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NOTCH alteration in EGFR-mutated lung adenocarcinoma leads 
to histological small-cell carcinoma transformation under EGFR-
TKI treatment
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Background: Molecular targeted therapy has been developed as an innovative treatment for metastatic 
cancer. Epidermal growth factor receptor (EGFR) mutation is one of the most important and frequent 
oncogenic drivers in non-small-cell lung cancer, and EGFR-tyrosine kinase inhibitors are indispensable 
drugs for mutation-positive patients. Currently, the acquired resistance to epidermal growth factor receptor-
tyrosine kinase inhibitors (EGFR-TKIs) is a problem, the mechanism of which has not been elucidated. The 
histological transformation from original adenocarcinoma to small-cell carcinoma is rare; however, it has 
been detected in many cases after EGFR-TKI treatment. This study aimed to evaluate mutational status in 
two different histological types and further elucidate the molecular pathogenesis.
Methods: Three patients with EGFR-mutant lung cancer who underwent a histological transformation to 
small-cell carcinoma after growth factor receptor-TKI treatment were enrolled in this study. Two samples per 
patient were collected from histologically different lesions, and DNA samples were extracted from formalin-
fixed, paraffin-embedded tumor tissues. The paired samples were subjected to next-generation sequencing 
of 160 cancer-related genes. Based on the sequencing results, the expression levels of related proteins were 
validated using reverse-transferase polymerase chain reaction and immunohistochemical staining.
Results: The following five variants were common among the three cases: MTOR, JAK1, NOTCH2, 
CSF1R, and MAP2K2. The former four variants were additive to small-cell carcinoma, and the last 
variant was lost. Both TP53 and Rb1 alterations were detected in adenocarcinoma. Notch2 expression 
was negative in small-cell carcinoma in both reverse-transcriptase polymerase chain reaction analysis and 
immunohistochemical staining. ASCL1 expression increased after histological transformation detected using 
both methods in one case, only these samples were evaluable.
Conclusions: Notch and ASCL1 signaling are the master regulators of neuroendocrine differentiation in 
small-cell lung carcinoma. Our results suggest that the Notch-ASCL1 axis may also play an essential role in 
the transformation of small-cell carcinoma under TP53 and RB1 inactivation.
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Introduction

Lung cancer remains a leading cause of cancer-related 
deaths worldwide. Non-small-cell lung cancer (NSCLC) 
treatment has been one of the pioneers in solid carcinoma 
treatments in terms of personalized “precision medicine” 
using molecular targeted medicine for cancer-associated 
gene mutations. The discovery of epidermal growth 
factor receptor tyrosine kinase inhibitors (EGFR-TKIs) 
for the treatment of advanced NSCLC with activating 
EGFR mutations led to dramatic tumor shrinkage and has 
succeeded in prolonging survival and improving quality of 
life, greatly benefiting patients with EGFR mutations (1-3).

Unfortunately, tumors appear to be resistant to EGFR-
TKIs vie the regrowth of new distant metastases invariably 
approximately one year after the initial EGFR-TKI 
treatment. In the past decade, genetic and histological 
mechanisms of acquired resistance have been investigated 
using resistant tumor specimens. The most frequent 
mechanism is an additional T790M mutation in exon 20 
of EGFR. T790M was detected in approximately half of 
the patients with resistance to 1st and 2nd generation 
EGFR-TKIs, such as gefitinib, erlotinib, and afatinib (4-8).  
Similar to other acquired resistance mechanisms, the 
histological transformation from adenocarcinoma to small-
cell carcinoma has been observed as one of the mechanisms 
in approximately 3–14% of patients with resistance to 
EGFR-TKIs (4,6,8). In the past few years, several genetic 
mechanisms underlying this transformation have been 
reported. Niederst et al. showed that the inactivation of 
RB1 and the decreased expression of EGFR are common 
features in transformed small-cell carcinoma compared to 
original adenocarcinoma (9). Lee et al. demonstrated that 
adenocarcinoma clones with inactivation of both TP53 and 
RB1 branched out to the transformed small-cell carcinoma, 
and proposed that both inactivations have the potential 
to be a predictive marker for the transformation (10). 
Detecting the key changes that direct the transformation 
may lead to a deeper understanding and utilized as 
therapeutic targets.

The purpose of this study was to identify key genetic 
changes that define the histological transformation from 
adenocarcinoma to small-cell carcinoma. To address this, 
we compared the gene alteration profile in adenocarcinoma 
before EGFR-TKI treatment and in transformed small-cell 
carcinoma. We present the following article in accordance 
with the STROBE reporting checklist (available at https://
dx.doi.org/10.21037/tlcr-21-536).

Methods

Patients

Patients who met the following criteria were enrolled 
in this study: (I) patients who were diagnosed with 
advanced NSCLC at initial diagnosis; (II) patients who 
had activating mutations on EGFR at diagnosis and 
received EGFR-TKI treatment; (III) patients who had 
histologically transformed small-cell carcinoma in regrown 
or new tumor lesions, which are resistant to EGFR-
TKIs from 2013 to 2016. All pathological diagnoses were 
performed by pathological experts in Kanazawa University 
Hospital. Immunohistochemistry (IHC) staining for 
neuroendocrine markers, chromogranin A, CD56, and 
synaptophysine was performed to support the diagnosis 
of small-cell carcinoma. The following patient data were 
obtained from patient records: age at the diagnosis of 
metastatic cancer or disease recurrence, sex, smoking 
status, tumor biopsy approaches, EGFR mutation status, 
response to EGFR-TKIs, and EGFR-TKI treatment 
period. All patients provided written informed consent, 
and the study was approved by the Ethics Committee 
of Kanazawa University Hospital (approval number: 
327). The study was conducted in accordance with the 
Declaration of Helsinki (revised in 2013).

