistance.

Here, we apply an integrated experimental and computational strategy to systematically elucidate
the downstream signaling proteins and pathways driving cell survival and associated phenotypes
in response to AXL activation. To do so, we generated a cell line panel wherein each cell line
115 carries a single Y-to-F mutation in AXL. We measured phosphorylation signaling alongside
viability, apoptosis, migration, and an erlotinib-induced clustering effect in AXL-activated cells
treated with erlotinib. Through statistical modeling to analyze the paired AXL-driven

phosphoproteomic and phenotypic measurements, our results indicate that AXL activates Src-
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family kinases (SFK), Abll, and focal adhesion kinase 1 (FAK1) which serve as key upstream
120  components of the YAP pathway to promote cancer cell growth. Accordingly, we observed that
AXL activation drives increased YAP nuclear translocation, whereas YAP inhibition led to
decreased AXL expression and kinase activity. The fact that the AXL downstream signaling
signature was strongly correlated with AXL expression in EGFRm tumors, as well as poor survival

and progressive disease in LUAD patients, supports the clinical relevance of our findings.

125  RESULTS

AXL’s capacity for erlotinib resistance varies across AXL Y-to-F mutants

To isolate the AXL pathways driving specific phenotypic effects, we generated a panel of AXL
Y-to-F mutant cell lines and collected phosphoproteomic and phenotypic measurements of each
during AXL-driven bypass signaling. We selected these AXL tyrosines based on selection-based

130 FACS assays wherein we transiently introduced an AXL-IRES-GFP plasmid in PC9 AXL KO
cells treated with erlotinib (E) and quantified E-based selection (Fig. S1A/B). We knocked-out
(KO) AXL in PC9 cells using CRISPR/Cas9 and then expressed either AXL wild-type (WT)
(KI), AXL kinase-dead (K567R, KD), or one Y-to-F AXL mutant cassette among Y 634F, Y643F,
Y698F, Y726F, Y750F, or Y821F using lentiviral transduction (Fig. 1A). We confirmed AXL

135 total abundance, cell-surface abundance, and activation in each cell line (Fig. S1C/D). We
observed that around 25% of the transduced PC9 cells express AXL, yet the total AXL expressed
and measured by western blot is at least equal to PC9 parental. This suggests that each
transduced AXL-expressing cell possesses on average 4-fold more AXL compared with parental
cells. While this is a caveat of our methodology, the higher AXL expression of the PC9 Y-to-F

140 mutant cells is still within the range of the reported AXL expression in other EGFRm lung cancer
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cell lines such as H2279 and H4006 (27). AXL activation is challenging to faithfully manipulate
given its dependence on phosphatidylserine (PS) present in apoptotic bodies and the spatially
heterogeneous presentation of its ligand Gas6 (42). Therefore, we used the AXL-activating
antibody AF154 (A) as a reproducible means of driving receptor activation. We did not detect

145 AXL phosphorylation in AXL KO and AXL Kinase Dead (KD) cells whereas KI and the Y-to-F
mutants showed different levels of kinase activity among each other. Notably, KI and the Y-to-F
mutants display lower activation levels than PC9 parental cells which indicate that despite the
increased AXL expression in PC9-transduced cells, the total amount of activated receptor on the
cell surface is still higher in the parental (Fig. S1D). As expected, we observed complete

150  inhibition of p-EGFR upon E treatment (Fig. S1E), and A-induced AXL activity was confirmed
by phosphorylation increase of Akt S473-p, a known indirect downstream effector of AXL

signaling (11, 43—45) (Fig. S1F).

Next, we measured the ability of the different AXL mutant cell lines to proliferate, survive,
migrate, and form cell “islands” in the presence of E or the combination of E and A (EA)

155 (Fig. 1A). We monitored cell proliferation and cell death using live cell imaging over 96 hours of
treatment with either E or EA (Fig. 1B/C). We observed a significant increase in cell
proliferation and decrease in apoptosis in EA-treated PC9 parental cells compared to the E
condition. KI cells followed the same trend with lesser magnitude, likely because each PC9 AXL
mutant cell line had a lower amount of the receptor on the cell surface than parental (Fig. S1C).

160  As expected, EA did not enhance proliferation or survival versus E in AXL KO and KD. While
the mutants Y643F and Y750F effectively behaved like AXL KO or KD, Y698F and Y726F cells

promoted proliferation and prevented apoptosis upon AXL activation. On the other hand, when
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EA-treated, Y821F and Y634F cells failed to increase cell proliferation and yet significantly

blocked apoptosis (Fig. 1B/C).

165 We performed a scratch-wound assay in parallel to evaluate the migratory capacity of each cell
line after treatment. After making a wound, we used live cell imaging for 24 hours to quantify
the ability of each cell line to migrate and re-occupy the space in the presence of E or EA. PC9
parental cells treated with E unexpectedly migrated similarly in the presence or absence of the
AXL-activating antibody, whereas the migratory ability of KO and KD was blocked, regardless

170 of treatment. Moreover, Y643F, Y698F, and Y726F became more motile after receptor activation,

while the mutations Y634F, Y750F, Y821F did not respond (Fig. 1D).

While evaluating the other phenotypes, we observed that E induced a clustering effect wherein
cells establish cell-to-cell adhesions and form small “cell islands” (Fig. 1E). Thus, we asked
whether the different PC9 AXL mutant cell lines varied in demonstration of this phenotype. To
175 quantify the extent of cell clustering, we applied Ripley’s K function, a spatial clustering metric
frequently used in astronomy to model whether objects such as stars are found closer to one
another than would be expected by chance (46, 47). This algorithm allowed us to test the spatial
distribution of PC9 cells against the null hypothesis that the cells are distributed randomly. In
agreement with our initial observation, we found that parental PC9 cells were more clustered
180  than expected by chance in response to E, whereas AXL activation partially reverted this
clustering. Y-to-F mutant cell lines displayed a trend counter to that observed in the scratch
wound assay: Y643F, Y698F and Y726F effectively behaved like PC9 parental and KI, whereas

Y634F, Y750F, and Y821F remained clustered upon EA treatment (Fig. 1E).

We used principal components analysis (PCA) to explore the relationships among the four

185 phenotypes we measured (Fig. 1F/G). Most of the variation, represented by principal component
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(PC) 1, prominently separated untreated cells from the other two treatment groups, and partly
separated EA from E cells. We took this component to represent overall cell fitness, which is
increased by moving positively along PC 1 for all the mutants except KO and KD, where A had
no effect (Fig. 1F, scores). Phenotypes increased by AXL activation are positively associated
190  with PC 1, while those decreased are negatively associated. By contrast, PC 2 separated AXL-
induced viability from migration effects; moving positively along PC 2 indicated an increase in
viability and a decrease in apoptosis while migration decreased; cells formed islands in the
opposite direction (Fig. 1G, loadings). The cell lines showed varying effects with AXL
activation: Y726F and Y750F shifted positively along PC 1 and negatively along PC 2 with A
195 treatment, reflecting migration-driven effects; Y634F and Y821F moved positively along PC 1

and PC 2, reflecting cell viability/apoptosis-driven effects.

Overall, these results suggest that each Y-to-F mutant affects cell viability, death, migration, and
clustering differently. On the one hand, representing extremes of phenotypic behavior, while
Y750F cells blocked all phenotypic effects, behaving like KO and KD, Y698F and Y726F cells
200  behaved like PC9 parental and KI, with little impact on phenotypic outcomes. On the other hand,
representing the most varied phenotypic outcomes, Y634F and Y821F mutant cells blocked
AXL-induced viability, migration, and scattering, while simultaneously enhancing cell survival

in the presence of E.

AXL mutants selectively disrupt downstream pathway effects

205  Intrigued by these differential phenotypic outcomes and to address whether differences in
downstream signaling drive these differences, we applied a mass spectrometry approach, as

previously described (48), to measure the signaling effect of AXL activation in the PC9 AXL
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mutant cells during EGFR inhibition. We treated each PC9 mutant cell line with E for 4 hours
and then stimulated AXL for 10 minutes before lysis. Hierarchical clustering of the resulting
210 phosphoproteomic data set showed AXL KO and KD clustered together, as expected, whereas

the other cell lines did not display obvious clustering (Fig. 2A).

To identify significant clusters in our data, we applied Dual Data-Motif Clustering (DDMC), an
approach that we previously developed to improve the computational modeling of signaling
networks by clustering phosphoproteomic data based on both abundance variation and sequence
215 information (49). We then used Partial Least Squares Regression (PLSR) to establish
associations between these signaling clusters and cellular response and DDMC to infer the

upstream kinases regulating each cluster (Fig. 2B).

DDMC requires selecting a series of hyperparameters (namely cluster numbers, sequence
weights, and PLSR components), which we did by assessing the ability of PLSR to predict the
220  phenotypes using each set of hyperparameters. We additionally inspected the interpretability of
the top 5% performing models and selected the one comprised by 5 clusters, a sequence weight
of 2, and 2 PLSR components (Fig. S2A—D). Several models using both the phosphorylation
abundance and sequence information, with a sequence weight of 1, 2, 3, or 5, outperformed all

models using either information source exclusively (Fig. S2C).

225  The resulting cluster (C) centers grouped the AXL-responsive behaviors. C1, C2, and especially
C3 were markedly decreased in PC9 AXL KO and KD cells, with varied phosphorylation signal
across Y-to-F mutants. C3 peptides were of particular interest to us because, in addition to a
dramatic phosphorylation decrease in AXL KO and KD, it showed an increased abundance in
PC9 AXL Y698F—a mutant that phenotypically behaves like PC9 parental (Fig. 1)—compared

230 with the other clusters. Conversely, C4 shows an increase in PC9 KO—but not KD—with

10
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respect to parental, and a lower phosphorylation signal in Y634F compared to the rest of clusters
(Fig. 2C). Cluster 5 had biologically inexplicable signaling trends, and so was disregarded (Fig.
S2E). We next investigated the cluster membership for all AXL phosphorylation sites
(phosphosites) and found all of them within C3, consistent with C3 displaying the most dramatic
235 AXL responsiveness (Fig. 2C/D). The lack of correlation between the phosphorylation
differences observed in the AXL phosphosites with total or cell surface AXL levels per cell line
suggests that the variation in signaling was not due to varying ectopic AXL expression (Fig.

S10).

We ran Gene Set Enrichment Analysis (GSEA) on each cluster to explore their functional roles.
240  We found that C1 is strongly enriched in a TGF-beta signaling pathway signature; C2 and C3
share the enrichment of several biological processes associated with the activation of RTK
signaling (EGFR / VEGFR) and the regulation of focal adhesions; and C4 is uniquely enriched in
a STAT3 signaling pathway signature (Fig. 2E). These results highlight known AXL-mediated
processes, such as downstream EGFR pathway re-activation and focal adhesion regulation, as
245 well as less established programs such as TGF-beta and STAT3 signaling?’. To obtain a general
view of the composition of the different clusters, we next explored the cluster assignments and
phosphorylation of RTKs, receptor adapters, and canonical protein kinases in PC9 parental and
AXL KO cells treated with EA (Fig. 2F). Among RTKs, we found a decrease in the
phosphorylation of Epha2 Y594-p and Her2 Y877-p in AXL KO compared to PC9 parental. On
250  the other hand, we observed an E-induced phosphorylation increase in Met S988-p and Her2
YS877-p in E-treated PC9 parental cells which was abolished in the presence of the AXL inhibitor
R428 (Fig. 2G). This E-induced phosphorylation is of particular interest because it is consistent

with previous studies that have suggested signaling crosstalk between AXL and HER?2 to drive

11
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resistance to anti-HER2 therapy in breast cancer, as well as between AXL and EPHA2 or MET to

255  confer resistance to EGFR inhibitors (/7, 28, 50, 51). Of similar interest is the fact that the RTK
adapters Gab1/2, Eps8, Sos1, or Dappl as well as the E3-ubiquitin ligase Cbl-b are markedly
downregulated in AXL KO, and that the phosphorylation of these proteins is dependent on the
availability of AXL Y821, as evident from the fact that these phosphosites were not
phosphorylated in the AXL Y82I1F cell line (Fig. S2F). Moreover, we observed increased

260  phosphorylation of the Src-Family Kinases (SFK) Frk, Lyn, Lck, Yes1, as well as Abl1 and its
substrate and regulator Abi2 in C2 and C3. While Frk, Lyn, and Lck phosphorylation was
increased upon E treatment, monotherapy, or concomitant addition of the AXL inhibitor R428
decreased their phosphorylation. R428 also inhibited Abi2 and Abl1, suggesting an AXL-specific
activation of SFK and Abl1 (Fig. 2F/G). AXL activation led to a strong phosphorylation increase

265  of Y187-p and Y204-p located in the activation segment of Erk1 and Erk2, respectively. AXL-
mediated Erk1&2 activation, which are both C3 members, have been previously reported as
drivers of erlotinib resistance (/4). Administration of E (in the absence of the AXL-activating
antibody) and R428, as single agents or in combination, inhibited both Erk1&2 phosphosites,
which suggests an activation of ERK signaling by AXL. Conversely, JNK2 and JNK3

270 phosphosites were modestly more abundant in AXL KO than in PC9 parental and clustered in C4
(Fig. 2F/G). Given the signaling behavior and cluster composition of C3, we decided to use
STRING to map the protein-protein interactions while observing the phosphorylation changes of
PC9 parental compared AXL KO cells within C3. We found that in addition to Erk1/2, other
kinases are highly regulated by AXL activation within C3 such as Cdk1 (as shown by the lack of

275 phosphorylation of its inhibitory phosphosite Y15), Prkcd, Cilk1, Ackl, and the phosphatase

Shp2 (Fig. S2G). GSEA indicated that signaling cluster C3 displays increased phosphorylation

12
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abundance focal adhesion and cytoskeletal remodeling regulators (Fig. 2E). This focal adhesion
signature includes SHP2 Y542-p, SIPRA Y496-p, Tjpl S1196-p, Tjp2 Y249-p, p130cas (BCARI)

Y234-p, Actinl Y215-p, and Afadin (MLLT4) Y1230-p, among others (Fig. 2E).

280 In conclusion, the phosphorylation-based signaling landscape varied across AXL phosphosite
mutants, demonstrating that single Y-to-F mutations lead to distinct AXL-specific signaling
perturbations and cell responses (Fig. 2 and 3). DDMC summarized the network-level
phosphorylation changes across PC9 Y-to-F mutants during switched AXL activation and found
that C1, C2, and especially C3 correlate with AXL activation levels, while peptides in C4 are

285  slightly increased in AXL KO cells compared with parental. These results led us to identify

specific signaling-to-phenotype relationships by PLSR.

DDMC clusters predict AXL-mediated phenotypic responses and identify C1, C2, and C3

as downstream drivers of erlotinib resistance

To associate the different AXL-mediated signaling clusters and phenotypes, we regressed the

200  DDMC cluster centers against the phenotypic responses using PLSR (Fig. 2B). To verify the
importance of DDMC-mediated clustering for prediction, we assessed the prediction
performance of a PLSR model using different clustering strategies: no clustering (i.e., regressing
the phosphoproteomic data set directly), k-means clustering, clustering with a Gaussian Mixture
Model (GMM), DDMC using only the sequence information (DDMC seq), or DDMC equally

295  prioritizing the phosphorylation abundance and peptide sequences (DDMC mix). We found that
PLSR was only able to accurately predict all four phenotypes when using the cluster centers

generated by DDMC mix. By contrast, a PLSR model fit to the MS data directly was not able to

13
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predict any of the phenotypes, likely due to the overwhelming number of peptides (498)

compared to cell lines (10) (Fig. 2H).

300  The scores and loadings of the resulting PLSR model illustrate the varying capacity of the
different PC9 cell lines to promote cell proliferation and migration. PC 1 was indicative of
overall cancer cell fitness (Fig. 21/J) like PC 1 of the AXL phenotypes PCA analysis
(Fig. 1F/G). PC9 parental, as well as the AXL mutants Y698F and Y643F, associated with
increased cell fitness positively along PC 1, whereas PC9 AXL KO and KD were heavily

305  negatively weighted along the same axis, thus strongly associating with erlotinib-induced
apoptosis and the island effect. PC 2 appears to capture variation that is specific to apoptosis as
cells with increased apoptotic phenotypes move positively along this axis. The PLSR model
captures an inverse association between apoptosis and the PC9 AXL mutants Y634F and Y821F
as they are negatively associated with PC 2, consistent with the exclusive phenotypic effect of

310 Y634F and Y82IF in reducing apoptosis (Fig. 1C and 2I); their PLSR scores were not weighted
along PC 1 and therefore not associated with proliferation, migration, nor the island effect. These
results highlight that the phosphoproteomic variation of AXL Y634F and Y821F are consistent
with signaling changes that drive their ability to exclusively block cell death, without affecting
other phenotypes. We found that only C3 strongly associates with cell migration and

315 proliferation along both PC1 and PC 2, whereas C1, C2, and C3 strongly associate with cell
migration and proliferation across PC1 but not PC 2 (Fig. 21/J). Altogether, the results of our
paired experimental and computational approach suggest that AXL activates C1, C2, and C3 to

promote cell proliferation and migration in the presence of E.

