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Abstract

Introduction: Osimertinib is a third-generation EGFR tyrosine kinase inhibitor (TKI] that is
approved for the use of EGFR-mutant non-small cell lung cancer (NSCLC) patients. In this
study, we investigated the acquired resistance mechanisms in NSCLC patients and patient-
derived preclinical models.

Methods: Formalin-fixed paraffin-embedded tumor samples and plasma samples from

55 NSCLC patients who were treated with osimertinib were collected at baseline and at
progressive disease (PD). Next-generation sequencing was performed in tumor and plasma
samples using a 600-gene hybrid capture panel designed by AstraZeneca. Osimertinib-
resistant cell lines and patient-derived xenografts and cells were generated and whole exome
sequencing and RNA sequencing were performed. /n vitro experiments were performed to
functionally study the acquired mutations identified.

Results: A total of 55 patients and a total of 149 samples (57 tumor samples and 92 plasma
samples) were analyzed, and among them 36 patients had matched pre- and post-treatment
samples. EGFR C797S (14%) mutation was the most frequent EGFR-dependent mechanism
identified in all available progression samples, followed by EGFR G824D (6%), V726M (3%),
and V843l (3%). Matched pre- and post-treatment sample analysis revealed in-depth
acquired mechanisms of resistance. EGFR C797S was still most frequent (11%) among EGFR-
dependent mechanism, while among EGFR-independent mechanisms, PIK3CA, ALK, BRAF,
EP300, KRAS, and RAFT mutations were detected. Among Osimertinib-resistant cell lines

and patient-derived models, we noted acquired mutations which were potentially targetable
such as NRAS p.Q61K, in which resistance could be overcome with combination of osimertinib
and trametinib. A patient-derived xenograft established from osimertinib-resistant patient
revealed KRAS p.G12D mutation which could be overcome with combination of osimertinib,
trametinib, and buparlisib.

Conclusion: In this study, we explored the genetic profiles of osimertinib-resistant NSCLC
patient samples using targeted deep sequencing. /n vitro and in vivo models harboring
osimertinib resistance revealed potential novel treatment strategies after osimertinib failure.

Keywords: drug resistance, EGFR inhibitor, lung cancer, non-small cell lung cancer, targeted
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Introduction

Epidermal growth factor receptor (EGFR)-
mutant lung cancers occur in higher frequencies

in female East Asian and never-smoking popula-
tions.! The development of EGFR tyrosine kinase
inhibitors (TKIs) has improved the prognosis of
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NSCLC patients, with higher objective response
rates and increased progression-free survival
(PFS) compared to former cytotoxic chemother-
apy.2* However, previous clinical study showed
that most of EGFR-mutant lung cancer patients
inevitably progressed after EGFR TKI treat-
ment.> Potential acquired resistance mechanisms
which include EGFR T790M mutation and other
secondary EGFR point mutations (50—-60%) to
first- and second-generation EGFR TKIs, and
bypass track activations such as MET amplifica-
tion, and activation of AXL,%” PIK3CA muta-
tion, HER2 amplification, and epithelial to
mesenchymal transition (EMT) were previously
reported to be involved in acquired resistance.
Histologic transformation to small cell lung can-
cer (SCLC) has also been reported.8*

