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ABSTRACT

Introduction: A subset of lung adenocarcinomas (ADs) has
been found to have somatic activating mutations in the
tyrosine kinase domain of the EGFR gene, associated with
response to EGFR tyrosine kinase inhibitor therapy. Rare
germline mutations within this domain, including EGFR
T790M, have been associated with genetic susceptibility to
lung ADs. Using high-throughput sequencing, we elucidate
the genomic evolution in tissues from a patient with lung
AD carrying a germline EGFR T790M mutation.

Methods: We performed microdissection, targeted panel,
and whole-exome sequencing to molecularly characterize
multiple foci of atypical adenomatous hyperplasia (AAH), in
situ and invasive components of AD, normal lung tissue, and
whole blood from the patient. Normal lung tissue was
analyzed for potential acquired somatic genome alterations
(“field effect”).

Results: All lesions harbored a secondary somatic EGFR
mutation, either L858R or L861Q, in addition to the germ-
line T790M mutation. Clear overlap was observed between
the somatic profiles of in situ and invasive AD components,
confirming clonal relatedness. AAH lesions shared few to no
somatic alterations with the AD, suggesting clonal inde-
pendence. No robust evidence of field effect was identified
in the normal lung tissue.

Conclusions: Somatic EGFR mutations are early events in
the pathogenesis of lung ADs arising in the context of
germline EGFR T790M. Synchronous AAH lesions seem to

be independent. Stepwise genomic evolution is observed in
association with invasiveness of the neoplastic cell
population.
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Introduction

A subset of lung adenocarcinomas (ADs) is charac-
terized by somatic activating mutations in the tyrosine
kinase domain of the EGFR gene." These mutations
typically predict response to treatment with EGFR
tyrosine kinase inhibitors. Responsive tumors are most
common in women, nonsmokers, and East Asians. Lung
ADs arising in the context of EGFR germline mutations
are less well characterized. Germline mutations in the
tyrosine kinase domain of EGFR have been reported,
primarily consisting of T790M mutations.”* Other
observed germline alterations in EGFR include R776G/H,
V834L, V843Il, and P848L. Studies of families carrying
the EGFR germline mutations have revealed that many
affected individuals develop a secondary somatic EGFR
mutation.”

EGFR germline variants are rare; germline T790M
mutations have an estimated prevalence of 0.1% among
patients with lung cancer and 0.003% in the general
population.”” As a result, the clinicopathologic features
that distinguish these patients are not well defined.
However, germline EGFR mutations seem to correlate
with development of multiple lung ADs and precursor
lesions in nonsmokers.” To better understand the path-
ogenesis of lung ADs arising from EGFR germline muta-
tions, we wused high-throughput sequencing to
characterize precursor and invasive lesions, as well as
normal tissue, from the lungs of a patient with AD with a
germline EGFR T790M mutation.

Materials and Methods

Patient Samples

The patient is a 65-year-old female nonsmoker with a
suspicious lung nodule detected on computed tomogra-
phy imaging. She had an extensive family history of lung
cancer and underwent germline testing on the Investi-
gating  Hereditary Risk From T790M  study
(NCT01754025) after her two nonsmoking sisters had
died of lung cancer before the age of 50 years, one of
whom had been tested and found to carry a germline
EGFR T790M mutation (Fig. 14).® Computed tomography
scans revealed persistent, bilateral ground-glass and
solid nodules, including a dominant, left lower lobe solid
nodule that grew from 0.9 cm to 1.5 cm in 4 years
(Fig. 1B). The patient, therefore, underwent a left lower
lobe pulmonary wedge resection and was diagnosed
with having a 2.3-cm acinar-predominant lung AD with
minor (20%) lepidic (in situ) component. In addition,
five discrete foci of atypical adenomatous hyperplasia
(AAH) were detected in the background lung, measuring
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less than 0.1 cm to 0.4 cm. Sampled lymph nodes were
negative for metastatic tumor. Formalin-fixed, paraffin-
embedded (FFPE) tissue samples were obtained from
two synchronous AAH foci of adequate size and cellu-
larity to allow for microdissection and from in situ and
invasive components of AD (Fig. 1B-F). AAH and both
components of AD were microdissected or macro-
dissected to maximize tumor content. Genomic DNA was
extracted from the neoplastic tissues and morphologi-
cally normal lung tissue (Fig. 1G) using the QlAamp DNA
FFPE Tissue Kit (FFPE; Qiagen, Hilden, Germany) and
from whole blood using the QIAamp DNA Mini Kit
(Qiagen) according to the manufacturer’s instructions.
This study was approved by the Partners Human
Research Committee, and the patient provided written
informed consent.