AXL downstream signaling correlates with poor patient survival and progressive disease in

320 EGFRm LUAD patients
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We sought to explore the clinical relevance of the AXL downstream signaling identified by our
analysis and its association with resistance to EGFR therapy. To do so, we first selected the
phosphosites in C1, C2, and C3 and ranked them by log2 fold-change in PC9 parental versus
PC9 AXL KO. This was used to define an “AXL downstream signature” that shows an

325  enrichment of an EGFR TKI resistance signature according to ranked GSEA (Fig. 3A).

Next, we interrogated proteomic, phosphoproteomic, and transcriptomic data sets from different
clinical studies to investigate the relationship between AXL, its downstream signaling defined by
C1, C2, and C3, and patient outcomes. We asked if this AXL downstream signature is enriched in
AXL-high LUAD tumors and whether it correlates with poor clinical outcomes. To achieve this,

330  we used data from the National Cancer Institute (NCI)’s Clinical Proteomic Tumor Analysis
Consortium (CPTAC) lung adenocarcinoma (LUAD) study which covers the proteogenomic data
of over 100 treatment-naive lung adenocarcinoma tumors (52). We stratified the CPTAC LUAD
patient samples into AXL-high or AXL-low tumors based on the receptor’s protein expression
and looked at the overall and phosphorylation abundance of the members of C1-3. At the protein

335  level, there was a significant enrichment in the abundance of C1, C2, and C3 proteins in AXL-
high and EGFRm tumors compared to AXL-low and EGFR WT (Fig. 3B/C). Among the 491
phosphosites observed in our AXL mass spectrometry data set (Fig. 2A), only 110 were
measured in CPTAC. After grouping these peptides into C1, C2, and C3, we did not observe a
difference in their phosphorylation abundance when comparing AXL-high versus AXL-low

340  tumors, however, in EGFRm compared with EGFR WT tumors, AXL-high tumors displayed a
strong phosphorylation enrichment of the AXL signature, specifically in C2 and C3 but not C1
(Fig. 3D and Fig. S3A/B). Thus, the identified AXL downstream signaling occurs in clinical

specimens and is specific to EGFRm tumors.
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Even though phosphorylation and transcriptional changes are often discordant, most of the

345  biological information of tumor biopsies at the single cell resolution is comprised by gene
expression. Thus, we asked whether the gene expression of those proteins included in the
phosphoproteomic AXL downstream signature is higher in EGFRm tumors displaying
progressive disease and metastasis, and thus resistance to EGFR-targeted therapies. Using
previously published single cell RNAseq (scRNAseq) data (53), we observed that AXL

350  expression was significantly increased in progressive disease and metastatic tumors (Fig.
S3C/D). The gene expression of our phosphoproteomic AXL downstream signature was
significantly upregulated in cancer cells compared with other cell types, in L858R EGFR+
tumors, as well as in progressive disease and metastatic tumors (Fig. 3E-J). By plotting each
cluster separately, we found that these differences can be accounted for by the contribution of

355  genes present in C2 and C3, but not C1 (Fig. S3E-S).

Using TCGA data, we explored whether the gene expression of AXL downstream signaling
correlates with poor overall survival of LUAD patients. We observed statistically significant
decreases in the percent survival of patients with higher gene expression of C2 and C3 gene
expression in LUAD, lung squamous cell carcinoma (LUSC), and pancreatic adenocarcinoma
360  (PAAD) tumors (Fig. 3J/K). Enrichment of our AXL signature in PAAD patients with poor
clinical outcomes is consistent with the fact that many PAAD tumors are driven by mutant
EGFR. Moreover, AXL has indeed also been implicated in resistance to TKI in both LUSC and

PAAD (24, 54, 55).

Above we showed that DDMC identified three clusters of phosphosites regulated by AXL
365  activity that correlate with cell viability and migration in vitro. Here, we asked whether these

sites, as well as the transcript and protein expression of these proteins, are associated with poor
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clinical outcomes in different patient cohorts. At the phosphorylation level, we observed that the
AXL downstream signature is specifically enriched in EGFRm and not EGFR WT tumors. At the
protein level, the expression of C1, C2, and C3 members was higher in EGFRm and AXL-high
tumors. Finally, the transcriptional expression of these proteins showed a remarkable association

with poor clinical outcomes.

Dasatinib selectively targets C2 and C3

Given the strong correlation between the transcript expression of the proteins in C2 and C3
identified in our phosphoproteomic model and poor prognosis in LUAD patients, we decided to
further investigate the regulation of these clusters by AXL signaling. A feature of DDMC is the
construction of position-specific scoring matrices (PSSMs) for each cluster which represent the
frequency of each residue across peptide positions. These computationally derived kinase motifs
can then be compared against a compendium of 60 experimentally determined kinase motifs to

infer the upstream kinases regulating each cluster (49) (Fig. 2B).

DDMC inferred that CK2, Abll, and SFK act upstream of C1, C2, and C3, respectively (Fig.
4A). C1, the only pS/T cluster, displays a kinase motif characterized by the strong enrichment of
an acidophilic C-terminus, a known hallmark of CK2 specificity (Fig. S2H) (56, 57). The GSEA
results of C1 provides support to this DDMC upstream kinase prediction as CK2 has been
reported to be activated by TGFf treatment and required for TGFB-induced EMT (Fig. 2E) (58).
CK2 has also been shown to phosphorylate the C1 members Mcm2, Ldlr, and Sptbnl (59). With
C2, the PSSM is consistent with an Abl1 kinase motif; the kinase specificity of Abll features a
proline at position +3 with respect the phosphorylation site, an isoleucine at -1 and an alanine at

+1 (Fig. S2I). Both C2 and C3 have sequence motif features associated with SFK: C2 has a
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strong enrichment of acidic residues at position -3 and to a lesser extent at position -2 (Fig. S2J).
390  The SFK Yesl specifically favors glycine, threonine, and tryptophan at position +1 as well as
serine, glycine, and methionine at -2, which are all included in the PSSM of C2. On the other
hand, C3 displays a strong enrichment of hydrophobic residues leucine and phenylalanine at
position +3, serine and threonine at +2, and basic residues at position +4 and +5, which are all
specificity drivers of SFK. C3 was also inferred to be regulated by RTK signaling as its motif is
395  highly preferred by several receptors such as Alk, Met, and INSR. These receptors tend to target
substrates that present highly hydrophobic C-terminus in addition to hydrophilic residues at -1,
which are characteristics of the motif of C3. The association of C3 with RTKs is illustrated by a

STRING network map and is consistent with the GSEA of C3 (Fig. 2E and Fig. S2G).

To experimentally test these links and whether SFKs and Abl1 may regulate C2 and C3 peptides,
400  we measured cell proliferation and the global phosphoproteomic state of PC9 cells upon
treatment with the targeted inhibitor dasatinib. We first asked whether dasatinib was able to
block the cell proliferation increase induced by AXL activation. We treated PC9 parental cells
with E, EA, or E with the AXL inhibitor R428, all in the context of increasing concentrations of
dasatinib. As expected, EA and E+R428-treated cells were significantly more and less
405 proliferative, respectively, than cells treated with E, and we observed a dose-response decrease of

cell proliferation with increasing concentrations of dasatinib (Fig. 4B).

We performed another pY-based mass spectrometry experiment to ascertain whether there was an
enrichment of phosphosites from C2 and C3 in those peptides most prominently depleted by
dasatinib treatment. We activated AXL in PC9 parental cells after pretreating with E and

410  increasing concentration of dasatinib for 4 hours. In parallel, we also pretreated AXL KO cells.

We then lysed cells and ran mass spectrometry (Fig. 4C). Hierarchical clustering identified a
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cluster of peptides that were highly sensitive to dasatinib (Fig. 4D/E). Beyond Abl1- and SFK-
related phosphosites, this dasatinib-induced cluster includes most of the AXL-regulated kinases
previously described in Fig. 2 including Ackl, Prkcd, FAK1/2, and Epha2, as well as proteins
415 associated with focal adhesion regulation and cytoskeletal remodeling such as p130cas, CasL,
Gitl, Tjp1, Paxillin, and Actinl (Fig. 4E). Highly sensitive peptides to dasatinib had a selective

and statistically significant enrichment overlap with C2 and C3 (Fig. 4F).

Finally, the dasatinib treatment data revealed an additional cluster of interest that displays AXL-
dependent increased phosphorylation (Fig. 4G). Erk1 Y187-p and Erk2 Y204-p remained

420  phosphorylated in PC9 parental cells but were strongly inhibited in AXL KO cells (Fig. 4G),
suggesting AXL-mediated Erk activation is independent of, but affected by, SFK and Abl1.
Together, these results indicate that dasatinib abrogates the AXL-mediated survival advantage

mainly by inhibiting the phosphorylation of C2 and C3 (Fig. 4H).

A high-throughput bacterial peptide display screen characterizes AXL kinase specificity

425 and identifies FAK1 as a top substrate

Next, we aimed to ascertain which of the identified phosphosites within the bypass signaling
cascade might be directly phosphorylated by AXL, thereby differentiating AXL-proximal from
AXL-distal downstream signaling. A strategy to address this question is inferring AXL substrates
by inspecting its kinase specificity profile and its likelihood of phosphorylating these different
430 phosphorylation sites in vitro. Since a study comprehensively characterizing AXL’s kinase
specificity had not been performed to date, we adapted a previously developed high-throughput
specificity screen (60) to identify AXL substrates and complement our phosphoproteomics

analysis. In peptide display screening, a genetically encoded library of peptides is displayed by
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an eCPX receptor in E. Coli and subsequently phosphorylated by incubation with an isolated

435  kinase of interest. Upon phosphorylation, a pan-pY antibody is used to pull down and enrich for
phosphorylated peptides, so that by deep sequencing the original and post-enrichment libraries, a
per-peptide enrichment score can be calculated. An anti-Myc antibody binding to the c-Myc tag
present in all peptides allows the assessment of, and normalization by, the degree to which each
peptide is displayed (Fig. SA). An important feature of peptide display compared to previous

440  methods used to measure substrate specificity is that, by encoding specific peptide libraries, we
can not only obtain an optimal phosphorylation motif for a given kinase but also assess
phosphorylation preference and likelihood for a defined set of peptides. Thanks to this unique
feature, here we can accomplish three different goals, namely (i) defining AXL’s optimal
substrate motif, (ii) ascertaining whether AXL preferentially phosphorylates the peptides

445  1identified in our study relative to most known human phosphotyrosines, and (iii) identifying the

highest-scoring substrates within our phosphoproteomics data set.

Shah et al built a library comprised of 2600 annotated human tyrosine phosphorylation sites—
which they, and we, refer to as the “pTyr-Var” library (60). Consistent with the fact that the
“pTyr-Var” library provides only partial coverage of the human phosphoproteome, we found that
450  only ~10% of the peptides within our AXL phosphoprotoemics dataset were part of the pTyr-Var
library. To study all peptides within our AXL phosphoproteomics dataset, we built a second
purpose-made library, hereafter referred to as “AXL spiked-in library”, including the 415 pY
peptides from our study that populate C2, C3, and C4 (Fig. SA and S4A). While we screened
both glutathione S-transferase (GST)- and biotin (BTN)-tagged AXL so that we could rule out
455  significant tag-derived effects, both screens led to largely overlapping peptide specificities, as

indicated by a Pearson’s coefficient of 0.96 (Fig. S4B), with the most noticeable difference being
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cysteine enrichment unique to AXL-GST (Fig. SB/C and S4C/D). Since we reasoned that this
cysteine might be mediated by the relatively larger GST tag, and therefore focused on the results

from our AXL-BTN screen.

460  We computed a PSSM representing AXL’s substrate motif by quantifying the relative enrichment
or depletion of a given residue along the peptide sequence positions using phosphorylation
abundance of each peptide within the library (Fig. SB/C). AXL shows a strong preference for
hydrophobic residues in the C-terminal part of the peptide (positions +1 to +5 relative to the
phosphorylation sites). It also favors peptides with hydrophilic residues at +1, namely aspartate

465  or histidine. On the N-terminal side, AXL displays a strong preference for isoleucine or leucine
at -1, a common substrate specificity hallmark for many tyrosine kinases. Moreover, AXL
preferentially phosphorylates peptides with an asparagine in their N-terminal side, particularly in
positions -5 through -3. AXL also disfavors substrates containing the basic residues lysine and
arginine, albeit shows a marked preference for histidine at positions -5, +1 and +5. Consistent

470 with the expectation that similar kinases are likely to share similar substrate specificities, AXL’s
specificity profile is very similar to the reported substrate specificity of another TAM-family

kinase, MerTK (61).

By comparing the peptide display screening from the two libraries side-by-side, we observed that
the phosphosites included in our phosphoproteomics data set are preferentially phosphorylated
475 by AXL compared with most phosphotyrosines within the proteome (Fig. SD). We then asked
how high-scoring peptides in the top 25% within the AXL spiked-in library were represented
across the DDMC clusters. We observed an enrichment of the top 25% AXL substrates in C2, no
enrichment in C3, and a depletion of top substrates in C4 (Fig. 5E).2627-62 While we found no

SFK or Abl1 peptides to be directly phosphorylated by AXL, we observed the activating
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480  phosphosite Y861-p of FAK1 to be among the top 5% of AXL substrates (Fig. 5F). FAK1 is a
known regulator of focal adhesions and migration, frequently associated with malignancy and
metastasis. A previous study defined that a FAK pathway signature in EMT-mediated erlotinib
resistant lung cancer cells was counter-acted by dasatinib (62). These mesenchymal resistant
cells overexpressed many of the proteins that our model identified to correlate with migration

485 and proliferation when differentially phosphorylated upon AXL activation (Fig. 2F/G). Thus, we
asked whether our AXL downstream signature overlaps with the FAK signature. Consistent with
the study that identified the FAK1 pathway to drive EMT-mediated erlotinib resistance, we found
this pathway, like C2&C3, to be significantly depleted by dasatinib (Fig. 5G). We saw that AXL-
activated PC9 cells display an increased phosphorylation of FAK signaling compared with AXL

490 KO, and that this pathway activation is mainly driven by C3 with Cdk1 and Ackl being most
dramatically activated (Fig. SH/I). Moreover, we observed higher protein expression and
phosphorylation of FAK1 in EGFRm AXL-high LUAD tumors (Fig. 5J/K), which is consistent
with the AXL downstream signaling trends described previously in the same dataset (Fig. 3B-D

and S3B).

495  Among the top-scoring AXL substrates, our in vitro phosphorylation screen identified several
known AXL substrates, such as Ackl, SHP-2, CTNND1, and PEAK1 (26, 27, 63) as well as less
established interactors including the cytoskeletal-remodeling proteins TJP2, BCAR1, TNSI1,
ANXAZ2/5, TWF1, ITSN2, the kinase DYRK1A/3, and the E3-ubiquitin ligases CBLB and
CBLC (Fig. S4E). Six different NEDD9 phosphosites were among the top 10% AXL substrates,

500  consistent with the GSEA enrichment of C2 and C3 and previous studies describing the role of

AXL in regulating focal adhesions and migration through this interaction (Fig. 2F and S4E) (26).
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A ranked GSEA analysis was consistent with most preferred AXL substrates preferentially

localizing at the cellular membrane (Fig. S4F).

Therefore, this bacterial display screen helped us differentiate AXL-proximal or direct from

505  AXL-distal or indirect bypass signaling machinery. By doing so, we found AXL to highly
phosphorylate FAK1 Y861-p in vitro. Moreover, FAK1 signaling pathway largely overlaps with
C3 and is effectively inhibited by dasatinib. This suggests that FAK1 might play a critical role in
regulating C3 signaling; the cluster most affected by AXL across Y-to-F mutants and that shows

the strongest correlation with cell migration and viability in our PLSR model (Fig. 2C/J).