Third-generation EGFR TKI, osimertinib, selec-
tively inhibits EGFR sensitizing and T790M
mutations and has shown superior efficacy com-
pared with first-generation EGFR TKI.
Osimertinib demonstrated the median PFS of
18.9 months as the first-line treatment and is now
recommended as a treatment option in the first-
line treatment of advanced EGFR-mutant
NSCLC.!1® However, acquired resistance to osi-
mertinib is still common,!%!! and resistance
mechanisms have been reported to be more het-
erogeneous than those of first- and second-gener-
ation EGFR TKIs. Resistance mechanisms are
commonly categorized into two groups: (1)
acquired tertiary EGFR resistance mutations and
(2) activation of bypass receptor tyrosine kinase
(RTK) signaling. EGFR C7978S tertiary mutation
is known as the hotspot mutation which leads to
osimertinib resistance by hindering osimertinib
binding.81213 However, multiple previous analy-
ses have reported that osimertinib resistance is
less reliant on EGFR pathways, possibly due to
more potent on-target inhibition leading to sub-
clonal evolution. Thus, the remaining resistance
mechanisms are largely due to off-target mecha-
nisms.'* MET amplification, HER2 amplifica-
tion, and rare rearrangements in the genes such as
ALK, FGFR, RET, and NTRK have also been
reported. Interestingly, these alterations are
potentially targetable, and there are ongoing trials
to assess the efficacy of combination treatment
for the patients who progressed upon osimertinib.
For example, combination of c-MET inhibitors
such as savolitinib with osimertinib has shown
promising activity in those patients who are posi-
tive for MET after development of osimertinib
resistance (NCT02143466, NCT03944772).15

Furthermore, studies investigating novel agents
and combinations to overcome acquired resist-
ance have been conducted, such as osimertinib
plus durvalumab. However, high frequency of
interstitial lung disease (22%) was reported, lead-
ing to discontinuation of this combination,!% and
combination of EGFR TKI and immunotherapy
remains doubtful. However, 30-40% of resist-
ance mechanisms are still not elucidated,!” and
further studies are needed to improve outcomes
in advanced EGFR-mutant NSCLC.

In this study, we investigated acquired resistance
mechanisms in NSCLC patients treated with osi-
mertinib using plasma and tumor samples col-
lected at baseline and at the time of progression.
Comprehensive genomic profiling was performed
using deep targeted sequencing  assays.
Furthermore, acquired resistance mechanisms
were investigated in patient-derived xenografts
and patient-derived cells. In the end, we identi-
fied novel resistance mechanisms and validated
them in vitro and in vivo.

Materials and methods

Patients

A total of 55 patients enrolled in this study were
derived from the recently conducted ASTRIS
study (NCT02474355), which was an open-label,
single-arm, multinational, real-world treatment
study that investigated the safety and efficacy of osi-
mertinib in patients with T790M-positive advanced
NSCLC, who had previously been treated with
first- and second-generation EGFR TKIs.18 All
patients were positive for activating EGFR and
T790M mutations and were treated with osimerti-
nib. Tissue (formalin-fixed paraffin embedded,
FFPE) and blood (plasma) samples were prospec-
tively collected at the beginning and at the time of
progression on osimertinib. Tumor response was
evaluated using Response Evaluation Criteria in
Solid Tumor version 1.1 (RECIST vl1.1). Clinical
and pathological parameters were obtained by
medical chart reviews. We complied with the ethi-
cal guidelines of the 1975 Helsinki Declaration and
this study was approved by the Independent Review
Board of Severance Hospital, and all patients pro-
vided informed consent (IRB No. 4-2016-0001).

DNA and RNA extraction
Fresh frozen tumor DNA and RNA were
extracted using High Pure PCR Template
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Preparation Kits, according to the manufacturer’s
instruction. ctDNA was also extracted from
whole blood using High Pure PCR Template
Preparation Kits.

Targeted sequencing analysis

Targeted next-generation sequencing (INGS)-based
DNA detection was performed by 600-gene hybrid
capture panel designed by AstraZeneca (AZ600)
(Supplementary Table 1). A total of 149 samples
were sequenced using 600-gene hybrid capture
panel. BWA was used to align sequencing reads
to human reference build GRCh38. Somatic sin-
gle-nucleotide variant (SNV) were called using
Vardict following manual guidelines. Non-
synonymous somatic mutations in genes EGFR,
TP53, APC, PIK3CA, ALK, KRAS, EP300,
BRAF, and RAF1 were analyzed.