Sample collection and DNA/RNA extraction

DNA and RNA were extracted from paired tumor samples 
that were collected for pathological diagnosis both at 
diagnosis and after transformation to small-cell carcinoma. 
The tumor biopsy approach is shown in Figure 1 and 
samples for DNA/RNA extraction were underlined. All 
samples were formalin-fixed paraffin-embedded (FFPE). 
First, FFPE tissues were micro-dissected. DNA and total 
RNA were extracted from tumor cells using the QIAamp® 
DNA FFPE Tissue Kit (QIAGEN), QIAamp® DNA 
Mini Kit (QIAGEN), RNeasy® Mini Kit (QIAGEN), 
and RNeasy® FFPE Kit (QIAGEN). DNA samples from 
nucleic cells in the blood were used as references for 
gene alteration profiles. Germline DNA samples were 
extracted from whole blood cells, obtained as pellets 
by centrifugation, using the QIAamp® DNA Mini Kit 
(QIAGEN). The concentration and quality of the DNA 
samples were measured using the Qubit® 2.0 Fluorometer 
(Life  Technologies) ,  dsDNA HS assay ki ts  (Life 
Technologies), and QIAseq® DNA QuantiMIZE Array kit 
(QIAGEN).

https://dx.doi.org/10.21037/tlcr-21-536
https://dx.doi.org/10.21037/tlcr-21-536
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Figure 1 The clinical course. All three cases were histologically identified as transformed after EGFR-TKI treatment. HE, hematoxylin-
eosin; DEL, deletion mutation in exon 19; EGFR, epidermal growth factor receptor; CBDCA, carboplatin; GEM, gemcitabine; PEM, 
pemetrexed; Bev, bevacizumab; PTX, paclitaxel; TBLB, transbronchial lung biopsy, DOC, docetaxel; Nivo, nivolumab.
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Genotyping via next-generation sequencing (NGS)

Tumor genotyping via NGS were performed using the 
GeneRead™ DNAseq Targeted Panels V2 Human 
Comprehensive Cancer Panel (QIAGEN) covering 160 
major oncogenes and suppressor genes, as listed in Table S1.  
Sequencing was performed on a Miseq™ (Illumina), and 
data were analyzed using QIAGEN’s GeneRead DNAseq 
Analysis Software (QIAGEN). Using this software, 
germline mutations were identified in the whole blood 
tissue and excluded from further analysis. The remaining 
somatic mutations were identified as meaningful mutations. 
The gene alterations detected from each sample were 
divided into three groups according to the QIAGEN 
GeneRead DNAseq Analysis Software (Qiagen) as follows: 
high confidence, medium confidence, and low confidence. 
Only gene alterations assessed with high confidence were 
used for further analysis.

The essential variant screening was performed for 
histological transformation to compare mutation profiles 
of adenocarcinoma with those of small-cell transformed 
carcinoma via an original script in “Terminal app”, a 
terminal emulator for the MacOS operating system, for 
respective three cases. We especially focused on the lost 
alterations in original adenocarcinoma and the additive 
alterations in transformed small-cell carcinoma in each 
case, and common alterations were extracted to combine 
the results of three cases. We then validated the expression 
of these lost and additive genes at protein and RNA levels. 
Analysis software also provided copy number variation 
(CNV) data. After comparing two paired results per case, 
the gene with more than two copies of difference was 
accepted as significant.

Gene expression analyses using real-time reverse-
transcriptase polymerase chain reaction (RT-PCR)

cDNA was synthesized from RNA using PrimeScript™ RT 
Master Mix (Takara Bio). The primer pairs for the PCR 
of ASCL1, CSF1R, JAK1, MAP2K2, MTOR, NOTCH1, 
NOTCH2, and GAPDH were designed and purchased from 
Perfect Real-Time PCR Primer (Takara Bio. Shiga. Japan). 
The sequences of these primers are listed in Table S2. 
Gene expression was detected using TB Green® Premix Ex 
Taq™ II (Tli RNaseH Plus) (Takara Bio Inc.) using Applied 
Biosystems® StepOnePlus™ (Thermo Fisher). Figure S1 
shows the real-time PCR curve for case 1. Expression levels 
were calculated according to the comparative Ct method 

under normalization using GAPDH as endogenous control, 
and relative values of tumor cells in transformed small-cell 
carcinoma to adenocarcinoma were calculated using ΔCt 
and analyzed.

Protein expressions using IHC staining

Tumor tissues were fixed in 4% formaldehyde and 
embedded in paraffin. Sections (5 mm) were deparaffinized 
and heat antigen-retrieved in citrate buffer (pH 6.4). 
Primary antibody staining was performed by incubating 
overnight at 4 ℃, and endogenous peroxidase (HRP) 
activity was blocked by treating the sections with 3% 
hydrogen peroxide in methanol. Indirect IHC was 
performed with antispecies-specific biotinylated secondary 
antibodies, followed by avidin-horseradish peroxidase and 
developed using DAB color substrates (Nichirei Biosciences 
Inc., Tokyo, Japan). The sections were counterstained with 
haematoxylin. The following primary antibodies were used: 
Anti-MASH1/Achaete-scute homolog 1 (Abcam, ab211327, 
1:100); anti-NOTCH1 (Abcam, ab52627, 1:100); anti-
NOTCH2 (Abcam, ab8926, 1:100).

Statistical analysis

For variant calling and filtering for genotyping, the GATK 
Unified Genotyper program (GATKLite version 2.3-9) was 
used for calling variants on individual samples, and Strelka 
was used with default parameters to call somatic variants 
from matched tumor and normal samples. There was not 
any other statistical analysis in this study. 

Results

Patient characteristics

We enrolled three patients who were histologically 
diagnosed with advanced EGFR-mutant NSCLC, and, 
after resistance to EGFR-TKIs, with small-cell carcinoma 
at Kanazawa University Hospital from 2013 to 2016. All 
patients were never-smoking females and diagnosed with 
adenocarcinomas harboring a deletion mutation in exon 19 
of EGFR (DEL) at the initial diagnosis. The total duration 
of EGFR-TKI treatment until histological transformation 
in the three patients was 49, 42, and 32 months, respectively. 
The therapeutic and biopsy courses are shown in Figure 1.

