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Drug tolerance and persistence to EGFR inhibitor treatment are
mediated by an ILK-SFK-YAP signaling axis in lung
adenocarcinoma
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Combating resistance to targeted therapy remains a major challenge to improving lung cancer care. Epithelial-mesenchymal
transition (EMT) in tumour cells is an established non-genetic resistance mechanism to EGFR tyrosine kinase inhibitors (TKI) that is
also associated with worse outcome in patients. Here we demonstrate that integrin-linked kinase (ILK) is an important driver of
EMT-mediated TKI resistance in lung adenocarcinoma (LUAD) by promoting a drug-tolerant persister (DTP) cell phenotype. Our
results indicate that high ILK expression is associated with EMT in LUAD patients and that genetic suppression of ILK can limit EMT
progression and reduce the viability of DTP cells by impairing YAP activation, ultimately improving osimertinib (Osi) sensitivity in
LUAD cells. Importantly, LUAD cells with high ILK expression are able to persist during EGFR-TKI treatment, acquiring additional
genetic and phenotypic alterations to develop EGFR-TKI resistance. To improve clinical translatability of our findings, we showed
that pharmacological inhibition of ILK can suppress EMT and improve Osi response in LUAD cells. Lastly, we found that strong
immunohistochemistry staining of ILK in patient biopsies was significantly associated with and may be used to predict receptor
tyrosine kinase-independent mechanisms of EGFR-TKI resistance. Overall, our results suggest that ILK is an important regulator of
EGFR-TKI response and may be exploited as a predictor for acquired resistance, providing evidence for co-targeting ILK with EGFR
to better control minimal residual disease and EGFR-TKI resistance in lung cancer.
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INTRODUCTION
Lung cancer remains the most prevalent cause of cancer-related
deaths worldwide [1]. In ~20% of the most commonly diagnosed
lung cancer subtype, lung adenocarcinoma (LUAD), activating
mutations in epidermal growth factor receptor (EGFR) drive
malignant cell proliferation [2]. The development of EGFR tyrosine
kinase inhibitors (TKI) represented a significant improvement in
lung cancer therapies. In particular, the 3rd generation EGFR
tyrosine kinase inhibitor osimertinib (Osi) selectively inhibits
mutant EGFR while sparing wild-type EGFR activity [2]—granting
Osi exceptional potency and tolerance, and vastly improving
patient outcomes [3]. However, as with other EGFR-TKIs, tumours
inevitably resist Osi treatment [4], highlighting an urgent need to
develop new approaches to combat TKI resistance and improve
long-term survival of lung cancer patients.
Epithelial-mesenchymal transition (EMT) is an established non-

genetic mechanism of EGFR-TKI resistance in LUAD [5–8] that is
also associated with increased tumour invasion, metastasis, and
lethality [9, 10]. While factors driving EMT in EGFR-TKI resistance
remain unclear, there is evidence that a transitory drug-tolerant-

persister (DTP) state may be involved [11]. DTP cells represent
small fractions of cancer cells that are able to enter a reversible
state of drug tolerance [12–14] and survive drug treatment
without acquiring resistance-conferring genetic alterations. Com-
pared to drug-sensitive cells, these DTP cells tend to have reduced
proliferation, altered metabolism, and greater phenotypic plasti-
city that can promote attributes that enable survival and growth in
the presence of EGFR-TKI [11, 15]. Clinically, these populations of
DTP cells are best represented by minimal residual disease (MRD)
in patients, in which the patients’ tumours no longer regress with
continuous treatment; however, upon discontinuing treatment or
when the cancer cells become stably resistant, their “residual”
tumours readily relapse [11, 15]. Despite our limited under-
standing of the mechanisms underlying DTP cell survival, there is a
growing appreciation for the interactions that exist between
tumour cells and the extracellular matrix (ECM) in the tumour
microenvironment. These cell-ECM interactions can promote drug
persistence/resistance by altering signal transduction [16]. In
particular, integrin signalling has been shown to stimulate EGFR
activity and accelerate lung cancer progression [17–20];
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conversely, EGFR activation has also been shown to attenuate the
mechanical threshold for integrin tension and focal-adhesion
formation [21]. Interestingly, inhibition of focal-adhesion kinase
(FAK) improves Osi response in both sensitive and resistant EGFR-
mutant LUAD cells [22], and both integrin β1 and FAK have been
shown to promote persister cell survival and growth of residual
disease during targeted therapy in melanoma [14] and LUAD [23].
Integrin-linked kinase (ILK) is an important regulator of integrin-

mediated signal transduction, linking cellular ECM adhesion to
proliferation and migration [24–27]. ILK has been implicated in the
pathogenesis of various cancer types, mainly through the
promotion of EMT [27, 28] via an integrin β1/FAK/ILK signalling
axis that activates several EMT transcription factors – notably
SNAIL, SLUG and TWIST [29–33]. ILK is considered an attractive
option for targeted therapy development as it rarely mutates,is
readily druggable [34, 35], and has recently been shown to be
associated with worse outcomes in patients treated with EGFR-
TKIs [36]. Based on these findings, we hypothesized that ILK may
be involved in the development of EGFR-TKI resistance through
the development of a DTP phenotype in lung cancer cells.
Herein, we show that high ILK expression is associated with EMT

in EGFR-driven LUAD. Through genetic approaches, we have
found that ILK drives EGFR-TKI resistance through regulation of
DTP cell survival. Suppression of ILK sensitizes LUAD cells to TKI
treatment by depleting DTP cells, which is potentiated when cells
grow in ECM-rich microenvironments. Additionally, we found that
the cytoprotective role of ILK is mediated by YAP activation during
EGFR-TKI treatment, and that surviving DTP cells with high ILK
expression may undergo EMT during the progression towards
EGFR-TKI resistance. Lastly, the results of our study demonstrate
the feasibility of combining EGFR and ILK inhibition to circumvent
EMT-mediated TKI resistance.

MATERIAL AND METHODS
Reagents
See Supplementary Table 1 for the list of reagents used.

Cell culture
Cells were cultured at 37 °C with 5% CO2 in a humidified atmosphere.
HCC4006, NCI-H1975, PC9 and HCC4011 cells were cultured in RPMI 1640
medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% or 5% fetal bovine serum (FBS; Thermo Fisher Scientific) and 1%
Pen/Strep (Thermo Fisher Scientific). HEK293T cells were cultured in
Dulbecco’s minimal essential medium (DMEM) supplemented with 10%
FBS and 1% Pen/Strep. Cells were passaged with 0.25% Trypsin-EDTA
(Thermo Fisher Scientific) once they reached ~80% confluency. Myco-
plasma was tested monthly by PCR [37]. All cell lines used were
authenticated in June 2022.

EMT Scoring, Gene set enrichment analysis, and heatmap
TCGA PanCan Atlas and GSE31210 datasets were filtered for LUAD patient
samples with available gene expression data. TCGA PanCan Atlas and
GSE31210 datasets were stratified and categorized into tertiles based on ILK
expression level. EMT score for each sample was generated based on the
gene list described in Tan et al. [38]. In brief, EMT Score was calculated by
summing z-score of each gene in the EMT gene list multiplied by the weight
of the EMT gene. Mesenchymal genes were given positive weights while
epithelial genes were given negative weights. Gene Set Enrichment Analysis
(GSEA) [39] was performed with the Hallmarks gene sets comparing high
ILK-expressing tumour samples to low ILK-expressing tumour samples;
genes were ranked on t-test P-value. GSEA comparing Osi-resistant and
parental HCC4006 cells was performed with the Hallmark and Oncogenic
Signatures gene sets with log2 ratio as the metric to rank genes. The
DepMap cell line database was filtered for LUAD cell lines with activating
EGFR mutations. Heatmaps were constructed and hierarchal clustering was
performed using Morpheus (https://software.broadinstitute.org/morpheus).
Genes used to construct the heatmap were the core enrichment genes from
GSEA analysis of both TCGA PanCan Atlas and GSE31210 datasets in the
Hallmark Epithelial-Mesenchymal Transition gene set.

Generation of Osi-resistant lines
H1975, PC9, HCC4011, and HCC4006 cells were cultured in escalating doses
of Osi starting at 10 nM until they were capable of growing in 1 µM Osi (i.e.
first concentration = 10 nM, then 30, 100, 300 nM, and finally 1 µM), at
which point they were considered Osi-resistant. Media containing Osi was
changed every 3–4 days and cells were passaged once they reached ~80%
confluency with a higher dose of Osi supplemented in the media at each
passage.

Fluorescent and confocal imaging
HCC4006 cells were cultured on coverslips prior to fixation with 10%
phosphate-buffered formalin (Fisher Scientific, Hampton, NH, USA). The
cells were permeabilized with 0.1% TRITON-X-100 (Fisher Scientific) in
D-PBS (Thermo Fisher Scientific) and blocked with 4% FBS in D-PBS. The
cells were subsequently stained with appropriate primary and secondary
antibodies with 0.2 µg/mL DAPI. Coverslips were mounted on glass
microscope slides with VECTASHIELD Antifade Mounting Medium (Newark,
CA, USA). Confocal imaging was conducted using the Nikon A1-si Confocal
& TIRF Microscope (objective lenses used: 20X/0.75NA and 40X/0.95NA).