Cell cultures

All cells were cultured in RPMI medium supple-
mented with 10% FBS and 1% Antibiotic-
Antimycotic solution (Thermo Fisher Scientific).
The cells were incubated at 37°C and 5% CO, in
a humidified incubator. All reference compounds
were purchased from Selleckchem, except osi-
mertinib, which was provided by AstraZeneca
Corporation.

Cell viability assay

Cells were seeded in triplicates in a white-bottom
96-well plate, and drugs were prepared by serial
dilution. Dimethyl sulfoxide was added to control
wells in the highest dilution used in the assay. The
cells were treated for 72 h with the compounds fol-
lowing determination of ATP content as surrogate
for viability by CellTiter-Glo® assay (Promega). A
volume of CellTiter-Glo® reagent equal to the vol-
ume of cell culture medium was added in each
well and the plate was incubated for at least 10 min
and then luminescence was evaluated. Data were
analyzed and plotted using PRISM.

Immunoblot analysis

EGFR, pEGFR (Y1068), MET,pMET(Y1003),
AKT, pAKT (S473), ERK, pERK (T202/
Y204), S6, pS6 (S240/244), and horseradish
peroxidase (HRP)-conjugated secondary anti-
bodies were purchased from Cell Signaling
Technology (Danvers, MA). Actin was obtained

from Merck Millipore (Darmstadt, Germany).
HRP-dependent luminescence was developed
with SuperSignal™ West Pico Chemiluminescent
Substrate (Thermo Fisher Scientific,
Massachusetts, USA) and detected with LAS-
4000 lumino-image analyzer system (Fujifilm,
Tokyo, Japan).

Colony-forming assay

Cells were seeded at a density of 5000 cells per
well on six-well plates. Cells were incubated over-
night and exposed to the indicated drugs for
14 days. Medium containing drugs were replen-
ished every 3 days. Then, cells were stained with
crystal violet and counted using Image] software.

Establishment of resistant cell lines

Human NSCLC cell lines with acquired resist-
ance were isolated by exposure to stepwise
increasing doses of EGFR TKIs. Briefly, individ-
ual cell lines (H1975, HCC406, HCC827, PC9)
were started with 10nM osimertinib in RPMI
1640 medium containing 10% FBS. Subsequently,
cells continuously exposed to increasing drug
doses up to 1uM for more than 6months.
Resistant cell lines are referred to as H1975AR,
HCC4006AR, HCC827AR, PCY9AR, and
PCOGRAR, all resistant to osimertinib
(Supplementary Figure 3). Whole exome
sequencing (WES) and RNA sequencing were
conducted in each of the resistant cell lines
(Macrogen, Seoul, Korea).

Establishment of patient-derived

xenografts and patient-derived cells
Patient-derived xenograft models were generated
using 6- to 8-week-old female nude (nu/nu) and
severe combined immunodeficient (NOG, NOD/
Shi/scid/IL-2Rxnull) mice (OrientBio, Seoul,
Korea), as described previously.!®

Patient-derived cells were established from malig-
nant pleural effusions as previously described.?0
Briefly, samples were centrifuged at 500g for
10 min before cell pellets were suspended in phos-
phate-buffered saline (PBS). Then, cells were
separated by density gradient centrifugation using
Ficoll-PaquePLUS (GE Healthcare Bio-Sciences,
Uppsala, Sweden). Mononuclear cells including
tumor cells were isolated from the interphase
layer, washed twice with HBSS, suspended in
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R10 medium, and seeded on collagen IV pre-
coated culture plates at a density of approximately
1 to 2 X 109 cells per plate.

Whole exome sequencing

DNA from resistant cell lines and patient-derived
models was captured using the SureSelect
Human All Exon V6 (5190-8881, Agilent, Santa
Clara, CA, USA). Sequencing libraries were con-
structed for the NovaSeq 6000 system (Illumina,
San Diego, CA, USA) and sequenced using the
110-bp paired-end mode of the NovaSeq 6000
Reagent Kit (20039236, Illumina, San Diego,
CA, USA). Exome sequencing reads were aligned
to the hg38 reference genome using BWA-0.7.17.
Putative duplications were marked by Picard
(version picard-tools-2.18.2-SNAPSHOT).
Sites harboring small insertions or deletions were
realigned and recalibrated by employing GATK
(v4.0.5.1) modules with known variant sites
identified from the 1000 Genomes Project and
dbSNP-151. GATK4 Mutect2 was used to call
somatic mutations. The average coverage for
WES was 150X.