In case 1, a woman who was 50 years old at initial 
diagnosis by surgical resection underwent re-operation 

https://cdn.amegroups.cn/static/public/TLCR-21-536-supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-21-536-supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-21-536-supplementary.pdf


4165Translational Lung Cancer Research, Vol 10, No 11 November 2021

© Translational Lung Cancer Research. All rights reserved.   Transl Lung Cancer Res 2021;10(11):4161-4173 | https://dx.doi.org/10.21037/tlcr-21-536

at the tumor recurrence. Both resected samples were 
adenocarcinoma without small cell carcinoma component. 
She had acquired the resistance mutation T790M in exon 
20 of EGFR after the EGFR-TKI re-challenge with the 
combination of erlotinib and paclitaxel, and then received 
osimertinib as the fourth course of treatment. After 
resistance to osimertinib, a metastatic pulmonary tumor 
that regrew regardless of shrinkage after osimertinib was 
collected via transbronchial biopsy. It was pathologically 
diagnosed as small-cell carcinoma showing poorly 
differentiated cells with a high nuclear-to-cytoplasmic ratio 
and positive synaptophysin and CD56 on IHC staining. 
The genetic test for EGFR in small-cell carcinoma revealed 
the same mutation status as before osimertinib treatment 
(DEL and T790M). Because of a sudden exacerbation 
and worsening in performance status, she was unable to 
undergo chemotherapy for small-cell carcinoma. After 
her death, tumor tissues from several lesions, including 
adenocarcinoma from the left upper lung lobe, the liver, and 
the left hilar lymph node, as well as small-cell carcinoma 
from the left lower lung lobe, perigastric lymph node, and 
para-aortic lymph node were obtained, owing to her family’s 
consent to the autopsy.

In case 2, a woman, who was 48 years old at the initial 
diagnosis, presented with several progressive tumor lesions 
after the initial EGFR-TKI treatment with afatinib. 
While adenocarcinoma was cytologically diagnosed in 
the cancerous ascites that newly occurred after afatinib 
treatment, tumor tissues from abdominal lymph nodes that 
had already acquired afatinib resistance were collected using 
endoscopic ultrasound-fine needle aspiration after several 
treatment regimens. The samples were pathologically 
diagnosed as small-cell carcinoma showing poorly 
differentiated cells with a high nuclear-to-cytoplasmic 
ratio, as well as positive synaptophysin, chromogranin A, 
and CD56 IHC staining (Figure 1). The EGFR gene test 
revealed DEL only, similar to initial diagnosis, both in 
adenocarcinoma tissues and cancerous ascites, and small-
cell carcinoma in the abdominal lymph node.

In case 3, a woman, who was 47 years old at initial 
diagnosis, had received gefitinib followed by erlotinib after 
postoperative recurrence. Tumor tissues from mediastinal 
lymph nodes that had already regrown after gefitinib 
treatment were collected via transbronchial needle biopsy 
after combination therapy with carboplatin, pemetrexed, 
and bevacizumab, and were histologically diagnosed as 
small-cell carcinoma showing necrotized cells with a high 
nuclear-to-cytoplasmic ratio and positive synaptophysin and 

CD56 IHC staining (Figure 1). The genetic test revealed 
DEL alone, which was the same as the initial diagnosis.

Comparing genetic alteration profiles in paired samples of 
the original adenocarcinoma and the transformed small-
cell carcinoma via NGS

To identify genetic changes related to the histopathological 
transformation from adenocarcinoma to small-cell 
carcinoma after EGFR-TKI treatment, we compared gene 
alteration profiles in adenocarcinoma tumor tissues at initial 
diagnosis and small-cell carcinoma tissues after resistance 
to EGFR-TKIs via NGS using the GeneRead™ DNAseq 
Targeted Panels V2 Human Comprehensive Cancer Panel 
(QIAGEN) covering 160 major oncogenes and suppressor 
genes as listed in Table S1. At the same time, CNVs were 
calculated.

In all three cases, tumor tissues pathologically diagnosed 
as mentioned above were used in the analyses. The original 
EGFR mutation, DEL, was also detected in the transformed 
small-cell carcinoma after resistance to EGFR-TKIs 
in all three 3 cases. The number of genetic alterations 
in adenocarcinoma at initial diagnosis and in small-cell 
carcinoma at the time of resistance were 247 and 202 for 
case 1, 181 and 1,217 for case 2, and 247 and 133 for case 
3, respectively. The number of additive genetic alterations 
found in the transformed small-cell carcinoma but not in 
adenocarcinoma was 105, 1,164, and 88, and that of shared 
alterations in both adenocarcinoma and transformed small-
cell carcinoma was 97, 53, and 45 for cases 1, 2, and 3, 
respectively. The number of gene alterations that were 
absent in transformed small-cell carcinoma but present in 
initially diagnosed adenocarcinoma was 150, 128, and 202, 
respectively.

When combining all three cases with completely 
matching changes in the nucleotides, five genes were 
identified. Mammalian target of rapamycin (MTOR), Janus 
kinase (JAK1), NOTCH2, and colony-stimulating factor 1 
receptor (CSF1R) were additive alterations common in all 
three cases, and mitogen-activated protein kinase kinase 
2 (MAP2K2) was a lost alteration in all the cases (Table 1).  
These five genes were selected as candidate key genes 
for the transformation from adenocarcinoma to small-
cell carcinoma. Duplication alterations of MTOR, JAK1, 
NOTCH2, and MAP2K2 were located at the 3’ untranslated 
region (UTR), and the CSF1R alteration was a single-
nucleotide polymorphism in the intron (Table 1). 

