
Contents lists available at ScienceDirect

Lung Cancer

journal homepage: www.elsevier.com/locate/lungcan

Paired genomic analysis of squamous cell carcinoma transformed from
EGFR-mutated lung adenocarcinoma
Sehhoon Parka,1, Joon Ho Shimb,c,1, Boram Leeb,c,1, Inju Chod, Woong-Yang Parkb,c, Youjin Kima,
Se-Hoon Leea, Yoon La Choie, Joungho Hane, Jin Seok Ahna, Myung-Ju Ahna, Keunchil Parka,
Jong-Mu Suna,⁎

a Division of Hematology-Oncology, Department of Medicine, Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul, Republic of Korea
b Samsung Genome Institute, Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul, Republic of Korea
c Department of Health Science and Technology, Samsung Advanced Institute of Health Science and Technology, Sungkyunkwan University, Seoul, Republic of Korea
d Department of Hospital Pathology, Yeouido St. Mary’s Hospital, The Catholic University, Seoul, Republic of Korea
e Department of Pathology and Translational Genomics, Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul, Republic of Korea

A R T I C L E I N F O

Keywords:
Adenocarcinoma
Carcinoma
Squamous cell
Non-small-cell lung
Receptor
Epidermal growth factor

A B S T R A C T

Objectives: Adenocarcinoma (ADC) to squamous cell carcinoma (SCC) transformation (AST) is reported in epi-
dermal growth factor receptor (EGFR)-mutated non–small cell lung cancer after tyrosine kinase inhibitor (TKI)
failure. However, little is known about the underlying genomic changes during the AST process.
Materials and methods: We retrospectively reviewed our tissue database collected after first- or second- gen-
eration EGFR TKI resistance (n = 263) and identified 3 cases of AST. The additional case was acquired from the
osimertinib resistance sample. Deep target sequencing (381 genes) using paired samples from 4 patients with
AST after EGFR TKI treatment was performed. The histology of each sample was confirmed by TTF-1 and p63
immunohistochemistry. The patients received first- or second-generation EGFR TKI as an initial treatment.
Results: Overall incidence of AST was 1.1% (3/263). Transformed SCC acquired genomic alterations related to
the PI3K/AKT/mTOR pathway, in addition to the initial EGFR mutation. In a representative case, two separate
sub-clones, with a PTEN nonsense mutation and EGFR p.T790 M mutation, were observed without histologic
transformation at the time of gefitinib resistance. After subsequent treatment with osimertinib, SCC transfor-
mation was observed with the disappearance of the EGFR p.T790 M mutation and acquired copy number loss in
PTEN. Adopting the sub-clonal fraction model elucidates the sub-clonal evolution process of the PTEN mutant
sub-clone toward AST under the background of EGFR mutation. The rest of the transformed samples also had
acquired genomic alterations in PTEN, LKB1, PIK3CA, or RICTOR, which are related to the PI3K/AKT/mTOR
pathway.
Conclusions: Paired genomic analysis from our sample provides early clinical evidence of the ADC to SCC lineage
transition that might be provoked by an alteration in the PI3K/AKT/mTOR pathway during EGFR TKI treatment.
This finding could potentially broaden the known spectrum of EGFR TKI resistance mechanisms.

1. Introduction

The standard care for lung adenocarcinoma (ADC) harboring an
activating epidermal growth factor receptor (EGFR) mutation is treat-
ment with EGFR tyrosine kinase inhibitor (TKI) [1,2]. Despite the
promising efficacy of the initial therapy, nearly 14% of patients ex-
perience treatment resistance through histologic transformation, and
the exact mechanism of that change remains unknown [3–5]. Recently,

several cases of ADC to squamous cell lung cancer (SCC) transformation
(AST) in EGFR-mutated non–small cell lung cancer (NSCLC) have been
reported [6–11]. Given the previous understanding that ADC and SCC
arise from distinct cells origins, AST was generally considered to in-
dicate that pre-existing SCC gains dominance after EGFR TKI selection
pressure [12,13].

