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1

CASE REPORT

Carcinogens in tobacco smoke are the greatest
contributor to the worldwide epidemic of lung
cancers. Yet 15% to 20% of padents with lung
cancers have never smoked. The etiology of lung
cancers in never smokers remains poorly under-
stood. Of interest, previous reports have identi-
fied germline mutations in driver oncogenes that
are associated with lung cancers, such as epider-
mal growth factor receptor (EGFR),'™ receptor
tyrosine-protein kinase erbB-2 (ERBB2),” and pos-
sibly others,® which suggests that heritable predis-
position to lung cancer is a contributor in some
cases. Although rare, these cases provide impor-
tant insight into the etiology and biology of lung
cancers and highlight the increasing role of germ-
line genetics in this area. In this work, we describe a
novel germline EGFR V769M variant in a patient
with multiple lung cancers, each of which harbors
co-occurring somatic mutations in EGFR. To our
knowledge, we also describe for the first time the
activating and sensitizing characteristics of EGFR
V769M in preclinical and in silico structural
models.

A 57-year-old man was found to have five dis-
tinct lung nodules and no mediastinal or hilar
lymphadenopathy, which raised the possibility
of multiple synchronous lung cancers. The pa-
tient was a remote former smoker (34 pack-
years), quitting 21 years before presentation.
He underwent several procedures to resect the
five distinct lung nodules, each of which was
determined to be lung adenocarcinoma. Molec-
ular analysis was performed on the five tumors
and each revealed an EGFR V769M alteration.
In addition, the presence of distinct G719 mu-
tationsin EGFR in several tumors suggested that
these tumors represented independent primary
lung cancers (Table 1 and Appendix Fig Al,
online only).

© 2017 by American Society of Clinical Oncology

As V769M is predicted to have a significant
functional impact (PolyPhen”), the possibility
of a germline variant was considered. The patient
was referred for genetic counseling and informed
consent was obtained for germline testing. Se-
quencing of peripheral blood leukocyte DNA
confirmed the presence of a germline EGFR
V769M variant (Fig 1). The co-occurring so-
matic variantin exon 20 (EGFR S7681I) was found
on the same allele as the germline EGFR V769M.
It was not possible to determine conclusively
whether somatic mutations in exon 18 were sim-
ilarly in cis with the germline variant given the
genomic distance between the variants, which
were captured separately and sequenced on dis-
tinct short reads in the genomic DNA-based
assay that was performed. Although the patient
had a maternal family history of various cancers,
there was no history of lung cancers in the ped-
igree (Fig 2). Individualized genetic counseling
with consideration of EGFR genetic testing and
presymptomatic low-dose computed tomogra-
phy scans were recommended for the patient’s
first- and second-degree relatives. Postopera-
tively, the patient has been treated with erlotinib
as a result of several small lung nodules that were
found. He has remained without evidence of
progressive disease or new lesions for more than
3 years.

The EGFR V769 codon is in exon 20 and corre-
sponds to the region just after the C-helix of the
EGFR kinase domain.'? This variant is uncom-
monly identified in public databases (2 of 120,770
alleles in Exome Aggregation Consortium''; 1 of
13,005 alleles in Exome Variant Server'?). Cases
of (presumably) somatic EGFR V769M muta-
tions have been reported'*~'%; one patient received
treatment with EGFR tyrosine kinase inhibitors
with no clinical response.'* As the functional and
sensitizing impact of EGFR V769M has not been
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Table 1. Summary of Histology, Genetics, and Stage of Individual Tumors

Tumor No. Location Histology 1° Pattern 2° Pattern(s) Tumor Stage  G719A G719C G719S S7681 V769M
1 RUL LUAD Acinar Micropap, lepidic ~ pT2a v v

2 LLL LUAD Solid Acinar pTla v v

3 LUL LUAD Lepidic Acinar pTla v v 4

4 RLL LUAD Papillary Lepidic pTla v v

5 RLL LUAD Acinar Lepidic pTla 4 4 4
\bbreviations: LUAD, lung adenocarcinoma; LUL, left upper lobe; RUL, right upper lobe.