RNA sequencing and analysis

RNA was extracted from resistant cell lines and
patient-derived models using QIAGEN mini kit
according to the manufacturer’s instruction.
RNA quality and concentration was assessed
using an Experion system (Bio-Rad). Paired
reads of a length of 50 base pairs (bp) were
sequenced on the HiSeq2500. Gene expression
profiling from RNA-seq data was performed on
ATCC resistance cell lines and eight patient-
derived xenograft cells. RNA reads were aligned
to the GRCh37 with STAR version 2.6.1. Read
count normalization and differential gene
expression analysis were performed using
EdgeR. Differential expressed genes were identi-
fied using a p-value <0.05 threshold. Fusions
were identified using Defuse.

Copy number variant analysis

Gene copy number status in 149 clinical samples,
5 AT CC-resistant cell lines, and 8 patient-derived
xenografts were derived from DNA sequencing
data using CNVKkit-2! software. Copy number
segments were annotated with gene names. Copy
number alterations were defined as copy number
gain (copy number =3) and copy number loss

(Copy number 1 or 0) in this study. For the
acquired copy number analysis, copy number
variants (CNVs) in progression samples were
assessed with respect to the matched baseline
sample.

In vivo xenograft study

Female athymic BALB-c/nu mice were obtained
from Orient Bio at 5-6 weeks of age. All mice were
handled in accordance with the Animal Research
Committee’s Guidelines at Yonsei University
College of Medicine, and all facilities were
approved by American  Association for
Accreditation of Laboratory Animal Care
(AAALAC). Once the tumor volume reached
approximately 150-200mm?3, mice were ran-
domly allocated into groups of five animals to
receive vehicle, osimertinib, trametinib, buparl-
isib, trametinib + buparlisib, and osimerti-
nib + trametinib + buparlisib. The tumor size was
measured every 2 days using calipers. The average
tumor volume in each group was expressed in
mm?3 and calculated according to the equation for
a prolate spheroid: tumor volume = 0.523 X (large
diameter) X (small diameter)2.

Statistical analysis

All statistical analysis was performed with R ver-
sion 3.4.4. PFS was defined as time from starting
osimertinib until progressive disease (PD). Overall
survival (OS) was defined as time from starting osi-
mertinib until death. Kaplan—-Meier method was
used to estimate PFS and OS. Two-sided Fisher’s
exact test was used for p value calculations.

Results

Patient characteristics

A total of 55 patients were analyzed in the final
analysis. Schematic design of samples utilized in
the analysis is depicted in Figure 1. Among 55
EGFR-mutant NSCLC patients treated with osi-
mertinib from 2016 to 2019, a total of 149 sam-
ples (57 tumor, 92 plasma) were identified. For
the efficacy analysis in the intention-to-treat pop-
ulation, all 55 patients were included. For
genomic analyses, 72 samples (36 patients) which
are amenable for matched pre- and post-treat-
ment were used. Baseline patient characteristics
are summarized in Supplementary Table 2. The
median age was 65years (range, 34-78), 71%
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EGFR-mutant NSCLC patients (N=55)
treated with osimertinib from 2016 to 2019
enrolled in this study

I

I Total 149 samples I

l

!

l 57 Tumor Tissue samples (N=39) ‘

l

I 92 Plasma samples (N=51) |

:

l

35 Pre-treatment
samples (N=26)

22 Post-treatment
samples (N=13)

1

|

:

}

38 Pre-treatment
samples (N=36)

54 Post-treatment
samples (N=35)

I

|

72 paired tissue or plasma samples (N=36)