RNA sequencing
RNA from parental and Osi-resistant HCC4006 cells was extracted using the
QIAGEN RNeasy Mini kit (Hilden, Germany) following the manufacturer’s
protocol. RNA sequencing was performed by Genewiz Azenta Life Sciences
(Waltham, MA, USA). Salmon [40] was used to convert raw sequencing
reads into quantifiable gene abundance. Resultant TPM values were used
for GSEA. Differential gene expression analysis was performed with limma
[41] and subsequent gene ontology analysis was performed with the
PANTHER Overrepresentation Test [42] on the significantly upregulated
and downregulated genes.

RT-qPCR
RNA was extracted using the QIAGEN RNeasy Mini kit (Hilden, Germany)
following the manufacturer’s protocol. cDNA was synthesized using high-
capacity RNA-to-cDNA kit (Applied Biosystems) for subsequent qPCR
reactions with PowerUp SYBR Green Master Mix (Applied Biosystems) on
the QuantStudio 5 real-time PCR system. See Supplementary Table 2 for
the list of primers used.

MSK-IMPACT sequencing
Genomic DNA from parental and Osi-resistant HCC4006 cells were
extracted using the QIAGEN DNeasy Blood and Tissue kit (Hilden,
Germany). Genomic alterations were profiled using the MSK-IMPACT
platform as previously described [43].

Western blot
Western blots were performed as described previously [44]. Briefly, cells
were lysed in RIPA Lysis and Extraction Buffer (G-Biosciences, St. Louis, MO,
USA) containing Halt protease and phosphatase inhibitor cocktail (Thermo
Fisher Scientific). Protein concentration was determined using a Pierce BCA
protein assay kit (Thermo Fisher Scientific). Approximately 20 μg of lysates
were denatured in NuPAGE LDS Sample Buffer (Thermo Fisher Scientific)
and loaded on 4–12% Bis-Tris Gels (Thermo Fisher Scientific). After
electrophoretic separation, the proteins were transferred onto PVDF
membranes (Millipore Sigma, Billerica, MA, USA). The proteins of interest
were detected using appropriate antibodies. Nuclear and cytoplasmic
fractions were separated using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Thermo Fisher Scientific) following the manufacturer’s protocol.

Plasmids and generation of stable cell lines
pLenti CMV ILK Blast was cloned from ILK cDNA from pcDNA3.1-ILK and
pLenti CMV Empty Blast backbone plasmids by Gateway Cloning, using pCR8/
GW/TOPO TA Cloning Kit and Gateway LR Clonase II Enzyme Mix (Thermo
Fisher Scientific). pInducer20-SRC was cloned from SRC cDNA in pDONR223-
SRC (a gift from William Hahn & David Root; Addgene plasmid # 23934 and
pInducer20 (a gift from Stephen Elledge; Addgene plasmid # 44012) using
pENTR/D-TOPO Cloning Kit and and Gateway LR Clonase II Enzyme Mix
(Thermo Fisher Scientific). HEK293T cells co-transfected with pLenti CMV ILK
Blast, pTRIPZ shNS (a gift from Sandra Demaria; Addgene plasmid # 127696),
pTRIPz shILK B09, pLenti CMV GFP Blast (a gift from Eric Campeau & Paul
Kaufman; Addgene plasmid # 17445), EF1a_mCherry_P2A_Hygro (a gift
from Prashant Mali; Addgene plasmid # 135003), pInducer20-SRC, or
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pInducer20-GFP plasmids (as described previously [45]) together with
pMD2.G, and psPAX2 plasmid constructs (pMD2.G and psPAX2 were gifts
from Didier Trono; Addgene plasmid #12259 and #12260, respectively) using
Lipofectamine 2000 (Thermo Fisher Scientific). After overnight incubation, the
supernatant carrying the virus was filtered (0.45 µm) to remove cell debris
and 8 µg/mL of Polybrene (Hexadimethrine bromide, Millipore Sigma) was
subsequently added. The mixture was then added to the target cells. The
plates and the media containing virus were spun down at 1200 × g for
60min at 32 °C to aid with transduction efficiency. The cells were incubated
overnight and then selected with 10 µg/mL of Blasticidin S (Thermo Fisher
Scientific) for 5 days, 2 µg/mL of Puromycin (Millipore Sigma) for 5 days, or
800 µg/mL G418 (Thermo Fisher Scientific) for 14 days.

Matrigel-coated plates
Matrigel was diluted to 0.27mg/mL in ice-cold RPMI 1640 media and
added to cell culture plates, entirely covering the bottom of the plates. The
plates were then incubated at 37 °C for 1 h to allow the Matrigel to coat the
plate. The residual diluted Matrigel media were removed prior to
seeding cells.

Cell viability assay and clonogenics
HCC4006 cells were pre-treated with 100 ng/mL of doxycycline (DOX) for
3 days prior to being seeded in 96-well plates and then incubated
overnight. The cells were then treated with Osi (serial dilutions of 1/
2 starting at 10 µM) for 3 days. Cell viability was determined by alamarBlue
(Thermo Fisher Scientific) and fluorescent intensities (Ex/Em: 560/590 nm)
were measured for each well using the Cytation 3 Multi Modal Reader with
Gen5 software (BioTek Instruments, Inc, Winooski, VT, USA).
For clonogenic and persister cell assays, PC9, H1975 and HCC4006 cells

were seeded with or without 100 ng/mL DOX at very low density in
6-well plates (100–150 cells for clonogenics and 200-300 cells for
persister cell assay). After 3 days, the cells were treated with Osi for
7 days. For clonogenic assays, cells were fixed with 10% buffered
formalin and 50% ice-cold methanol prior to staining with 0.5% crystal
violet solution. For persister cell assays, the media supplemented with
Osi was replaced with media without Osi and the persister cells were
allowed to grow for 3–4 days. Subsequently, the cells were fixed and
stained similarly to clonogenic assays. Media (with or without DOX/Osi)
in both clonogenic and persister cell assays were changed every
3–4 days. Dried clonogenic plates were scanned using Epson Perfection
V550 Photo Scanner. Colonies in the scanned images of the CV-stained
plates were counted using FIJI/ImageJ [46]. Briefly, colonies on the plate
were identified using the “Color Threshold” and “Watershed” commands.
Identified particles were subsequently counted using the “Analyze
Particles…” function.

IncuCyte growth assay
HCC4006 cells were seeded at 1000 cells per well in a 96-well plate and
placed into the IncuCyte SX5 (Sartorius, Germany). Confluency was
measured by phase-contrast microscopy at 4 different locations in each
well every 4 hours until experimental endpoint.

Co-culture competition assay
HCC4006 pInducer20-GFP and pTRIPZ shNS/shILK cells were pre-treated
with 100 ng/mL of DOX for 3 days to induce expression of their respective
fluorescent proteins prior to being mixed together. A portion of the mixed
cells was run on a BD LSR Fortessa Cell Analyzer to determine the baseline
RFP:GFP proportional ratio. Meanwhile, another portion of the mixture was
seeded and cultured overnight. These mixed cells were subsequently
treated with either 100 nM Osi or DMSO control for 7 days before being
run on the BD LSR Fortessa Cell Analyzer to determine RFP:GFP ratio.
Similar methods were used for competition involving PC9 GFP cells and ILK
overexpressing PC9 mCherry cells without the addition of DOX.

Image analysis and quantification of YAP staining
Confocal images were analyzed using FIJI/ImageJ. In each image, the DAPI
signal was binarized to obtain the “nucleus mask”. Non-stringent threshold
values were set to binarize the YAP signal to obtain the “cell mask”. The
“Image Calculator” function was used to generate the “cytosol mask” by
subtracting the “nucleus mask” from the “cell mask”. The “nucleus” and
“cytosol” masks were then overlaid on top of the raw YAP signal to
determine the nuclear/cytosolic YAP fluorescent intensity ratio. RFP signal

was binarized to differentiate RFPhigh and RFPlow cells. Intensity profile
plots were generated using the “Plot Profile” function in FIJI.

Mouse tumour xenografts
All animals used were bred and housed under specific pathogen-free
conditions in the Animal Resource Centre at the BC Cancer Research
Institute. 1 × 106 HCC4006 cells harbouring either DOX-inducible control
shRNA or ILK-targeting shRNA constructs were re-suspended in serum-free
RPMI 1640 medium and implanted into the dorsal flanks of immune
incompetent male NRG mice 9–12 weeks of age. Upon palpable tumour
formation 14 days following the implantation, half of the mice were
transferred to a DOX diet to induce ILK knockdown. After the tumours
grew to ~100-200 mm3, the mice were administered either 15mg/kg Osi
or vehicle control (6% DMSO and 30% PEG300 in water) by oral gavage
three times a week. Upon reaching ethical tumour morbidity constraints,
tumours were harvested for subsequent analyses.