510  AXL drives upstream YAP regulators which feed back to drive AXL expression and

activation

To extend our understanding of the mechanism by which the identified phosphoproteomic
signaling changes affect AXL-driven phenotypes, we decided to explore the transcriptional
changes occurring during switched AXL signaling. We collected RNAseq data of each PC9 AXL
515 Y-to-F cell line treated with E or EA. PCA analysis of the RNAseq data found that PC1
represents AXL activation since the scores of all cell lines shift positively along PC 1 in EA-
treated cells compared with E. We generated a ranked gene list based on the PC 1 scores by
ranked GSEA analysis and found a YAP signature enriched in AXL-activated cells (Fig. 6A and
SSA). This is consistent with our DDMC upstream kinase predictions of C2 and C3, as Abll and
520  SFK phosphorylation of YAP is a well-known mechanism of YAP nuclear translocation and
activation (64—67). Moreover, several studies demonstrate an association between YAP activation
and the development of drug resistance, including in the context of EGFR-targeted therapy in

NSCLC cells (68-72). Additionally, a recent study shows that FAK1 signaling is the main driver
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of YAP activation to enable the emergence of drug tolerant persister cells during EGFR-targeted

525  therapies in patient-derived models and in clinical samples (73). Our phosphoproteomics and
bacterial display data show that FAK1 and its associated signaling is activated by AXL (Fig. SF-
K). Together, these insights led us to hypothesize that AXL is a key upstream component of the
YAP pathway—namely SFK, Abll, and FAK signaling—mediating the emergence of drug-

tolerant persister cells.

530  To test this hypothesis, we first treated cells with increasing concentrations of dasatinib and
blotted for the inhibitory YAP phosphosite S127 which, when phosphorylated, is bound by 14-3-
3 proteins to sequester YAP in the cytoplasm and prevent its nuclear translocation (64). Indeed,
we found that dasatinib induces an increase in the phosphorylation abundance of the YAP S127-p
which is further exacerbated in the absence of AXL. AXL KO cells had higher amounts of total

535 YAP protein expression compared with PC9 parental cells (Fig. 6B/C).

To further validate the effect of AXL signaling on YAP activation, we measured YAP S127-p in
PC9 parental, AXL KI, and AXL KO cells treated them with E or EA for 24h (Fig. 6D). We
seeded cells at high or low density as YAP is known to respond to changes in cell confluency,
with the transcription factor becoming inactive at higher cell densities (74). As expected, we

540  found that YAP S127-p most strongly decreases in response to E or EA at low cell density. While
AXL KO cells displayed the same trend, the overall phosphorylation signal of S127-p is
substantially higher in AXL KO compared to PC9 parental or AXL KI cells, again reflecting

AXL-specific YAP activation.

To further assess YAP state, we directly quantified YAP cellular localization in PC9 parental and
545 AXL KO cells using immunofluorescence. We treated cells with E or EA for 3 days to observe

YAP localization in cancer cells persisting in the presence of inhibitor. PC9 cells treated with EA
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display significantly higher nuclear YAP than cells treated only with E (Fig. 6E/F). Moreover,
while most AXL KO cells have cytoplasmic YAP, parental cells displayed much more nuclear
localization of YAP (Fig. 6F). Consistent with the western blots of YAP S127-p, we observed

550  AXL-independent, erlotinib-induced YAP nuclear translocation (Fig. 6E/F and Fig. SSB/C).

While several studies indicate that AXL can be a target of YAP when in complex with the DNA-
binding TEAD proteins, thereby proposing that YAP acts upstream of AXL (68, 73, 76), others
have reported that it is in fact AXL kinase activity which induces YAP activation (72). A third
role emerged when another study showed that AXL and the YAP homologue TAZ form a positive

555 feedback loop to promote the development of lung cancer brain metastases (37). Our results
additionally suggest that upon AXL activation, SFK, Abll and FAK1 kinases engage a network
of cytoskeletal-remodeling, EMT-associated, signaling proteins that affect YAP translocation. We
therefore explored the effect of indirectly disrupting YAP activity, via dasatinib, on AXL
expression and activation and found that both total and phosphorylated AXL in PC9 parental

560  cells decrease with increasing concentrations of dasatinib (Fig. 6G/H). Moreover, PC9 YAP KO
cells treated with E or EA fail to activate AXL (Fig. 6I). Together, these data indicate that AXL

and YAP form a positive feedback loop.

We then investigated the influence of AXL signaling in the emergence of drug-tolerant persister
cells. We inhibited AXL, Erk1/2, SFK/Abl1/FAK1, or YAP through RXDX-106, trametinib,

565  dasatinib, and XAV-939 treatment, respectively, in PC9 parental, AXL KO, or YAP KO cells for
15 days. XAV-939 is a tankyrase inhibitor that is widely used as an indirect inhibitor of YAP
activity (70, 77, 78). After treatment for 15 days, we replaced the treatment solutions with
complete media and assessed the ability of resistant cells to regrow. We used RXDX-106 instead

of R428 because RXDX-106 is more AXL-specific; R428 has been shown to trigger AXL-

25


https://doi.org/10.1101/2023.10.20.563266
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563266; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

570  independent cell death (79). We found that EGFR inhibition alongside genetic or
pharmacological inhibition of AXL modestly delayed the emergence of DTP cells, while
combined EGFR and Erk1/2 blockade more strongly inhibited DTP cells (Fig. 6J and Fig. S5D).
Triple inhibition of EGFR, AXL, alongside either YAP or Erk1/2, completely blocked the
emergence of resistant cells (Fig. 6K/L). Consistent with the notion that dasatinib disrupts both

575  AXL and YAP activity (Fig. 6B/G/H), the combination of E and dasatinib prevented cancer cell
regrowth (Fig. 6K). The same trends were observed in AXL KO cells wherein both combination
treatments E and trametinib, E and XAV939, or E and dasatinib blocked DTP cell growth
(Fig. SSD-F). The fact that PC9 YAP KO cells were unable to develop resistance to E, dasatinib,
or any combination treatment emphasizes the importance of YAP pathway activation for survival

580  (Fig. S5G-I).

Taken together, this data supports the hypothesis that AXL and YAP form a positive feedback
loop wherein AXL activation leads to the phosphorylation of key upstream components of YAP
which, in turn, induces its nuclear translocation and effector functions to sustain cancer cell
growth and promote drug resistance. Importantly, while the concomitant inhibition of EGFR and
585 AXL, EGFR and YAP, or EGFR and Erk1/2 delayed the emergence of DTP cells, the triple
combination treatment of EGFR, AXL and YAP or Erk1/2 completely blocked the ability of PC9

cells to develop drug resistance.

AXL-high LUAD tumors display strong Yap activation and EMT marker enrichment

To validate the association between AXL signaling and YAP activation in tumors, we examined
500 the proteogenomic data of 110 treatment naive LUAD patients from the CPTAC (52). AXL
abundance was modestly increased in EGFRm versus EGFR WT tumors across stages and,

within EGFRm patients, AXL increased throughout disease progression (Fig. 7A). Stratifying
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LUAD tumors into the top and bottom 33% AXL abundance revealed a significant increase in
the EMT markers TWIST1, VIM, and CDH11 in AXL-high compared to AXL-low tumors

505  (Fig. 7B). Leveraging the fact that, unlike in proteomics and phosphoproteomics data, all
transcripts are measured by RNAseq in all tumor samples, we were able to confidently ascertain
whether a Yap signaling signature is associated with AXL protein expression. As expected, we
found a strong enrichment of Yap signaling (80) in AXL-high tumors by a GSEA analysis
wherein tumors were ranked based on their AXL protein expression (Fig. 7C). Overall, these

600  results in combination with the scRNAseq analysis of LUAD tumors suggest that some aspects
of the AXL-mediated bypass signaling characterized in vitro may translate in patients (Fig. 3 and

7A-C).

In this study, we propose a kinase downstream signaling model during switched AXL activation
in E-treated PC-9 cells (Fig. 7D). Our modeling and specificity screening results (Fig. 2 and 5)
605  indicate that AXL proximally engages the adapters GAB1, SOS1, GRB2, and DAPP1 through
Y821, a signaling cascade of cytoskeletal remodeling proteins such as NEDD9, PEAK1, and
TJP2, as well as the kinases FAK1, ACK1, and DYRK1A/3 and the phosphatase SHP-2. Our
model identified three clusters that most prominently correlate with malignancy, namely the
phospho-serine cluster C1, and C2 and C3 which are formed by phospho-tyrosine sites. Given
610  that we performed tyrosine phosphoproteomics and that, unlike C2 and C3, the transcriptional
changes of C1 members did not correlate with poor patient outcomes (Fig. 3), we decided to
focus on C2 and C3. DDMC inferred that both clusters generally displayed favorable kinase
motifs for SFK, whereas C2 additionally included key determinants of Abl1 specificity which
suggested to us that these kinases might act as upstream regulators of C2 and C3 (Fig. 4A and

615  Fig. S2H-J). SFK and Abll1 inhibition via dasatinib treatment effectively blocked AXL-mediated
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bypass resistance and selectively decreased the phosphorylation of C2 and C3 (Fig. 4A/F). Our
bacterial specificity results showed that FAK1 Y861-p is a top AXL substrate in vitro and we
observed that a FAK1 pathway signature was substantially inhibited by dasatinib treatment
(Fig. 5F/G), which led us to hypothesize that FAK1 might play an important role in AXL bypass
620  signaling. Indeed, we observed that FAK1 pY signaling was significantly enriched in PC9
parental compared with AXL KO cells and that the differentially phosphorylated peptides
pertaining to the FAK1 signature were clustered in C3 (Fig. SH/I). We then asked what
transcriptional programs were most affected by AXL bypass signaling and identified a YAP
signaling signature (Fig. 6A). We then experimentally showed through western blots, Luminex,
625  and immunofluorescence that AXL activation induces Y AP nuclear translocation and effector
functions which in turn allows AXL activation (Fig. 6B-I). Finally, combination treatment of E
and the Abl1/SFK inhibitor dasatinib, or the triple combination treatment of E, the AXL inhibitor
RXDX-106, and indirect inhibition of YAP via XAV-939 or Erk1/2 inhibition via trametinib

blocked the emergence of drug-tolerant persister cells (Fig. 6J-L).

630

DISCUSSION

The reactivation of oncogenic pathways mediated by RTKs not targeted by therapy, referred as
RTK bypass signaling, is a well-known resistance mechanism (3, 7-9). Met activation has been
shown to mediate bypass resistance to EGFR-targeted therapies in lung cancer (7) and, in fact, the
635  identification of this resistance mechanism led to the recent FDA-approval of Amivantamab, a
bispecific antibody directed against EGFR and MET for patients with advanced or metastatic
EGFRm NSCLC (NCT04599712) (81). However, we still do not have a clear grasp on the

signaling landscape that bypass RTKs activate to mediate drug resistance. Identifying key

28


https://doi.org/10.1101/2023.10.20.563266
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563266; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

signaling networks driving bypass resistance may lead to (i) an increased mechanistic
640  understanding of RTK inhibitors reaching the clinic and (ii) the identification of new drug targets.
Several challenges intrinsic to the study of RTK downstream signaling, such as RTK crosstalk or
signaling pathway interdependency, hinder the identification of the specific RTK
phosphoproteomic and phenotypic changes driving bypass resistance (4, 5). To overcome this
limitation, we devised a combined computational and experimental approach centered around the
645 use of a panel of PC9 AXL Y-to-F mutant cell lines. Using these cell lines, we measured their
phosphoproteomic and phenotypic changes during EGFR inhibition and AXL activation and
applied multivariate modeling to identify the most prominent AXL-driven signaling pathways that
promote cell fitness. This methodology naturally associates molecular and phenotypic variation

observed across cell lines to identify AXL- and phenotype-specific signaling.

650  We identified three phosphosite clusters (C1, C2, and C3) that define an “AXL downstream
signature” correlating with cell viability and migration in vitro (Fig. 3G/H). C2 and C3, but not
C1, correlated with poor treatment response, metastasis, and overall survival in LUAD patients
alongside AXL expression. The gene and protein expression of the AXL downstream signature
were significantly enriched in AXL-high EGFRm LUAD tumors (Fig. 3B/C) whereas the
655  phosphorylation signal was significantly higher in EGFRm LUAD compared with WT tumors
(Fig. 3D and S3B). It remains to be shown, however, whether the identified bypass signaling
machinery is conserved across several RTKs or is AXL-specific. A re-implementation of this
methodology with a wider panel of RTKs would help elucidate this question and similarly separate
the various pathways downstream of each receptor. We observed some amount of AXL-
660  independent, E-induced YAP activation, which suggests that other RTKs might also activate

oncogenic YAP signaling. This is consistent with the fact that combined EGFR and AXL inhibition
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only achieves a delay in the emergence of resistance and that additionally blocking AXL
downstream effectors such as YAP, the YAP upstream kinases SFK/Abl1/FAKI1, or Erkl1/2
completely kills DTP cells (Fig. 6J—L). Therefore, our data suggests that concomitantly targeting

665  bypass downstream signaling might provide superior therapeutic efficacy to inhibiting only RTKs.

The Hippo pathway effector YAP is known to drive resistance to EGFR-targeted therapies in
NSCLC (65, 66, 69, 8§2). Although YAP has been shown to upregulate AXL gene expression,
other studies suggest that it is AXL which acts upstream of the transcription factor (68, 72, 75).
DDMC indicated that C2 and C3 display kinase motifs favored by Abll and SFK, respectively,

670  and we found that dasatinib selectively inhibited both clusters, alongside YAP activation, which
suggests that these clusters work upstream of YAP (Fig. 4A and 6B/C). Moreover,
transcriptomic profiling during switched AXL activation revealed a strong enrichment of YAP
targets in AXL-activated cells (Fig. 6A). A recent study showed that a previously established
FAKI signaling signature activates YAP to mediate osimertinib resistance, whereas FAK1

675  inhibition through VS-4718 reduced YAP nuclear translocation and DTP survival (73). EA-
treated PCO cells show increased phosphorylation of C3 phosphosites of proteins pertaining to
this FAK1 signature compared with EA-treated AXL KO cells which suggests that DTPs, at least

in part, rely on AXL for FAK1-mediated YAP activation (Fig. SH/I and 6K/L).

Whereas previous reports indicate that SFKs and Abll can be phosphorylated by AXL (25, 31,
680  40), our bacterial display specificity screen shows that neither SFK nor Abll motifs are
preferentially phosphorylated by AXL in vitro, suggesting that either such phosphorylation is
particularly favored in cells or that this link is indirect. On the other hand, FAK1 which is a
known regulator of SFK signaling, is among the top 5% of putative in vitro AXL substrates (Fig.

5F). FAK1 is known to form a dual kinase complex with Src, and therefore AXL might indirectly
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685  activate SFK signaling by promoting FAK1 activity (62, §3). Importantly, genetic ablation of
YAP or inhibition of the YAP upstream kinases SFK and Abl1 by dasatinib decreased AXL
protein expression and its kinase activity (Fig. 6G—I) which indicates that the AXL-

SFK/AbI1/FAK-YAP axis forms a positive feedback loop to promote malignancy.

Resistant cells to single-agent osimertinib can emerge through a variety of mechanisms,

690  including Erk1/2 reactivation or YAP activation, whereas YAP activation becomes the dominant
resistance mechanism of cells overcoming combined EGFR and MEK inhibition (70). Here, we
show that AXL can mediate both Erk1/2 reactivation and YAP activation during bypass signaling
(Fig. 2F and 6). Intriguingly, we show that SFK/ADbI1 inhibition, and consequently YAP
inactivation, through dasatinib treatment in EA-treated PC9 cells promotes Erk1/2 activation,

695  whereas dasatinib treatment leads to loss of Erk1/2 phosphorylation in AXL KO cells (Fig. 4G).
This suggests that AXL might enable cancer cells to rely in either Erk1/2 or YAP to overcome
EGFR inhibition. Consistent with this hypothesis, long-term viability assays with TKIs showed
that targeting AXL in addition to Erk1/2 or YAP is required to block the emergence of DTP cells

(Fig. 6J-L and S5D-T).

700 A caveat of our methodology is that each AXL-transduced PC9 cell line expressed about 25% the
amount of AXL on the cell surface and around 4-fold more of total receptor compared with their
parental counterpart (Fig. S1C). The phosphoproteomic and phenotypic measurements from
these cell lines were utilized to generate C1, C2, and C3 which allowed us form hypotheses
about the key signaling pathways activated by AXL. We then performed computational

705 explorations using proteogenomic data sets of LUAD patients (Fig. 3) as well as experimental
validations exclusively on PC9 parental and AXL KO cells (Fig. 4-6) to corroborate the signaling

changes identified by our model. Therefore, we argue that while varying AXL expression in the
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different cell lines is a limitation of this methodology, the insights generated from this study must

be considered holistically, including the follow-on experimental and computational validations.

Altogether, our results suggest that systematically leveraging Y-to-F mutational studies and
combining phosphoproteomic with phenotypic experiments allows dissecting pleiotropic
signaling regulators to identify the downstream signaling by which AXL drives multiple

phenotypes associated with erlotinib resistance in lung cancer.