Furthermore, additive or lost of genetic alterations about 

https://cdn.amegroups.cn/static/public/TLCR-21-536-supplementary.pdf


4166 Koba et al. Transformation of EGFR/NOTCH-mutated lung adenocarcinoma

© Translational Lung Cancer Research. All rights reserved.   Transl Lung Cancer Res 2021;10(11):4161-4173 | https://dx.doi.org/10.21037/tlcr-21-536

Table 1 Additive and lost alterations common in three cases

Added/
Lost

Gene name Chr
Position 
GRCh37

COSMIC ID Reference Variant
Variant 
type

Codon 
change

Amino acid 
change

SNP effect

Added MTOR Chr1 11166624 – C <DUP> CNV – – UTR 3 PRIME

JAK1 Chr1 65300216 – C <DUP> CNV – – UTR 3 PRIME

NOTCH2 Chr1 120457873 – T <DUP> CNV – – UTR 3 PRIME

CSF1R Chr5 149435535 – G T SNP – – INTRON

Lost MAP2K2 Chr19 4090533 – G <DUP> CNV – – UTR 3 PRIME

Chr, chromosome; CNV, copy number variation; DUP, duplicate; SNP, single-nucleotide polymorphism; UTR, untranslated region.

PI3K and AKT were investigated in each case (Table S3). 
There was no aberration which had in common in 3 cases in 
completely matching nucleotides.

CNVs for kuppel-like factor 6 (KLF6), Harvey rat 
sarcoma viral oncogene homolog (HRAS), nuclear factor- 
kappa B1 A (NFKB1A), and G protein α subunit Gs 
(GNAS1) were significantly changed in transformed small-
cell carcinoma compared to those in initially diagnosed 
adenocarcinoma (Table S4). In two cases (cases 1 and 
3), CNV for all four genes was increased. In case 2, 
CNV for all four genes was decreased. The CNV for 
EGFR was approximately two in the initially diagnosed 
adenocarcinoma, and it did not change for the transformed 
small-cell carcinoma in any of the cases. Therefore, we 
estimated that there were no candidate genes obtained from 
CNV analyses in any of the three 3 cases.

TP53 alteration was detected in the paired samples of 
both adenocarcinoma and transformed small-cell carcinoma 
in all three 3 cases, and retinoblastoma 1 (RB1) alteration 
was detected in cases 1 and 2 (Table 2). Aberrations in TP53 
were detected in all three cases as non-synonymous coding 
or frame-shift effects, which resulted in amino acid changes. 
In terms of CNVs of TP53 and RB1, there was no obvious 
change between the two histological tumors in any of the 
three cases, except that TP53 CNV was increased after 
transformation in case 2 (Table S4).

Gene expression analyses in tumor cells with transformed 
small-cell carcinoma compared with the original 
adenocarcinoma

We selected CSF1R, JAK1, MTOR, NOTCH1, MAP2K2, 
NOTCH2 and Achaete- scute homolog-1 (ASCL1) from 
the above-mentioned results using NGS and analyzed the 
gene expression using quantitative reverse transcriptase-

polymerase chain reaction (RT-PCR). As described above, 
gene alterations in CSF1R, JAK1, MTOR, and NOTCH1 
emerged in transformed small-cell carcinoma, and those in 
MAP2K2 disappeared after the transformation. In particular, 
we focused on NOTCH among these genes. ASCL1 and 
NOTCH1 were also added as candidates for transformation-
related genes (11). Unfortunately, gene expression analysis 
using real-time RT-PCR was performed for case 1 only. A 
pair of tumor tissues with adenocarcinoma and small-cell 
carcinoma was obtained at autopsy. Since the tumor tissues 
obtained from the other two cases were only small tumor 
specimens collected for diagnosis, it was not possible to 
obtain a sufficient number of samples to perform additional 
analyses other than the genetic alteration profile detection.

The expression levels of ACSL1 and MTOR were higher 
in adenocarcinoma, and those of NOTCH1 and 2, CSF1R, 
and JAK1 were lower than those in transformed small-cell 
carcinoma (Figure 2).

NOTCH2 expression in transformed small-cell carcinoma 
compared to that in adenocarcinoma

We performed IHC staining to evaluate the protein 
expression associated with the transformation in case 1 
(Figure 3). Tumor tissues representing the transformed 
small-cell carcinoma and adenocarcinoma in the pulmonary 
lesion at autopsy was used for protein expression 
analyses for neuroendocrine markers (chromogranin A, 
synaptophysin, and CD56), cytokeratin AE1/AE3, EGFR, 
MET, and Ki-67 (Figure 3A). Expression of synaptophysin 
and CD56 increased in the transformed small-cell 
carcinoma tissues. We confirmed that EGFR expression 
disappeared in the transformed small-cell carcinoma 
compared to that in the adenocarcinoma (9). Based on the 
gene mutation profile analyses and gene expression analysis 

https://cdn.amegroups.cn/static/public/TLCR-21-536-supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-21-536-supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-21-536-supplementary.pdf
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as described above, Rb, NOTCH2, and ASCL1 expression 
was analyzed using the adenocarcinoma tissues in the 
pulmonary lesion and transformed small-cell carcinoma 
tissues in the pulmonary lesion at autopsy (Figure 3C). Rb 
expression was not observed in either adenocarcinoma or 
transformed small-cell carcinoma. NOTCH2 expression 
was negative in the transformed small-cell carcinoma, but 
positive in adenocarcinoma. ASCL1 expression was positive 
in the transformed small-cell carcinoma but negative in 
adenocarcinoma (Figure 3B).