However, some evidence suggests that AST is a consequence of
tumor evolution. For example, a transformed SCC sample maintained
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its initial EGFR mutations, even after complete histology changes and
with no remaining ADC component [14–16]. Nonetheless, little is
known about the underlying genetic mechanisms of histologic trans-
formation. A case report described target sequencing with transformed

SCC and found the acquisition of a missense mutation in PIK3CA, as
well as an EGFR mutation (L858R), but it failed to show whether the
PIK3CA mutation was newly acquired during AST because baseline
samples were unavailable for comparison [7,17].

Fig. 1. Clinical history of the LC1, LC2, LC3, and
LC4 patients. The blue circles indicate the time
points of tumor biopsies. Samples were stained
with hematoxylin and eosin, p63, and TTF-1. (A)
The LC1 patient had three biopsies: at diagnosis
(Dx), the first relapse to gefitinib, and second re-
lapse to osimertinib. (B) The LC2 patient had
biopsies at Dx and post-afatinib failure. This pa-
tient is currently under treatment with ever-
olimus. (C) The LC3 patient had biopsies at Dx and
post-afatinib failure. This patient is currently
under treatment with osimertinib. (D) The LC4
patient had biopsies at Dx and post-erlotinib
failure. This patient is currently under treatment
with osimertinib. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)
Abbreviations: VATS, video-assisted thoracoscopic
surgery; PCN, percutaneous needle; Bx, biopsy;
EBUS, endobronchial ultrasound; LN, lymph node;
IHC, immunohistochemistry; H&E, Hematoxylin
and eosin.
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Other evidence comes from a preclinical mouse model that simu-
lated AST by KRAS mutation and the suppression of LKB1. In this mouse
model, depletion of LKB1, which is known to suppress tumors by ne-
gatively regulating mTOR, was observed as a pivotal component in the
histologic transformation of AST; the proportion of the SCC component
increased after the initial presentation of ADC in normal lung tissue
[18,19]. In a similar way, another mouse model with both LKB1 and
PTEN deletion led to pure SCC, without the presentation of an ADC
component during the transformation [20].

Based on those observations, we hypothesized that ADC and SCC

could share a common lineage and acquire different phenotypes
through a lineage transition provoked by the accumulation of genomic
alterations, especially in the PI3K/AKT/mTOR pathway [21]. To elu-
cidate the underlying genomic changes that occur during AST, we
collected pre- and post-samples from transformed SCC cases and con-
ducted a paired comparison of the mutation profiles using deep target
sequencing.

Fig. 2. (A) Overall mutational landscape of study samples, (B) Longitudinal analysis of treatment-induced genomic profile evolution. Heatmap is illustrating genomic
profile evolution under the pressure of targeted therapy. Mutation is classified as sub-clonal if mutation is disappeared or newly appeared during the treatment.
Number in the box is indicating variant allele fraction of each mutation. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
Abbreviation: SCC, squamous cell carcinoma.
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2. Material and methods

2.1. Patients and samples

We retrospectively reviewed our database who treated with either
first- or second- generation EGFR TKI as a first-line treatment between
January 2014 and December 2016 at Samsung Medical Center
(n = 524). Among the patients who have conducted the second biopsy
after the disease progression (n = 263), we identified three NSCLC
patients initially diagnosed as having ADC with an activating EGFR
mutation that acquired an SCC histology after EGFR TKI treatment.
Additional one case was identified from the sample acquired after the
osimertinib treatment.

Formalin-fixed, paraffin embedded (FFPE) tissues or fresh frozen
tissues from either the primary tumor or metastatic sites were used for
the histologic and genomic analyses. This study was approved by the
institutional review board of Samsung Medical Center (IRB approval no.
SMC-2016-03-094), and informed consent was obtained from the pa-
tients.