MATERIALS AND METHODS

Antibody reagents, inhibitors, and cell culture

Erlotinib (LC Laboratories), RXDX-106 (Selleck Chemicals), R428 (Fisher Scientific), XAV-939
(Selleck Chemicals) were used at 1 pM, dasatinib (LC Laboratories) at 200 nM, and CX-4945
and trametinib (both from MedChem Express) were used at 4 uM and 30 nM, respectively. The
AXL-activating antibody AF154 (R&D Systems) was used at 300 ng/mL. AXL, YAP, YAP S126-
p were purchased from CST and rhodamine-conjugated B-tubulin from Bio-Rad and used for
Western blotting. ELISA-based signaling measurements were performed according to the
manufacturer’s instructions (Bio-Rad). The Luminex kits EGFR Y 1068-p and p-AKT is S473-p
were obtained from Bio-Rad. The capture AXL antibody was generated by conjugating a primary
AXL antibody (R&D systems MAB154) onto magnetic beads (Bio-Rad) as previously reported
(42). For total AXL detection, a biotinylated AXL antibody (R&D systems BAF154) was used
and for p-AXL measurements a pan-tyrosine biotinylated antibody (R&D systems BAM1676)
was used. The primary antibodies YAP (Santa Cruz), p-H2AX (CST), and AXL (Abcam), diluted
at 1:50, 1:200, and 1:1000, respectively, and the secondary antibodies Alexa Fluor 488 goat anti-

rabbit IgG (Invitrogen) and PE goat anti-mouse IgG (Invitrogen), diluted at 1:500 and 1:50,
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730 respectively, were used for immunofluorescence as previously described (42). PC9 (Sigma
Aldrich) cells and all derivatives were grown in RPMI-1640 media supplemented with 10% fetal
bovine serum (FBS) and penicillin/streptomycin. HEK293T cells were grown in Dublecco’s
Modified Eagle Medium (DMEM) supplemented with 10% FBS and 1% GlutaMAX (Thermo
Fisher Scientific). PC9 YAP KO cells were obtained from Passi Janne’s laboratory at Harvard

735 Medical School. The oxidative stress assay was performed using CellROX™ Deep Red Reagent

following the manufacturer’s instructions.

Generation of PC9 AXL Y-to-F mutant cell lines

The PC9 AXL KO cell line was generated by transfecting cells with a CRISPR/Cas9 and GFP
vector containing a gRNA targeting the AXL kinase domain. The gRNA sequence, cell culturing,

740 and sorting methods have been previously described (84). Plasmids containing the AXL
phosphosite mutations were generated from an AXL-IRES-Puro vector (Addgene #65627) using
site directed mutagenesis. Each mutant was then inserted into a lentiviral vector with a

puromycin resistance marker (Addgene #17448).

For viral packaging, HEK 293T cells were seeded at 4.5 x 10 per 10 cm dish. After 24 hours, the
745 lentiviral AXL expression vector, VSV-G envelope vector, and packaging vector (Addgene
#12259 and #12260 respectively) were combined in a 10:1:10 mass ratio and diluted in Opti-
MEM (Thermo Fisher Scientific). TransIT-LT1 (Mirus Bio) was added dropwise, and the
solution was mixed gently by swirling and incubated at room temperature for 20 minutes. The
solution was then added dropwise to the cells. After 18 hours, transfection media was replaced
750 by media supplemented with 1% BSA fraction V (Thermo Fisher Scientific). Cells were
incubated for 24 hours, after which the virus-containing media was removed and stored at 4°C.

The media was replaced, and the cells incubated a further 24 hours to generate a second batch of

33


https://doi.org/10.1101/2023.10.20.563266
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563266; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

viral media. The harvested batches were then pooled, filtered through a 0.45 pm PVDF

membrane to remove packaging cells, and flash frozen followed by storage at -80°C until use.

755  PC9 AXL KO cells were seeded at 1.5 x 10° cells per well with antibiotic-free media in a 6-well
plate and incubated for 24 hours. The cells were then infected with viral particles in antibiotic-
free media supplemented with polybrene (MilliporeSigma). After 18 hours, the media was
replaced with fresh antibiotic-free media. Cells were observed for a GFP positive population and
then passaged into a 10 cm plate until confluent. The virally transduced cells were then sorted for

760  based on GFP expression using a BD FACSAria cell sorter. The mutant cell populations were

subcultured for later experiments.

Cell Viability and Apoptosis Assays

Cells were seeded in a 96-well plate at a density of 1.0 x 103 cells per well. After 24 hours,
treatments were added in media containing 300 nm YOYO-3 (Thermo Fisher Scientific). Cells
765  were cultured and imaged every 3 hours using an IncuCyte S3 (Essen Bioscience) at 20x
magnification with 9 images per well. The phase, green, and red channels were manually
thresholded and then analyzed by IncuCyte S3 software (Essen Bioscience) to determine cell

counts and fraction of area covered.

Cell Migration Assay

770 96-well IncuCyte ImageLock plates (Essen Bioscience) were coated with a Collagen I solution
(Thermo Fisher Scientific), washed twice, and then seeded with 4 x 10* cells per well. After a 4-
hour incubation, cells were wounded using the IncuCyte WoundMaker, washed twice to remove
detached cells, and then treated with respective conditions. Images of the center of the wound

were taken every 2 hours at a magnification of 10x, one image per well. The phase, green, and
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775 red channels were manually thresholded and then analyzed by IncuCyte S3 software (Essen

Bioscience) to determine migration measurements.

Cell Island Effect

Phase contrast images used for the cell island measurements were taken from image sets
gathered in the cell viability assay. For endpoint readings, images at the 48-hour post-treatment

780  time point were used. Representative images were chosen across experimental replicates. Images
were opened in ImageJ and the center of each cell was manually marked. Dead cells, identified
using YOYO-3 based fluorescence, were not marked. The 2D coordinates of all cell centers in an
image were then exported for analysis. The amount of clustering present in a particular image
was then measured by applying Ripley’s K function to the set of coordinates. The

785 implementation of Ripley’s K function used was taken from the astropy Python package (47).

Preparation of Cell Lysates for Mass Spectrometry

Cell lines were grown to confluence in 10 cm dishes over the course of 72-96 hours, washed,
and treated by addition of media containing 1 uM erlotinib. Cells were incubated for 4 hours at
37°C and then additionally treated with media containing 1 uM erlotinib and 300 ng/mL AXL

790  activating antibody for 10 minutes. The cells were then placed immediately on ice, washed with
ice-cold phosphate-buffered saline, and lysed with cold 8 M urea containing Phosphatase
Inhibitor Cocktail I and Protease Inhibitor Cocktail I (Boston BioProducts). The lysates were
centrifuged at 20,000xg and 4°C to pellet cell debris, and the supernatants removed and stored at
-80°C. A bicinchoninic acid (BCA) protein concentration assay (Pierce) was performed

795 according to the manufacturer’s protocol to estimate the protein concentration in each lysate.

Cell lysates were reduced with 10 mM DTT for 1 hour at 56°C, alkylated with 55 mM
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iodoacetamide for 1 hour at RT shielded from light, and diluted 5-fold with 100 mM ammonium
acetate, pH 8.9, before trypsin (Promega) was added (20:1 protein:enzyme ratio) for overnight
digestion at RT. The resulting solutions were acidified with 1 mL of acetic acid (HOAc) and

800  loaded onto C18 Sep-Pak Plus Cartridges (Waters), rinsed with 10 mL of 0.1% HOAc, and eluted
with 10 mL of 40% Acetonitrile (MeCN)/0.1% HOAc. Peptides were divided into 200 aliquots,
and sample volume was reduced using a vacuum centrifuge (Thermo) and then lyophilized to
dryness for storage at
-80°C. TMT labeling for multiplexed analysis was performed according to manufacturer’s

805  protocol. Samples, each containing ~200 ug peptides, were resuspended in 35 pL HEPES (pH
8.5), vortexed, and spun down at 13,400 rpm for 1 minute. 400 pg of a given channel of
TMT10plex (Thermo) in anhydrous MeCN, was added per sample. Samples were shaken at 400
rpm for 1 hour, after which the labeling reaction was quenched using 5% hydroxylamine (50%,
Thermo). After another 15 minutes on the shaker, all samples were combined using the same

810 pipette tip to reduce sample loss, and sample aliquots were washed twice with 40 uL 25%
MeCN/0.1% HOAc, which was added to the collection tube to improve yield. Sample volume

was reduced using a vacuum centrifuge and then lyophilized to dryness for storage at -80°C.

Phosphopeptide Enrichment

Immunoprecipitation (IP) and IMAC were used sequentially to enrich samples for

815 phosphotyrosine containing peptides. TMT-labeled samples were incubated in IP buffer
consisting of 1% Nonidet P-40 with protein G agarose beads conjugated to 24 ug of 4G10 V312
IgG and 6 pg of PT-66 (P3300, Sigma) overnight at 4°C. Peptides were eluted with 25 pL of
0.2% trifluoroacetic acid for 10 minutes at room temperature; this elution was performed twice

to improve yield. Eluted peptides were subjected to phosphopeptide enrichment using
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820  immobilized metal affinity chromatography (IMAC)-based Fe-NTA spin column to reduce non-
specific, non-phosphorylated peptide background. High-Select Fe-NTA enrichment kit (Pierce)
was used according to manufacturer’s instructions with the following modifications. Eluted
peptides from IP were incubated with Fe-NTA beads containing 25 pL binding washing buffer
for 30 minutes. Peptides were eluted twice with 20 mL of elution buffer into a 1.7 mL

825  microcentrifuge tube. Eluates were concentrated in a speed-vac until ~1 pL of sample remained,
and then resuspended in 10 pL of 5% acetonitrile in 0.1% formic acid. Samples were loaded
directly onto an in-house constructed fused silica capillary column (50 um inner diameter (ID) x
10 cm) packed with 5 pm C18 beads (YMC gel, ODS-AQ, AQ12S05) and with an integrated

electrospray ionization tip (~2 pm tip ID).

830 LC-MS/MS Analysis

LC-MS/MS of pTyr peptides was carried out on an Agilent 1260 LC coupled to a Q Exactive
HF-X mass spectrometer (Thermo Fisher Scientific). Peptides were separated using a 140-minute
gradient with 70% acetonitrile in 0.2 mol/L acetic acid at flow rate of 0.2 mL/minute with
approximate split flow of 20 nL/minute. The mass spectrometer was operated in data-dependent
835  acquisition with the following settings for MS1 scans: m/z range: 350 to 2,000; resolution:
60,000; AGC target: 3 x 10%;, maximum injection time (maxIT): 50 ms. The top 15 abundant ions
were isolated and fragmented by higher energy collision dissociation with following settings:
resolution: 60,000; AGC target: 1x10°; maxIT: 350 ms; isolation width: 0.4 m/z; collisional
energy (CE): 33%; dynamic exclusion: 20 seconds. Crude peptide analysis was performed on a Q
840  Exactive Plus mass spectrometer to correct for small variation in peptide loadings for each of the
TMT channels. Approximately 30 ng of the supernatant from pTyr IP was loaded onto an in-

house packed precolumn (100 um ID x 10 cm) packed with 10 mm C18 beads (YMC gel, ODS-
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A, AA12S11) and analyzed with a 70-minute LC gradient. MS1 scans were performed at
following settings: m/z range: 350 to 2,000; resolution: 70,000; AGC target: 3x10°%; maxIT: 50
845 ms. The top 10 abundant ions were isolated and fragmented with CE of 33% at a resolution of

35,000.

Peptide Identification and Quantification

Mass spectra were processed with Proteome Discoverer version 2.5 (Thermo Fisher Scientific)
and searched against the human SwissProt database using Mascot version 2.4 (MatrixScience,
850 RRID:SCR _014322). MS/MS spectra were searched with mass tolerance of 10 ppm for
precursor ions and 20 mmu for fragment ions. Cysteine carbamidomethylation, TMT-labeled
lysine, and TMT-labeled peptide N-termini were set as fixed modifications. Oxidation of
methionine and phosphorylation of serine, threonine, and tyrosine were searched as dynamic
modifications. TMT reporter quantification was extracted, and isotope corrected in Proteome
855  Discoverer. Peptide spectrum matches (PSM) were filtered according to following parameters:
rank=1, mascot ion score>15, isolation interference<40%, average TMT signal>1,000. Peptides

with missing values across any channel were filtered out.

Preprocessing of Phosphoproteomic Data

We performed three phosphoproteomic biological replicates of the PC9 AXL Y-to-F mutants

se0  treated with EA. The three data sets were concatenated, mean-centered across cell lines, and
log2-transformed. To discard phosphosites whose measurements were not reproducible among
replicates, all recurrent phosphosites in two or three biological replicates were identified. For
those appearing in two biological replicates, any peptides showing a Pearson correlation

coefficient smaller than 0.55 were filtered out, whereas for those appearing in all three biological
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ge5  replicates, peptides with standard deviations of 0.5 or more were discarded. To discard any
unchanging peptides across cell lines, we filtered out phosphosites out containing less than a 0.5-
fold change between the maximum and the minimum across every cell line. Overlapping
peptides were then averaged across replicates. The resulting preprocessed phosphoproteomic

data set was then fit using DDMC (49).

870 Prediction of AXL-mediated Phenotypes using PLSR

To predict the AXL-mediated phenotypes, a 4-component PLSR model (scikit-learn) was built
using the DDMC cluster centers. To assess the predictive performance of PLSR, leave-one-out
cross-validation was applied; the model was trained using the paired cluster centers and
phenotypic measurements in all cell lines except one. The cluster centers of that remaining cell
875  line were used to predict its phenotypic measurements and a mean squared error between the
predicted and actual value per phenotype was computed. This process was iterated across all cell
lines to obtain a final predictive correlation per phenotype. To benchmark the ability of PLSR to
predict the phenotypes using the DDMC clusters, we additionally fit PLSR using either the
unclustered phosphoproteomic data set directly, k-means clustering, a Gaussian Mixture Model
gs0  (GMM), DDMC using only the peptide sequence information, or the selected DDMC model
combining the phosphorylation and sequence information (referred as DDMC mix). All cluster
methods were used with 5 clusters and the number of PLSR components used was optimized for

each case.

Hyperparameter Selection

gs5  The preprocessed phosphoproteomic data set was fit to DDMC using 5 clusters, a sequence

weight of 2, and 2 PLSR components. This hyperparameter combination was determined via an
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exhaustive hyerparameter search (Figure S3A-D). Using scikit-learn’s GridSearch, we assessed
the ability of the pipeline model comprised of DDMC and PLSR to predict the AXL-mediated
phenotypes using different hyperparameter combinations; namely 2 to 15 clusters, a sequence
goo  weight of 0, 1, 2, 3, 5, 10, 50, 100, or 500, and 1 to 4 PLSR components. Note that a model with
a sequence weight of 0 uses only the phosphorylation abundance for peptide clustering, a weight
of 500 mainly uses the sequence information, and intermediate values use a combination of both

information sources.

RNAseq Sample Preparation and Sequencing

gos  To generate the RNAseq data, 300,000 cells of each PC9 AXL Y-to-F mutant cell line were
seeded in 100 mm dishes. The next day, each was treated with E or EA and, after 24 hours of
treatment, cells were lysed with RIPA and RNA was extracted using the RNeasy Mini Kit
(Qiagen). RNA sequencing and read alignment was performed by Novogene. Any genes with
less than 10 TPM were filtered out. Ranked or standard GSEA was implemented in Python using

900 the package gseapy (89).

Clinical Data and Analysis

Bulk RNAseq, proteomic, and phosphoproteomic data of LUAD patients was obtained from the
CTPAC LUAD study (52). scRNAseq of LUAD patients including cell type and clinical
annotations were obtained from Maynard et al (53) which was analyzed using the Python

905  package scanpy (85). The Kaplan-Meier curves displaying the overall survival of LUAD and
PAAD patients according to the gene expression of the AXL downstream signature were

generated using the web server GEPIA2 (86) which uses TCGA/GTEXx data.

Bacterial Display Library Preparation
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The sequences used to construct the ‘Mass Spectrometry’ library were derived from peptide

910  sequences of key proteins detected by mass spectrometry. Suspected phosphorylation sites were
identified from these proteins to create 11-residue peptide sequences, with 5 residues flanking a
central tyrosine on each end. The central tyrosine was represented with a “TAT’ codon, and the
surrounding peptide sequences converted into DNA sequences that are codon-optimised based on
E. coli codon usage and avoiding any Sfil restriction sites. For peptides containing tyrosine

915  residues surrounding the phosphoacceptor tyrosine site, we substituted those surrounding
tyrosine residues for phenylalanine. All sequences were then flanked with 5°-
GCTGGCCAGTCTGGCCAG-3’ on the 5’ side and 5’- GGAGGGCAGTCTGGGCAGTCTG-3’
on the 3’ side, as oligos. This oligo pool was generated using on-chip massively parallel
synthesis (Twist Bioscience), and PCR amplified with Oligo-pool forward (5°-

920 GCTGGCCAGTCTGGC-3’) and reverse (5’- CAGACTGCCCAGACTGC-3’) primers over 10
cycles. All PCR reactions were done with Q5 high-fidelity DNA polymerase (NEB), and PCR
products were subsequently purified with DNA clean-up after each PCR and restriction. DNA

clean-up and gel extractions were performed with QiAquick Gel Extraction Kit (Qiagen).