Fig 1. Spectrum of
EGFR variants across each
tumor and normal tissue.
Integrative genomics
viewer (IGV) screen shots
of variants identified in
exons 18 and 20 of EGFR.
Single nucleotide variant
highlighted in colored
letters for each tumor with
the corresponding amino
acid change denoted at the
top of each screen shot.

assessed experimentally, we examined EGFR
V769M in vitro. EGFR V769M was introduced
into full-length wild-type EGFR ¢cDNAs (Quik-
Change II XL Site-Directed Mutagenesis Kit;
Agilent Technologies, Santa Clara, CA) and trans-
fected into 293T human cells (FuGENEG6; Roche,
Indianapolis, IN), a human cell line with a low
level of endogenous EGFR expression (Appendix,
online only). Consistent with an activated pheno-
type, p-AKT (5473)/AKT and p-ERK (T202/
Y204)/ERK were increased in EGFR V769M
mutant compared with wild-type cells in an
EGF ligand-dependent setting (Fig 3). To

examine the sensitivity of EGFR V769M mutant
cells to tyrosine kinase inhibition, transfected
293T cells were treated with increasing concen-
trations of erlotinib. Compared with cells with the
sensitizing EGFR L858R mutation and those with
the EGFR T790M gatekeeper mutation, EGFR
V769M-bearing cells had intermediate sensitivity
to erlotinib. The percent activation, quantified
by the ratio of pEGFR (Y1068) to total EGFR,
was inhibited by 50% in EGFR V769M cells at an
erlotinib concentration of 0.4 pm compared with
0.01 pmin EGFR L858R cells; 50% inhibition was
not reached in EGFR T790M cells at the doses
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Fig 2. Family pedigree.
Male family members are
represented by squares and
female members by circles.
The patient is noted with
the black triangle. Known
current age (years) for alive
patients is noted with the
numbers below the square
or circles. Age at death, if
known, for deceased family
members, are represented
by diagonal strikes, is noted
with the numbers below the
square or circles. Known
diagnoses of malignancy
are annotated, with age at
diagnosis. CSU, cancer, site
unknown.

tested (up to 2.5 pm; Figs 4A and 4B). To explore
the functional impact of comutations in EGFR on
EGFR V769M, we also examined 293T cells that
were transfected with EGFR V769M + G719C.
Activation of downstream pathways and sensitiv-
ity to erlotinib were both enhanced in the setting
of EGFR V769M plus G719C compared with
EGFR V769M alone (Appendix Figs A2 and A3,

online only).

We also used qualitative in silico structural mod-
eling to assess the predicted functional impact of
V769M on EGFR kinase activity. We examined
the location and interactions of the original valine
residue in the three-dimensional structure of
EGFR in both inactive and activated conforma-
tions (Fig 5). V769 directly interacts with F856 of
the conserved DFG loop, a key structural element
that is involved in the activation of EGFR kinase
activity. In the inactive conformation, the V769
residue is completely buried in the hydrophobic
core of the protein globule where it has multiple
noncovalentinteractions with atoms of surround-
ing residues (Fig 5A). A substitution of the Val
residue with a large Met residue will result in the
destruction of molecular interaction and the de-
stabilization of the inactive conformation of the
kinase domain. In the activated conformation, the
molecular surrounding of V769 undergoes signif-
icant changes, the total number of noncovalent

interactions is reduced, and structural rearrange-
ments that involve the DFG loop region facilitate
the penetration and stabilization of ATP (Fig 5B).
Thus, it is reasonable to hypothesize that the
structural accommodation of Met residue in the
activated conformation costs less energy than in
the inactive conformation. The total effect of the
V769M mutation is an activation of EGFR caused
by a shift of the energy balance between activated
and inactivated conformations as a result of sig-
nificant destabilization of the inactivated state of
the molecule. Moreover, the quantitative energy
balance also favors the activated/open conforma-
tion in EGFR V769M and each of the comutant
scenarios identified in this case (Appendix Table
Al, online only). By contrast, the energy balance
does not favor thatactivated state in the context of
EGFR V769M plus L858R, which perhaps ex-
plains the absence of this combination in our
patient or other reported cases.