2.2. Isolation of genomic DNA

All tumor specimens were reviewed by pathologists to determine
the percent of viable tumor and adequacy for sequencing. Genomic
DNA was extracted from FFPE tissue using a Qiagen DNA FFPE tissue
kit, and genomic DNA was extracted from fresh tissue using a QIAamp
DNA mini kit (Qiagen, Valencia, CA, USA). Genomic DNA concentra-
tion and purity were measured with a Nanodrop 8000 UV–vis spec-
trometer (Thermo Scientific Inc., DE, USA) and a Qubit 2.0 fluorometer
(Life Technologies Inc., Grand Island, NY, USA). To estimate DNA de-
gradation, DNA median size and ΔCt values were measured with a 2200
TapeStation Instrument (Agilent Technologies, Santa Clara, CA, USA)
and real-time PCR (Agilent Technologies), respectively.

2.3. Sequencing using a cancer panel (CancerSCAN™)

Genomic DNA (250 ng) from each tissue was sheared in a Covaris
S220 ultrasonicator (Covaris, Woburn MA, USA) and used to construct a
library with CancerSCAN™ probes and a SureSelect XT reagent kit (HSQ,
Agilent Technologies), following the manufacturer’s protocol. This
panel is designed to enrich exons of 381 genes curated from the lit-
erature (Table A1 in Supplementary material) [22,23]. After the en-
riched exome libraries were multiplexed, they were sequenced using
the 100-bp paired-end mode of the TruSeq Rapid PE cluster kit and
TruSeq Rapid SBS kit on the Illumina HiSeq 2500 sequencing platform

(Illumina Inc., San Diego, CA, USA). The DNA sequence data were
aligned to the human genome reference (hg19) using the MEM algo-
rithm in BWA 0.7.5 [24]. Duplicated read removal was performed using
Picard v.193 and SAMTOOLS v0.1.18 (samtools.sourceforge.net). Local
alignment was optimized using the Genome Analysis Toolkit (GATK)
v3.1-1 (https://software.broadinstitute.org/gatk/). We also used Base-
Recalibrator from GATK for base recalibration with known single nu-
cleotide polymorphisms (SNPs) and insertions/deletions (indels) from
Mills, dbSNP138, 1000 G gold standard, 1000 G phase1, and Omni 2.5.
Quality control data are described in Table A2 in Supplementary ma-
terial.

2.4. Variant detection

Variant calling was done only in regions targeted in CancerSCAN™.
We detected single-nucleotide variants (SNVs) using two tools: MuTect
v1.14 and LoFreq v0.61 [25,26]. Then, we filtered out falsely detected
variants from abnormally aligned, strand-biased, and clustered reads
using in-house developed scripts. ANNOVAR was used to annotate the
detected variants. Indels less than 30 bp were detected by Pindel and
annotated by ANNOVAR [27]. To filter out germline variants, we ap-
plied two algorithms: i) Suspect germline variants were filtered out
based on a minor allele frequency (MAF) greater than or equal to the
normal population in the 1000 Genomes Project, ExAC, Korean Re-
ference Genome Database, and Korean Variant Archive [28]; ii) When
the fraction of the clone with the variant was larger than the tumor
purity, we considered that variant as a germline. Tumor purity was
inferred from the B-allele fractions of the copy-neutral, gain, and loss
regions. Deletions of more than 30 bp were detected using an in-house
structure variation caller. The copy number of the target genes was
detected using an in-house copy number caller [22]. Assuming that the
estimated tumor purity can vary as much as 10%, we called 1 copy
deletion if the adjusted copy number is less than 0.87 and there is loss
of heterozygosity (LOH) in the nearby region.

2.5. Adjusted method for evaluating clonal evolution

We defined the cancer cell fraction (CCF) as the fraction of a clone
with a certain SNV in the tumor sample, in a similar manner reported
from the previous report [29]. The number of chromosomal copies at
each SNV in the tumor was identified as the adjusted coverage relative
to the copy number–neutral regions and inferred by selecting the closest
positive integer value. Once the copy-neutral, gain, and loss regions
have been delineated, the following formula can be used to infer the
CCF of each tumor sub-clone having specific variant:

