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ABSTRACT 23 
 24 

Despite current advancements in research and therapeutics, lung cancer remains the leading cause 25 

of cancer-related mortality worldwide. This is mainly due to the resistance that patients develop 26 

against chemotherapeutic agents over the course of treatment. In the context of non-small cell 27 

lung cancers (NSCLC) harboring EGFR oncogenic mutations, augmented levels of AXL  and 28 

GAS6 have been found to drive resistance to EGFR tyrosine kinase inhibitors such as Erlotinib 29 

and Osimertinib in certain tumors with mesenchymal-like features.  By studying the ontogeny of 30 

AXL -positive cells, we have identified a novel non-genetic mechanism of drug resistance based 31 

on cell-state transition. We demonstrate that AXL -positive cells are already present as a sub-32 

population of cancer cells in Erlotinib-naïve tumors and tumor-derived cell lines, and that the 33 

expression of AXL  is regulated through a stochastic mechanism centered on the epigenetic 34 

regulation of miR-335. The existence of a cell-intrinsic program through which AXL -35 

positive/Erlotinib-resistant cells emerge infers the need of treating tumors harboring EGFR-36 

oncogenic mutations upfront with combinatorial treatments targeting both AXL -negative and 37 

AXL -positive cancer cells. 38 

39 
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miRNA miR-335 in its second intron. In particular, we showed that forced down-regulation of 108 
miR-335 in AXL -negative cells was sufficient to increase the expression of AXL and to induce 109 
phenotypic and molecular features that are characteristic of AXL -positive cells, such as 110 
epithelial-to-mesenchymal transition and Erlotinib resistance. 111 
 112 
Altogether these observations define a novel mechanism that couples epigenetic/stochastic 113 
inheritance to the ontogeny of the AXL -positive/Erlotinib-resistant cells. This novel framework 114 
could inform the development of novel cancer treatments based on the targeting of both AXL -115 
negative and AXL -positive cell populations.  116 
 117 
RESULTS 118 
 119 
AXL -positive cells are pre-existing in cell lines and tumors  120 
 121 
It has been shown that when non-small cell lung cancer (NSCLC)-derived cell lines harboring 122 
EGFR-oncogenic mutations are exposed to EGFR-TKIs like Erlotinib, populations of AXL -123 
positive/Erlotinib-resistant cells emerge with features similar to those observed in tumors that 124 
have developed Erlotinib treatment resistance in patients (Zhang, Lee et al. 2012). This is the case 125 
for the NSCLC derived cell lines H1650-M3 and PC14. These cells are derivative of H1650 and 126 
PC9 cells respectively, harbor EGFR oncogenic mutations, and were previously generated by 127 
culturing the parental cells with constant high concentrations of Erlotinib (Yao, Fenoglio et al. 128 
2010).  129 
 130 
We wondered if AXL -positive cells are present in tumors before treatment as well as in tumor-131 
derived cell lines and whether these cells bear phenotypic and molecular similarities to the AXL -132 
positive cells that are generated upon exposure to EGFR-TKI  (Zhang, Lee et al. 2012). 133 
 134 
Given that AXL  is a cell surface receptor, we utilized FACS sorting analysis with an antibody 135 
that recognizes an epitope localized within the N-terminal extra-cellular moiety of AXL  to 136 
identify and separate putative AXL-positive cells. By using the AXL -positive cell lines, H1650-137 
M3 and PC14 as reference (Figure 1A and B), we observed the presence of AXL -positive cells in 138 
multiple Erlotinib-naïve cell populations (Figure 1B-D). The presence of these AXL-positive 139 
cells was not restricted to tumor-derived cell lines harboring EGFR-oncogenic mutations, as we 140 
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observed that a similar percentage of AXL -positive cells were present also in cell lines driven for 141 
example by mutant KRAS (i.e., A549) (Figure 1C-D).  142 
 143 
In tumors, the expression of AXL  is often accompanied by the expression of its ligand, GAS6 144 
resulting in the constitutive activation of AXL and its downstream signaling pathways (i.e., AKT 145 