Validation of knockdown by RT-qPCR
Tissue from isolated tumours was placed in RLT buffer (from the QIAGEN
RNeasy kit) supplemented with 1% 2-mercaptoethanol (Thermo Fisher
Scientific). A 1 mL syringe with 18 G needle was used to help dissociate the
tissue. Subsequently, RNA was isolated using the RNeasy kit in accordance
with the manufacturer’s protocol. cDNA was synthesized using high-
capacity RNA-to-cDNA kit (Applied Biosystems) for subsequent qPCR
reactions with PowerUp SYBR Green Master Mix (Applied Biosystems) on
the ViiA 7 Real-Time PCR System (Applied Biosystems). Human specific
primers were designed to only amplify human ILK and the housekeeping
gene ACTB. Primer sequences used: ILK Forward—GGGGGAGAAGCCAT-
GATCG; ILK Reverse—TCCTTCCCTGGATCACTCCAC; ACTB Forward—
CCGCCGAGACCGCGT; ACTB Forward—TCATCATCCATGGTGAGCTGG.

ILK immunohistochemistry
Immunohistochemical (IHC) stains were performed on formalin-fixed
paraffin-embedded (FFPE) tissues from clinical samples. Anti-ILK1 clone
4G9 (Cell Signaling Technology Inc., Danvers, MA, USA) was implemented
using the Leica bond platform (antigen retrieval ER2 30′, primary antibody
incubation 30’, detection: DAB retrieval kit). ILK immunoreactivity was
validated using multi-tissue sections, with skeletal muscle as positive
control and hepatocytes as negative control. ILK tumour expression was
scored by a certified pathologist (CAFA) as positive or negative based on
any level of cytoplasmic labelling. H-scores [47] were calculated by
summing the product of multiplying the percentage of positive tumour
cells (0–100%) by staining intensity (0 = no staining, 1+: weak, 2+:
moderate, 3+: strong), yielding a range of H-scores from 0 to 300. Tissue
samples were collected under MSKCC IRB-approved biospecimen collec-
tion protocols, and informed consent was obtained. Genomic alterations
were profiled using the MSK-IMPACT platform as previously described [43].

Statistical analysis
All statistical analyses were performed using GraphPad Prism, version 9
(GraphPad Software, San Diego, CA, USA) and R, version 4.1.0. The specific
statistical tests used and the number of independent replicates that were
performed are described in the figure legends. P-values less than 0.05 were
considered statistically significant. The number of experimental replicates
were based on the observed effect sizes and variances in pilot experiments
in order to achieve a reasonable statistical power.

RESULTS
High ILK expression is associated with an EMT gene signature
in EGFR-mutant LUAD
We first examined ILK expression in tumour samples from patients
diagnosed with EGFR-driven LUAD. Performing immunohisto-
chemistry (IHC) staining on pre-therapy LUAD tumours (18 samples
from 10 patients) revealed that all EGFR-mutant tumours stained
positively for ILK (Fig. 1a), with varying expression among samples
(median H-score of 150; ranging from 100-300) (Fig. 1a, b; see
Supplementary Fig. S1a for negative staining control). As ILK has
been demonstrated to drive EMT in many cancer types
[29, 31, 48–50], we aimed to determine whether ILK expression
is associated with EMT in EGFR-driven LUAD. Using a
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comprehensive EMT Scoring system gene list [38], we derived an
EMT Score for LUAD patient samples in two publicly available
databases: TCGA PanCan Atlas LUAD and GSE31210. We binned
the patient samples into tertiles based on their ILK expression and
found that high ILK-expressing tumour samples had significantly
higher EMT Scores compared to low ILK-expressing samples in
both datasets (Fig. 1c, d). As an orthogonal approach, we also
performed Gene Set Enrichment Analysis (GSEA) on these two
clinical datasets and demonstrated that there is a significant
positive correlation between high ILK expression and an EMT gene
signature enrichment (Fig. 1e, f), with EMT being the top result in
both datasets. However, bulk patient tumour samples also contain
non-cancer mesenchymal cell populations [51]. To confirm that
this correlation was, at least in part, intrinsic to the cancer cells, the
DepMap cell line database was used to perform hierarchal
clustering based on the expression of EMT core enrichment genes
found in GSEA. The resultant heatmap (Fig. 1g) demonstrated that
LUAD cell lines harbouring activating EGFR mutations with high

ILK expression clustered separately from cell lines with low ILK
expression, indicating that the association between ILK and EMT
can be observed in tumour cell lines independent from stromal
cells found in lung tumours.

ILK is associated with EMT-mediated Osi resistance
As EMT can mediate EGFR-TKI resistance in LUAD [5–8], we asked if
ILK has a role in EMT-mediated Osi resistance. We first generated
multiple osimertinib-resistant (OsiR) EGFR-mutant LUAD cell lines
(PC9, H1975, HCC4011, and HCC4006) (Supplementary Fig. S1b).
MSK-IMPACT sequencing of these parental-resistant pairs revealed
that H1975, PC9, and HCC4011 had acquired genetic alterations
that reactivated the RTK signalling pathways (i.e. bypass signalling).
Only HCC4006 was found to have not acquired any genetic
alterations that reactivated the RTK signalling pathways (Supple-
mentary Fig. S1c). HCC4006 cells demonstrated a more
mesenchymal-like phenotype in the drug-resistant state relative
to its parental (Par) epithelial-like counterpart. These cells notably

Fig. 1 ILK is associated with EMT in EGFR-mutant LUAD. a IHC staining of ILK in EGFR-mutant LUAD patient tumours. Representative images
of staining scores 1, 2, or 3 are shown. Black scale bar = 100 µm. b Summary of ILK staining in pre-treated EGFR-mutant LUAD tumours (n= 18
from 10 patients). c, d Comparison of EMT Score between high-expressing vs low-expressing ILK EGFR-mutant LUAD patient tumour samples
in c TCGA PanCan Atlas LUAD (n= 24 each) and d Japanese LUAD microarray cohort (n= 42 each; GSE31210). Wilcoxon rank sum Test were
used to statistically compare high vs low ILK samples. e, f Enrichment plots of the top Hallmark gene set from GSEA comparing high to low
ILK-expressing EGFR Mut LUAD tumours from indicated datasets. g Heatmap of DepMap EGFR Mut LUAD cell lines indicating expression of
core enrichment genes from the EMT gene set of patient tumours in (e, f).
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lost expression of the epithelial marker ECAD while upregulating
expression of mesenchymal markers NCAD and vimentin (Fig. 2a).
We also found upregulation of the pro-EMT transcription factor
SNAIL with decreased expression of SLUG (Supplementary Fig. S1e).
Confocal imaging of HCC4006 OsiR cells supported the western blot
results and demonstrated a loss of membrane ECAD and
substantially higher levels of vimentin staining (Fig. 2b). These
findings suggest EMT as a potential mechanism by which HCC4006
cells became EGFR-TKI resistant. Interestingly, the HCC4006 cell line
also had the highest basal protein levels of ILK (Fig. 2a), potentially
linking ILK with EMT-associated Osi resistance.
Next, we performed RNA-sequencing on HCC4006 OsiR and

HCC4006 Par cells. In agreement with the findings above, GSEA
showed that an EMT gene signature was significantly enriched in
HCC4006 OsiR cells (Fig. 2c) and several EMT-associated genes
were differentially expressed in HCC4006 OsiR cells compared to
parental cells (Fig. 2d). Upon closer inspection of the canonical
markers of EMT, we saw an overall decrease in genes associated
with epithelial differentiation (KRT19, MUC1, CDH1, and EPCAM), an
overall increase in genes associated with a mesenchymal-like state
(VIM, MMP3, and FAP), and a marked increase in canonical EMT
transcription factor genes (SNAI1, TWIST1, ZEB1) (Fig. 2e). Using
Gene Ontology analysis on significantly differentially expressed
genes, we found that genes involved with cell-cell adhesion were
downregulated while genes involved with cell-matrix adhesion
and EMT were upregulated in OsiR cells (Fig. 2f).
HCC4006 OsiR cells did not exhibit re-activation of EGFR—a

potential TKI resistance mechanism - as shown by a lack of
phosphorylated-EGFR (P-EGFR) in the OsiR cells (Supplementary
Fig. S1d). HCC4006 OsiR cells also did not have altered levels of
MAPK signalling downstream of EGFR as indicated by phosphory-
lated-ERK1/2 (P-ERK1/2) (Supplementary Fig. S1d) and increased
PI3K signalling – namely phosphorylated-mTOR (P-mTOR),
phosphorylated-RICTOR (P-RICTOR), and phosphorylated-AKT (P-
AKT) (Supplementary Fig. S1d). We also found OsiR cells had
increased focal-adhesion signalling indicated by phosphorylated-
FAK (P-FAK) (Supplementary Fig. S1f). Taken together, these results
suggest that the mechanism underlying Osi resistance in HCC4006
cells involves changes in two biological processes that ILK is
known to regulate, namely EMT and focal-adhesion signalling.