Fig. 3. Two-dimensional plotting of sub-clonal fraction in the LC1 patient. The distribution of sub-clonal fraction was compared in longitudinal tumor samples
acquired at initial presentation (LC1_A), at the time of first-line treatment failure (LC1_B), and at repeat biopsy, which demonstrated adenosquamous cell carcinoma
histology (LC1_C). The x-axis of each graph indicates newly emerged sub-clones, and the y-axis indicates eradicated sub-clones. Six clusters of somatic base sub-
stitutions were inferred by the distribution of the sub-clonal fraction and used for phylogeny analysis.
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Where CNv is the copy number of a gene where a variant v is present,
which is equal to the sum of the numbers of the reference allele and the
alternative allele, Xv is the numbers of the alternative allele of the v,
and CCFv is the cancer cell fraction of the sub-clone having the v. Loss of
heterozygosity (LOH) in nearby region was considered in deciding each
X value. We assumed that each EGFR driver mutations (e.g., EGFR
p.L858R or exon 19 deletion)are fully clonal in EGFR-mutant NSCLC
based on the previous reports indicating that EGFR mutations are
dominant truncal drivers in EGFR-mutant ADC [30–32]. At the same
time, we assumed that sub-clonal fraction could be calculated by the
CCF of individual variant divided by the CCF of dominant truncal dri-
vers. When deciding XEGFR_driver value, CCFEGFR_driver was compared with
the highest CCF value of the sample to meet the assumption that the
EGFR driver mutation is a truncal mutation. A sub-clonal fraction is

calculated based below equation using CCFEGFR_driver and CCFv.

= CCFv
CCF

Sub clonal fraction
_EGFR driver

If sub-clonal fraction estimates are greater than 1, we assume that
these variants are fully clonal within the tumor.

2.6. Pathology and immunohistochemistry

FFPE samples were used for hematoxylin and eosin staining and
immunohistochemical (IHC) study. IHC staining of p63 (BIOCARE,
CM163C, mouse monoclonal, 1:200 dilution) and TTF1 (DAKO, M3575,
mouse monoclonal, 1:100 dilution) was performed. FFPE tissue sections
(4-μm thick) were stained automatically (BONDMAX) using standard
methods. All pathology slides were examined by three pathologists with
expertise in lung cancer pathology (B.R.L., Y.L.C., and I.J.C.).

Fig. 4. Pictorial representation of the clonal evolutionary history of AST and phylogeny analysis of serially acquired tumor samples. Each circle indicates the major
sub-clones of the tumors. Genetically defined sub-clones were manually clustered based on a two-dimensional comparison of the sub-clonal fractions in Fig. 3 and
Appendix Fig. 5 in Supplementary material. The radius of each circle is proportional to the mean value of the sub-clonal fraction. The clinical history is summarized
beneath the black arrows. Genetic alterations in the PI3K/AKT/mTOR pathway (PIK3CA and PTEN) are marked in red. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
Abbreviations: AST, adenocarcinoma to squamous cell carcinoma transformation; Amp, amplification; Del, deletion.
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3. Results

3.1. Clinical characterization of patients with AST

The overall incidence of AST after treatment of either first- or
second generation TKI was 1.1% (3 out of 263). The LC1 patient (65
years, female) with an initial EGFR L858R mutation (LC1_A) was
treated with gefitinib. However, subclone with acquired resistance to
the gefitinib through an EGFR p.T790 M mutation without histologic
change was observed (LC1_B). After subsequent second-line osimertinib
treatment for 8.2 months, adenosquamous histology with the dis-
appearance of the EGFR p.T790 M mutation was observed in a LC1_C
(Fig. 1a). The LC2 patient (56 years, male), with an EGFR exon 19
deletion, was treated with afatinib for 7.1 months. Squamous histology
with EGFR exon 19 deletion was observed in a post-afatinib biopsy.