and ERK). We found that this was the case also in the pre-existing FACS-sorted AXL-positive 146 
cells. Our RT-PCR and western-blot analysis confirmed the high expression of AXL and GAS6 147 
in these cells (Figure 1D-F) and indicated that AXL , as well as AKT, were constitutively 148 
phosphorylated in AXL -positive cells (Figure 1F).  149 
 150 
To exclude the possibility that our observations were an artifact of our cell culture system and 151 
more importantly to test the relevance of our findings in patients, we performed similar analyses 152 
in five primary NSCLC tumors. To limit our analysis only to tumor cells, we analyzed AXL  153 
expression only in cells that were CD45-, CD31- and EPCAMmid/high. This FACS algorithm 154 
excludes bone marrow-derived cells, endothelial cells, and fibroblasts. Also in this case, we found 155 
that human primary drug-naïve tumors contained a subpopulation of cells with high expression of 156 
AXL  and GAS6 (Figure 1G and H; Figure 1- figure supplement 1A).  157 
 158 
Pre-existing AXL -positive cells have phenotypic and molecular features of Erlotinib -159 
resistant cells 160 
 161 
Having shown the existence of AXL -positive cell populations in primary tumors and in tumor-162 
derived cell lines, next, we tested whether these cells had phenotypic and molecular features of 163 
Erlotinib resistant AXL-positive cells. We found that AXL -positive FACS-sorted cells from 164 
Erlotinib-naïve cell lines (i.e., PC9 AXL+ve) and AXL-positive cells that were generated upon 165 
Erlotinib-selection (i.e., PC14) had similar sensitivity to Erlotinib treatment with IC50 almost 3 166 
times higher than parental cells (i.e., PC9) (Figure 2A). To further investigate the contribution of 167 
pre-existing AXL+ cells to Erlotinib resistance, we did a cell lineage tracing experiment in which 168 
drug sensitivity was assessed after that AXL+/GFP+ cells were mixed with AXL-/GFP- negative 169 
cells in the approximate equal ratio. We observed a substantial increase in the representation of 170 
the AXL+ GFP+ cells upon Erlotinib treatment (Figure 2-figure supplement 1A-D). Because this 171 
study was conducted in a short period (96 hours after sorting), our data further solidify our 172 
conclusion that pre-existing AXL+ cells can be the main source of Erlotinib resistance. 173 
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Barber, Davies et al. 2015). In addition, it has been shown that intra-tumor heterogeneity could be 208 
spurred by non-genetic determinants (Polyak and Weinberg 2009, Meacham and Morrison 2013). 209 
In this regard, Gupta et al. have suggested that cancer cells can oscillate stochastically among 210 
different cell states characterized by differential expression of the surface markers CD44 and 211 
CD24 (Gupta, Fillmore et al. 2011). More recently, the Haber group also showed that circulating 212 
tumor cells from ER+/HER- patients can be HER2- and HER2+, and readily interconvert from 213 
one state to the other within 4 doubling times (Jordan, Bardia et al. 2016). 214 
 215 
Here we tested if AXL-positive cells were generated stochastically. We reasoned that if the AXL -216 
positive cells were generated by mutations, it would be very unlikely that these mutations would 217 
occur in synchrony. If this was the case, then we would expect the percentages of AXL -positive 218 
cells to vary across clonal cell lines derived from a single AXL -negative cell (Figure 3A). On the 219 
other hand, if the AXL -positive cells were generated through a stochastic event, we instead would 220 
predict the percentages of AXL -positive cells to be similar in multiple clonal cell lines derived 221 
from a single AXL -negative cell (Figure 3B).  222 
 223 
To explore these two models, we derived isogenic cell lines from FACS sorted AXL -negative 224 
H1650 and HCC827 cells; allowed them to expand; and then assessed the frequency of AXL -225 
positive cells from four, single-cell derived clonal cell lines. We observed a very similar 226 
percentage of AXL -positive cells in the parental cells as well as in the single-cell derived clonal 227 
cell lines (Figure 3C-D; Figure 3-figure supplement 1A and B). Based on this finding, we 228 
concluded that AXL -positive cells are most likely generated from AXL -negative cells via a non-229 