Mutant EGFR represents a paradigmatic target-
able oncogene in lung cancers and is present in
almost 20% of lung adenocarcinomas. Although
the vast majority of EGFR mutations are somatic,
reports of germline EGFR variants suggest that
these abnormalities may contribute to lung cancer
susceptibility. There have been three reports of
germline EGFR V8431 mutants—two distinct fa-
milial cohorts”* and one sporadic case.'” There
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Fig 3. EGFR V769M
mutation activates
mitogen-activated protein
kinase and AKT signaling.
293T cells were transiently
transfected with plasmids
thatencode wild type (WT)
EGFR or EGFR mutants
with the following changes:
V769M, L858R, and
T790M. After 36 hours,
cells were serum starved for
24 hours, then harvested for
immunoblot analyses
(Appendix). Quantification
of the protein expression of
phospho-epidermal growth
factor receptor (pEGFR),
total EGFR, phospho-
ERK (pERK), total-ERK,
phospho-AKT (pAKT),
and total AKT was analyzed
by using Image]. Protein
levels relative to cells
transfected with WT are
expressed as fold changes
(mean = standard
deviation; n = 3). ()P < .05,
Student’s ¢ test, each
condition compared to
WT.

have been several reports of patients with germline
EGFR T790M mutations that have occurred both
sporadically and in families."****'®' Much like the
case we present here, the majority of germline
EGFR variants that have been detected in lung
cancers are associated with secondary, somatic
activating mutations in EGFR (with some
exceptions'**'”1%), Consistent with the enhanced
activation in the EGFR V769M plus G719C
comutant model (Appendix Fig A2), it may be
that germline variants in EGFR represent a pre-
disposing first hit and that subsequent somatic
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mutations in EGFR further contribute to lung
cancer oncogenesis.

In summary, we describe an EGFR V769M
germline variant found in a patient with five
synchronous lung cancers that represented
several distinct primaries. Our structural mod-
eling and functional studies demonstrate that
EGFRV769M is activating and intermediately
sensitive to erlotinib and support the proposed
causal role of thisvariantin the development of
multiple lung cancers in this patient. As paired
tumor and germline sequencing is increas-
ingly being integrated in the routine molecular
evaluation of cancers,”” we suspect the iden-
tification of germline variants®' that are po-
tentially associated with oncogenesis may
become a frequent clinicopathologic conun-
drum. In this era, close collaborations between
oncologists, clinical geneticists, molecular pa-
thologists, and basic scientists will be critical
for determining the biologic and clinical im-
plications of these variants and guiding de-
cisions for patients and their families.
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Fig 4. EGFRV769M
mutation is sensitive to
erlotinib. (A and B)
293T cells were transiently
transfected with plasmids
that encode wild-type
EGFR or EGFR mutants
with the following changes:
V769M, L858R, T790M.
After 36 hours, cells were
serum starved for 24 hours,
treated with a different
concentration of erlotinib
for 3 hours, then harvested
for immunoblot analyses.
(A) Quantification of the
protein expression was
analyzed by using Image],
and (B) data were fitted
using GraphPad Prism 6.0f
(Appendix). Compared
with sensitizing EGFR
L858R and resistant
T790M mutation, EGFR
V769M mutation shows
intermediate inhibition of
phospho (p)-EGFR/total-
EGFR by erlotinib. EGFR,
epidermal growth factor
receptor; GAPDH,
glyceraldehyde
3-phosphate
dehydrogenase.
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Fig 5. (A and B) The
mutated residue V769
(green) is shown in two
basic conformations of the
kinase domain of epidermal
growth factor receptor
(EGFR): (A) closed/
inactive (PDB ID: 2gs7)
and (B) open/activated
(PDB ID: 2gs6). In the
closed/inactive
conformation, V769 is
tightly packed in
hydrophobic surroundings
formed by the residues of
two alpha helices (752 to
768, 812 to 831), beta-
strand (777 to 782) and two
loop regions (769 to 776
and the conserved DFG
loop region 855 to 857,