ILK knockdown in treatment-naïve HCC4006 increases Osi
sensitivity
To establish whether the associations between ILK, EMT, and Osi
resistance are causative, we employed pTRIPZ doxycycline (DOX)
inducible shILK and shNS control constructs (Fig. 3a) that enable
conditional knockdown of ILK in HCC4006 cells. The addition of DOX
significantly lowered the protein level of ILK and also reduced
expression of the ILK binding partnerα-Parvin in cells treated with
DMSO or Osi (Fig. 3b). PINCH was not observed to change with ILK
knockdown in HCC4006 cells treated with DMSO. However, upon
treatment with Osi (10 and 50 nM) PINCH was elevated. This
elevation in PINCH was suppressed by DOX, suggesting that the ILK-
PINCH-Parvin (IPP) complex necessary for ILK’s downstream
functions [25, 27] became more stable following Osi treatment
and that ILK knockdown destabilized the formation of IPP complex.
ILK knockdown increased HCC4006 cell sensitivity to acute (3

day) Osi treatment across concentrations from 50 nM to 1 µM
(Fig. 3c). Next, we assessed the role of ILK during a longer-term
(7 day) Osi treatment (10 nM and 100 nM) by quantifying the
effect of ILK knockdown on the colony-forming potential in
HCC4006 cells. We found that both DOX (i.e. ILK knockdown) and
Osi treatment alone suppressed the number of colonies formed
(Fig. 3d), but greater suppression was observed with ILK knock-
down combined with Osi treatment. Moreover, acute treatment of
Osi increased expression of EMT markers NCAD, vimentin, SNAIL,
and SLUG in HCC4006 cells while ILK knockdown suppressed
NCAD and SNAIL during Osi treatment (Supplementary Fig. S2a),

suggesting that ILK may have a role in Osi-mediated EMT in
HCC4006 cells. Together, these results suggest that ILK expression
plays a role in promoting Osi insensitivity in LUAD cells.

ILK-driven Osi insensitivity is independent of EGFR/ERK/AKT
re-activation
In an effort to understand the mechanisms by which ILK affects
Osi resistance, we first examined whether ILK reactivates EGFR or
the MAPK signalling pathway, as these are common mechanisms
of Osi insensitivity/resistance [4]. As expected, we found that acute
treatment (3 days) with 10 nM and 50 nM Osi lowered P-EGFR
levels in a dose-dependent manner and this translated into a
decrease in phosphorylated ERK1/2 (P-ERK1/2), particularly in cells
treated with a higher Osi concentration (50 nM Osi) (Supplemen-
tary Fig. S3). However, ILK knockdown did not affect P-EGFR or P-
ERK1/2 after Osi treatment (Supplementary Fig. S3), indicating that
the mechanism by which ILK drives Osi insensitivity is indepen-
dent of EGFR or MAPK signalling. Next, we examined the PI3K
signalling pathway, which is regulated by EGFR and ILK, and is also
increased in HCC4006 OsiR cells (Supplementary Fig. S1d). At
10 nM Osi, but not 50 nM Osi, P-AKT was induced in a manner that
was suppressed by ILK knockdown (Supplementary Fig. S3),
perhaps due to compensatory increase in ILK activity that leads to
increased AKT signalling following 10 nM Osi treatment. However,
with 50 nM Osi treatment, mutant EGFR and downstream AKT
signalling was suppressed beyond rescuable effect by ILK.
Phosphorylated mTOR (P-mTOR) was not affected by Osi
treatment, while P-RICTOR was upregulated in response to Osi.
RICTOR cooperates with ILK to signal downstream to AKT [30],
although P-RICTOR was only slightly reduced by ILK knockdown
(Supplementary Fig. S3). We, therefore, conclude that the
influence of ILK on Osi response cannot be explained by the re-
activation of PI3K signalling via mTOR or RICTOR.

ILK knockdown in HCC4006 OsiR cells does not re-sensitize
cells to Osi
To determine if ILK suppression can be used to directly combat
EGFR-TKI resistance in OsiR cells, we first tested whether HCC4006
OsiR cells depend on ILK as a survival mechanism. However, we
found that HCC4006 OsiR cells were significantly more resistant to
ILK inhibition (QLT0267) than parental HCC4006 cells (Supple-
mentary Fig. S4a). Next, we asked if ILK may be important to
maintain Osi resistance in HCC4006 OsiR cells. DOX-inducible ILK
knockdown could not re-sensitize HCC4006 OsiR cells to acute/
longer-term Osi treatment (Supplementary Fig. S4b, c). Taken
together, our results suggest that ILK is important for survival of
treatment naïve HC4006 parental cells, but HCC4006 cells that
have further evolved to become Osi-resistant do not require ILK to
maintain resistance.
To better understand the ILK-independent survival of HCC4006

OsiR cells, we re-examined MSK-IMPACT sequencing results to
determine if OsiR cells had acquired mutations that may maintain
Osi resistance. We found that HCC4006 OsiR cells had acquired
several mutations of particular interest in comparison to the
parental HCC4006 cells (Supplementary Fig. S1c). HCC4006 OsiR
cells had acquired point mutations in ERG, SMARCA4, DNMT3B, and
KMT2D, which are all genes that have been previously implicated
in EMT [52–55]. Since the OsiR cells show evidence of undergoing
EMT (Fig. 2), these mutation data may help to explain why
HCC4006 OsiR cells are independent of ILK for survival after the
development of Osi resistance.

ILK drives EMT-mediated Osi resistance by promoting DTP
survival in HCC4006 cells
ILK protects HCC4006 cells against Osi treatment, but is
dispensable for the survival of Osi-resistant cells. ILK has been
shown to drive EMT [25, 27, 30, 31, 33, 48, 56], and OsiR cells
displayed a more mesenchymal phenotype than parental cells.

R. Shi et al.

5

Oncogene



We, therefore, hypothesized that ILK is important for the transition
of HCC4006 cells towards EMT-mediated Osi resistance. To test
this hypothesis, we generated Osi-resistant cells from
HCC4006 shNS/shILK in the presence or absence of DOX-
inducible ILK knockdown. In HCC4006 cells with intact ILK

expression (i.e., shNS control cells or shILK cells without DOX),
Osi resistance was associated with increased mesenchymal marker
expression (NCAD, vimentin, and SNAIL) along with a loss of ECAD
expression (Fig. 4a). Importantly, we also observed up-regulation
of ILK in these OsiR lines compared to parental HCC4006 shNS/
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shILK cells. HCC4006 cells that became Osi resistant in the
presence of ILK knockdown had reduced expression of NCAD and
SNAIL, although the levels of ECAD and vimentin were unchanged
with ILK knockdown (Fig. 4a). These data indicate that ILK
mediates mesenchymal transition during the progression of
HCC4006 cells towards EMT-driven Osi resistance.
Non-genetic mechanisms of drug resistance, such as EMT, often

arise from a transitory DTP state prior to acquiring the genetic/
phenotypic changes necessary to support growth in the presence
of the drug [11, 15]. Therefore, we rationalized that ILK may be
promoting the survival of DTP cells during Osi treatment. In order
to test this, we treated HCC4006 cells with 100 nM Osi for 7 days,
leaving only the DTP cells. In comparison with HCC4006 cells
treated with DMSO, Osi DTP cells had elevated levels of ILK. This
increase in ILK expression is correlated with an upregulation of
EMT markers, namely NCAD, vimentin, and SNAIL (Fig. 4b). As the
DTP state is transitory and reversible, we then tested if the
increase in ILK and EMT marker expression would regress
following Osi removal. In accordance with our hypothesis, ILK
and EMT markers (NCAD and SNAIL) decreased in expression
following Osi removal (Fig. 4b).
To study the role of ILK on DTP cell survival, we performed

persister cell assays (Fig. 4c), a modified clonogenic survival assay,
by first treating HCC4006 cells with Osi at IC75-95 concentrations
(100 nM, 300 nM, and 1 µM) for 7 days. Due to the low abundance
of DTP cells and their inability to proliferate sufficiently to form
visible colonies in the presence of drug, Osi was removed from
media at the end of the treatment period (i.e. 7 days), allowing
these DTP colonies to proliferate to a quantifiable size. The
resultant colonies were stained with crystal violet and counted.
We observed that DOX pre-treatment in HCC4006 shILK, but not
shNS, cells significantly decreased the DTP colony count (Fig. 4c),
suggesting that ILK promotes the survival of these Osi DTP cells.
We then asked if ILK suppression can be exploited to counter

Osi tolerance once the DTP state has already been established.
Acute treatment (3 days) of Osi revealed that HCC4006 DTP cells
were less sensitive than their parental counterpart (Fig. S5a). DOX-
inducible knockdown of ILK in HCC4006 DTP cells was unable to
re-sensitize these cells to Osi (Fig. S5a), suggesting that ILK no
longer affects survival after the formation of the DTP state. Next,
we also asked whether ILK knockdown during Osi treatment may
affect the recurrence rate of HCC4006 DTP cells. To answer this, we
analyzed the growth kinetics of HCC4006 Osi DTP cells made in
the presence or absence of ILK knockdown following Osi removal.
ILK knockdown throughout the Osi treatment period did not affect
the growth rate of HCC4006 DTP cells following Osi removal
(Fig. S5b), suggesting ILK knockdown does not affect rate of DTP
regrowth in HCC4006 cells. Taken all together, our findings
suggest that ILK is primarily important for the depth of response
to Osi treatment in LUAD cells.