18 pre-treatment
Tumor Tissue
samples (N=18)

15 post-treatment
Tumor Tissue
samples (N=15)

l

i

18 pre-treatment
Plasma
samples (N=18)

21 post-treatment
Plasma
samples (N=21)

Figure 1. The schematic design of study enrollment and sample disposition.

were females, and 72% were never smokers. All
patients had adenocarcinoma histology, and 96%
had metastatic disease at diagnosis. At the time of
osimertinib treatment, 62% of patients had cen-
tral nervous system (CNS) disease. Patients had
received 1-8 previous lines of therapy, with 1
prior therapy being the most common (44%). For
the previous EGFR TKIs, 65% of patients had
received gefitinib, 36% had received erlotinib,
and 9% received afatinib, in the order of fre-
quency. Two patients received osimertinib for the
first-line treatment. Baseline EGFR mutation was
predominantly exon 19 deletion (49%) and exon
21 L858R mutation (51%). Eight patients had
exon 21 L858R mutation and 1.861Q compound
mutations. The objective response rate of patients
treated with osimertinib was 44%. For the median
follow-up duration of 28 months, the median PFS
was 11.2months (95% CI, 8.6-13.8), and median
OS was 26.6 months (95% CI, 18.9-34.1) (Figure
2(a) and (b)). The swimmer plot shows the dura-
tion of osimertinib treatment in all patients
(Figure 2(c)). The median duration of treatment
was 13.4months, and eight patients received osi-
mertinib beyond PD.

Genomic landscape of osimertinib resistance

The landscape of genomic alterations identified
in pre- and post-treatment samples is described in
Figure 3. To characterize the potential acquired
resistance mechanisms in osimertinib, we per-
formed targeted NGS for 613 genes from FFPE
tissue and plasma samples from patients. All 36
patients harbored T790M mutation at pretreat-
ment (Figure 3(a)). At post-treatment, we identi-
fied 14% had C797S mutation all in the presence
of T790M mutation, and T790M loss occurred
in 78% of patients. Secondary mutations within
the EGFR gene such as G824D, V726M, V8431,
R775H, and G810D mutations were detected in
the post-treatment samples. Besides EGFR and
TP53 mutations (no difference between TP53 in
before and after treatment), PIK3CA mutation
was the most frequent (14%) in progression sam-
ples. TP53 gene was significantly mutated in the
whole patient cohort. Other recurrent genetic
missense mutations in BRAF, ERBB2, and MET
were notable in three patients with acquired
resistance to osimertinib. Overall, no overtly
prevalent mechanism of resistance was noted.
With regard to CNV, previously reported
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Figure 2. (a) Kaplan-Meier curve of progression-free survival in all 55 patients. (b] Kaplan-Meier curve of overall survival in all

patients. (c) Swimmer’s plot showing the duration of treatment and major acqu
mutation and MET copy number gain.

amplifications in MET, EGFR, and KRAS
occurred in the post-treatment samples (Figure
3(b)). MET CNV gain was identified in 8%.

When we analyzed the SNVs identified in the
order of frequency (Supplementary Figure 1),
the most commonly altered gene at progres-
sion was found to be KMT2D, a frequently
aberrant epigenetic modifier in various
tumors.?2 Interestingly, we identified novel

ired resistance mechanisms involving EGFR C797S

acquired mutations in the post-treatment sam-
ples. Acquired GNAS mutation was identified in
four (11%) patients with matched pre- and post-
treatment samples, and among them two hotspot
mutations (R201H, R201S) were found. HNF1A4
L377fs frameshift mutation was identified in two
patients, and LZTRI1 R362*, R340* stop gain
mutations were identified in two patients, as rep-
resented in the lollipop plots in Supplementary
Figure 2.
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oncoplots showing copy number variations at baseline and at the time of progression.
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Paired-analysis of matched pre- and
post-treatment samples