After 3 additional therapies, the LC2 patient is currently under treat-
ment with everolimus (mTOR inhibitor) for 3 months, and his pleuritic
pain has decreased with the radiological improvement of the right
middle lobe atelectasis (Fig. 1b and Fig. A1 in Supplementary material).
The LC3 patient (40 years, male), with EGFR exon 19 deletion, had a
tumor recurrence after curative surgery, relapsing after a 42.8-month
disease-free period. After treatment with afatinib for 27.6 months,
squamous histology with an initial EGFR exon 19 deletion and new
EGFR p.T790 M mutation was observed. A partial response was ac-
quired following osimertinib treatment (Fig. 1c). The LC4 patient (67
years, male), with an EGFR exon 19 deletion, was treated with erlotinib
for 29.8 months as a first-line treatment. The resistant sample showed
squamous histology with an initial EGFR exon 19 deletion and new
EGFR p.T790 M mutation and showed a partial response to osimertinib
treatment (Fig. 1d). Notably, all SCCs after TKI treatment were positive

Fig. 5. Hypothesis based on EGFR and the PI3K/AKT/mTOR pathway. (A) In normal tissue, both EGFR and the PI3K/AKT/mTOR pathway are activated under proper
regulation by PTEN and LKB1. (B) In a cancer cell with an activating EGFR mutation, oncogene addiction occurs by activating the EGFR signal pathway. (C) EGFR TKI
suppresses both the Ras/Raf/MAPK and PI3K/AKT/mTOR signal pathways, which leads to cell death. (D) In addition to EGFR TKI, PTEN and LKB1 loss lead to
uncontrolled activation of the PI3K/AKT/mTOR pathway, which can be hypothesized as a favorable circumstance for adenocarcinoma to squamous cell carcinoma
transformation.
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for the p63 stain and maintained the initial EGFR mutation observed in
the ADC histology. Detailed treatment histories are described in Table
A3 in Supplementary material.

3.2. Transformed SCC acquires genomic alterations related to the PI3K/
AKT/mTOR pathway

All of the transformed SCC samples had an acquired genomic al-
teration related to the PI3K/AKT/mTOR pathway. The LC1_B post-ge-
fitinib sample (from the LC1 patient) had new non-synonymous muta-
tions in CDH5 p.D659N, CHEK2 p.I387M, EGFR p.T790M, and PTEN
p.E157* with an ADC histology. Among the alterations, the one in PTEN
p.E157* was a stop gain mutation with a VAF of 3.2%. The LC1_C
sample after osimertinib had a loss of heterozygosity in PTEN. The VAF
of PTEN p.E157* increased to 48.9%, and copy number loss (1n) was
observed in PTEN in the LC1_C sample, which indicates a complete loss
of PTEN function (Fig. A2 in Supplementary material). The LC2_B
sample had an acquired splice site deletion in PTEN c.729-4302_739del,
in addition to a clonal PIK3CA mutation. In the LC3 patient, PTEN loss
(1n) was also observed in the post-afatinib sample. The LC4 samples
had a clonal mutation in PIK3CA p.Q54B and RICTOR p.L426I, a ra-
pamycin-insensitive companion of mTOR that is an upstream kinase in
the AKT pathway and related to cell proliferation and survival [29].
RICTOR p.L426I had a VAF of 8.8% in the LC4_B sample (Fig. 2, Table
A4 in Supplementary material).

3.3. Alteration in mTOR function by copy number variation in LKB1

Based on a preclinical model suggesting that LKB1 loss could be an
important determinant of lung squamous tumorigenesis [19], we used
an additional tool (PureCN [30]) to measure copy number loss and loss
of heterozygosity (LOH) of LKB1 gene. LC1_A, LC1_C, LC2_B, LC3_B,
LC4_A, and LC4_B samples showed LOH (Fig. A3 in Supplementary
material). Acquired copy number deletion in both alleles LKB1 gene
was found in the LC2_B sample (Fig. A4 in Supplementary material). In
short, there was acquired 19p13.3 copy number deletion in LC2_B and
acquired LOH in the LKB1 gene region in LC2_B and LC3_B. LC1 and
LC4 samples had LOH from the initial presentation.