YAP activation underlies the cytoprotective effects of ILK
YAP activation has recently been shown to be important for DTP
survival following Osi treatment in EGFR-mutant LUAD [57–59] and
YAP has been previously demonstrated to subsequently drive EMT
transcriptional programming [59]. ILK has also been shown to be an

important integrin signalling mediator for YAP activation [60, 61].
Therefore, we next asked whether ILK activates YAP in DTP cells
during Osi treatment. To first explore this possibility, we compared
YAP expression levels and transcriptional activity in HCC4006 OsiR
cells to its parental counterpart from our RNA-seq results. We found
that HCC4006 OsiR cells had higher expression of YAP1 (Fig. 5a) and
were significantly enriched for YAP transcriptional signatures
(Fig. 5b). We validated these results at the protein level by Western
blot and found elevated levels of YAP protein in OsiR cells (Fig. 5c).
To demonstrate ILK’s role in YAP activation, we performed
immunofluorescent confocal imaging for YAP subcellular localiza-
tion (Supplementary Fig. S6a); as YAP becomes activated, it forms
the YAP/TAZ-TEAD complex that translocates into the nucleus and
drives YAP-associated transcriptional activity [62]. Our results
showed that the basal, untreated HCC4006 cells, with or without
ILK knockdown, did not have strong YAP activation, as indicated by
the overall weak nuclear/cytoplasmic YAP staining (Fig. 5d–f).
Treatment of these HCC4006 cells with 100 nMOsi for 3 days with or
without ILK knockdown significantly increased nuclear/cytoplasmic
YAP intensity (Fig. 5d–f), suggesting elevated YAP activity was
important for survival against EGFR inhibition. ILK knockdown in
both DMSO and Osi-treated HCC4006 cells, significantly decreased
nuclear/cytoplasmic YAP intensity, indicating the existence of an
ILK-dependent mechanism for YAP activation (Fig. 5d–f). Impor-
tantly, we noticed that HCC4006 shILK cells treated with DOX had
variable levels of RFP expression (proportional to the shRNA levels
as represented in Fig. 3a), indicating potential heterogeneity in the
level of ILK knockdown across the assayed cellular population. To
better delineate the effects of ILK knockdown on YAP activity, we
quantified YAP fluorescent intensity specifically in RFPlow (relatively
little to no knockdown) and RFPhigh (relatively greater knockdown)
HCC4006 shILK cells after DOX treatment (Supplementary Fig. S6b).
We found that nuclear to cytoplasmic YAP intensity ratio was
significantly elevated in RFPlow cells upon Osi treatment (Fig. 5g, h);
however, Osi treatment did not increase YAP activity in RFPhigh cells.
Moreover, YAP activity in Osi treated cells was significantly
decreased in RFPhigh cells in comparison to RFPlow cells
(Fig. 5g, h), further demonstrating the role of ILK in YAP activation
in response to Osi treatment. As an orthogonal approach, we also
examined levels of phosphorylated YAP (P-YAP), a marker of
inactivated YAP, in the nuclear and cytoplasmic fractions of
HCC4006 shILK/NS cells by Western blot. We found that cytoplasmic
P-YAP was decreased and nuclear YAP was elevated in Osi-treated
(100 nM) cells (Fig. S7a). ILK knockdown elevated cytoplasmic P-YAP
in both DMSO and Osi-treated cells (Fig. S7a). Lastly, to determine if
ILK’s effects on YAP activity translated to a change in the
transcriptional activity of YAP-TEAD, we performed RT-qPCR for
CCN2 (also known as CTGF), an established target of YAP-TEAD
transcription [63], on Osi-treated (100 nM) HCC4006 shILK cells. We
found that Osi massively increased the expression of CCN2, while ILK
knockdown suppressed CCN2 expression in both DMSO and Osi-
treated cells (Fig. S7c).
Lastly, we further assessed the importance of YAP activation on

DTP survival through pharmacological inhibition of YAP/TAZ-TEAD
(1µM K-975). K-975 (24 h treatment) was sufficiently able to
significantly decrease the expression of YAP/TAZ-TEAD target genes

Fig. 2 EGFR-TKI resistance in high ILK-expressing HCC4006 cells is associated with EMT. a Western blot of ILK and EMT marker levels in
parental (Par) and osimertinib (Osi) resistant EGFR-mutant cell lines. b Immunofluorescence images of HCC4006 Par and OsiR cells.
c Enrichment plot of the top enriched Hallmark gene set from GSEA comparing HCC4006 OsiR (n= 2 experimental replicates) to Par (n= 2
experimental replicates) cells. d Volcano plot of significant differentially expressed genes. Genes were considered differentially expressed if
adjusted P-value (by the Benjamini-Hochberg method) was less than 0.05, which corresponds to a raw P-value of ~0.008. e RT-qPCR validation
of representative epithelial, mesenchymal and EMT transcription factor genes (n= 3 each). Student’s t-test were used to statistically compare
Par vs OsiR (*p < 0.05; **p < 0.01; ***p < 0.001). Bar graphs with error bars represent the mean ± SEM. f Top 6 downregulated and upregulated
biological processes from Gene Ontology analysis (PANTHER Over Representation test) of differentially expressed genes in HCC4006 OsiR
versus Par cells. Bolded are known biological processes that ILK regulates. Osi was maintained at 1 µM in OsiR cells in these experiments.
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Fig. 3 ILK knockdown improves response to Osi treatment. a Schematic of pTRIPZ shRNA constructs. b Validation of knockdown in
HCC4006 shILK cells; western blot of proteins in the IPP complex in HCC4006. c Three day Osi dose-response in HCC4006 shILK (n= 3) and
shNS (n= 3) ± DOX. Multiple t-tests with Holm-Sidak correction were used to statistically compare DOX vs No DOX at each Osi concentration
(*p < 0.05). d Clonogenic assay of HCC4006 shILK (n= 10) and shNS (n= 9) cells treated with Osi for 7 days ± DOX. Quantification of colony
count is below the representative plates. Multiple paired t-tests with Holm-Sidak correction were used to statistically compare DOX vs No DOX
at each Osi concentration (*p < 0.05; **p < 0.01). Error bars represent the mean ± SEM. DOX concentration = 100 ng/mL.
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Fig. 4 ILK promotes DTP survival and the progression towards EMT-mediated Osi resistance. a Western blot of EMT markers in
HCC4006 shNS, and shILK cells ± DOX Par and OsiR. b Western blot of ILK and EMT markers following treatment with DMSO or 100 nM Osi for
7 days and subsequent removal of Osi. c Schematic of persister cell assay. d Persister clonogenic assay of HCC4006 shILK (n= 6) and shNS
(n= 6) cells treated with Osi for 7 days ± DOX. Quantification of colony count is below the representative plates. Multiple paired t-tests with
Holm-Sidak correction were used to statistically compare DOX vs No DOX at each Osi concentration (*p < 0.05; **p < 0.01). Error bars represent
the mean ± SEM. DOX concentration = 100 ng/mL.

R. Shi et al.

9

Oncogene



CCN2 and IGFBP3 [64] (Fig. S7c). K-975, similar to ILK knockdown,
significantly reduced colony formation (10 nM and 100 nM Osi)
(Supplementary Fig. S8a) and DTP cell viability (100 nM, 300 nM, and
1 µMOsi) (Supplementary Fig. S8c) in HCC4006 cells treated with Osi.