genetic, stochastic mechanism.  230 
 231 
To further confirm this observation and to improve our understanding of the cell-state plasticity 232 
of AXL -positive and AXL -negative cells, we sorted pure AXL -positive and AXL -negative cells 233 
from the H1650 cell line and analyzed the distribution of AXL -positive and AXL -negative 234 
progeny of cells over time (Figure 3E). We found that within three weeks, the AXL -negative cells 235 
could regenerate cell populations with the same percentage of AXL -positive and AXL -negative 236 
cells as the parental cell line. Interestingly, we observed that even though the AXL -positive cells 237 
took a longer time to do so (18 weeks), they too were able to regenerate a progeny population 238 
with the same percentages of AXL -positive and AXL -negative as present in the parental cell line. 239 
To exclude the possibility that this finding was the result of competition among clones driven by 240 
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genetic mutations, we repeated the same experiments using a single-cell derived cell line (e.g., 241 
H1650- clone 2). In this case, a nearly identical trend was recapitulated (Figure 3F).  242 
 243 
miRNA profiling of AXL -positive cells revealed a unique miRNA signature 244 
 245 
Among the many possible regulators of cell-state plasticity, we sought to investigate whether 246 
microRNAs (miRNAs) were involved in modulating the ontogeny of AXL -positive cells (Garzon, 247 
Marcucci et al. 2010). 248 
 249 
miRNAs are small (~22 nt) non-coding RNAs constituting a novel class of gene regulators that 250 
post-transcriptionally repress gene expression by initiating the degradation or blocking translation 251 
of target mRNAs (Lau, Lim et al. 2001, Lee and Ambros 2001, Ambros, Bartel et al. 2003). More 252 
than 1000 unique, mature miRNAs have been identified in the human genome (Griffiths-Jones 253 
2004) and each may regulate up to 200 mRNAs (Lewis, Shih et al. 2003, Betel, Wilson et al. 254 
2008). It is estimated that roughly 30% of all human gene transcripts are targeted by miRNAs, 255 
implicating them in the regulation of virtually all cellular processes. 256 
 257 
We generated miRNA expression profiles from the AXL -positive H1650-M3 and parental AXL -258 
negative H1650 cells by constructing small RNA libraries. These libraries were deep sequenced 259 
using the Illumina platform. Sequence reads were mapped to the human genome using a 260 
customized bioinformatics pipeline. Reads were annotated by BLAT (Kent 2002) to a unified 261 
database containing entries for human small RNAs from miRBase (Griffiths-Jones 2004), 262 
NONCODE (Liu, Bai et al. 2005), tRNAs in The RNA Modification Database (Limbach, Crain et 263 
al. 1994), and rRNA entries in the Entrez Nucleotide Database (Schuler, Epstein et al. 1996). Our 264 
previous experience performing comparative analysis informed our decision to use an arbitrary 265 
cut-off of a minimum of 1000 reads and >2 fold differential expression. Using these criteria, we 266 
identified 20 miRNAs that were up-regulated and 19 miRNAs that were down-regulated in the 267 
AXL -positive H1650-M3 cells compared to the AXL-negative H1650 cells (Figure 4A and B). 268 
Differential miRNA expression levels were independently validated by quantitative stem-loop 269 
RT-PCR (qRT-PCR) in the AXL -negative (H1650) and AXL -positive (H1650-M3) cell lines 270 
(Figure 4C). Apart from let7c, the differential miRNA expression patterns of all miRNAs 271 
identified by our deep sequencing analysis were confirmed (Figure 4C).  272 
 273 
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selected to grow and expand in the presence of high Erlotinib concentrations. In fact, these cell 473 
lines maintain features associated with the AXL -positive cell state even in the absence of drug 474 
treatment. Interestingly, we have recently observed that TGF-beta by repressing DNA repair 475 
could spur the accumulation of mutations and accelerate the clonal evolution of tumors (Pal, 476 
Pertot et al. 2017).  477 
 478 
Interestingly, the reactivation of miR-335 resulted in a dramatic decrease in the viability of AXL+ 479 
cells suggesting that the cells transiting into AXL+ cells are addicted to specific singling, 480 