a key structural element
that regulates kinase
activity). In addition, the
closed conformation is
stabilized by hydrogen
bonds between amine
groups of R831 and the
main chain and side chain
oxygens of S768. In the
open/active conformation,
the three-dimensional (3D)
structure of the kinase
domain changes drastically
(for example, see flipping of
3D position of Glu865
shown in magenta in both
panels) and the molecular
packing of V769 is relaxed.
The total number of 4 A
atom-to-atom contacts is
reduced from 34 in the
closed conformation to 27
in the open conformation.
The significant structural
rearrangements involving
the DFG loop region
facilitate the penetration
and stabilization of ATP
molecule (B; ATP analog
shown in brown). Red
orange, alpha-helixes;
yellow, beta-structure; and
light gray, loop regions.
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DNA Sequencing

DNA:s from five tumor samples and blood were extracted and testing was performed by using a custom gene panel, MSK-
AmpliSeq, which covers 94 cancer-related genes. Library construction was performed with 20 ng of formalin-fixed, paraffin-
embedded tumor and matched blood DNA by multiplexed amplification of 891 regions tiled by 2,126 amplicons.
Sequencing was performed on an Ion Torrent PGM (ThermoFisher, Waltham, MA), and data were analyzed with a
custom pipeline developed at Memorial Sloan Kettering Cancer Center. Aligned BAM files generated by Torrent Suite
(ThermoFisher, Waltham, MA) were primer trimmed and variant calling was performed to detect single nucleotide and
INDEL variants using VarScan2, which were annotated using ANNOVAR. Single nucleotide and INDEL varjants were
filtered for variant allele read depth and variant allele frequency. Genotyping of historical (unmatched) normal blood BAM
files at variant loci was used to remove recurrent systemic artifacts.

Functional Analyses of Mutant EGFRs

Mutations were introduced into full-length wild-type epidermal growth factor receptor (EGFR) cDNAs by using a
QuikChange IT XL Site-Directed Mutagenesis Kit. The following primers were used to generate the V769M mutation:
forward: 5'-gggggttgtecatgatggecatcacgtag-3’, reverse: 5'-ctacgtgatggecatcatggacaaccece-3'. The following primers were
used to generate the G719C mutation: forward: 5'-cgaacgcaccggageacageactttgatett-3', reverse: 5'- aagat-
caaagtgetgtgetecggtgegtteg-3'. L858R and T790M mutant cDNAs were generated previously (Pao W, et al: PLoS
Med 2:€73, 2005). All mutant clones were fully resequenced bidirectionally to ensure that no additional mutatons were
introduced. For transient transfections, 293 T human embryonic kidney cells were transfected (2 X 10° cells per well in six-
well plates) by using FuGENEG and 0.8 pg of plasmid DNA. Cells were grown in DMEM with high glucose, 10% fetal
bovine serum, 2 mM L-glutamine, 10 U/mL penicillin, and 10 pg/mL streptomycin at 37°C and 5% CO,. After 36 hours,
cells were serum starved in media that contained 0.1% serum. Cells were treated with different concentrations of erlotinib
(Selleckchem, Houston, TX) for 3 hours. Three independent experiments were performed for all analyses.