Taken together, our results demonstrate that ILK regulates YAP
activation in HCC4006 cells after EGFR inhibition, providing a
potential mechanism for DTP survival in cells with high ILK
expression.
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ILK signals through SFKs, but not FAK, to drive DTP survival
To determine how ILK may lead to YAP activation and DTP
survival, we examined two known intermediates of integrin
signalling, SRC-family kinases (SFKs) and FAK. These kinases are
known to be associated with ILK and have been shown to
stimulate YAP activation [65–70]. In addition, they have been
associated with Osi insensitivity in LUAD [22, 71, 72]. HCC4006
OsiR cells had elevated levels of P-FAK and P-SFK when compared
to its parental counterpart (Fig. 5c and Supplementary Fig. S1e).
Moreover, ILK knockdown in HCC4006 cells reduced the level of
P-SFK and P-FAK in Osi treated cells (Fig. 5i and Supplementary
Fig. S9a).
To directly assess whether FAK or SFK signalling underlies the

phenotype observed with ILK knockdown, we first employed the
use of a FAK-specific inhibitor, PF573228, which has previously been
shown to sensitize other EGFR-mutant LUAD cells to Osi [22].
However, treatment with a sub-lethal concentration of PF573228
(300 nM) in HCC4006 cells did not phenocopy the effects of ILK
knockdown, despite diminishing P-FAK levels induced by 50 nM Osi
(Supplementary Fig. S9b). PF573228 treatment did not improve
sensitivity in HCC4006 cells treated with 10 nM and 100 nM Osi for
7 days (Supplementary Fig. S9c). On the other hand, sub-lethal
inhibition of SFKs by dasatinib (30 nM) phenocopied the effects of
ILK knockdown, not only reducing YAP activation following 50 nM
Osi treatment (Fig. 5j), but also colony formation (10 nM and
100 nM Osi) (Supplementary Fig. S8b) and DTP survival (100 nM,
300 nM, and 1 µM Osi) (Supplementary Fig. S8d) in HCC4006 cells
treated with Osi, in agreement with previous findings [22, 67].
Moreover, overexpression of SRC, but not GFP control, in
HCC4006 shILK cells (Fig. 5k) rescued the effects of ILK knockdown
in Osi-treated (100 nM, 300 nM, and 1 µM Osi) HCC4006 DTP cells
(Fig. 5l and Supplementary Fig. S10a-c), further demonstrating the
importance of SFKs in mediating the cytoprotective effects of ILK.
Taken together, these results suggest that while FAK activation may
require the presence of ILK, it is independent from the mechanism
by which ILK mediates Osi insensitivity in HCC4006 cells. In contrast,
SFK activation is relevant for the cytoprotective effects of ILK,
bridging ILK to YAP activation in this model system.

Extracellular Matrix increases dependences on ILK-mediated
cytoprotective effects during Osi treatment
The binding of integrins to ECM is important for ILK’s physiological
functions [25, 27, 73]. While ILK provides a survival advantage
during Osi treatment, we next asked whether the presence of ECM
that mimics an in situ setting amplifies this effect. To do this, we
performed a flow cytometry-based competition assay (Fig. 6a)
between GFP-expressing HCC4006 cells with intact ILK expression
and RFP-expressing HCC4006 shILK cells with ILK knockdown
(or shNS control) cultured on either regular or Matrigel-coated
plates, as a form of ECM (heavily enriched with laminin – the

canonical integrin ligand) [74]. To account for any intrinsic
competitive disadvantage associated with ILK knockdown, we
normalized our results to the DMSO-treated control cells cultured
on regular plates. As anticipated, ILK knockdown yielded a
competitive disadvantage to HCC4006 cells in the context of EGFR
inhibition, as observed by the decrease in RFP/GFP ratio compared
to the vehicle control when these cells were cultured in 100 nM Osi
for 7 days (Fig. 6b). Interestingly, ILK knockdown in the presence of
Matrigel coating alone also decreased the competitive viability of
DMSO-treated HCC4006 cells (Fig. 6b), further demonstrating the
importance of ILK when cells adhere to ECM. The effects of ILK
knockdown were further amplified when cells cultured on Matrigel
were treated with 100 nM Osi (Fig. 6b), demonstrating that ECM is
required for the survival effects of ILK in HCC4006 cells. Next, we
asked how ECM can affect the viability of Osi DTP cells (see Fig. S12
for DMSO control). ILK knockdown in Osi-treated (100 nM, 300 nM,
and 1 µM) HCC4006 cells cultured on Matrigel-coated plates
significantly decreased the survival of DTP cells (Fig. 6c). The
reduction in viability was more prominent (~70% reduction in DTP
viability) for cells cultured on Matrigel-coated plates than cells on
regular plates (~50% reduction in DTP viability) (Fig. 4c), suggesting
the contribution of ILK in promoting Osi-resistant DTP survival is
prevalent in ECM-rich microenvironment contexts.
To confirm our findings in other model systems, we next aimed to

assess the effect of ILK in DTP survival in additional EGFR-mutant
LUAD cell lines, one with moderate levels of ILK expression (H1975)
and one with low basal ILK (PC9) (Fig. 1g). Using the same inducible
knockdown construct described above (Fig. 3a), the addition of DOX
sufficiently reduced ILK protein level in H1975 cells (Fig. 6d). We
found that ILK knockdown in H1975 cells cultured on regular plates
did not have significant effects on colony count following 10 nM or
100 nM Osi treatment (or DMSO control) for 7 days (Supplementary
Fig. S13a); however, ILK knockdown in H1975 cells cultured on
Matrigel significantly reduced the colony count in DMSO and
100 nM Osi (Supplementary Fig. S13b), suggesting that ECM is
required for ILK’s function in H1975 cells. We found that ILK
knockdown significantly reduced DTP viability (100 nM and 300 nM
Osi; 1 µM did not yield a single viable colony), on both regular and
Matrigel-coated plates (Fig. 6e and Supplementary Fig. S13c), with
more profound effects when these cells were plated on Matrigel. In
parallel, we further examined the DTP protective role of ILK in PC9s,
a cell line with low basal ILK expression. We observed that
constitutive ILK overexpression in PC9 cells (Fig. 6f) did not
significantly affect clonogenic survival in response to 10 nM or
100 nM Osi treatment (or DMSO control), both on regular or
Matrigel-coated plates (Supplementary Fig. S14a, b). However, we
found that ILK overexpression significantly increased DTP colony
counts in PC9 cells treated with 100 nM, 300 nM, and 1 µM Osi, but
only when cultured on Matrigel (Fig. 6g and Supplementary Fig.
S9c). These results were complemented by a competition assay in

Fig. 5 Cytoprotective effects of ILK are mediated through an ILK-SFK-YAP axis. a YAP1 expression in HCC4006 Par and OsiR cells (n= 2
experimental replicates each). b Enrichment plot of the YAP expression signature from the Oncogenic Signature gene sets from GSEA
comparing HCC4006 OsiR to Par cells. c Western blot of YAP, P-SFK and SRC in HCC4006 Par and OsiR cells. d Representative
immunofluorescent confocal imaging of Osi/DMSO-treated HCC4006 shILK cells ± DOX. e Insets of example HCC4006 cells treated with DMSO
or Osi. YAP intensity profile across the white line is plotted on the right. f Quantification of nuclear/cytoplasmic YAP intensity in Osi (100 nM)
treated HCC4006 shILK (n= 12–14 images in each condition across 3 experimental replicates) and shNS (n= 12 images in each condition
across 3 experimental replicates) cells. g Insets of 2 example Osi treated HCC4006 shILK+DOX cells with high and low RFP expression
neighbouring each other. YAP intensity profile across the white line is plotted on the right. h Quantification of nuclear/cytoplasmic YAP
intensity in Osi/DMSO-treated HCC4006 shILK cells +DOX (n= 12–14 images in each condition across 3 experimental replicates).
i Representative western blot of P-SFK and SRC in Osi-treated HCC4006 shILK cells ± DOX. j Quantification of nuclear/cytoplasmic YAP intensity
in Osi (50 nM) treated HCC4006 cells ± dasatinib (30 nM DASA) (n= 12 images in each condition across 3 experimental replicates). Statistical
analyses were performed with One-way ANOVA with Sidak post-hoc test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). k Validation of
DOX-inducible SRC overexpression HCC4006 shILK p20-GFP/SRC cells ± DOX. l Quantification of GFP or SRC rescue in Osi-treated
HCC4006 shILK DTP cells (n= 3 each). Colony counts were normalized to the No DOX condition for each Osi concentration. Multiple paired t-
tests with Holm-Sidak correction were used to statistically compare DOX vs No DOX at each Osi concentration (*p < 0.05; **p < 0.01). Error bars
represent the mean ± SEM. DOX concentration = 100 ng/mL.
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PC9 cells cultured on Matrigel. In PC9 cells without ILK over-
expression, mCherry-labelled cells competed evenly with GFP-
labelled cells treated with 100 nM Osi/DMSO for 7 days (Fig. 6i).
Introducing ILK overexpression to these mCherry-labelled cells
(Fig. 6h) significantly enriched for the PC9 cells with ILK

overexpression, but only when these cells were treated with Osi
(Fig. 6i). In summary, our results in H1975 and PC9 cells further
confirmed our findings in HCC4006, highlighting that ILK promotes
Osi DTP survival in the context of EGFR-mutant LUAD in ECM-rich
conditions.
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ILK knockdown reduces persistent tumours in vivo
Lastly, two-dimensional cell culture does not recapitulate the
complex ECM structure in the tumour microenvironment. We
therefore sought to translate the effects of ILK knockdown on Osi
response in vivo (Fig. 7a). NRG mice were subcutaneously
implanted with both HCC4006 shNS and shILK cells and
subsequently fed a chow or DOX diet, providing mouse ECM for
the formation of tumours. These mice were subsequently gavaged
with either Osi or vehicle (Veh) control. We found that the DOX
diet reduced ILK expression levels (Fig. 7b) and that ILK knock-
down alone did not significantly affect subcutaneous HCC4006
tumour formation. When these mice were dosed with Osi, both
HCC4006 shNS and shILK tumours regressed >70% in size and
remained small for the duration of the treatment (Vehicle tumours
= 0.53 ± 0.17 g; Osi tumours = 0.15 ± 0.05 g; weights reported
here are mean±95%CI), suggesting that these residual tumours
were “persisting” during Osi treatment. In accordance with
findings in vitro, we observed that only in mice fed with a DOX
diet, Osi persistent HCC4006 shILK tumours were ~50% smaller
than the persistent HCC4006 shNS tumours (Fig. 7c). Importantly,
the reduction in persistent tumour size corresponded to a
significant decrease in tumour YAP levels as detected by western
blot (Fig. 7d). Lastly, as these HCC4006 tumour xenografts contain
non-tumour cells that may also express activated YAP, we
performed confocal imaging on tumour sections to confirm YAP
was reduced in tumour cells following ILK knockdown (Fig. 7e).
Using RFP expression as a marker of the implanted tumour cells,
we observed that HCC4006 shILK persistent tumours had notably
lower nuclear YAP intensity and percent YAP positive area in
comparison to the control shNS persistent tumours (Fig. 7f),
suggesting that these tumours required YAP to persist during Osi
treatment. Taken together, our results indicate that the cytopro-
tective role of ILK and its activation of YAP are also applicable
in vivo.