This library is constructed with the pBAD33 plasmid vector, with an eCPX displaying gene

925  tagged with c-Myc tag. The eCPX scaffold was PCR amplified with eCPX forward (5°-
GGAGGGCAGTCTGGGCAGTCTG-3") and eCPX reverse (5°-
GGCTGAAAATCTTCTCTCATCCGCC-3’) primers to create a scaffold. This PCR product
underwent a second PCR with the same eCPX Reverse primer, but with the oligo-pool library as

the forward primer. The final PCR product library contained two Sfil restriction sites.

930  Simultaneously, the pPBAD33 plasmid containing two Sfil restriction sites flanking HindII and

Pstl restriction sites underwent Sfil digest at 50°C for 1 hour to generate the backbone. The
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reaction was subject to additional HindII and PstI digest at 37°C for 1 hour to remove undesired
insert by-products and undigested vector from the Sfil digest. The backbone was obtained by gel
purification. The PCR product was subject to Sfil digest at 50°C for 1 hour, followed by DNA

935  clean-up to generate the insert.

The purified library insert was ligated into the digested pPBAD33-eCPX backbone using T4 DNA
ligase (NEB) for 1 hour at 25°C. The ligation involved 50 ng of DNA, with a 1:3 molar ratio of
backbone:insert. The ligation reaction was used to transform commercial MC1061F cells by

electroporation and purified using the QIAprep Spin Miniprep Kit (Qiagen).

940  Preparation of E. Coli for Peptide Display of different Peptide Libraries

25 uL of electrocompetent E. coli SS320 (MC1061 F') cells were transformed with 200 ng of
library DNA, and the cells recovered with 1 mL of warm LB at 37°C for 1 hr with shaking.
These cells were resuspended in 250 mL of LB / chloramphenicol and incubated overnight at
37°C. 90 pL of the overnight culture was used to inoculate 5 mL of LB / chloramphenicol. This
945  culture was grown at 37°C for 1-2 hr until the cells reached an optical density of 0.5 at 600 nm,
where 0.2% Arabinose was introduced for the induction of eCPX and peptide libraries. The
culture was incubated for 4 h at 25°C. Afterwards, small aliquots (75 pL) of the culture were
pelleted via centrifuge at 4000 g for 15 min, and the pellets were resuspended with 50 puL of
kinase screen buffer (50 mM Tris, 10 mM MgCl, 150 mM NaCl, 2 mM Na3VO4 and 1 mM tris

950  (2-carboxyethyl) phosphine).

Evaluation of AXL Library Phosphorylation by Flow Cytometry

AXL kinase was obtained commercially from Carna Bioscience, as GST-AXL (GST-Tagged) and

BTN-AXL (Biotin Tagged). 2.7 uM of the kinase was subject to auto-phosphorylation with 5
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mM of ATP and 10 mM MgCl, for one hour at room temperature. 5 pL of the auto-

955  phosphorylated kinase was added to 50 uL of resuspended cells displaying peptides on eCPX.
The mixture was heated to 37°C for 2 minutes, and 0.5 pL of 100 mM ATP was added to the
reaction mixture. To evaluate AXL kinase activity 10 pL aliquots were removed from the
reaction mixture at 5-, 10-, 20-, 40-, and 80-minute intervals. For the final assay, 30 minutes
reaction time was used. The reaction mixtures were quenched with introduction of 25 mM EDTA

960  to aliquots and cooling at 4°C. Subsequently, the cells were pelleted at (1500 g, 20 min), and
washed with 20 uL PBS with 0.2% bovine serum albumin (BSA), before being pelleted as a
precursor to antibody incubation. To evaluate the efficiency and kinetics of the phosphorylation
reaction, the 10 pL pellets from 5-, 10-, 20-, 40-, and 80-minute reaction intervals were labelled
by resuspension with 1:25 dilution of the PY20-PerCP-eFluor 710 conjugate (eBioscience) and

965 9E10 Alexafluor-488 conjugate (eBioscience) in PBS containing 0.2% BSA for 1 hour on ice, in
the dark. These antibodies revealed the level of phosphorylation and myc (control, reference
epitope) expression respectively. The cells were subsequently pelleted, and washed again with
PBS with 0.2% BSA, before being diluted in 500 pL of PBS with 0.2% BSA for subsequent
analysis using flow cytometry (BD LSR-Fortessa Cell Analyzer). To achieve similar library

970  kinases phosphorylation levels as described previously (67), an optimal concentration of kinase

and reaction time was determined to achieve around 30% library phosphorylation (Fig. S4G-I).

Magnetic Beads Pulldown

100 pL of cells phosphorylated by AXL kinase (both GST-AXL, BTN-AXL) for 30 minutes was
quenched and washed as described in ‘Preliminary assays to evaluate AXL phosphorylation’.

975  The pelleted cells were resuspended on ice with 100 pL of 0.2% BSA, 1 mg/mL (1:500 dilution)
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of biotinylated anti-phosphotyrosine 4G10 (Merck) antibody and incubated for 1 hour. The cells

were washed and resuspended with 0.1% BSA, 2 mM EDTA in PBS (Isolation buffer).

Following this, streptavidin beads (Dynabeads FlowComp Flexi Fit, Thermo Fisher) were rinsed
with 1 mL of isolation buffer. 450 pL of isolation buffer were added to 50 pL of the antibody-
980 labelled cells, and 75 pL of washed streptavidin beads were added. The mixture was rotated for
30 min at 4°C. Another 375 pL of isolation buffer was added to the beads-cell mixture before the
beads were pulled down via a magnetic rack. The supernatant was removed, and the remaining
beads were resuspended in 1 mL of isolation buffer and rotated for 30 min at 4°C. The beads
were pulled down again with a magnetic rack and resuspended in 100 pL of water. These beads
985  were boiled for 10 mins at 100°C to lyse the cells. The mixture was centrifuged to pellet the
beads, and the supernatant was extracted to obtain DNA for deep sequencing. In addition, 50 pL
of cells from the PBS resuspension which were not labelled with antibodies were also boiled for

10 mins at 100°C to obtain DNA that was input into the cells.

Deep Sequencing and enrichment detection

990 20 pL of the lysate DNA containing the peptide library was PCR amplified with Q5 high-fidelity
DNA polymerase (New England Biolabs), for 15 cycles in a 50 pL reaction, with Lib Prep 1
Forward (5°-
TGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNGCAGGTACTTCCGTAGC-
3’) and Lib Prep 1 Reverse (5°-

995 CACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNNTTTTGTTGTAGTCACCAGA
CTG-3’). 0.33 uL of the PCR product was then used for a second PCR reaction to attach the

TruSeq UDI (Illumina) indexes, via a 20 cycle 50 uL PCR reaction with Q5 high-fidelity DNA
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polymerase (NEB), using Lib Prep 2 Forward (5°-

CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTG-37)

1000  and Lib Prep 2 Reverse (5°-
AATGATACGGCGACCACCGAGATCTACACACACTCTTTCCCTACACGAC-3’) oligos.
The resulting PCR product was purified using SPRIselect beads (Beckman Coulter). The
samples were then submitted to the for Miseq and Novaseq deep sequencing (Illumina). Two
technical replicates were performed on cells from the same library transformation, and two

1005 biological replicates were performed on cells from different library transformations, done on

different days.
Analysis and software

FLASH software was used to merge pair-end reads, and cutadapt was used to remove flanking
sequences surrounding the variants of interest. To calculate enrichment scores of each peptide

1010  variant, the following equation was used.

Nyent
ptide
Frequency . de=p—
pep Nigtal

Frequencypeptide pull down

Enrichment,qi4.= log,

Frequencypeptide input

The number of reads of each peptide of each sample (npepige) Was first normalised as a
frequency value Frequency,eptiqe to the total number of reads for every peptides encoded by
1015 the library (n¢otq;). Then, Frequencypeptiqe was compared between the pull down

(Frequencypeptide puil down) and input (Frequencypeptide input)» as a log 2-fold change ratio.
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To compare enrichment scores between replicates, the z-score of each peptide’s enrichment was

calculated, using:

EnrlChmentpeptide — UEnrichment

Zenrichment =
OEnrichment

1020  Where 0gprichment 1 the standard deviation of the library’s enrichment score of the replicate,

and Ugnrichment 18 the standard deviation of the library’s enrichment score.

Drug-Tolerant Persister Cell Assay

1,000 cells were seeded in a 96-well plate and then treated with the indicated treatments and cell
lines, with four technical replicates per treatment. After 15 days, the treatment solutions were
1025 replaced with complete RPMI-1640 media for an additional 15 days to allow drug-tolerant
persister cells to regrow. Cells were imaged every 4 hours using an IncuCyte S3 (Essen
Bioscience) at 10x magnification with 4 images per well. Phase images were manually
thresholded and then analyzed by IncuCyte S3 software (Essen Bioscience) to determine cell

confluency.

1030

REFERENCES AND NOTES

1. G. Atlanta, Cancer Facts & Figures 2022. American Cancer Society (2022).

2. X. Hospital, C. Hu, S. X. Hospital, C. Zhou, Y.-L. Wu, G. Chen, J. Feng, X.-Q. Liu, C.
Wang, S. Zhang, J. Wang, S. Zhou, S. Ren, S. Lu, L. Zhang, C. Hu, Y. Luo, L. Chen, M. Ye,
1035 J. Huang, X. Zhi, Y. Zhang, Q. Xiu, J. Ma, C. You, Erlotinib versus chemotherapy as first-
line treatment for patients with advanced EGFR mutation-positive non-small-cell lung
cancer (OPTIMAL, CTONG-0802): a multicentre, open-label, randomised, phase 3 study.
The Lancet. 12, 735-777 (2011).

3. S. S. Ramalingam, J. Vansteenkiste, D. Planchard, B. C. Cho, J. E. Gray, Y. Ohe, C. Zhou,
1040 T. Reungwetwattana, Y. Cheng, B. Chewaskulyong, R. Shah, M. Cobo, K. H. Lee, P.
Cheema, M. Tiseo, T. John, M.-C. Lin, F. Imamura, T. Kurata, A. Todd, R. Hodge, M.

46


https://doi.org/10.1101/2023.10.20.563266
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563266; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Saggese, Y. Rukazenkov, J.-C. Soria, Overall Survival with Osimertinib in Untreated,
EGFR -Mutated Advanced NSCLC. New England Journal of Medicine. 382, 41-50 (2020).

4. S. Manole, E. J. Richards, A. S. Meyer, JNK pathway activation modulates acquired
1045 resistance to EGFR/HER2-targeted therapies. Cancer Res. 76, 5219-5228 (2016).
5. T. R. Wilson, J. Fridlyand, Y. Yan, E. Penuel, L. Burton, E. Chan, J. Peng, E. Lin, Y. Wang,

J. Sosman, A. Ribas, J. Li, J. Moffat, D. P. Sutherlin, H. Koeppen, M. Merchant, R. Neve, J.
Settleman, Widespread potential for growth-factor-driven resistance to anticancer kinase
inhibitors. Nature. 487, 505-509 (2012).

1050 6. M. A. Lemmon, J. Schlessinger, Cell signaling by receptor tyrosine kinases. Cell. 141,
1117-34 (2010).

7. A. B. Turke, K. Zejnullahu, Y. L. Wu, Y. Song, D. Dias-Santagata, E. Lifshits, L. Toschi, A.
Rogers, T. Mok, L. Sequist, N. I. Lindeman, C. Murphy, S. Akhavanfard, B. Y. Yeap, Y.
Xiao, M. Capelletti, A. J. Iafrate, C. Lee, J. G. Christensen, J. A. Engelman, P. A. Janne,
1055 Preexistence and Clonal Selection of MET Amplification in EGFR Mutant NSCLC. Cancer
Cell. 17, 77-88 (2010).

8. J. J. Tao, P. Castel, N. Radosevic-Robin, M. Elkabets, N. Auricchio, N. Aceto, G.
Weitsman, P. Barber, B. Vojnovic, H. Ellis, N. Morse, N. Therese Viola-Villegas, A. Bosch,
D. Juric, S. Hazra, S. Singh, P. Kim, A. Bergamaschi, S. Maheswaran, T. Ng, F. Penault-
1060 Llorca, J. S. Lewis, L. A. Carey, C. M. Perou, J. Baselga, M. Scaltriti, Antagonism of EGFR
and HER3 Enhances the Response to Inhibitors of the PI3K-Akt Pathway in Triple-Negative
Breast Cancer. Sci Signal (2014) (available at www.SCIENCESIGNALING.org).

9. T. R. Wilson, D. Y. Lee, L. Berry, D. S. Shames, J. Settleman, Neuregulin-1-Mediated
Autocrine Signaling Underlies Sensitivity to HER2 Kinase Inhibitors in a Subset of Human
1065 Cancers. Cancer Cell. 20, 158-172 (2011).

10. T. A. Aguilera, M. Rafat, L. Castellini, H. Shehade, M. S. Kariolis, A. B. Y. Hui, H. Stehr,
R. von Eyben, D. Jiang, L. G. Ellies, A. C. Koong, M. Diehn, E. B. Rankin, E. E. Graves, A.
J. Giaccia, Reprogramming the immunological microenvironment through radiation and
targeting Axl. Nat Commun. 7, 1-14 (2016).

1070 11. R. A. Okimoto, T. G. Bivona, AXL receptor tyrosine kinase as a therapeutic target in
NSCLC. Lung Cancer: Targets and Therapy. 6, 27-34 (2015).

12. Aaron S. Meyer, Miller A. Miller, Frank B Gertler, Douglas A Luaffenburger, The Receptor
AXL Diversifies EGFR Signaling and Limits the Response to EGFR-Targeted Inhibitors in
Triple-Negative Breast Cancer Cells. Sci Signal. 6 (2013),
1075 doi:10.1126/scisignal.2004155.The.

13. M. L. Lotsberg, K. Wnuk-Lipinska, S. Terry, T. Z. Tan, N. Lu, L. Trachsel-Moncho, G. v.
Resland, M. 1. Siraji, M. Hellesgy, A. Rayford, K. Jacobsen, H. J. Ditzel, O. K. Vintermyr,
T. G. Bivona, J. Minna, R. A. Brekken, B. Baguley, D. Micklem, L. A. Akslen, G. Gausdal,
A. Simonsen, J. P. Thiery, S. Chouaib, J. B. Lorens, A. S. T. Engelsen, AXL targeting
1080 abrogates autophagic flux and induces immunogenic cell death in drug resistant cancer cells.
Journal of Thoracic Oncology (2020), doi:10.1016/j.jtho.2020.01.015.

14. Z.Zhang, J. C. Lee, L. Lin, V. Olivas, V. Au, T. Laframboise, M. Abdel-Rahman, X. Wang,
A. D. Levine, J. K. Rho, Y. J. Choi, C. M. Choi, S. W. Kim, S. J. Jang, Y. S. Park, W. S.
Kim, D. H. Lee, J. S. Lee, V. A. Miller, M. Arcila, M. Ladanyi, P. Moonsamy, C. Sawyers,
1085 T. J. Boggon, P. C. Ma, C. Costa, M. Taron, R. Rosell, B. Halmos, T. G. Bivona, Activation
of the AXL kinase causes resistance to EGFR-targeted therapy in lung cancer. Nat Genet.
44, 852-860 (2012).

47


https://doi.org/10.1101/2023.10.20.563266
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563266; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

15. M. Schoumacher, M. Burbridge, Key Roles of AXL and MER Receptor Tyrosine Kinases in
Resistance to Multiple Anticancer Therapies. Curr Oncol Rep. 19 (2017),
1090 doi:10.1007/s11912-017-0579-4.

16. M. Elkabets, E. Pazarentzos, D. Juric, Q. Sheng, R. A. Pelossof, S. Brook, A. O. Benzaken,
J. Rodon, N. Morse, J. J. Yan, M. Liu, R. Das, Y. Chen, A. Tam, H. Wang, J. Liang, J. M.
Gurski, D. A. Kerr, R. Rosell, C. Teixido, A. Huang, R. A. Ghossein, N. Rosen, T. G.
Bivona, M. Scaltriti, J. Baselga, AXL mediates resistance to PI3Ka inhibition by activating
1095 the EGFR/PKC/mTOR Axis in Head and neck and esophageal squamous cell carcinomas.
Cancer Cell. 27, 533-546 (2015).

17. M. A. Goyette, S. Duhamel, L. Aubert, A. Pelletier, P. Savage, M. P. Thibault, R. M.
Johnson, P. Carmeliet, M. Basik, L. Gaboury, W. J. Muller, M. Park, P. P. Roux, J. P.
Gratton, J. F. Coté, The Receptor Tyrosine Kinase AXL Is Required at Multiple Steps of the
1100 Metastatic Cascade during HER2-Positive Breast Cancer Progression. Cell Rep. 23, 1476—
1490 (2018).