High-Throughput Sequencing

Targeted cancer gene panel sequencing (Oncopanel
version 3.1%) was performed for all samples (n = 6) and
whole-exome sequencing (WES) for the AD components,
normal lung, and whole blood samples (n = 4) at the
Center for Cancer Genomics at Dana-Farber Cancer
Institute. Genomic libraries were constructed using the
KAPA Hyper Prep Kit (Roche, Pleasanton, CA) and target
regions enriched with the SureSelect Human All Exome
v5 Kit (Agilent Technologies, Santa Clara, CA). Paired-
end sequencing was performed on HiSeq 2500 (Illu-
mina, San Diego, CA), and sequenced reads were aligned
to GRCh37 (hgl9) reference assembly. Mean target
coverage for cancer gene panel data was 421x (136-
564 x) and for WES 133x (116-140x) (Supplementary
Table 1). The details of our somatic variant calling
pipeline are described in the Supplementary Methods.

Results

EGFR Mutations

On the basis of both the cancer gene panel and WES
data, EGFR T790M mutation was present in all patient
samples (mean allele fraction [AF] = 0.47 [0.39-0.53]),
consistent with its germline origin (Supplementary
Table 2). EGFR L858R mutation was observed in the
AAH1 (AF = 0.02), in situ (mean AF = 0.14 [0.12-0.16]),
and invasive (AF = 0.22) AD samples. Another EGFR
alteration, L861Q, was identified in AAH2 (AF = 0.07).
No copy-number variants (CNVs) affecting EGFR were
observed. Thus, both AAH specimens, including the in
situ and invasive components of AD, harbored a sec-
ondary somatic EGFR mutation.

Landscape of Somatic Genomic Alterations
The number of observed somatic single-nucleotide
variants (SNVs) and indels ranged from 1 to 57 within
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Figure 1. Histopathologic analysis of the patient samples. (A) Genetic pedigree of the patient. Two individuals in the
pedigree have been tested and found to carry a germline EGFR T790M mutation. The index patient is marked with a black
arrowhead. (B) CT scan result revealing the dominant, subpleural left lower lobe lung mass (AD; 1.5 cm x 0.9 cm) 3 months
before the surgery. A 0.6-cm solid nodule is also visible in the right upper lobe. Representative H&E staining images of (C)
AAH1, (D) AAH2, (E) in situ component of AD, (F) invasive component of AD, and (G) the normal lung. Scale bar in H&E
stainings: (C-F) 100 um and (G) 500 um. AAH, atypical adenomatous hyperplasia; AD, adenocarcinoma; COPD, chronic
obstructive pulmonary disease; CT, computed tomography; H&E, hematoxylin and eosin.
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Figure 2. Mutational spectrum of the identified SNVs, indels, and CNVs. (A) SNVs and indels. For AAH lesions, the observed
SNVs and indels came from the targeted cancer gene panel data, whereas for in situ and invasive components of AD, they
were based on both targeted cancer gene panel and WES data. (B) Identified CNVs included both amplifications and deletions.
For AAH lesions, targeted cancer gene panel data were analyzed for CNVs, whereas for in situ and invasive AD samples, WES
data were analyzed. (C) The Venn diagram reveals that in situ and invasive components of AD shared a considerable fraction
of somatic variants. (D) All the CNVs identified in the in situ component of AD were present also in the invasive component.
AAH, atypical adenomatous hyperplasia; AD, adenocarcinoma; CNV, copy-number variant; SNV, single-nucleotide variant;

WES, whole-exome sequencing.

the patient lesions (Supplementary Table 3). The muta-
tional spectrum is illustrated in Fig. 24. In addition to
EGFR, two other genes, SMARCA4 and FLT3, previously
linked to lung AD displayed somatic alterations. A non-
synonymous S937N alteration in SMARCA4 was identi-
fied in the invasive component of AD, and an intronic
variant 7 base pair downstream of FLT3 exon 4 was
observed in both AD components (Supplementary
Table 4). Both alterations were present at low AFs
(SMARCA4: 0.08, FLT3: 0.03 [0.01-0.05]). Furthermore,
three other known cancer genes, CPEB3 (AF = 0.07), FAS
(mean AF = 0.04 [0.02-0.06]), and SLC34A2 (AF = 0.07),
harbored somatic alterations with low AFs.
Chromosome arm-level amplifications on 1q, 5p, and
16p were identified in both in situ and invasive com-
ponents of AD (Supplementary Fig. 1). Furthermore, we
observed various shorter CNVs across the genome (Fig.
2B). Several CNVs contained lung AD-associated genes,
such as AKT3, DDR2, MYC, NTRK1, SDHA, SDHC, and
RICTOR, which as in our data, have previously been re-
ported to be amplified in this cancer type
(Supplementary Table 5). Especially, amplifications of
MYC (8924.21) and RICTOR (5p13.1), present in both
components of AD, have been frequently identified in

lung ADs.'”"" Each lung AD-associated gene, however,
was part of a larger CNV affecting multiple genes
simultaneously. No structural variants were identified in
the patient’s lesions. Moreover, no definitive somatic
alterations were detected in the morphologically normal
lung tissue (Supplementary Table 6).