The differences in NOTCH/ASCL pathway between the 
original adenocarcinoma and transformed small-cell 
carcinoma

The results obtained from the three cases showed that 
first, in the genetic alteration profile analysis via NGS, 
NOTCH2  mutation was commonly detected in the 
transformed small-cell carcinoma, but not in the original 
adenocarcinoma. In the additional study on case 1 only, a 
decrease in NOTCH2 and an increase in ASCL expression 
were observed in transformed small-cell carcinoma using 
gene expression analysis via RT-PCR. In addition, IHC 
of transformed small-cell carcinoma tissues confirmed a 
decrease in NOTCH2 expression and an increase in ASCL 
expression. TP53 mutations were found in both the original 
adenocarcinoma and the transformed small-cell carcinoma 
in all cases. Rb1 expression was only examined in case 1, 
but was similarly reduced in both adenocarcinoma and 
transformed small-cell carcinoma (Figure 3B). 

Discussion

Here,  we analyzed addit ional  gene alterations in 
transformed small-cell carcinoma after resistance to 
EGFR-TKI treatment, compared with the original 
adenocarcinoma. To begin with, it is fundamental problem 
whether the histological transformation is real or the actual 
initial diagnosis is just combined small cell carcinoma and 
adenocarcinoma. Because 2 out of 3 our cases were initially 
diagnosed by surgical resection, it must be suitable there 
were no small cell carcinoma component. Furthermore, 
FFPE samples were micro-dissected. Thus, purity of tumor 
samples must be extremely 100%. Among the additional 
gene alterations that were common in all cases, we focused 
on NOTCH mutations as a possible alteration representing 
the transformation to small-cel l  carcinoma from 
adenocarcinoma with EGFR mutations. Additionally, we 
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Figure 2 Gene expression analyzed using real-time reverse transcriptase-PCR. Y-axis represents the relative quantitation; expression 
levels in small-cell carcinoma compared with those in adenocarcinoma. The number in the lower column is natural logarithm of relative 
quantitation. ln means natural logarithm. ASCL1, Achaete-scute homolog 1; CSF1R, colony-stimulating factor 1 receptor; JAK, Janus 
kinase; MAP2K2, mitogen-activated protein kinase kinase 2; MTOR, mammalian target of rapamycin; ne, no examination. 

2.0 

1.0 

0.0 

−1.0 

−2.0 

−3.0 

−4.0 

−5.0 

−6.0
NOTCH1 NOTCH2 ASCL1 CSF1R JAK1 MAP2K2 MTOR

−1.4 −3.0 1.6 −3.3 −0.3 0.0 1.2

ne −5.2 ne ne −1.1 −0.4 ne

ne −1.7 ne ne −0.1 −1.5 ne

1

2

3

C
as

e
ln

 re
la

tiv
e 

qu
an

tit
at

io
n

found that the expression of ASCL, which is downstream 
of Notch signaling, was increased in tissues of transformed 
small-cell carcinoma compared to that in the original 
adenocarcinoma. Notably, this study showed for the first 
time that the NOTCH- and ASCL-dependent pathway 
was one of the key processes in the transformation using 
the actual tumor tissues from patients with the transformed 
small-cell carcinoma after resistance to EGFR-TKI 
treatment.

The transformation from adenocarcinoma to small-
cell carcinoma has attracted attention as one of the 
outcomes of EGFR-TKI resistance. Meanwhile, the 
histological transformation from adenocarcinoma to 
small-cell carcinoma is rare in patients with NSCLC 
without EGFR mutations. In a previous study to search 
for molecular mechanisms of the transformation from 
adenocarcinoma to small-cell carcinoma in patients 
with NSCLC with EGFR mutations, Niederst et al. 
reported that the inactivation of RB1 increases the 
expression of neuroendocrine markers, and decreases 
EGFR expression, which is commonly detected in 
the transformed tissues compared with the original 
adenocarcinoma (9). Furthermore, a study by Lee et al., 

describing 21 patients with the transformation, indicated 
that inactivation of both RB1 and TP53 is required for 
the transformation from adenocarcinoma to small-cell 
carcinoma after resistance to EGFR-TKI treatment, 
and the molecular features already existed just before 
branching, suggesting that both inactivations in patients 
treated with EGFR-TKIs may serve as predictive markers 
for the transformation (10). The inactivation of both TP53 
and RB1 is well known in almost all SCLCs (12,13). In 
integrative genome analyses using NGS in tumor cells 
from SCLC, inactivating gene alterations (mutations, loss, 
or loss of heterozygosity) of both TP53 and RB1 were 
detected in all SCLC tissues, and the mutations were 
described in five groups: receptor-tyrosine kinase signaling 
(e.g., FGFR1 amplification in 6%), PI3K and p53 pathway 
including TP53 mutation and loss, cell cycle control 
including RB1 mutation or loss, histone modification 
(e.g., CREBBP mutation in 18%), and regulation of the 
actin cytoskeleton (e.g., SLIT2 mutation in 10% and 
EPHA7 mutation in 10%) (13). In a recent review article, 
SCLC subtypes were defined by differential expression 
of four key transcription regulators; ASCL1, neurogenic 
differentiation factor 1 (NeuroD1), yes-associated protein 
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Figure 3 Autopsy findings in case 1. (A) Immunohistochemical staining at the border of coexistent metastasis in the left upper lung 
lobe, indicated as arrow in (C). Adenocarcinoma in the upper region is in contact with the small-cell carcinoma in the lower region. (B) 
Immunohistochemical staining of isolated histological lesions indicated as arrowheads in (C). (C) Schema of tumor distribution at case 1 
autopsy. HE, hematoxylin-eosin; CK, cytokeratin; EGFR, epidermal growth factor receptor; MET, mesenchymal-to-epithelial transition; 
ASCL1, Achaete-scute homolog 1; Rb, retinoblastoma.
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1 (YAP1) and POU class 2 homeobox 3 (POU2F3) (14). 
As YAP1 or POU2F3 expression was appeared in non-
neuroendocrine SCLC (14), transformed small cell tumors 
in our study were supposed to be lack of the expression of 
both gene. In a study on the pathogenesis of SCLC using 
a mouse model, Meuwissen et al. reported that bi-allelic 
inactivation of both Rb1 and Tp53 in lung epithelial cells 
leads to the formation of small-cell NE tumors (15). They 
concluded that both inactivations are prerequisite for the 
pathogenesis of SCLC (15). Additionally, Sutherland et al. 
demonstrated the loss of TP53 and Rb1 using adenoviral 
vectors to transform neuroendocrine cells to SCLC cells 
and indicated that neuroendocrine cells play a role as the 
predominant cell of origin of SCLC, along with a subset 
of alveolar type 2 cells (16). Based on these previous 
findings, the inactivation of TP53 and RB1 seem necessary 
events in the development of SCLC from neuroendocrine 
cells. Our results also coincide with the previous ones. We 
detected TP53 alterations that induced amino acid changes 
in all cases (Table 2) and decreased RB1 expression in both 
adenocarcinoma and transformed small-cell carcinoma in 
autopsy samples from case 1 (Figure 3). Our findings were 
in line with a previous report by Lee et al. (10), and both 
inactivations were identified in both small-cell carcinoma 
and adenocarcinoma.