Immunoblotting

Cellswerelysedin 50mM Tris- HCI, pH 8.0, 150 mM sodium chloride, 5 mM magnesium chloride, 1 % Triton X-100, 0.5 %
sodium deoxycholate, 0.1% SDS, 40 mM sodium fluoride, I mM sodium orthovanadate, and complete protease inhibitors
(Roche). After quantitation by Bio-Rad protein assays (Bio-Rad, Hercules, CA), approximately 50 ug of each sample was
separated by gel electrophoresis on 4% to 12%Bis-T'ris precast gels (Thermo Fisher Scientific Life Sciences, Waltham, MA)
and transferred to 0.2 pum polyvinylidene difluoride membrane (Thermo Fisher Scientific Life Sciences) by using Wet/Tank
Blotting Systems (Bio-Rad). Specific proteins were detected by Amersham ECL Western Blotting Detection Reagent
(Thermo Fisher Scientific Life Sciences), and the following antibodies: anti-total EGFR 1:2,500 (BD Transduction
Laboratories), anti-phospho-EGFR (Tyr-1068) 1:1,000 (Cell Signaling Technology, Danvers, MA), anti-total p44/42
mitogen-activated protein kinase (Erk1/2) 1:1000 (Cell Signaling Technology), anti-phospho-p44/42 mitogen-activated
protein kinase (Erk1/2; Thr202/Tyr204; D13.14.4E) 1:1000 (Cell Signaling Technology), anti—total Akt 1:1000 (Cell
Signaling Technology), anti-phospho-Akt (Ser473; D9E), anti-horseradish peroxidase—conjugated anti-rabbit Ig 1:10,000
(R&D Systems, Minneapolis, MN), and horseradish peroxidase—conjugated anti-mouse IgG 10,000 (R&D Systems).
Quantification of protein expression was analyzed by using Image] 2.0.0-rc-30 (NIH, Bethesda, MD). Data on phospho-
EGFR/total-EGFR in transfected 293T cells that were treated with different concentrations of erlotinib was fitted to log
(inhibitor) versus normalized response (variable slope) by using GraphPad Prism 6.0f (GraphPad Software, La Jolla, CA).
Three independent experiments were performed for all analyses.
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Fig Al. Representative
images of multifocal lung
nodules that were resected.
Arrows identify individual
nodules that were resected.

Right-sided lung nodules

Left-sided lung nodules

Fig A2. Activation of
293T cells transfected with
EGFR WT, EGFR
V769M, EGFR V719C, or
EGFR V769M plus
G719C. EGFR activation
quantified by pERK/ERK
and p-AKT/AKT protein
expression, relative to

expression in WT EGFR
setting.
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Fig A3. Sensitivity to
erlotinib in 293T cells
transfected with EGFR
wild-type or mutant
variants shown below.
Sensitivity to erlotinib
quantified by pEGFR/
EGFR protein expression
with increasing
concentrations of erlotinib.
EGFR, epidermal growth
factor receptor; GAPDH,
glyceraldehyde 3-
phosphate dehydrogenase.
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Table Al. Energy Scores Produced by Modeller Software for EGFR Mutations

AIiopen'Eclosed (mut) -

EGFR Variant Eclosed (2gs6, kcal/mol) Eopen (2857, keal/mol) Eopen — Edlosed AE,pen-Eclosed (nat)
Native 1,516 1,507 -9 0
V769M 1,421 1,364 =57 —48
V769M + G719A 1,562 1,455 —106 -97
V769M + G719S 1,542 1,480 —63 -54
V769M + S768I + G719C 1,539 1,379 —160 =151
L858R 1,547 1,495 =52 —43
V769M + L858R 1,459 1,513 54 63
NOTE. Modeling of mutations in kinase domain of epidermal growth factor receptor (EGFR) molecule was done for a chain region L.703-G983 using two template structures,

2gs6 for closed and 2gs7 for open conformations. Both templates have two small loop regions, R748-A750 (2gs6) and A871-G874 (2gs7), which were reconstructed by Modeller
software (Webb B, et al: John Wiley & Sons 5.6.1-5.6.32, 2014).

Abbreviation: E, molecular dynamics optimized energy.
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