To better understand the acquired resistance
mechanisms, we next selected only patients with
matched pre- and post-treatment samples. There
were 36 patients who had both matched samples
(Supplementary Table 3). Again, the most com-
mon acquired resistance mechanism was EGFR
T790M loss (78%) and EGFR C797S mutation
(11%). In addition, PIK3CA mutation was also
found in four patients (11%), which include
E545K hotspot mutation in one patient (Figure
4(a)). MET CNV gain was identified in three
patients (8%), and HER2 CNV gain was identi-
fied in two patients (6%) (Figure 4(b)).
Comparison of the pre- and post-treatment sam-
ples with respect to CNV further revealed fre-
quent alterations in the cell cycle machinery
including CCNE1, CDK4, CDKN2A, and
CDKN2B, with a total incidence of 5 out of 36
patients (14%) (Figure 4(b)).

We next compared acquired resistance mecha-
nisms based on the baseline truncal mutation
(EGFR exon 19 deletion or exon 21 L858R).
EGFR C797S mutation was exclusively found in
patients with exon 19 deletion (25%), whereas
CNYV alterations including MET were more com-
mon in patients with L858R mutations. MET
amplification was identified in three patients with
L.858R mutation. However, four patients with
L.858R mutations showed no alterations among
known SNVs and CNVs, which may suggest that
non-genomic mechanisms of resistance could be
involved. Figure 4(c) summarizes the incidences
of different mechanisms of acquired resistance.
The loss of T790M mutation was the most com-
mon mechanism (78%), and CDKN2A gain or
loss (16%), CDKN2B gain/loss (16%), PIK3CA
mutation (11%), EGFR C797S mutation (11%),
MET CNV gain (8%), HER2 CNV gain (6%),
KRAS mutation (3%), and BRAF mutation (3%)
were identified in the order of frequency.

We also performed histologic evaluation in 21
patients with available post-treatment tissue (data
not shown). Of 21 patients, 19 patients had main-
tained adenocarcinoma histology, while 1 patient
showed transformation to small cell lung cancer
(SCLC) and 1 patient showed poorly differenti-
ated carcinoma. The patient who showed SCLC
transformation did not harbor classical TP53,
RB1 loss,?3 but rather had PIK3CA E545K hot-
spot mutation and CNV gain in PIK3CA, CCNE1,
CDKN2A, and CDKN2B.

Serial monitoring of plasma samples

We performed serial monitoring in a patient who
received osimertinib beyond progression. A
60-year-old woman with Ex19del EGFR-mutant
advanced NSCLC had received six lines of previ-
ous chemotherapy regimens including EGFR
TKIs (gefitinib, erlotinib) and was treated with
osimertinib for 18 months. She had serial plasma
collected for AZ600 panel sequencing. At base-
line, she harbored EGFR dell9 mutation with
T790M. After 2months of osimertinib, the
patient had newly developed liver metastasis and
plasma ctDNA sequencing revealed newly
detected PIK3CA R38H mutation, while T790M
mutation was undetectable. She received stereo-
tactic radiotherapy for the liver lesion and contin-
ued on osimertinib. After 1 year, she had
increasing primary lung lesion, but was clinically
stable, and continued on osimertinib. Increased
EGFR dell9 mutation and EGFR C797S muta-
tion was observed along with primary lung cancer
progression at 18 months, until osimertinib was
discontinued (Supplementary Figure 3). This
case suggests that subclonal expansion of resist-
ant cells may be involved in organ-specific
progression.