In our gene profiling analysis comparing the pre- and 
post-transformation status, alterations in MTOR, JAK1, 
NOTCH2, CSF1R, and MAP2K2 were detected in all 
three tissues with transformed small-cell carcinoma. The 
former four genes were detected as additive alterations, 
and the last one was lost (Table 1). Gene expression analysis 
confirmed that NOTCH2 and JAK1 expression decreased 
after the transformation of small-cell carcinoma compared 
with the original adenocarcinoma. Among these genes, we 
focused on NOTCH as a marker for the transformation, 
inferring that Notch signaling includes ASCL1. ASCL1 is 
downstream of Notch signaling, regulated through hairy 
and enhancer of split 1 (HES-1) and HES related with 
a YRPW motif 1 (HEY-1), which are targets of Notch 
signaling and have a function as transcriptional repressors 
of ASCL1 (12).

In the present study, as IHC analyses of autopsy 
samples from case 1 showed, the expression of NOTCH2 
decreased in the transformed small-cell carcinoma in the 
pulmonary lesion compared with that in the pulmonary 
lesion. NOTCH2 expression was not analyzed in the other 
two cases because we could not obtain both transformed 
small-cell carcinoma and adenocarcinoma tissues for IHC 

staining. Additionally, the expression of ASCL1 was elevated 
in the transformed small-cell carcinoma of case 1.

Depending on the above results, we focused on the 
abnormality in NOTCH expression, which seemed to be 
the key mechanism for the transformation. According to 
a comprehensive genomic analysis of classic SCLC, 25% 
of human SCLCs are affected by genomic alterations of 
the NOTCH family, and the majority (77%) of SCLCs 
with high expression of neuroendocrine markers show a 
gene expression pattern suggestive of low Notch signaling 
activity, including a high level of ASCL1 (12). In the analysis 
for detection of NOTCH mutations in 65 patients with 
late-stage SCLC, mutations were found in 19 of 65 cases 
(29%). NOTCH1 mutations were the most frequent (n=12), 
followed by NOTCH2 (n=6), and NOTCH3 (n=5) (17).  
Notch signaling is a key regulator of neuroendocrine 
differentiation in SCLC and plays a critical role in early 
SCLC development (12). In the Trp53, Rb1, and Rbl2 triple-
knockout SCLC mouse model, an activated form of Notch2 
intracellular domain (N2ICD) led to a reduction in the 
number of tumors and better survival, and overexpression of 
N2ICD inhibited the expression of neuroendocrine markers 
ASCL1 and synaptophysin (12). ASCL1 is an essential factor 
for neuroendocrine differentiation of normal pulmonary 
neuroendocrine cells and it promotes neuroendocrine lung 
carcinogenesis as a precursor of SCLC tumor-initiating 
cells (18,19). In an in vitro study, a lung cancer cell line 
transfected with an ASCL1-coding plasmid led to the small-
cell carcinoma morphology and overexpression of CD56, 
detected via flow cytometry (20,21).

Based on several previous studies, inactivation of both 
p53 and RB1 is essential for the tumorigenesis of small-
cell carcinoma, and inactivation of Notch signaling leads 
to neuroendocrine differentiation. The genetic changes 
causing lung epithelial cells to transform into SCLC can 
be explained in several steps (17,20). First, inactivation 
of the Notch signaling/upregulated ASCL1 is involved 
in the cell differentiation of neuroendocrine precursor 
early lung stem cells. The loss of TP53 and RB1 causes 
neuroendocrine precursor cells to transform into small-cell 
carcinoma cells. The case of secondary SCLC transformed 
from NSCLC at initial diagnosis even develops by adding 
NOTCH inactivating mutations and loss of p53/RB during 
the clinical course. Notch signaling is also involved in the 
intratumoral heterogeneity of small-cell carcinomas and 
non-small-cell carcinomas (22). In a study using a mouse 
model, activation of the Notch pathway has been linked 
to the neuroendocrine to non-neuroendocrine switch 
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in SCLC cells (22). In previous analyses of actual tumor 
specimens from combined SCLC, Notch1 expression was 
negative in the SCLC component, whereas it was positive 
in the NSCLC component (23). Inactivation of RB1 and 
TP53 occur before branching from adenocarcinoma, as 
previously reported by Lee et al. (10). Intriguingly, RB1 
alterations, including point mutation and rearrangement 
of the protein coding regions, were identified more 
frequently in EGFR-mutant adenocarcinoma than in 
wild-type adenocarcinoma (24). It was also reported that 
inactivation of RB1 preceded the acquisition of EGFR-
TKI, and they assumed that the alteration did not 
confer resistance to EGFR-TKI (24). EGFR mutation-
positive adenocarcinoma cells that harbor inactivation of 
both RB1 and TP53 at baseline have a chance of future 
transformation. Our autopsy analysis confirmed the 
inactivation of p53 and RB1 in both adenocarcinoma and 
transformed small-cell carcinoma. NOTCH mutation 
was detected only after the transformation, and its 
expression at the protein level was also reduced after the 
transformation. Combining our results with previous 
reports, we speculated that inactivation of p53 and RB1 
emerged during cancer progression, and tissues that 

acquired Notch inactivation subsequently transformed 
(Figure 4). In the tissues without Notch inactivation, 
neuroendocrine differentiation did not occur. For example, 
in case 1, the metastatic lesions in the left upper lung lobe 
and the liver remained as adenocarcinoma (Figure 3C).