Pharmacological inhibition of ILK can be used in combination
with Osi to reduce viability of DTP cells
To improve the translatability of our findings, we examined the
feasibility of combining pharmacological inhibition of ILK with Osi.
Sub-lethal inhibition of ILK by 5 µM QLT0267 in HCC4006 cells
improved Osi response compared to cells treated with DMSO
(Fig. 8a). Moreover, while ILK inhibition did not significantly reduce
colony-forming potential (DMSO, 10 nM, or 100 nM Osi) in
HCC4006 cells cultured on Matrigel (Fig. 8c), QLT0267 significantly
reduced Osi DTP survival (100 nM, 300 nM, and 1 µM Osi)
(Fig. 8c, d), further demonstrating that the cytoprotective role of
ILK is specific to DTPs. Furthermore, ILK inhibition suppressed EMT
in Osi-treated (10 nM and 50 nM) HCC4006 cells, as indicated by
the reduced levels of NCAD, vimentin, and SNAIL in comparison to
cells treated with DMSO control (Fig. 8b). Lastly, we found that ILK
inhibition delays the onset of Osi resistance in HCC4006 cells
treated with escalating concentrations of Osi (Fig. 9e). Overall, our
results demonstrate that co-targeting ILK is a viable strategy in

combating DTP survival and EMT-mediated Osi resistance in EGFR-
mutant LUAD.

ILK expression is associated with RTK-independent
mechanisms of EGFR-TKI resistance in clinical biopsies
Lastly, to assess whether ILK expression can be used to predict
adaptive EGFR-TKI resistance in patients, we performed IHC for ILK
on 60 EGFR-mutant LUAD tumours from 18 patients resistant to
EGFR-TKIs (post-therapy with EGFR-TKIs) and correlated the ILK
expression levels with potential genetic mechanisms of resistance
as determined by MSK-IMPACT profiling. We observed that ILK
expression (by H-Score) was significantly elevated in resistant
samples lacking acquired genetic alterations in EGFR and/or other
RTKs and their associated downstream signalling pathways (i.e.
RAS-MAPK and PI3K-AKT pathways) (termed RTK-) when com-
pared to resistant sample with acquired alterations in RTK
signalling (RTK+) (Fig. 9a). In accordance, patients with higher
ILK levels are more associated with RTK- resistance mechanisms
while patients with lower ILK are associated with RTK+ resistance
mechanisms (Fig. 9b). Of note, the only patient with high ILK
tumour expression (3 samples with H-Score of 300) and
concatenate RTK+ alteration (specifically EGFR/MET amplifications)
was rationally treated with both osimertinib and savolitinib, but
the patient unfortunately developed resistance to both TKIs.
Taken together with our in vitro findings, these clinical results in

patients suggest that ILK may regulate the survival of residual
tumours, providing the opportunity for these tumours to acquire
“off-pathway” mutations that mediate EGFR-TKI resistance. In
further support of our observations and our in vitro model system,
one patient with high tumour ILK expression developed Osi-
resistant LUAD with an acquired SMARCA4 alteration, mirroring
that observed in HCC4006 OsiR cells (Supplementary Fig. S1c). In
summary, our results indicate that ILK expression is associated
with RTK-independent mechanisms of EGFR-TKI resistance and
can potentially be exploited as a predictive marker for acquired
resistance.

DISCUSSION
Resistance to EGFR-TKIs remains a major hurdle to curing LUAD
patients. Non-genetic mechanisms of resistance, like treatment-
induced EMT, are historically less well-characterized than genetic
mechanisms of resistance. While high ILK expression has recently
been shown to correlate with worse outcomes in patients treated
with EGFR-TKIs [36], the mechanism by which this occurs was not
elucidated. Even though ILK has repeatedly been demonstrated to
drive EMT in other cancer types [27, 30, 31, 48, 50, 56, 75], its role
in mediating EMT in LUAD is much less established. This could be
due to the fact that high expression of ILK is not directly
associated with EMT in LUAD. In our analysis, we found that
HCC4006, despite having the highest ILK expression of all EGFR-
driven LUAD cell lines remains epithelial-like in its basal state (see
Figs. 1e and 2a). However, HCC4006 and LUAD tumours

Fig. 6 ECM increases dependences on ILK-mediated cytoprotective effects during Osi treatment. a Schematic of competition assay.
b Quantification of normalized RFP/GFP ratio in Osi (100 nM) treated HCC4006 shILK/GFP or HCC4006 shNS/GFP cells plated on either regular
or Matrigel-coated plates (n= 3 experimental replicates in each condition). One-way ANOVA was used to statistically compare across these
various conditions (*p < 0.05; **p < 0.01; ***p < 0.001). c Persister clonogenic assay of HCC4006 shILK (n= 9) and shNS (n= 9) cells plated on
Matrigel-coated plates and treated with Osi for 7 days ± DOX. Quantification of colony count is below the representative plates. d Validation of
ILK knockdown in H1975 shILK cells. e Persister clonogenic assays of H1975 shILK cells cultured on Matrigel-coated plates treated with Osi for
7 days ± DOX. Multiple paired t-tests with Holm-Sidak correction were used to statistically compare DOX vs No DOX at each Osi concentration
(*p < 0.05; ***p < 0.001). DOX concentration = 100 ng/mL. f Validation of ILK overexpression in PC9 ILK cells. g Persister clonogenic assays of
PC9 and PC9 ILK cells on Matrigel-coated plates treated with Osi for 7 days. Quantifications of colony count are below the representative
plates. Multiple t-tests were used to statistically compare PC9 vs PC9 ILK at each Osi concentration (*p < 0.05). h Validation of ILK
overexpression in PC9 ILK mCherry cells vs GFP cells. i Quantification of mCherry/GFP ratio in Osi/DMSO-treated PC9 mCherry/GFP or PC9 ILK
mCherry/GFP cells plated on Matrigel-coated plates (n= 3 experimental replicates in each condition). One-way ANOVA was used to
statistically compare across these various conditions (****p < 0.0001). Error bars represent the mean ± SEM.
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expressing high ILK are enriched for EMT-related gene expression
signatures, suggesting that the cells/primary tumours may be
“primed” to execute EMT reprogramming in response to specific
stimuli. Indeed, our data suggest that ILK can mediate EMT in
EGFR-driven LUAD in the context of EGFR-TKI treatment.
In vitro models of EGFR-TKI resistance have demonstrated that

individual cell lines can develop resistance through different
mechanisms, with variable contributions of EMT-driven resistance
varying across cell lines [76]. Interestingly, the frequency of EMT as
a resistance mechanism is correlated with ILK expression. EGFR-
mutant LUAD cell lines with high ILK expression (i.e. HCC4006 and
HCC2279) undergo EMT in nearly all reported EGFR-TKI resistance
studies [7, 77, 78], while cell lines with low ILK expression (i.e. PC9)
rarely ever undergo EMT. Consistent with this observation, cell
lines with moderate ILK expression (i.e. H1975, HCC827) undergo
EMT in some of the reported studies [5, 76, 77]. As mentioned
above, this suggests that ILK expression levels can potentially
“prime” EGFR-mutant LUAD cells to undergo EMT or other non-
genetic mechanisms during EGFR-TKI treatment. Our study found
that lowering ILK expression in LUAD during EGFR-TKI treatment
decreased the activation of EMT programs in the progression
towards a resistant phenotype, complementing this hypothesis.