Analysis of resistance mechanisms in

in vitro and patient-derived models

We had previously established osimertinib-resist-
ant preclinical models using five ATCC cell lines
(Supplementary Figure 4) and eight patient-
derived models. We conducted WES and RNA
sequencing in EGFR-mutant ATCC cell lines
which have acquired resistance to osimertinib
(H1975 AR, HCC4006 AR, HCCS827 AR,
PCIO9AR, PCOGRAR) and compared with their
respective parental cells. Acquired resistance
from WES analysis showed heterogeneous mech-
anisms of resistance, including recurrent 7P53
and APC mutations. PC9AR cells revealed
acquired NRAS mutation (p.Q61 K) with con-
comitant NRAS gene amplification. PC9GRAR
cell line showed acquired BRAF V596C mutation
(Figure 5(a)). From CNV analysis, H1975 AR
and HCC4008 AR showed copy number gain in
the NTRKI gene. HCC827 AR showed CNV
gain in the MET gene which is consistent with
previous report,2¢ and PCOGRAR had EGFR
gene gain (Figure 5(b)). RNA seq analysis of
ATCC cell lines revealed that MET mRNA
expression showed overexpression in HCC827AR
and whereas it was under-expressed in
HCC4006AR, which were consistent with MET
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copy number variations (Figure 5(c)). NRAS
mRNA overexpression was observed in PC9AR,
in accordance with NRAS missense mutation and
amplification, as described previously.

In an attempt to further investigate the role of
NRAS and BRAF mutations, we tested whether
treatment with a combination of osimertinib and
MEK inhibitor could overcome resistance in
these settings. PCY9AR cells were treated with
increasing doses of osimertinib or trametinib
alone or in combination (Figure 5(d)).
Combination treatment of osimertinib 100 nmol/L
and trametinib 10 nM/L showed synergistic inhi-
bition of resistant cell numbers (Figure 5(d)).
Colony formation assay was further performed in
PC9 and PC9AR cells to test the long-term effects
of osimertinib and trametinib in overcoming
NRAS-driven resistance (Figure 5(e)).
Combination of osimertinib (100nM) and
trametinib induced synergistic inhibition of the
colony formation rates in PC9AR cells. In addi-
tion, the combination treatment showed pro-
found reduction of p-EGFR, p-AKT, p-ERK,
and p-S6 in PCY9AR cells (Figure 5(f)).

We additionally investigated whether combina-
tion treatment of osimertinib and savolitinib
could overcome resistance driven by MET ampli-
fication in HCC827AR. As expected, osimertinib
and savolitinib significantly decreased cell viabil-
ity (Figure 5(g)) and colony formation (Figure
5(h)) and also inhibited the EGFR downstream
signaling molecules (Figure 5(1)).

We also investigated mechanisms of acquired
resistance in patient-derived xenografts (PDXs)
and patient-derived cells (PDCs). A total of three
PDXs and four PDCs were established previously
and Supplementary Figure 5 shows the patient
treatment history and Supplementary Figure 6
shows the characterization of patient-derived
models analyzed. Acquired SNVs and CNVs
derived from PDXs and PDCs showed both
EGFR-dependent (C797S) and EGFR-
independent mechanisms of resistance such as
PIK3CA p.H1047R mutation, and KRAS
p.G12D (Figure 6(a)). Among CNVs, amplifica-
tions in EGFR, MET, NTRKI1, APC, CCNEI1,
PIK3CA, and ERBB2 were notable (Figure 6(b)).
For a PDX harboring acquired KRAS p.G12D
mutation, we investigated whether combination
of osimertinib, MEK inhibitor (trametinib), and
PI3K inhibitor (buparlisib) could reverse resist-
ance. The combination of osimertinib, trametinib,

and buparlisib led to significant tumor regression
compared with osimertinib, buparlisib,
trametinib, or buparlisib plus trametinib (Figure
6(c)). However, despite the profound antitumor
activity, triple combination treatment resulted in
a significant reduction in the body weight, war-
ranting a further study to optimize the dosing of
each drug.

Discussion

Our study outlines the considerable inter- and
intra-patient heterogeneity of resistance mecha-
nisms developed in EGFR-mutated tumors in
response to osimertinib. We identified that osi-
mertinib resistance was associated with both
EGFR-dependent and EGFR-independent genomic
alterations via targeted deep sequencing of patient
samples.