As described above, the NOTCH-ASCL1 axis might 
have a potential therapeutic target in transformed small 
cell carcinoma from adenocarcinoma with oncogenic driver 
mutation, which has few treatment options except for 
the regimen to the classical SCLC. Further investigation 
is needed to confirm whether pharmacological inhibitor 
of these pathways is effective to the neuroendocrine 
transformed tumor of patient derived xenograft model. 
Additionally, Quintanal-Villalonga et al. pointed out the 
involvement of genes expression, such as PRC2 complex, 
PI3K/AKT and NOTCH pathways (25). As PI3K and 
AKT were included in gene list of cancer-panel in this 
time, both genetic alterations were detected in all three 
cases (Table S4). These results also lead that AKT 
inhibitor is expected to delay transformed neuroendocrine 
lung carcinoma (25).

This study has several limitations. The sample size in 
this study was too small, and it remains unclear whether 
the findings were consistent in all transformations. As 
reported in a few reports so far, NOTCH alterations are 
rarely detected in transformations (26). Even in classic 
SCLC, NOTCH alteration is not detected in all cases, so the 
behavior shown in Figure 4 may apply to some SCLC cases. 
However, since the evaluation of Notch inactivation at the 
protein level has not been examined, Notch inactivation 
may be involved in transformations more than expected. 
Lee et al. showed that APOBEC-induced hypermutation 
is frequent in various genetic abnormalities found in the 
tissues that transformed after branching (10). The next 
question is why NOTCH and ASCL1 expression levels are 
altered during treatment. Further studies are warranted to 
determine whether EGFR-TKI exposure of cancer cells 
leads to variations in NOTCH and ASCL1 expression 
levels. However, we believe that Notch signaling-dependent 
small-cell carcinoma transformation occurs, as shown in 
Figure 4. According to the autopsy investigation in case 
1, there were adenocarcinoma, combined- small cell and 
adenocarcinoma and transformed small cell carcinoma 
under the clinical course in one patient. Thus, tumor 
progression has heterogeneity among the multi-metastatic 
lesions. In clinical setting, comprehensive biopsy to 
every metastatic site is so hard, due to the invasiveness. 
Further investigation is needed to grasp whole status of 
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malignancy in the patient more easily, such as using cell-
free DNA technique. We recently observed that cfDNA 
harbors essential genetic alterations that are representative 
of the whole cancer; the most detectable tumor-derived 
genetic alterations in cfDNA were truncation mutations 
with a high-variant allele frequency (27). Detecting of 
the sign of histological transformation using cfDNA is 
expected. The other deciding limitation is that our study 
was mainly deal with genomic alterations. The number 
of genetic alterations were quite low and did not increase 
after histological transformation in 2 among 3 cases. 
Transcriptional reprogramming, epigenetic mechanisms or 
DNA methylation may have another important involvement 
to drive transformation. Recent report presented 
neuroendocrine transformation is primarily driven by 
transcriptional reprogramming, including loss of the 3p 
chromosome arm (25).

In summary, we have provided gene alteration profiles in 
transformed small-cell carcinoma after resistance to EGFR-
TKI compared to the original adenocarcinoma. NOTCH 
mutations were detected as additional alterations in all three 
cases. It is suggested that Notch inactivation is one of the 
key conditions leading to small-cell transformation under 
RB1 and p53 inactivation.
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Table S1 List of the genes included in the GeneRead™ DNAseq Targeted Panels V2 Human Comprehensive Cancer Panel (QIAGEN)

ABL1 BUB1B DDR2 FGFR2 IDH2 MEN1 PDGFRA SMARCA4

AKT1 CARD11 DICER1 FGFR3 IKZF1 MET PHF6 SMARCB1

AKT2 CBL DNMT3A FH IL6ST MLH1 PIK3CA SMO

ALK CBLB ECT2L FLCN IL7R MSH2 PIK3R1 SPOP

AMER1 CD79A EGFR FLT3 JAK1 MSH6 PMS2 SRC

APC CD79B EP300 FUBP1 JAK2 MTOR PPP2R1A STK11

AR CDC73 EPCAM GATA1 JAK3 MUTYH PRDM1 SUFU

ARID1A CDH1 ERBB2 GATA2 KDM6A MYC PRKAR1A TERT

ARID2 CDK12 ERBB3 GATA3 KDR MYD88 PTCH1 TNFAIP3

ASXL1 CDK4 ERBB4 GNA11 KIT NF1 PTEN TNFRSF14

ATM CDKN2A ERCC5 GNAQ KLF6 NF2 PTPN11 TP53

ATRX CHEK2 ESR1 GNAS KMT2D NFE2L2 PAC1 TSC1

BAP1 CIC EZH2 GPC3 KRAS NFKBIA RB1 TSC2

BCL6 CREBBP FAM46C GRIN2A MAP2K1 NOTCH1 RET TSHR

BCOR CRLF2 FANCA H3F3A MAP2K2 NOTCH2 ROS1 U2AF1

BRAF CSF1R FANCD2 HIST1H3B MAP2K4 NPM1 SDHB VHL

BRCA1 CTNNB1 FANCE HNF1A MAP3K1 NRAS SETD2 WT1

BRCA2 CYLD FAS HRAS MAP4K3 PALB2 SF3B1 XPC

BRIP1 DAXX FBXO11 HSPH1 MDM2 PAX5 SLC7A8 ZNF2

BTK DDB2 FBXW7 IDH1 MED12 PBRM1 SMAD4 ZRSR2

Supplementary
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Table S2 The sequences for reverse transcriptase-PCR