3.4. PTEN loss during clonal evolution of AST

To elucidate the clonal evolution process during AST, we adopted
the sub-clonal fraction model. Based on the assumption that all tumor-
cell evolution occurs from a common ancestor clone that harbors the
EGFR mutation, we plotted sub-clones based on their sub-clonal frac-
tion value (Fig. 3, Fig. A5 in Supplementary material). As a re-
presentative case, we made an initial comparison between the LC1_A
and LC1_B samples. Newly appearing sub-clones were plotted on the x-
axis marked with the EGFR p.T790 M and PTEN p.E157* mutations. As
shown in Fig. 3, a clone with the PTEN mutation showed a stepwise
increase in its sub-clonal fraction. In contrast to the low VAF value
(3.2%) of PTEN in the LC1_B sample, the sub-clonal fraction was close
to 59.0%, which indicates PTEN heterozygosity in the EGFR-mutated
tumor cells. The next analysis was conducted by directly comparing the
LC1_B and LC1_C samples. The sub-clonal fraction of PTEN p.E157*
increased to 96.4% as a consequence of the LOH, resulting in a copy
number loss of the wild type PTEN (Fig. A2 in Supplementary material).
Applying this method to other samples showed an increase in the
PIK3CA mutated sub-clone (sub-clonal fraction change from 56.0%
to > 99.9%) in the LC2 samples. In the LC4 samples, the acquired
RICTOR-mutated sub-clone (sub-clonal fraction change from 0% to
55.1%) developed under the background of PIK3CA p.Q546E mutation
in the transformed SCC (Table A4 in Supplementary material). This
approach had limitations for visualizing genes with copy number var-
iations without an underlying mutation, as shown in the case of the
PTEN loss in the LC3_B sample.

3.5. The clinical implications of genomic alteration in transformed SCC

Using the sub-clonal fraction method, we created an arbitrary
clustering approach using the distance from the CCF plot to simplify the
evolutional process of AST (Fig. 4). This approach visualizes the process
of sub-clonal evolution and provides clear evidence for the dominant
mutation. Adopting this analysis to clinical practice, we considered an
exploratory treatment approach to the LC2 patient in a salvage setting.
The LC2 patient received four different treatments, including a cyto-
toxic drug, an immune checkpoint inhibitor, and EGFR TKI. With no
treatment option available as standard care and considering the
dominant mutation in PI3KCA, PTEN deletion, and loss of LKB1 func-
tions in LC2_B, we treated the LC2 patient with an mTOR inhibitor as a
fifth-line treatment. Surprisingly, the patient demonstrated stable dis-
ease for 3.0 months with both radiologic and symptomatic improve-
ment. The LC3_B and LC4_B samples had a relatively high (43.9% and
79.0%) sub-clonal fraction for EGFR p.T790 M. Despite a report that
SCC with an activating EGFR mutation responds more poorly to EGFR
TKI than ADC [31], both the LC3 and LC4 patients showed an ongoing
partial response to osimertinib.

4. Discussion

The result of this study involves the paired genomic outcomes be-
tween pre- and post- sample from AST. This approach provides mean-
ingful clues to the several unmet questions regarding the histologic
transformation.

Our findings support the idea that AST could be an outcome of
evolution. Looking into the representative result from the LC1 patient,
we found a fascinating evolution in the PTEN tumor suppressor gene.
The LC1_B sample showed EGFR p.T790 M (VAF 3.8%) and PTEN
p.E157* (VAF 3.0%, copy number [CN] 1.82) nonsense mutations after
treatment with gefitinib. At that time point, EGFR p.T790 M and PTEN
p.E157* were clustered separately, as shown in Fig. 3, indicating the co-
presentation of two separate sub-clones that shared the EGFR mutation
in the LC1_A sample as an ancestor clone (Fig. A2 in Supplementary
material). After 8.3 months of following osimertinib treatment, in-
creased PTEN p.E157* fraction (VAF 48.9%) and PTEN CN loss (1.28)
were observed, which consequences the complete loss of PTEN tumor
suppressor function in all EGFR-mutated tumor cells. At the same time,
the sub-clonal fraction increased to 96.4%. This explains the clonal
selection process in our sample: PTEN p.E157* sub-clones dominated
after osimertinib treatment (Fig. 4).