18. Z. Guo, Y. Li, D. Zhang, J. Ma, Axl inhibition induces the antitumor immune response
which can be further potentiated by PD-1 blockade in the mouse cancer models. Oncotarget.
8, 89761-89774 (2017).

1105 19. P. D. Dunne, D. G. McArt, J. K. Blayney, M. Kalimutho, S. Greer, T. Wang, S. Srivastava,
C. W. Ong, K. Arthur, M. Loughrey, K. Redmond, D. B. Longley, M. Salto-Tellez, P. G.
Johnston, S. van Schaeybroeck, AXL is a key regulator of inherent and chemotherapy-
induced invasion and predicts a poor clinical outcome in early-stage colon cancer. Clinical
Cancer Research. 20, 164—175 (2014).

1110 20. S. Terry, A. Abdou, A. S. T. Engelsen, S. Buart, P. Dessen, S. Corgnac, D. Collares, G.
Meurice, G. Gausdal, V. Baud, P. Saintigny, J. B. Lorens, J. P. Thiery, F. Mami-Chouaib, S.
Chouaib, AXL targeting overcomes human lung cancer cell resistance to NK- And CTL-
mediated cytotoxicity. Cancer Immunol Res. 7, 1789-1802 (2019).

21. J. Antony, R. Y. J. Huang, AXL-driven EMT state as a targetable conduit in cancer. Cancer
1115 Res. 77,3725-3732 (2017).

22. C. Gjerdrum, C. Tiron, T. Haiby, I. Stefansson, H. Haugen, T. Sandal, K. Collett, S. Li, E.
McCormack, B. T. Gjertsen, D. R. Micklem, L. A. Akslen, C. Glackin, J. B. Lorens, Axl is
an essential epithelial-to-mesenchymal transition-induced regulator of breast cancer
metastasis and patient survival. Proc Natl Acad Sci U S 4. 107, 1124-1129 (2010).

1120 23. L. A. Byers, L. Diao, J. Wang, P. Saintigny, L. Girard, M. Peyton, L. Shen, Y. Fan, U. Giri,
P. K. Tumula, M. B. Nilsson, J. Gudikote, H. Tran, R. J. G. Cardnell, D. J. Bearss, S. L.
Warner, J. M. Foulks, S. B. Kanner, V. Gandhi, N. Krett, S. T. Rosen, E. S. Kim, R. S.
Herbst, G. R. Blumenschein, J. J. Lee, S. M. Lippman, K. K. Ang, G. B. Mills, W. K. Hong,
J. N. Weinstein, I. I. Wistuba, K. R. Coombes, J. D. Minna, J. v. Heymach, An epithelial-

1125 mesenchymal transition gene signature predicts resistance to EGFR and PI3K inhibitors and
identifies Axl as a therapeutic target for overcoming EGFR inhibitor resistance. Clinical
Cancer Research. 19,279-290 (2013).

24. A. Kirane, K. F. Ludwig, N. Sorrelle, G. Haaland, R. Ranaweera, J. E. Toombs, M. Wang,
S. P. Dineen, D. Micklem, M. T. Dellinger, J. B. Lorens, R. A. Brekken, Warfarin Blocks
1130 Gas6-Mediated Ax] Activation Required for Pancreatic Cancer Epithelial Plasticity and
Metastasis. Cancer Res. 75, 3699-3705 (2015).

25. K. Pénzes, C. Baumann, I. Szabadkai, L. Orfi, G. Kéri, A. Ullrich, R. Torka, Combined

inhibition of AXL, Lyn and p130Cas kinases block migration of triple negative breast
cancer cells. Cancer Biol Ther. 15, 1571-1582 (2014).

48


https://doi.org/10.1101/2023.10.20.563266
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563266; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

1135 26. A. Abu-Thuraia, M. A. Goyette, J. Boulais, C. Delliaux, C. Apcher, C. Schott, R. Chidiac,
H. Bagci, M. P. Thibault, D. Davidson, M. Ferron, A. Veillette, R. J. Daly, A. C. Gingras, J.
P. Gratton, J. F. C6té, AXL confers cell migration and invasion by hijacking a PEAK1-
regulated focal adhesion protein network. Nat Commun. 11 (2020), doi:10.1038/s41467-
020-17415-x.

1140 27. A. Majumder, S. Hosseinian, M. Stroud, E. Adhikari, J. J. Saller, M. A. Smith, G. Zhang, S.
Agarwal, M. Creixell, B. S. Meyer, F. Kinose, K. Bowers, B. Fang, P. A. Stewart, E. A.
Welsh, T. A. Boyle, A. S. Meyer, J. M. Koomen, E. B. Haura, Integrated Proteomics-Based
Physical and Functional Mapping of AXL Kinase Signaling Pathways and Inhibitors Define
Its Role in Cell Migration. Molecular Cancer Research, 1-14 (2022).

1145 28. H. Taniguchi, T. Yamada, R. Wang, K. Tanimura, Y. Adachi, A. Nishiyama, A. Tanimoto,
S. Takeuchi, L. H. Araujo, M. Boroni, A. Yoshimura, S. Shiotsu, I. Matsumoto, S.
Watanabe, T. Kikuchi, S. Miura, H. Tanaka, T. Kitazaki, H. Yamaguchi, H. Mukae, J.
Uchino, H. Uehara, K. Takayama, S. Yano, AXL confers intrinsic resistance to osimertinib
and advances the emergence of tolerant cells. Nat Commun. 10, 2—15 (2019).

1150 29. A. Noronha, N. B. Nataraj, J. S. Lee, B. Zhitomirsky, Y. Oren, S. Oster, M. Lindzen, S.
Mukherjee, R. Will, S. Ghosh, A. Simoni-Nieves, A. Verma, R. Chatterjee, S. Borgoni, W.
Robinson, S. Sinha, A. Brandis, D. L. Kerr, W. Wu, A. Sekar, S. Giri, Y. Chung, D. Drago-
Garcia, B. P. Danysh, M. Lauriola, M. Fiorentino, A. Ardizzoni, M. Oren, C. M. Blakely, J.
Ezike, S. Wiemann, L. Parida, T. G. Bivona, R. I. Ageilan, J. S. Brugge, A. Regev, G. Getz,

1155 E. Ruppin, Y. Yarden, AXL and Error-Prone DNA Replication Confer Drug Resistance and
Offer Strategies to Treat EGFR-Mutant Lung Cancer. Cancer Discov (2022),
doi:10.1158/2159-8290.CD-22-0111/3207554/cd-22-0111.pdf.

30. N. Vasan, J. Baselga, D. M. Hyman, A view on drug resistance in cancer. Nature. 575, 299—
309 (2019).

1160 31. J. P. Hoj, B. Mayro, A. M. Pendergast, A TAZ-AXL-ABL2 Feed-Forward Signaling Axis
Promotes Lung Adenocarcinoma Brain Metastasis. Cell Rep. 29, 3421-3434.e8 (2019).

32. S. M. Woo, K. J. Min, S. U. Seo, S. Kim, P. Kubatka, J. W. Park, T. K. Kwon, Axl inhibitor
R428 enhances TRAIL-mediated apoptosis through downregulation of c-FLIP and survivin
expression in renal carcinoma. Int J Mol Sci. 20 (2019), doi:10.3390/ijms20133253.

1165 33. H. Axelrod, K. J. Pienta, Axl as a mediator of cellular growth and survival. Oncotarget. 5,
8818-8852 (2014).

34, K. Balaji, S. Vijayaraghavan, L. Diao, P. Tong, Y. Fan, J. P. W. Carey, T. N. Bui, S.
Warner, J. v. Heymach, K. K. Hunt, J. Wang, L. A. Byers, K. Keyomarsi, AXL inhibition
suppresses the DNA damage response and sensitizes cells to PARP inhibition in multiple
1170 cancers. Molecular Cancer Research. 15, 45-58 (2017).

35. K. Ramkumar, C. A. Stewart, K. R. Cargill, C. M. della Corte, Q. Wang, L. Shen, L. Diao,
R.J. Cardnell, D. H. Peng, B. L. Rodriguez, Y.-H. Fan, J. v. Heymach, J. Wang, C. M. Gay,
D. L. Gibbons, L. A. Byers, Molecular Cancer Research, in press, doi:10.1158/1541-
7786.mcr-20-0414.

1175 36. D. Zdzalik-Bielecka, A. Poswiata, K. Kozik, K. Jastrzebski, K. O. Schink, M. Brewinska-
Olchowik, K. Piwocka, H. Stenmark, M. Miaczynska, The GAS6-AXL signaling pathway
triggers actin remodeling that drives membrane ruffling, macropinocytosis, and cancer-cell
invasion. Proc Natl Acad Sci U S 4. 118 (2021), doi:10.1073/pnas.2024596118.

37. Y. Yokoyama, E. D. Lew, R. Seelige, E. A. Tindall, C. Walsh, P. C. Fagan, J. Y. Lee, R.
1180 Nevarez, J. Oh, K. D. Tucker, M. Chen, A. Diliberto, H. Vaaler, K. M. Smith, A. Albert, G.

49


https://doi.org/10.1101/2023.10.20.563266
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563266; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Li, J. D. Bui, Tumor Biology and Immunology Immuno-oncological Efficacy of RXDX-
106, a Novel TAM (TYRO3, AXL, MER) Family Small-Molecule Kinase Inhibitor. Cancer
Res. 79, 19962008 (2019).

38. S. Earp, G. K. Matsushima, H. M. Seitz, T. D. Camenisch, G. Lemke, Clearance of
1185 Apoptotic Cells Different Axl/Mertk/Tyro3 Receptors in Macrophages and Dendritic Cells
Use. J Immunol References. 178, 5635-5642 (2007).

39. P. Filippakopoulos, S. Miiller, S. Knapp, SH2 domains: modulators of nonreceptor tyrosine
kinase activity. Curr Opin Struct Biol. 19, 643—649 (2009).

40. N. K. McDaniel, M. Iida, K. P. Nickel, C. A. Longhurst, S. R. Fischbach, T. S. Rodems, C.
1190 A. Kranjac, A. Y. Bo, Q. Luo, M. M. Gallagher, N. B. Welke, K. R. Mitchell, A. E. Schulz,
J. C. Eckers, R. Hu, R. Salgia, S. Hong, J. Y. Bruce, R. J. Kimple, D. L. Wheeler, AXL
Mediates Cetuximab and Radiation Resistance Through Tyrosine 821 and the c-ABL Kinase
Pathway in Head and Neck Cancer. Clin Cancer Res. 26, 4349—4359 (2020).

41. J. Braunger, L. Schleithoff, A. S. Schulz, H. Kessler, R. Lammers, A. Ullrich, C. R.
1195 Bartram, J. W. G. Janssen, Intracellular signaling of the Ufo/AxI receptor tyrosine kinase is
mediated mainly by a multi-substrate docking-site. Oncogene. 14, 2619-2631 (1997).

42. A. S. Meyer, A. J. M. Zweemer, D. A. Lauffenburger, The AXL Receptor Is a Sensor of
Ligand Spatial Heterogeneity. Cell Syst. 1, 25-36 (2015).

43, Y. Tsukita, N. Fujino, E. Miyauchi, R. Saito, F. Fujishima, K. Itakura, Y. Kyogoku, K.
1200 Okutomo, M. Yamada, T. Okazaki, H. Sugiura, A. Inoue, Y. Okada, M. Ichinose, Axl kinase
drives immune checkpoint and chemokine signalling pathways in lung adenocarcinomas.
Mol Cancer. 18 (2019), doi:10.1186/s12943-019-0953-y.

44, Y. Li, L. Jia, D. Ren, C. Liu, Y. Gong, N. Wang, X. Zhang, Y. Zhao, Axl mediates tumor
invasion and chemosensitivity through PI3K/Akt signaling pathway and is transcriptionally
1205 regulated by slug in breast carcinoma. [UBMB Life. 66, 507-518 (2014).

45. C. Kasikara, S. Kumar, S. Kimani, W.-I. Tsou, K. Geng, V. Davra, G. Sriram, C. Devoe, K.-
Q. N. Nguyen, A. Antes, A. Krantz, G. Rymarczyk, A. Wilczynski, C. Empig, B. Freimark,
M. Gray, K. Schlunegger, J. Hutchins, S. V. Kotenko, R. B. Birge, Phosphatidylserine
Sensing by TAM Receptors Regulates AKT-Dependent Chemoresistance and PD-L1
1210 Expression. Molecular Cancer Research. 15, 753764 (2017).

46. B. D. Ripley, The second-order analysis of stationary point processes. J App! Probab. 13,
255-266 (1976).

47. The Astropy Collaboration, A. M. Price-Whelan, P. L. Lim, N. Earl, N. Starkman, L.

Bradley, D. L. Shupe, A. A. Patil, L. Corrales, C. E. Brasseur, M. Nothe, A. Donath, E.

1215 Tollerud, B. M. Morris, A. Ginsburg, E. Vaher, B. A. Weaver, J. Tocknell, W. Jamieson, M.
H. van Kerkwijk, T. P. Robitaille, B. Merry, M. Bachetti, H. M. Giinther, T. L. Aldcroft, J.
A. Alvarado-Montes, A. M. Archibald, A. Bddi, S. Bapat, G. Barentsen, J. Bazan, M.
Biswas, M. Boquien, D. J. Burke, D. Cara, M. Cara, K. E. Conroy, S. Conseil, M. W. Craig,
R. M. Cross, K. L. Cruz, F. D’Eugenio, N. Dencheva, H. A. R. Devillepoix, J. P. Dietrich,

1220 A. D. Eigenbrot, T. Erben, L. Ferreira, D. Foreman-Mackey, R. Fox, N. Freij, S. Garg, R.
Geda, L. Glattly, Y. Gondhalekar, K. D. Gordon, D. Grant, P. Greenfield, A. M. Groener, S.
Guest, S. Gurovich, R. Handberg, A. Hart, Z. Hatfield-Dodds, D. Homeier, G.
Hosseinzadeh, T. Jenness, C. K. Jones, P. Joseph, J. B. Kalmbach, E. Karamehmetoglu, M.
Katuszynski, M. S. P. Kelley, N. Kern, W. E. Kerzendorf, E. W. Koch, S. Kulumani, A. Lee,

1225 C. Ly, Z. Ma, C. MacBride, J. M. Maljaars, D. Muna, N. A. Murphy, H. Norman, R.
O’Steen, K. A. Oman, C. Pacifici, S. Pascual, J. Pascual-Granado, R. R. Patil, G. I. Perren,
T. E. Pickering, T. Rastogi, B. R. Roulston, D. F. Ryan, E. S. Rykoff, J. Sabater, P.

50


https://doi.org/10.1101/2023.10.20.563266
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563266; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Sakurikar, J. Salgado, A. Sanghi, N. Saunders, V. Savchenko, L. Schwardt, M. Seifert-
Eckert, A. Y. Shih, A. S. Jain, G. Shukla, J. Sick, C. Simpson, S. Singanamalla, L. P. Singer,

1230 J. Singhal, M. Sinha, B. M. Sipdcz, L. R. Spitler, D. Stansby, O. Streicher, J. Sumak, J. D.
Swinbank, D. S. Taranu, N. Tewary, G. R. Tremblay, M. de Val-Borro, S. J. van Kooten, Z.
Vasovi¢, S. Verma, J. V. de M. Cardoso, P. K. G. Williams, T. J. Wilson, B. Winkel, W. M.
Wood-Vasey, R. Xue, P. Yoachim, C. ZHANG, A. Zonca, The Astropy Project: Sustaining
and Growing a Community-oriented Open-source Project and the Latest Major Release

1235 (v5.0) of the Core Package (2022), doi:10.3847/1538-4357/ac7c74.

48. R.J. Reddy, A. S. Gajadhar, E. J. Swenson, D. A. Rothenberg, T. G. Curran, F. M. White,
Early signaling dynamics of the epidermal growth factor receptor. Proc Natl Acad Sci U S A.
113, 3114-3119 (2016).

49. M. Creixell, A. S. Meyer, Dual data and motif clustering improves the modeling and
1240 interpretation of phosphoproteomic data. Cell Reports Methods, 100167 (2022).

50. A. Adam-Artigues, E. J. Arenas, A. Martinez-Sabadell, F. Braso-Maristany, R. Cervera, E.
Tormo, C. Hernando, M. Teresa Martinez, J. Carbonell-Asins, S. Simén, J. Poveda, S.
Moragoén, S. Zazo, D. Martinez, A. Rovira, O. Burgués, F. Rojo, J. Albanell, B. Bermejo, A.
Lluch, A. Prat, J. Arribas, P. Eroles, J. M. Cejalvo, “Targeting HER2-AXL
1245 heterodimerization to overcome resistance to HER2 blockade in breast cancer” (2022), ,
doi:10.1126/sciadv.abk2746.