ASCL1 F GGTGCGAATGGACTTTGGAA

R GGCATGCCTCGCTTAGTTG

CSF1R F CCAGCACGAGAACATCGTCAA

R AGACGGTCGCCATAGCAACAG

JAK1 F TGCCCACCTAACTGTCCAGATG

R TGAAAGCTTGTCCGATTGGATG

MAP2K2 F GGCCATCTTTGAACTCCTGGACTA

R AACACACCGTTGGGCAGCTTA

MTOR F GGCCTGGATGGCAACTACAGA

R TGACTGGCCAGCAGAGTAGGAA

NOTCH1 F AAGCTGCATCCAGAGGCAAAC

R TGGCATACACACTCCGAACACA

NOTCH2 F CCTGGGCTATACTGGGAGCTACTG

R ACACCCTGATAGCCTGGGACAC

GAPDH F GCACCGTCAAGGCTGAGAAC

R TGGTGAAGACGCCAGTGGA

Abbreviations: F, forward primer; R, reverse primer.
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Figure S1 Real-time reverse transcriptase-PCR curve for case 1.

Case 1



Table S3 Genetic alterations about PIK3 and AKT

Case additive/lost Gene Name Chrom Position GRCh37 COSMIC ID Reference Variant Variant Type Codon Change Amino Acid Change snpEff effect

1 additive PIK3CA chr3 178916573 - T <DEL> CNV - - Splice site donor

lost PIK3R1 chr5 67576349 - C T SNP INTRON

AKT1 chr14 105239146 - C G SNP INTRON

AKT1 chr14 105239192 - T C SNP INTRON

AKT1 chr14 105239610 - G A SNP c.935C>T p.T312I NON_SYNONYMOUS_CODING

AKT1 chr14 105239612 - G A SNP c.933C>T p.G311 SYNONYMOUS_CODING

AKT1 chr14 105243220 - G A SNP INTRON

AKT1 chr14 105246325 - T A SNP INTRON

AKT1 chr14 105246407 - G A SNP INTRON

AKT2 chr19 40740892 - C <DUP> CNV INTRON

AKT2 chr19 40741991 - A G SNP c.981T>C p.Y327 SYNONYMOUS_CODING

AKT2 chr19 40742079 - G A SNP INTRON

2 additive PIK3R1 chr5 67589343 - G A SNP - - INTRON

PIK3R1 chr5 67590959 - G A SNP - - INTRON

AKT1 chr14 105236654 - C T SNP - - UTR_3_PRIME

AKT1 chr14 105239611 - T C SNP c.934A>G p.T312A NON_SYNONYMOUS_CODING

AKT1 chr14 105241997 - G A SNP c.427C>T p.H143Y NON_SYNONYMOUS_CODING

AKT1 chr14 105246373 - G A SNP - - INTRON

AKT2 chr19 40741103 - T A SNP - - INTRON

AKT2 chr19 40741302 - G A SNP - - INTRON

AKT2 chr19 40741743 - G A SNP - - INTRON

AKT2 chr19 40742145 - C T SNP - - INTRON

AKT2 chr19 40742361 - C T SNP - - INTRON

AKT2 chr19 40743834 - G A SNP - - INTRON

AKT2 chr19 40744956 - G A SNP - - INTRON

AKT2 chr19 40747984 - G A SNP - - INTRON

AKT2 chr19 40771143 - C T SNP c.32G>A p.W11* STOP_GAINED

AKT2 chr19 40771178 - G A SNP - - UTR_5_PRIME

AKT2 chr19 40771190 - C T SNP - - UTR_5_PRIME

lost PIK3R1 chr5 67522481 - T <DUP> CNV UTR_5_PRIME

PIK3R1 chr5 67522722 - C T SNP c.219C>T p.Y73 SYNONYMOUS_CODING

AKT2 chr19 40741991 - A G SNP c.981T>C p.Y327 SYNONYMOUS_CODING

3 additive PIK3R1 chr5 67522481 - T <DUP> CNV - - UTR_5_PRIME

AKT1 chr14 105236653 - T <DUP> CNV - - UTR_3_PRIME

lost PIK3CA chr3 178916573 - T <DEL> CNV SPLICE_SITE_DONOR

PIK3CA chr3 178948034 - C T SNP c.2806C>T p.H936Y NON_SYNONYMOUS_CODING

AKT1 chr14 105239610 - G A SNP c.935C>T p.T312I NON_SYNONYMOUS_CODING

AKT1 chr14 105258972 - G A SNP c.9C>T p.D3 SYNONYMOUS_CODING

AKT2 chr19 40741991 - A G SNP c.981T>C p.Y327 SYNONYMOUS_CODING
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Table S4 Comparison of copy number variation between adenocarcinoma and small-cell carcinoma

Case Gene name chr No.
copy number

adenocarcinoma small cell carcinoma remainder

1 KLF6 chr10 4.16 1.53 −2.63

HRAS chr11 15.03 4.33 −10.7

NFKBIA chr14 20.79 9.72 −11.07

GNAS.1 chr20 21.52 12.65 −8.87

RB1 chr13 2.48 2.9 0.42

TP53 chr17 2.76 2.26 −0.5

2 KLF6 chr10 2.91 5.8 2.89

HRAS chr11 6.7 21.6 14.9

NFKBIA chr14 7.88 43.74 35.86

GNAS.1 chr20 5.32 12.39 7.07

RB1 chr13 0.97 0.7 −0.27

TP53 chr17 2.59 4.67 2.08

3 KLF6 chr10 4.9 1.27 −3.63

HRAS chr11 9.76 2.67 −7.09

NFKBIA chr14 8.51 3.32 −5.19

GNAS.1 chr20 17.35 2.08 −15.27

RB1 chr13 1.39 1.92 0.53

TP53 chr17 2.71 1.81 −0.9
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