Adaptive, non-genetic mechanism of drug resistance arises
from a transitory DTP state and there is increasing evidence that
integrin signalling and cytoskeleton reorganization play an
important role in the ability of a tumour cell to tolerate EGFR-
TKIs [16, 57, 79, 80]. Our results contribute to this growing body of
evidence, where we also observed that LUAD cells increased
integrin/focal-adhesion signalling following EGFR inhibition,
increasing their dependency on these signals for survival. We
found that ILK, a mediator of integrin signalling and an effector for
cytoskeleton remodelling [25, 27, 73, 81], can as a result, drive DTP
survival and regulate the depth of response to Osi treatment. This
observation was especially apparent when the LUAD cells were
grown in an ECM-rich microenvironment, providing the ECM
substrates for integrins to bind, both in vitro and in vivo,
suggesting that ILK activity and its association with integrins are
especially important for its cytoprotective functions. Future work
involving specific ECM components and genetic manipulations of
integrin subunits may help better delineate the precise interac-
tions between ECM-integrin-ILK that ILK requires to promote DTP
survival.
During the progression from tolerance to resistance, DTP cells

often acquire additional genetic/phenotypic changes to support

Fig. 7 ILK preserves residual tumours and promotes YAP activation during Osi treatment in vivo. a Schematic of HCC4006 shNS/shILK
tumour xenograft experiment. b Validation of ILK knockdown by RT-qPCR. Ratio paired t-test was used to statistically compare between
HCC4006 shNS vs shILK tumours (n= 7) in the same mouse (***p < 0.001). c Tumour weights of implanted HCC4006 shNS and shILK tumours
extracted from mice gavaged with Vehicle (Veh; n= 4) or Osi (n= 3) at endpoint. Ratio paired t-test was used to statistically compare between
HCC4006 shNS vs shILK tumours (n= 3) in the same mouse (**p < 0.01). d Representative western blot of HCC4006 shNS and shILK tumours
treated with Veh or Osi. Quantification of YAP band density are plotted on the right. Ratio paired t-test was used to statistically compare
between HCC4006 shNS vs shILK tumours (n= 3) in the same mouse (*p < 0.05). e Representative images of YAP staining in HCC4006 shNS and
shILK tumours. White arrows indicate regions of YAP staining. f Quantification of nuclear YAP intensity and %YAP positive area between shNS
vs shILK tumours (n= 4 images/section × 2 section/tumour × 3 tumours). Student’s t-tests were used to statistically compare HCC4006 shNS vs
shILK persistent tumours (*p < 0.05, ***p < 0.001). Error bars represent the mean ± SEM.
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Fig. 8 Pharmacological inhibition of ILK synergizes with Osi to reduce viability of DTP cells. a Three days Osi dose-response in HCC4006
cells (n= 3 experimental replicates) ± ILKi (5 µM QLT0267). Multiple t-tests with Holm-Sidak correction were used to statistically compare DOX
vs No DOX at each Osi concentration (*p < 0.05). b Representative western blot of mesenchymal markers in Osi-treated HCC4006 cells ± ILKi
(5 µM QLT0267). c Clonogenic and d persister clonogenic assays of HCC4006 cells cultured on Matrigel-coated plates treated with Osi for
7 days ± ILKi (5 µM QLT0267). Quantification of colony count is below the representative plates. Multiple paired t-tests with Holm–Sidak
correction were used to statistically compare ILKi vs DMSO at each Osi concentration (*p < 0.05; **p < 0.01). e Onset of resistance of HCC4006
cells dose-escalated with either Osi alone or Osi + ILKi.
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growth in the presence of the drug. In our model of EMT-mediated
Osi resistance, we found that ILK was not required to maintain Osi
resistance nor was ILK suppression able to reverse the
mesenchymal-like cell state. MSK-IMPACT sequencing identified
several mutations that may have contributed to this phenotype.
However, in the scope of our study, we have not identified the
precise combinations of mutations that permit LUAD cells to
become ILK independent, nor have we characterized whether
particular mutations are necessary in the progression towards
EMT-mediated Osi resistance. One limitation of our study is that

we have not clonally traced DTP cells as they become Osi-resistant
cells. Future work with single-cell barcoding technology may
address some of these questions.
The signalling mechanisms by which ILK promotes EMT and

drug resistance have been described in other cancer types
[31, 81, 82]. However, the mechanism by which ILK acts in LUAD
has only been investigated in a few studies [75, 83]. Here we
describe the role of ILK in promoting the activation of SFKs, which
can subsequently activate YAP, allowing LUAD cells to persist
during Osi treatment. Of note, our results indicate that ILK-

Fig. 10 Graphical summary of ILK’s role during EGFR-TKI treatment.

Fig. 9 ILK expression is associated with RTK-independent resistance mechanisms to EGFR-TKIs in clinical biopsies. a ILK expression (by H-
Score) in EGFR-TKI resistant patient tumour samples with RTK pathway-independent (RTK-) mechanisms (n= 12) vs RTK pathway-dependent
(RTK+) mechanisms (n= 48). Mann–Whitney Test was used to statistically compare RTK- vs RTK+ resistant samples. b Coincidence of high vs
low ILK expression and RTK+ vs RTK- resistance mechanisms in 18 LUAD patients post-treatment with EGFR-TKI. P values were calculated by a
two-tailed 2 × 2 Fisher’s Exact Test to assess contingency across the two variables.
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dependent increase in YAP activity follows EGFR inhibition,
suggesting an increased dependency on integrin-ILK-mediated
signalling for survival during EGFR-TKI treatment. Our results agree
with previous findings where ILK was found to be important for
YAP activation under the context of metastatic colonization in
LUAD [60] and breast cancer [61, 81]. Contrary to previous findings
[23, 66, 68, 70], we identified SFKs, and not FAK, as the important
downstream kinases for DTP survival in our model. According to
the biochemistry work by Kim et al. [84], the interaction between
ILK and SRC/SFK to induce cytoskeleton remodelling occurs
predominantly in the absence of EGFR-ERK activation, and their
results suggest that EGFR-ERK recruits active SRC away from ILK.
Provided that forementioned study applies to LUAD cells, EGFR
inhibition would interrupt the interaction between EGFR and SRC,
and instead, SRC interacts with ILK to mediate downstream effects
(i.e. activate YAP). Complementing our results, SFKs have been
shown to mediate resistance to EGFR-TKIs [22, 71, 72] and the
suppression of ILK has been shown to sensitize tumour cells to SFK
inhibition in chronic myeloid leukaemia [85] and breast cancer
[86]. However, the specific signalling cascade by which Osi
induces YAP activation through ILK remains to be elucidated.
The knowledge gained from DTP cells in our model may be

translatable to minimal residual disease (MRD) in patients.
Currently, MRD remains a major hurdle in improving patient
outcomes. While circulating tumour DNA assays are being
developed to detect MRD [87, 88], there is a lack of a robust
predictor for residual disease following targeted therapy. In terms
of translation to the clinic, our results indicate that patient tumour
ILK expression should be considered prior to and during EGFR-TKI
therapy as it may serve as a valuable predictor of MRD and RTK-
independent mechanisms of resistance. Based on our observa-
tions, EGFR-TKIs may even induce EMT in tumours with high ILK
expression. Therefore, patient tumour ILK expression in pathology
samples, assessed by RNA or protein-based assays (i.e. IHC), may
dictate the necessity for combination therapies to specifically
combat MRD and circumvent EGFR-TKI resistance.
Finally, we found that ILK inhibition can be combined with Osi to

reduce DTP survival during treatment. However, the current use of ILK
inhibitors in animal models have been severely limited by their
potency and these inhibitor primarily target the kinase function of ILK;
unlike genetic knockdown, pharmacological ILK inhibition may still
leave its scaffolding functions intact [89], exemplifying a need for
more effective inhibitors to be designed. An alternative approach
would be to target other proteins in the ILK-SFK-YAP axis. Currently,
YAP/TAZ-TEAD inhibitors are actively being designed for preclinical
applications. Previous studies have also shown that SFK inhibition
(dasatinib) is effective in combinationwith Osi in LUAD [22], which led
to the Phase I clinical trial of combining Osi with dasatinib. However,
while effective, dasatinib was found to be toxic to the patients [90].
Based on our findings, targeting the ILK-SFK-YAP pathway may be
more viable in select patients with high tumour ILK expression or
tumours with high levels of ECM deposition to better limit DTP
survival and EMT-mediated resistance.
Overall, the results of our study demonstrate that ILK expression

is an important determinant of Osi response in EGFR-mutant
LUAD. We found that tumour cells with high ILK expression are
primed to respond to Osi treatment by activating YAP through
SFKs, which provides the ability to tolerate drug treatment and
survive. The hallmarks of these ILK-high DTP cells are their
phenotypical plasticity (i.e. activation of EMT transcriptional
programs) and their ability to persist in response to Osi treatment,
which generates a window of opportunity for clonal evolution and
the acquisition of additional mutations/properties that confer
stable resistance to Osi. In contrast, cells with low ILK expression
cannot activate YAP nor undergo mesenchymal reprogramming
during Osi treatment, ultimately reducing their ability to persist
during Osi treatment and their potential to become resistant
(Fig. 10). Our results suggest that ILK may be exploited as a

predictor for acquired resistance in lung cancer patients. We
provide evidence that co-targeting ILK with EGFR may be a viable
strategy to better control minimal residual disease and EGFR-TKI
resistance in lung cancer.

DATA AVAILABILITY
The data that support the findings of this study are available on request. Patient data
will require approval by ethics committee.
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