51. M. T. Kuo, Y. Long, W. bin Tsai, Y. Y. Li, H. H. W. Chen, L. G. Feun, N. Savaraj,
Collaboration Between RSK-EphA2 and Gas6-Ax] RTK Signaling in Arginine Starvation
Response That Confers Resistance to EGFR Inhibitors. Transl Oncol. 13, 355-364 (2020).

1250 52. M. A. Gillette, S. Satpathy, S. Cao, S. M. Dhanasekaran, S. V. Vasaikar, K. Krug, F.
Petralia, Y. Li, W. W. Liang, B. Reva, A. Krek, J. Ji, X. Song, W. Liu, R. Hong, L. Yao, L.
Blumenberg, S. R. Savage, M. C. Wendl, B. Wen, K. Li, L. C. Tang, M. A. MacMullan, S.
C. Avanessian, M. H. Kane, C. J. Newton, M. Cornwell, R. B. Kothadia, W. Ma, S. Yoo, R.
Mannan, P. Vats, C. Kumar-Sinha, E. A. Kawaler, T. Omelchenko, A. Colaprico, Y. Geffen,

1255 Y. E. Maruvka, F. da Veiga Leprevost, M. Wiznerowicz, Z. H. Giimiis, R. R. Veluswamy,
G. Hostetter, D. I. Heiman, M. A. Wyczalkowski, T. Hiltke, M. Mesri, C. R. Kinsinger, E. S.
Boja, G. S. Omenn, A. M. Chinnaiyan, H. Rodriguez, Q. K. Li, S. D. Jewell, M.
Thiagarajan, G. Getz, B. Zhang, D. Fenyo, K. V. Ruggles, M. P. Cieslik, A. I. Robles, K. R.
Clauser, R. Govindan, P. Wang, A. I. Nesvizhskii, L. Ding, D. R. Mani, S. A. Carr, A.

1260 Webster, A. Francis, A. Charamut, A. G. Paulovich, A. M. Perou, A. K. Godwin, A.
Karnuta, A. Marrero-Oliveras, B. Hindenach, B. Pruetz, B. Kubisa, B. J. Druker, C. Birger,
C. D. Jones, D. R. Valley, D. C. Rohrer, D. C. Zhou, D. W. Chan, D. Chesla, D. J. Clark, D.
Rykunov, D. Tan, E. V. Ponomareva, E. Duffy, E. J. Burks, E. E. Schadt, E. J. Bergstrom, E.
S. Fedorov, E. Malc, G. D. Wilson, H. Q. Chen, H. M. Krzystek, H. Liu, H. Culpepper, H.

1265 Sun, H. Zhang, J. Day, J. Suh, J. R. Whiteaker, J. Eschbacher, J. McGee, K. A. Ketchum, K.
D. Rodland, K. Robinson, K. A. Hoadley, K. Suzuki, K. S. Um, K. Elburn, L. B. Wang, L.
Chen, L. Hannick, L. Qi, L. J. Sokoll, M. Wojtys$, M. J. Domagalski, M. A. Gritsenko, M. B.
Beasley, M. E. Monroe, M. J. Ellis, M. Dyer, M. C. Burke, M. Borucki, M. H. Sun, M. H.
Roehrl, M. J. Birrer, M. Noble, M. Schnaubelt, M. Vernon, M. Chaikin, M. Krotevich, M.

1270 Khan, M. E. Selvan, N. Roche, N. J. Edwards, N. Vatanian, O. Potapova, P. Grady, P. B.
McGarvey, P. Mieczkowski, P. Hariharan, R. Madan, R. R. Thangudu, R. D. Smith, R. J.
Welsh, R. Zelt, R. Mehra, R. Matteotti, S. Mareedu, S. H. Payne, S. Cottingham, S. P.
Markey, S. Chugh, S. Smith, S. Tsang, S. Cai, S. M. Boca, S. Carter, S. Gabriel, S. De
Young, S. E. Stein, S. Shankar, T. Krubit, T. Liu, T. Skelly, T. Bauer, U. Velvulou, U.

1275 Ozbek, V. A. Petyuk, V. Sovenko, W. E. Bocik, W. W. Maggio, X. Chen, Y. Shi, Y. Wu, Y.
Hu, Y. Liao, Z. Zhang, Z. Shi, Proteogenomic Characterization Reveals Therapeutic
Vulnerabilities in Lung Adenocarcinoma. Cell. 182, 200-225.e35 (2020).

51


https://doi.org/10.1101/2023.10.20.563266
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563266; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

53. A. Maynard, C. E. McCoach, J. K. Rotow, L. Harris, F. Haderk, D. L. Kerr, E. A. Yu, E. L.

Schenk, W. Tan, A. Zee, M. Tan, P. Gui, T. Lea, W. Wu, A. Urisman, K. Jones, R. Sit, P. K.
1280 Kolli, E. Seeley, Y. Gesthalter, D. D. Le, K. A. Yamauchi, D. M. Naeger, S.

Bandyopadhyay, K. Shah, L. Cech, N. J. Thomas, A. Gupta, M. Gonzalez, H. Do, L. Tan, B.

Bacaltos, R. Gomez-Sjoberg, M. Gubens, T. Jahan, J. R. Kratz, D. Jablons, N. Neff, R. C.

Doebele, J. Weissman, C. M. Blakely, S. Darmanis, T. G. Bivona, Therapy-Induced

Evolution of Human Lung Cancer Revealed by Single-Cell RNA Sequencing. Cell. 182,
1285 1232-1251.22 (2020).

54. M. L. Lotsberg, K. Wnuk-Lipinska, S. Terry, T. Z. Tan, N. Lu, L. Trachsel-Moncho, G. v.
Resland, M. 1. Siraji, M. Hellesgy, A. Rayford, K. Jacobsen, H. J. Ditzel, O. K. Vintermyr,
T. G. Bivona, J. Minna, R. A. Brekken, B. Baguley, D. Micklem, L. A. Akslen, G. Gausdal,
A. Simonsen, J. P. Thiery, S. Chouaib, J. B. Lorens, A. S. T. Engelsen, AXL Targeting
1290 Abrogates Autophagic Flux and Induces Immunogenic Cell Death in Drug-Resistant Cancer
Cells. Journal of Thoracic Oncology. 15, 973-999 (2020).

55. Y. Zhang, E. N. Arner, A. Rizvi, J. E. Toombs, H. Huang, S. L. Warner, J. M. Foulks, R. A.
Brekken, AXL Inhibitor TP-0903 Reduces Metastasis and Therapy Resistance in Pancreatic
Cancer. Mol Cancer Ther. 21, 38—47 (2022).

1295 56. F. Meggio, O. Marin, L. A. Pinna, Substrate specificity of protein kinase CK2. Cell Mol Biol
Res. 40, 401-9 (1994).

57. C. Wang, M. Ye, Y. Bian, F. Liu, K. Cheng, M. Dong, J. Dong, H. Zou, Determination of
CK2 Specificity and Substrates by Proteome-Derived Peptide Libraries. J Proteome Res. 12,
3813-3821 (2013).

1300 58. S. Kim, S. Ham, K. Yang, K. Kim, Protein kinase CK2 activation is required for

transforming growth factor B-induced epithelial-mesenchymal transition. Mol Oncol. 12,
1811-1826 (2018).

59. P. v. Hornbeck, J. M. Kornhauser, V. Latham, B. Murray, V. Nandhikonda, A. Nord, E.
Skrzypek, T. Wheeler, B. Zhang, F. Gnad, 15 years of PhosphoSitePlus ® : Integrating post-
1305 translationally modified sites, disease variants and isoforms. Nucleic Acids Res. 47, D433—
D441 (2019).

60. N. H. Shah, M. Lobel, A. Weiss, J. Kuriyan, Fine-tuning of substrate preferences of the Src-
family kinase Lck revealed through a high-throughput specificity screen. Elife. 7, 1-24
(2018).

1310 61. A. Li, R. Voleti, M. Lee, D. Gagoski, N. H. Shah, High-throughput profiling of sequence
recognition by tyrosine kinases and SH2 domains using bacterial peptide display. Elife. 12
(2023), doi:10.7554/elife.82345.

62. C. Wilson, K. Nicholes, D. Bustos, E. Lin, Q. Song, J.-P. Stephan, D. S. Kirkpatrick, J.
Settleman, Overcoming EMT-associated resistance to anti-cancer drugs via Src/FAK
1315 pathway inhibition. Oncotarget. S, 7328-7341 (2014).

63. L. Pao-Chun, P. M. Chan, W. Chan, E. Manser, Cytoplasmic ACK1 interaction with
multiple receptor tyrosine kinases is mediated by Grb2: An analysis of ACK1 effects on Axl
signaling. Journal of Biological Chemistry. 284, 34954-34963 (20009).

64. T. Sugihara, N. W. Werneburg, M. C. Hernandez, L. Yang, A. Kabashima, P. Hirsova, L.
1320 Yohanathan, C. Sosa, M. J. Truty, G. Vasmatzis, G. J. Gores, R. L. Smoot, YAP tyrosine
phosphorylation and nuclear localization in cholangiocarcinoma cells are regulated by LCK
and independent of LATS activity. Molecular Cancer Research. 16, 1556—1567 (2018).

52


https://doi.org/10.1101/2023.10.20.563266
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563266; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

65. F. Zanconato, M. Cordenonsi, S. Piccolo, YAP/TAZ at the Roots of Cancer. Cancer Cell.
29, 783-803 (2016).

1325 66. C. D. K. Nguyen, C. Yi, YAP/TAZ Signaling and Resistance to Cancer Therapy. Trends
Cancer. §,283-296 (2019).

67. D. Levy, Y. Adamovich, N. Reuven, Y. Shaul, Yap1 Phosphorylation by c-Abl Is a Critical
Step in Selective Activation of Proapoptotic Genes in Response to DNA Damage. Mol Cell.
29, 350-361 (2008).

1330 68. E. Ghiso, C. Migliore, V. Ciciriello, E. Morando, A. Petrelli, S. Corso, E. de Luca, G. Gatti,
M. Volante, S. Giordano, YAP-Dependent AXL Overexpression Mediates Resistance to
EGFR Inhibitors in NSCLC. Neoplasia. 19, 1012—-1021 (2017).

69. H. S. Park, D. H. Lee, D. H. Kang, M. K. Yeo, G. Bae, D. Lee, G. Yoo, J. O. Kim, E. Moon,
Y. H. Huh, S. H. Lee, E. K. Jo, S. Y. Cho, J. E. Lee, C. Chung, Targeting YAP-p62
1335 signaling axis suppresses the EGFR-TKI-resistant lung adenocarcinoma. Cancer Med. 10,
14051417 (2021).

70. K. J. Kurppa, Y. Liu, C. To, T. Zhang, M. Fan, A. Vajdi, E. H. Knelson, Y. Xie, K. Lim, P.

Cejas, A. Portell, P. H. Lizotte, S. B. Ficarro, S. Li, T. Chen, H. M. Haikala, H. Wang, M.
Bahcall, Y. Gao, S. Shalhout, S. Boettcher, B. H. Shin, T. Thai, M. K. Wilkens, M. L.

1340 Tillgren, M. Mushajiang, M. Xu, J. Choi, A. A. Bertram, B. L. Ebert, R. Beroukhim, P.
Bandopadhayay, M. M. Awad, P. C. Gokhale, P. T. Kirschmeier, J. A. Marto, F. D.
Camargo, R. Haq, C. P. Paweletz, K. K. Wong, D. A. Barbie, H. W. Long, N. S. Gray, P. A.
Jénne, Treatment-Induced Tumor Dormancy through Y AP-Mediated Transcriptional
Reprogramming of the Apoptotic Pathway. Cancer Cell. 37, 104-122.e12 (2020).

1345 71. J. Miao, P. C. Hsu, Y. L. Yang, Z. Xu, Y. Dai, Y. Wang, G. Chan, Z. Huang, B. Hu, H. Li,
D. M. Jablons, L. You, YAP regulates PD-L.1 expression in human NSCLC cells.
Oncotarget. 8, 114576114587 (2017).

72. S. Saab, O. S.-S. Chang, K. Nagaoka, M.-C. Hung, H. Yamaguchi, “The potential role of
YAP in Axl-mediated resistance to EGFR tyrosine kinase inhibitors” (2019), (available at
1350 www.ajcr.us/).

73. F. Haderk, C. Fernandez-Méndez, L. Cech, J. Yu, L. M. Meraz, V. Olivas, D. Barbosa
Rabago, D. Lucas Kerr, C. Gomez, D. V Allegakoen, J. Guan, K. N. Shah, K. A. Herrington,
0. M. Gbenedio, S. Nanjo, M. Majidi, W. Tamaki, J. K. Rotow, C. E. McCoach, J. W.
Riess, J. Silvio Gutkind, L. Post, B. Huang, P. Santisteban, H. Goodarzi, S. Bandyopadhyay,
1355 J. Kuo, J. P. Roose, W. Wu, C. M. Blakely, J. A. Roth, T. G. Bivona, A focal adhesion
kinase-Y AP signaling axis drives drug tolerant persister cells and residual disease in lung
cancer 2 3. bioRxiv (2021), doi:10.1101/2021.10.23.465573.

74. B. Zhao, X. Wei, W. Li, R. S. Udan, Q. Yang, J. Kim, J. Xie, T. Ikenoue, J. Yu, L. Li, P.
Zheng, K. Ye, A. Chinnaiyan, G. Halder, Z. C. Lai, K. L. Guan, Inactivation of YAP
1360 oncoprotein by the Hippo pathway is involved in cell contact inhibition and tissue growth
control. Genes Dev. 21, 2747-2761 (2007).

75. Y. Guo, Z. Zhu, Z. Huang, L. Cui, W. Yu, W. Hong, Z. Zhou, P. Dy, C. Y. Liu, CK2-
induced cooperation of HHEX with the YAP-TEAD4 complex promotes colorectal
tumorigenesis. Nat Commun. 13, 4995 (2022).

1365 76. L. Chang, L. Azzolin, D. di Biagio, F. Zanconato, G. Battilana, R. Lucon Xiccato, M.
Aragona, S. Giulitti, T. Panciera, A. Gandin, G. Sigismondo, J. Krijgsveld, M. Fassan, G.
Brusatin, M. Cordenonsi, S. Piccolo, The SWI/SNF complex is a mechanoregulated
inhibitor of YAP and TAZ. Nature. 563, 265-269 (2018).

53


https://doi.org/10.1101/2023.10.20.563266
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563266; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

77. N. Yu, M. Hwang, Y. Lee, B. R. Song, E. H. Kang, H. Sim, B. C. Ahn, K. H. Hwang, J.
1370 Kim, S. Hong, S. Kim, C. Park, J. Y. Han, Patient-derived cell-based pharmacogenomic
assessment to unveil underlying resistance mechanisms and novel therapeutics for advanced
lung cancer. Journal of Experimental and Clinical Cancer Research. 42 (2023),
doi:10.1186/513046-023-02606-3.

78. W. Wang, N. Li, X. Li, M. K. Tran, X. Han, J. Chen, Tankyrase Inhibitors Target YAP by
1375 Stabilizing Angiomotin Family Proteins. Cell Rep. 13, 524-532 (2015).

79. F. Chen, Q. Song, Q. Yu, Axl inhibitor R428 induces apoptosis of cancer cells by blocking
lysosomal acidification and recycling independent of Axl inhibition. Am J Cancer Res. 8,
1466—1482 (2018).

80. M. Cordenonsi, F. Zanconato, L. Azzolin, M. Forcato, A. Rosato, C. Frasson, M. Inui, M.
1380 Montagner, A. R. Parenti, A. Poletti, M. G. Daidone, S. Dupont, G. Basso, S. Bicciato, S.
Piccolo, The hippo transducer TAZ confers cancer stem cell-related traits on breast cancer
cells. Cell. 147, 759-772 (2011).

81. J. Neijssen, R. M. F. Cardoso, K. M. Chevalier, L. Wiegman, T. Valerius, G. M. Anderson,
S. L. Moores, J. Schuurman, P. W. H. 1. Parren, W. R. Strohl, M. L. Chiu, Discovery of
1385 amivantamab (JNJ-61186372), a bispecific antibody targeting EGFR and MET. Journal of
Biological Chemistry. 296 (2021), doi:10.1016/j.jbc.2021.100641.

82. P.-C. Hsu, B. You, Y.-L. Yang, W.-Q. Zhang, Y.-C. Wang, Z. Xu, Y. Dai, S. Liu, C.-T.
Yang, H. Li, B. Hu, D. M. Jablons, L. You, YAP promotes erlotinib resistance in human
non-small cell lung cancer cells. Oncotarget. 7, 51922-51933 (2016).