regulated by miR-335. Altogether these findings have important clinical implications. They 481 
predict that treatments based only on targeting the epithelial, AXL -negative cells, such as in the 482 
case of Erlotinib and Osimertinib treatments, will be insufficient and poised to fail. Yet, 483 
combinatorial treatments targeting both cell states could increase the sensitivity of drug treatment 484 
and slow or prevent the acquisition of tumor resistance.  This could be the case of co-treatment of 485 
tumors with EGFR TKi and AXL inhibitors or EGFR TKi and 5-Aza-dC. Of note, our in vitro 486 
studies indicated that the concentration of 5-Aza-dC to which AXL-positive cells are sensitive are 487 
well within the 5-Aza-dC blood concentrations observed in clinical trials for the treatment of 488 
different cancer types (Karahoca and Momparler 2013). 489 
  490 
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Anti-Gas6 Antibody (A-9): mouse monoclonal IgG (SCBT); cat. # sc-376087 659 
GAPDH mouse monoclonal IgG (R & D Biosystems); cat. # MAB5718 660 
Ras-GAP goat polyclonal IgG (R & D Biosystems); cat. # AF5094 661 
  662 
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bar represents mean ± SD of 3 replicates from two independent experiments. (p-value * < 0.05, 1122 
** < 0.005, ***< 0.0005 unpaired t-test). E) The charts represent the number of viable cells in 1123 
H1650 and F) PC9 cells upon transfection with miR-335 antagomir and treatment with indicated 1124 
doses of Erlotinib. Values are normalized relative to vehicle-treated cell (control). Cells were 1125 
grown for 120 hours in the presence of the drug; the number of cells was estimated upon staining 1126 
with the crystal violet, de-staining in 100 µl of 10% acetic acid and reading absorbance at 590 1127 
nm. Diamonds and black bars represent single point measurements and the mean respectively 1128 
(n=8); (p-value ** < 0.005, unpaired t-test). ns = non-significant. F) Representative pictures of a 1129 
cell viability assay by crystal violet staining. Cells (H1650, H1650-M3, PC9 and PC14) were 1130 
plated in 24-well plates and transfected with miR-183 and miR-335 mimic oligonucleotides or 1131 
with the transfecting agent RNAiMA X alone as indicated. The cells were then stained with 1132 
crystal violets 96 hours after transfection. Quantification of the experiment is provided in Figure 1133 
5-Figure supplement 3.  1134 
 1135 
Figure 5-figure supplement 1: Inhibiting miR -335 expression results in molecular and 1136 
phenotypic changes characteristic of the AXL-positive cell-state. 1137 
A) Flow cytometry-based analysis of surface expression of AXL in PC9 and H1650 cells upon 1138 
inhibition of miR-335 with miR-335 antagomir, to determine the change in percentage of AXL-1139 
positive cells. Monoclonal antibody against the N-terminal of AXL was used for the FACS 1140 
analysis. Isotype control was used for identifying the AXL -negative population. Isotype control 1141 
was used for identifying the AXL -negative population (not shown).  1142 
 1143 
Figure 5-figure supplement 2: CRISPR-CAS9 mediated gene editing to reduce miR-335 1144 
expression results in molecular and phenotypic changes characteristic of the AXL-positive 1145 
cell-state. 1146 
A) The chart represents the knock-down efficiency of the indicated small guide RNAs (sg. RNA) 1147 
targeting the miR-335 sequence, compared to cells receiving sg.Renilla (control). mRNA 1148 
expression was quantified by SYBR-green-based RT-qPCR. Each bar represents mean ± SD of 3 1149 
replicates from two independent experiments.  (p-value **< 0.005, paired t-test). B) Flow 1150 
cytometry-based analysis of surface expression of AXL in H1650 cells upon editing the miR-335 1151 
sequence with three different guide RNAs, to determine the change in percentage of AXL-1152 
positive cells. sg.RNA against Renilla is used as a control. Monoclonal antibody against N-1153 
terminal of AXL was used for the FACS analysis. Isotype control was used for identifying AXL-1154 
negative population. Isotype control was used for identifying AXL-negative population (not 1155 
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Figure 5-figure supplement 1

A FACS profile for 1650 and pc9 + LNA
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