To comprehensively investigate the genetic land-
scape of osimertinib resistance, we established the
seven PDCs and PDXs and five osimertinib resist-
ance cell lines, and we observed SNV, CNV, and
RNA expression patterns of osimertinib pre-treat-
ment and post-treatment status. We identified
that PCY9AR cells harboring acquired NRAS
mutation (p.Q61 K) with concomitant NRAS
gene amplification could be sensitive to combina-
tion of osimertinib and trametinib. HCC827 AR
showed CNV gain in the MET gene which is con-
sistent with a previous report?* and was sensitive
to combination of osimertinib and savolitinib, as
expected. In addition, we, for the first time, identi-
fied that acquired KRAS G12D mutation identi-
fied in PDX could be overcome by combination of
osimertinib, PI3K inhibitor, and MEK inhibitor.
These results suggest that patient-derived preclin-
ical models serve as important tools in identifying
resistance mechanisms and to find novel thera-
peutic strategy to overcome resistance.

Distant metastasis is a major challenge of treat-
ment failure, and there is accumulating evidence
suggesting that metastases are caused by the evo-
lution of primary tumor.?> Still, better under-
standing of metastatic process and evolutionary
pattern in distant metastatic sites is required.
Toward this goal, we conducted serial monitoring
of plasma ctDNA analysis in a patient to explore
genomic mutational pattern associated with treat-
ment failure. We noted that PIK3CA R38H
mutation appeared with liver progression, and
EGFR C797S mutation was associated with pri-
mary lung cancer progression. However, it was a
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single case, and the results are limited to targeted
gene panel. It would be desirable to analyze mul-
tiple metastatic lesions obtained at different stages
of tumor progression over time. Recently, Shi
et al. reported that MYC, YAP1, or MMP13
overexpression could increase the incidence of
brain metastasis.?® Further works on elucidating
unique mutational landscape and evolutionary
process in metastases might shed a light on devel-
oping precise strategy in clinical settings.

We identified novel acquired mutations which
could have a role in osimertinib resistance: GNAS
R201H/S and LZTR1 stopgain mutation (R362*,
R340%*). GNAS hotspot mutation was identified
in two patients which were reported to activate
ERK/MAPK pathway previously.2”:28 GNAS is a
proto-oncogene which encodes for the Gsa subu-
nit of heterotrimeric G-proteins and can trans-
duce downstream signals via the G-stimulatory
pathway and increase cyclic AMP production.?®
Although therapies targeting GNAS mutations
are still not available, inhibitors of MAPK path-
ways, such as MEK inhibitor, could be relevant to
GNAS-activating mutations. Mutations at leu-
cine zipper-like transcriptional regulator 1
(LZTR1) were seen in two patients, and loss of
function in the LZTRI1 gene could result in a Ras-
dependent gain-of-function phenotype3? and dys-
regulate RAS ubiquitination.3! While these
suggest that the LZTRI stopgain mutations
(R362%*, R340*) could lead to RAS pathway acti-
vation, the putative and functional role of GNAS
and LZTRI mutations in the acquired resistance
of osimertinib needs to be further validated.

It is worth noting that our study has several limita-
tions. This is a single-center study, and the patient
data was obtained from targeted sequencing; there-
fore, our dataset may not capture the true diversity
of somatic mutational landscape. In addition, not all
matched pre- and post-treatment samples were
obtained from the same sample type (tissue or
plasma). Although somatic mutations detected via
tissue biopsy and ctDNA are highly concordant at
the gene level, both sources may exhibit additional
unique mutations that are missed by the other. In
addition, detection of copy number alterations from
plasma samples remains challenging due to low
tumor content in the circulation. This may impact
the observed prevalence of CNVs in this study.

In conclusion, genetic profiles of osimertinib-
resistant NSCLC patient samples using targeted
deep sequencing revealed that osimertinib

resistance was associated with both EGFR-
dependent and EGFR-independent genomic
alterations. In virro and in vivo models harbor-
ing osimertinib resistance provide insights to
potential novel treatment strategies after osi-
mertinib failure.
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