1390 83. V. Bolés, J. M. Gasent, S. Lopez-Tarruella, E. Grande, “OncoTargets and Therapy The dual
kinase complex FAK-Src as a promising therapeutic target in cancer” (2010), pp. 83-97.

84. A.J. M. Zweemer, C. B. French, J. Mesfin, S. Gordonov, A. S. Meyer, D. A. Lauffenburger,
Apoptotic Bodies Elicit Gas6-Mediated Migration of AXL-Expressing Tumor Cells.
Molecular Cancer Research (2017), doi:10.1158/1541-7786.MCR-17-0012.
1395 85. Z. Fang, X. Liu, G. Peltz, GSEApy: a comprehensive package for performing gene set
enrichment analysis in Python. Bioinformatics. 39 (2023),
doi:10.1093/bioinformatics/btac757.

86. Z. Tang, B. Kang, C. Li, T. Chen, Z. Zhang, GEPIA2: an enhanced web server for large-
scale expression profiling and interactive analysis. Nucleic Acids Res. 47, W556-W560
1400 (2019).
Acknowledgements: We thank A. Li and N. Shah for sharing reagents, the pTyr-Var library and

their advice setting up peptide display screens, as well as the Cancer Research UK Cambridge

Institute core facilities for the deep sequencing and flow cytometry analysis of our screens.

54


https://doi.org/10.1101/2023.10.20.563266
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563266; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

1405 Funding: This work was supported by NIH U01-CA215709 to A.S.M. M.J., T.A., and P.C. were
supported by Institute Core and Children’s Brain Tumour Centre of Excellence grants from

Cancer Research UK.

Author contributions: A.S.M conceived the study. A.S.M. and M.C led the study. FW.M and
P.C contributed to the refinement of the study. S.Y.B and S.D.T constructed the PC9 AXL mutant

1410 cell lines. M.C and S.D.T performed the phenotypic measurements of the PC9 AXL Y-to-F
mutants, performed sample preparation for mass spectrometry experiments, biochemical assays
including western blots, and ELISA-based Luminex, as well as drug-tolerant persister assays.
M.L and C.B contributed to the experiments. M.C performed computational analyses,
mathematical modeling, and immunofluorescence experiments. S.D.T generated samples for

1415 RNA-seq. J.G performed all the mass spectrometry-based phosphoproteomics experiments. P.C,
M.J, and T.A devised and performed the bacterial display specificity screen of AXL. A.S.M and

F.W.M secured funding.

Competing interests: The authors declare that they have no competing interests.

Data and materials availability: All analysis was implemented in Python and can be found at

1420 https://github.com/meyer-lab/AXLomics.

55


https://doi.org/10.1101/2023.10.20.563266
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563266; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

A PC9 AXL Y-to-F mutant Cell Lines
® Kl ® YB34F Y726F
PAR KO K567R Kl Y634F Y643F Y698F Y726F Y750F Y821F © KO ® YG43F ® YT50F
20 (@] O O O ® KD ® Y698F Y821F G
AF154
: i A s ;
§ 100g 8 i Scores % 06 Loadings
s 2| 04
Kinase 5% % = =
Dead g % % 202
v % | 0o % L) = | oo
= | o
Pathway 1 Pathway 2 Pathway 3 I ® 8
Downstream 2 et L S |-02 °
Contributions E [-050 g% e UT =
8 mE ® E = [-04
lﬂ l £ - = AE =
-1.00 Slos @
c [Phenotype 1] [Phenotype 2| [ Phenotype 3] > d -t o0 AN
ell Responses enotype enotype enotype . >
B PC1 (90%) Cell Fitness PC1 (90%) Cell Fitness
s Y634F
- SZ E,TLTZ':“ Cell Viability
e —_— Er\oAFiSd
() 4 amr
2 Y
e o
E’ s Y643F Y698F Y726F Y750F Y821F
©
9 6
ke
QL 4
2
40 60 80 40 60 80 40 60 80 40 60 80 40 60 80
Elapsed (h) Elapsed (h) Elapsed (h) Elapsed (h) Elapsed (h)
PAR KO Ki KD Y634F
10 = Untreated
K% e Erlotinib
g e v ﬂ M - Apoptosis
Q
o
o 0
S 10 Y643F Y698F Y726F Y750F Y821F
S
ke
8 M -
«& M st et
40 60 80 40 60 80
D Elapsed (h) Elapsed (h) Elapsed (h) Elapsed (h) Elapsed (h)
Cell Migration

100

Erlotinib Erl + AF154
== Untreated
= Erlotinib
= Erl + AF154

N
g
5
z
‘®
£ KI KD Y634F 2 o
< 100 I - Q¢
§ 80 %8 2 B
< 60 L ws(a(a o(alawe
2w T2 X TN
§ 23 Y643F Y698F Y726F Y750F Y821F
0 0 0 20 0 20 0 20
Elapsed EIapsed (h Elapsed (h) Elapsed (h) Elapsed ()
E

~ PAR Poisson KO
~ — Unireated

— Erlotinib

— Er+AF154

Kb Y634F Island Effect
I Erotinb @&
.. Y
. &Y &

¥

Erl + AF154

K estimate

O

o 5 &
<
o
©
®
T
< =
3
N
o
n
<
~N
a
=]
l
<
o
N
=
T

o

.

1 1 1 0 1
Radii Radii Radii Radii Radii

Figure 1. Oncogenic phenotypes vary across PC9 AXL Y-to-F mutants. (A) Schematic of the

AXL Y-to-F mutant cell lines each causing distinct signaling and phenotypic consequences upon
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1425 treatment with erlotinib for 4h and an AXL-activating antibody AF154 for 10 minutes. (B—C)
Cell proliferation and cell death quantified for 96 hours using live cell imaging in response to E
or EA. (D) Relative wound density (RWD) measured by a scratch wound assay across all PC9
cell lines treated with E or EA. (E) Extent of a E-induced cell island effect upon AXL activation
measured by Ripley’s K function. Statistical significance of cell viability was calculated by t-

1430 tests in E- versus EA-treated cells across all time points in cell viability, cell death, and migration
measurements, and across radii in cell island K estimates. *p-value < 0.05, **p-value < 0.001,
*#*p-value < 0.0001, ****p-value < 0.00001. Error bars are defined by the standard error of the

mean.
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Figure 2. DDMC signaling clusters predict the AXL-mediated phenotypes and identifies

CK2, Abll, and SFK as putative bypass signaling drivers. (A) Global phosphoproteomic

measurements from each of the PC9 AXL Y-to-F cell lines. (B) Computational strategy to map

the network-level phosphoproteomic changes driving AXL-mediated phenotypic responses. The
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1440  signaling data was clustered using DDMC to generate 5 clusters of peptides displaying similar
phosphorylation behavior and sequence features. The cluster centers were then fit to a PLSR
model to predict the phenotypic responses and find associations between clusters and
phenotypes. DDMC was used to infer putative upstream kinases regulating clusters. (C) Average
relative phosphorylation signal of the DDMC cluster centers. (D) Phosphorylation signal of AXL

1445 phosphosites per PC9 cell line and their cluster assignments. (E) Ranked GSEA analysis of
DDMC clusters using ClusterProfiler. Gene lists per cluster were ranked based on the log
phosphorylation abundance fold change of PC9 parental versus AXL KO cells. (F) Selected
phosphosites and their cluster assignments in PC9 parental and AXL KO cells (G) Selected
phosphosites in PC9 parental cells treated with E, R428, or both. (H) PLSR model prediction

1450  performance using the 5 indicated clustering strategies: no clustering (directly fitting the
phosphoproteomic data, 5 cluster centers generated by k-means, clusters from a Gaussian
Mixture Model (GMM), DDMC using only the peptide sequence information, or DDMC equally

prioritizing the sequence and phosphorylation information. (I-J) PSLR scores (I) and loadings

).

1455

59


https://doi.org/10.1101/2023.10.20.563266
http://creativecommons.org/licenses/by-nd/4.0/

1460

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.20.563266; this version posted October 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

>

m
Ranked list metric Enrichment Score

tSNE2 —>

EGFR TKI Resistance Signature
AXL signature

NES: 1.769
Pval: 0.000e+00
FDR: 7.683¢-03

(C1-3)

PC9 Parental

2.0

0.0

-2.0
0

%

tSNE1

50

100

PC9 AXL KO

150

200

Rank in Ordered Dataset

B

Endothelial

'g»
8
N;

®

2

T 04

2

2]

3 0.2

S 00

4

o

L 02

PD PR Naive
J Treatment Response
*kkk

®

=

T 04

c

2

2]

5, 0.2

s 00

4

o

L-02

Metastasic Primary
Metastasis Status

i © Epithelial

® Fibroblast
® Immune

06 08

Percent survival
0.4

0.2

0.0

o L

06 08

0.4

Percent survival

0.2

0.0

norm log (protein expression)

available under aCC-BY-ND 4.0 International license.

o
N
S

o
>

=4
=)
3

-0.10

log (FPKM AXL signature) =1

n=120

Low AXL signature

High AXL signature

50

T T T
100 150 200

Months

LUAD—-C3

e

n=120

]**

o

50

T T
100 150
Months

T
200

Percent survival

4

Percent survival

*k *kkk *kkk *% *kkk *kkk
Ll Ll Ll ,E Ll Ll Ll
04
AXL 2 EGFR
M High @ -mut
O Low g 03 =W
o)
£ 02
8
g o1
g
E 0.0
S
f
3
Cluster Cluster
*kkk Fekkk
*kkk G
0.4 g
. 2
T 04
0.2 %
- 02
0.0 é
-0.2 = 00
0.4 E :
’ Loo2| | .
-0.6 k4
> 0\-@\ EGFR BRAF ALK
@ o N <@ .
L™ QK Driver Gene
¢} A <«
LUAD—-C2 LUSC—-C2

0 50 100 150
Months
LUSC—C3
2 g
- n=121
@ |
o
© |
o
= |
o
]
o *
=
© T T T
0 50 100 150
Months

w)

log (p-AXL signature)

(@)
08 10

Percent survival
04 06

0.2

0.0

04 06 08 1.0

Percent survival

0.2

0.0

0.15
0.10
0.05
0.00
-0.05

-0.10

|
o
o

log (FPKM AXL signature)
1
o

I

o

o

ns *hkK
—

EGFRWT
Low High
AXL
*kkk
4
2
0
.2
L858R del19
EGFR Mutation
PAAD—-C2

20 40 60
Months

PAAD—-C3

n=89

]**

0 60
Months

T
20

Figure 3. AXL downstream signature based on C2 and C3 is specific to AXL-high EGFRm

LUAD tumors and correlates with progressive disease. (A) EGFR TKI resistance signature

found by a ranked GSEA analysis using the list of gene names included in C1, C2, and C3 and

ranked by their log fold-change phosphorylation between PC9 parental and AXL KO cells. (B—

C) Protein expression of C1, C2, and C3 members in (B) AXL-low versus AXL-high tumors or
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(C) EGFRm versus EGFR WT tumors. (D) Phosphorylation signal of AXL downstream
signature by AXL levels and EGFR genotype. (E) tSNE plot of the different cell types of LUAD
patient samples defined by Louvain clustering. (F) AXL signature score as defined by the mean
1465 gene expression of C1, C2, and C3 per cell in cancer cells, epithelial normal cells, or non-
epithelial cells. (G-J) AXL signaling score of cancer cells by (G) driver mutation, (H) EGFR
mutation, (I) treatment response or (J) metastatic status. (K—P) Kaplan-Meier curve of (K-L)
LUAD, LUSC (M—N), and PAAD (O-P) patients according low or high C2 or C3 gene
expression. PD: Progressive disease, PR: Partial Response. PAAD: Pancreatic adenocarcinoma.
1470 Error bars in (B-D) show the standard error of the mean. Statistical significance was calculated
by Mann-Whitney U rank tests in (B-J) and by logrank tests in (K-P). *p-value < 0.05, **p-value

<0.001, ***p-value < 0.0001, ****p-value < 0.00001, ns means not significant.
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Figure 4. Dasatinib inhibits C2 and C3. (A) DDMC upstream kinase predictions. (B) Cell

confluency of PC9 parental cells exposed to the indicated treatments with increasing

concentrations of dasatinib for 72 hours. Data normalized to untreated cells. Statistical
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significance was calculated by Student’s t-tests. (C) Diagram of the MS experiment. Cells were
treated with E and the indicated concentration of dasatinib for 4 hours and subsequently with
1480  AF154 for 10 minutes. Cells were then lysed and subjected to mass spectrometry (see Methods).
(D) Hierarchical clustering of the entire phosphoproteomics data set of PC9 PAR and AXL KO
cells showing the log phosphorylation signal of peptides normalized to the 0 nM dasatinib
condition per cell line. (E) Heatmap of dasatinib-responsive phosphosites (DRP). Abl1 and SFK
substrates were manually annotated according to PhosphoSitePlus. (F) Ranked GSEA of DRP
1485 and DDMC clusters. Peptides were ranked by calculating the cumulative inhibition across
increasing dasatinib concentrations. (G) Cluster of phosphosites showing an increased signal in
PC9 PAR but decreased phosphorylation in AXL KO cells treated with the indicated
concentrations of dasatinib and EA. (I) Cartoon illustrating the effect of dasatinib on AXL
downstream signaling. In B and F, *p-value < 0.05, ****p-value < 0.00001, ns means not

1490  significant.
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Figure 5. A high-throughput specificity screen shows that AXL directly phosphorylates
FAKI1 which in turn regulates C3. (A) Schematic describing the screen’s workflow. (B—C)
1495 AXL-BTN PSSM illustrated by either a heatmap (B) or a logo plot (C). (D) Violin plot showing

the NES distribution split by whether a peptide is present in the AXL phosphoproteomics data set
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(brown) or not (white). (E) Violin plot showing the NES of all AXL MS peptides grouped by
cluster. A hypergeometric test was used to calculate the enrichment of top 25% substrates within
each cluster. Signs next to significance markers indicate whether clusters are enriched (+) or
1500  depleted (-) with top 25% substrates. (F) Ranked AXL substrates by NES. Refer to
Supplemental Figure SE for a selected list of top substrates by cluster. (G) Ranked GSEA of
phosphosites of proteins included in the FAK1 pathway signature. Peptides were ranked by
calculating the cumulative inhibition across increasing dasatinib concentrations. (H-I)
Phosphorylation signal of the FAK1 signature members grouped by either cell line (H) or DDMC
1505 cluster (I). Note that the signal of CDK1 Y15-p was multiplied by -1 since it is a known
inhibitory site of its kinase activity. (J-K) Pan-FAK1 total protein (I) or phosphorylation (K) in
LUAD patient samples stratified by AXL-hi or AXL-low. In D, E, and H-K, statistical
significance was calculated using Mann-Whitney U rank tests. *p-value < 0.05, **p-value <
0.001, ***p-value < 0.0001, ****p-value < 0.00001, ns indicates not significant. In J-K, the

1510 error bars are defined by the standard error of the mean.
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Figure 6. AXL promotes the activation and nuclear translocation of YAP which, in turn,
regulates AXL expression and kinase activity. (A) Ranked GSEA analysis of the RNAseq data

1515 of the Y-to-F mutant cell lines ranked by the scores of a PCA analysis (see Fig. S6A). (B—C)
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Total and S126-p YAP levels of (B) PC9 PAR and (C) AXL KO cells with increasing
concentrations of dasatinib in addition to EA. (D) Total and S126-p YAP levels of PC9 PAR,
AXL KI, and PC9 AXL KO cells seeded at high or low cell density and treated with E or EA.
(E-F) YAP immunofluorescence staining in PC9 parental cells under the indicated treatments for

1520 3 days (E) and the corresponding quantification including AXL KO measurements (F). Statistical
significance was calculated using a Mann-Whitney U rank test. ****p-value < 0.00001, and ns
means not significant. (G) Western blot of total AXL in PC9 cells. (H) Luminex of total and
phospho-AXL in PC9 cells. (I) Luminex of phospho-AXL in PC9 PAR and PC9 YAP KO cells
treated with E and EA. (J-L) Cell viability assay of PC9 PAR cells treated with the indicated

1525 inhibitors for 15 days. Treatment conditions were replaced with media and drug-tolerant persister
cells were allowed to regrow for 15 days. Treatment or media were refreshed every 3—5 days. All

error bars or regions show the standard error of the mean.
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Figure 7. AXL-high LUAD tumors display increased YAP activation and EMT markers.

(A) AXL protein levels grouped by EGFR mutational status and tumor stage. (B) Expression of

mesenchymal markers by AXL levels. **p-value < 0.001 according to Student’s t-test. (C)

Transcriptomic YAP signature in AXL-high vs AXL-low tumors. (D) Illustration of the AXL

bypass signaling network identified in this study.
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