Our result also supports the idea that AST occurs when ADC ac-
quires certain mutations, such as active genomic alterations in the
PI3K/AKT/mTOR pathway. From the preclinical study, we found major
evidence related to the activation of the PI3K/AKT/mTOR pathway,
which could be a core component of the histologic transformation from
ADC to SCC. In a preclinical AST model conducted with an LKB1-defi-
cient and KRAS G12D-driven ADC mouse model [18], PI3K/AKT/
mTOR pathway was activated through the loss of the negative regula-
tion of mTORC1 [32]. The importance of the activated PI3K/AKT/
mTOR pathway in the development of SCC tumorigenesis was also re-
searched using an in vivo mouse model without a KRAS mutation [20].
Unlike the KRAS-mutated LKB1-deficient mouse model, in which most
mice initially developed an ADC histology, mice with biallelic PTEN-
and LKB1-deficiency developed pure SCC [20]. Among our samples, the
LC2_B sample predominantly showed acquired genomic alterations in
the PI3K/AKT/mTOR pathway. The LC2_B sample had an acquired
deletion mutation, PTEN c.729-4302_739del, under the background of
PIK3CA p.H1047R, which is identical to a mutation in a previously
reported AST case [7]. Notice that the sub-clonal fraction of PIK3CA
p.H1047R in the LC2_B SCC sample increased from 56.0% to > 99.9%,
indicating that all the EGFR TKI–resistant EGFR exon-19-deleted sub-
clones possessed the mutation in PIK3CA. In addition to the PIK3CA
mutation and PTEN loss, complete deletion (0 N) of the locus containing
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LKB1, which could activate mTOR, was observed in the transformed
SCC sample (LC2_B).

Nonetheless, questions remain. For example, why do PTEN-mutated
ADC cells not always transform into SCC? Given that little is known
about the discovery rate of co-developed activating EGFR mutations
and PTEN deletions in the same tumor (Fig. A6 in Supplementary ma-
terial), we used our observations to link our finding with activated
EGFR pathway. EGFR promotes cellular proliferation through both the
Ras/Raf/mitogen-activated protein kinase (MAPK) pathway and the
PI3K/AKT/mTOR pathway (Fig. 5a) [33]. With an activating EGFR
mutation and intact PTEN function, cellular proliferation could rely
mainly on the Ras/Raf/MAPK pathway (Fig. 5b). However, when EGFR
TKI is applied to those patients, both the Ras/Raf/ERK and PI3K/AKT/
mTOR pathways are suppressed, leading to cell death (Fig. 5c) [18].
Given the preclinical evidence and what our samples show, when EGFR
pathway is suppression with TKI and PTEN or LKB1 are lost, cellular
proliferation dependency on the PI3K/AKT/mTOR pathway might in-
crease, which could lead to AST in tumors with an activating EGFR
mutation (Fig. 5d).

In this study, it was difficult to find substantial evidence linking AST
with EGFR TKI failure. Perhaps, AST cases that follow the failure of
EGFR TKI treatment without a known resistance mechanism support the
possibility of AST as a novel mechanism of treatment failure [6–9,21].
However, some reports have proposed that activating the PI3K/AKT/
mTOR pathway through PTEN loss without histologic changes could
also contribute to EGFR TKI resistance [34]. Moreover, the presence of
the EGFR p.T790 M mutation, which is a well-known resistance me-
chanism for first- and second-generation EGFR TKI [5], in the LC3 and
LC4 patients weakens the relationship between TKI resistance and AST.
Altogether, careful interpretation needs to be made in drawing out the
connections between AST and EGFR TKI resistance.

Although we proposed an additional dataset and hypothesis for AST
based on somatic mutations and copy number alterations, our ability to
validate the pathway activity is limited by the unavailability of gene
expression data. At the same time, we have no clear explanation for the
contribution of the single copy-number loss of PTEN or LKB1 or the
mutation of RICTOR or PIK3CA to AST. Nonetheless, our paired sample
analysis has unique value because all the post-samples possess an in-
itially identified EGFR mutation, which means that the AST is caused by
a lineage transition of the existing clone rather than the development of
a new primary tumor.

In conclusion, using paired human AST samples, we present positive
evidence for the correlation between the PI3K/AKT/mTOR pathway
and an ADC to SCC lineage transition that could potentially broaden
understanding of the spectrum of mechanisms that lead to EGFR TKI
resistance in EGFR-mutated lung ADC.
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