Genomic Tumor Evolution

The somatic genomic profiles of in situ and invasive
components of AD clearly overlapped, indicating a
common clonal origin (Fig. 2C and Supplementary
Tables 4-5). Most of the shared somatic alterations
were nonsynonymous mutations. Although the number
of SNVs was slightly higher in the in situ AD, increase in
the number of indels and CNVs in invasive AD indicates a
stepwise genome evolution (Fig. 2D and Supplementary
Tables 4-5). The variant allele frequency distribution of
somatic SNVs and indels reveals a common clone be-
tween the AD components, including EGFR L858R mu-
tation as one of the earliest genomic events, and two
component-specific clones with distinct sets of alter-
ations (Fig. 34 and B). The only shared somatic alteration
between AAH1 and AD components was the EGFR L858R
mutation. Furthermore, no shared somatic alterations
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Figure 3. Clonal evolution of the in situ and invasive components of AD. (A) Diagonal plot reveals the distribution of allele
frequencies (VAF) of variants predicted to have a damaging effect on protein function listed in Supplementary Table 4 in both
in situ and invasive AD. The founding clones in the in situ and invasive AD are represented by blue, whereas burgundy and
orange represent component-specific clones. The EGFR driver mutation and two component-specific variants present in
known cancer genes are indicated by red arrows. Outliers are marked with light blue. (B) The “founder” clone in the in situ
AD contained somatic mutation in the EGFR gene. Both in situ and invasive AD developed specific clones. AD, adenocarci-

noma; VAF, variant allele frequency.

between AAH2 and other lesions were identified. Given
the high frequency of EGFR L858R mutations in general,
and the disparate geographic location of the AAH lesions,
they are both almost certainly independent in origin.

Clinical Follow-Up

The pathologic stage after resection was pT1bNO
(American Joint Committee on Cancer eighth edition) on
the basis of an overall size of 2.3 cm with an estimated
1.8 cm of invasion. No additional systemic therapy was
offered after the left lower lobe resection. Since the time
of surgery, the patient has been managed with interval
scans with the plan to offer additional surgery if one or
more lesions grow or develop an increased solid
component. The patient has developed multiple addi-
tional ground-glass lesions; however, most of the exist-
ing nodules are stable or minimally increased in size.

Discussion

Lung ADs originating from EGFR germline mutations
are rare, and there is limited understanding of the mo-
lecular genetic characteristics underlying their patho-
genesis. Here, we used high-throughput sequencing to
perform a systematic genomic analysis across various
lesions and normal tissue of a patient with lung AD with
a germline EGFR T790M mutation. The sequencing data
revealed that each neoplastic lesion harbored a second-
ary somatic EGFR mutation, either L858R or L861Q.
Somatic L858R mutations have frequently been reported
in patients with germline EGFR mutations, whereas
L861Q has been observed once before together with a
germline V843l mutation.”* A clear majority of patients
with germline EGFR T790M have been reported to
develop a secondary somatic EGFR mutation, suggesting

T790M is not sufficient and a secondary EGFR mutation
is required for tumor development.

AAH represents the initial step in the progression to a
fully invasive AD. Our data support the widely accepted
concept that somatic EGFR mutations are early events in the
pathogenesis of lung AD." That said, we did not observe
somatic EGFR mutations in the morphologically normal
lung tissue, as previously described in the case of sporadic
lung AD."* The distinct EGFR mutations found in the
different AAHs indicate that these lesions can arise inde-
pendently and develop into molecularly distinct tumors.

Apparent overlap between the somatic genomic
profiles of in situ and invasive components of AD is
consistent with a shared clonal origin. An increased
number of detected unique alterations in invasive AD
compared with in situ AD are likely to reflect genomic
progression but may also be influenced by greater tumor
percentage in AD. Interestingly, most CNVs containing
lung AD-associated genes were observed in both in situ
and invasive ADs.

Although we performed a systematic characterization
of somatic genome alterations across various lesions and
normal tissue of the patient, we were only able to
perform targeted cancer gene panel sequencing for
the AAHs owing to their small size and low amount of
DNA. Thus, we had limited power to study the full
spectra of somatic genome alterations in these lesions.
Small amounts of tissue material continue to impede our
ability to study the pathogenesis of lung AD precursors.
The use of alternative methodologies, such as single cell-
based approaches, may allow more comprehensive
genomic analysis of these lesions in the future. More-
over, further studies with a larger number of patients
with germline EGFR T790M mutations harboring
synchronous preneoplastic lesions are important to
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identify those mutational features which characterize the
lesions that progress to lung ADs.

In conclusion, our study sheds light on the somatic
genomic alterations that initiate and drive the progres-
sion of a lung AD arising from a germline EGFR T790M
mutation. Management of patients with germline EGFR
mutations remains a challenge. Comprehensive genomic
analysis of early molecular events in lung cancer path-
ogenesis is important to better predict the fate of these
early lesions and tailor therapy to prevent progression.
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