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Summary

Somatic sequence variants in the epidermal growth factor receptor (EGFR) kinase domain are associated with sensitivity
to tyrosine kinase inhibitors (TKIs) in patients with nonsmall cell lung cancer (NSCLC). Patients exhibiting sequence
variants in this domain that produce kinase activity enhancement, are more likely to benefit from TKIs than patients with
EGFR wild-type disease. Although most NSCLC EGFR-related alleles are concentrated in a few positions, established
protocols recommend sequencing EGFR exons 18-21. In this study, 21 novel somatic variants belonging to such exons in
adult Argentinean patients affected with NSCLC are reported. Of these, 18 were single amino acid substitutions (SASs),
occurring alone or in combination with another genetic alteration (complex cases), one was a short deletion, one was
a short deletion-short insertion combination, and one was a duplication. New variants and different combinations of
previously reported variants were also found. Moreover, two of the reported SASs occurred in previously unreported
positions of the EGFR kinase domain. In order to characterize the new sequence variants, physicochemical, sequence
and conformational analyses were also performed. A better understanding of sequence variants in NSCLC may facilitate
the most appropriate treatment choice for this complex disease.
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short in-frame deletions in exon 19 and a single amino-acid
substitution (SAS) L858R in exon 20 (Roengvoraphoj et al.,
2013). Rare or uncommon sequence variations affect exons
18, 19, 20, and 21 (Beau-Faller et al., 2014). The frequency

Introduction

Gain-of-function or activating sequence variants of the epi-
dermal growth factor receptor (EGFR) gene occur in some

non-small cell lung cancers (NSCLC), leading to constitutive
tyrosine kinase (TK) activity. Recognition of the relationship
between these types of activating sequence variations and
cancer has focused on an enormous quantity of research in
molecular-targeted therapy (Zhang et al., 2010). Most of
these disease associated sequence variants are found in exons
1821 (Pao & Chmielecki, 2010) of the EGFR gene and the
most frequent, occurring in approximately 90% of cases are
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of NSCLC EGFR-associated sequence variants depends on
the ethnic group studied (Arrieta et al., 2011; Bauml et al.,
2013); moreover, position specific alleles are continuously
reported in bibliographies and uploaded to different protein
and cancer-related databases.

While several lines of evidence clearly show that patients
harboring different kinds of EGFR activating sequence
variants, and treated with tyrosine kinase inhibitors (TKIs),
experience historically high survival rates, in other cases a
nonresponse or insensitivity is observed (Sgambato et al.,
2012). Consequently, it is important to establish the structural
and functional connections between different variations and
EGFR ligand interactions to understand difterences in the
expected response (Yasuda et al., 2013).
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Taking into account all these observations, we performed
a large-scale sequencing study on the regional representation
of EGFR variants in NSCLC Argentinean patients. Twenty-
one new EGFR somatic variants as well as new combinations
of previously reported variants, are presented and analyzed
at protein level using sequence and structure-based methods.
As a protein’s native state is better represented by an ensem-
ble of conformers, the effect of SASs should be evaluated on
each of the available conformers of the protein. Following this
approach, we found that the damaging eftect of SASs on pro-
tein function evaluated in different conformations could help
in the understanding of disease associated SASs (Juritz et al.,
2012). For this reason, and to obtain a mechanistic analysis of
the SAS effect, we explicitly studied the described SASs with
regards to the conformational diversity of the EGFR protein.

Materials and Methods

Adult NSCLC affected patients (1865) were screened for
somatic variant in exons 18-21 of the EGFR gene. This
screening tends to determine treatment if the known response
to a particular EGFR sequence variant is found. The tissue
used for DNA extraction and analysis was obtained at the
time of diagnosis. The included patients were characterized
histologically as adenocarcinomas (NSCLC). The sequence
of the EGFR gene corresponding to the kinase domain
of the protein was amplified by polymerase chain reaction
(PCR). Two separate PCRs, each with a corresponding
pair of primers, were used to amplify exons 19 and 21 of
the EGFR gene. The resulting PCR products were then
subjected to direct sequencing using the same primers, and
all variants were confirmed by sequences originating from
both upstream and downstream primers. Of the patients
analyzed, 210 exhibited nonsynonymous sequence variants
in the sequenced exons that were checked in COSMIC
(Forbes et al, 2011), Humsavar (Humsavar Database,
Geneva, Switzerland: Swiss Institute of Bioinformatics,
http://www.uniprot.org/docs/humsavar), ClinVar (ClinVar
database, Release weekly,Bethesda, MD, USA: National
Center for Biotechnology Information, US, National Library
of Medicine, (http://www.ncbi.nlm.nih.gov/clinvar/),
DMDM (Peterson et al., 2010) and bibliographic databases
to verify previous reports. To evaluate whether these variants
involved structural and/or functionally relevant positions, the
structures of different conformers were extracted from the
CoDNas database (Monzon et al., 2013). These conformers
were the inactive and active EGFR kinase domain forms, as
monomers or dimers (respectively, Protein Data Bank codes:
4120, 1m14, 2gs7 or 3gt8, and 4g5p). Although the CoDNas
database included all available conformers for EGFR, these
were selected with regards to resolution, with the cocrys-
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tallized preferred over soaked; conformers with the lowest
number of missing residues were also preferred. Relative
Gibbs free energy differences for the unfolding, A Gelding,
between different SASs and wild type counterparts were
estimated for all conformations using the FoldX program
(Schymkowitz et al., 2005). Every time a missing residue was
found in studied structures, its A G*Mng yalyes were ob-
tained using alternative conformers with defined coordinates
for that position. For each new reported case, SAS stability
calculations were performed in different dimer chains (A, B),
either in isolation or in both chains. When complex cases
were studied, that is, two SASs were observed in the same
patient, AG"°l4ng calculations were evaluated with regards
to one or both SASs per protein molecule, combined to each
other in all possible associations and with dimers in active
and inactive conformations. To complete the evaluation of
the functional impact of each reported variant, these were
also analyzed using PROVEAN (Protein Variation Effect
Analyzer) and SIFT programs, and structural effects were
analyzed with PolyPhen-2 (Kumar et al., 2009; Adzhubei
et al., 2010; Choi et al., 2012). These methods complement
FoldX as they take into account evolutionary information
through sequence conservation (PROVEAN and SIFT), in
addition to structural attributes in the case of PolyPhen-2.
PROVEAN also allows the analysis of in-frame deletions
and insertions (not possible with FoldX). Alternatively,
it is possible to perform estimations for complex cases
using FoldX, but this is not possible with sequence-based
methods. Additionally, sequence conservation was analyzed
for the reported positions. To this end sequence similarity
searches were run with Blastp (Altschul et al., 1990) using
the human EGFR canonical amino acid sequence as input
(Universal Protein Resource, UniProtKB, P00533, isoform
1) with default settings. The searches were delimited only
to EGFR molecules, duplicates and mutants were removed,
and the Expected value cutoff was 10~*. Corrected Shannon
Entropy (CSE) was then calculated for each reported position
using the server Protein Sequence Conservation Prediction
(http://compbio.cs.princeton.edu/conservation/score.html)

(Capra & Singh 2007).

Results

The study population which showed nonsynonymous variants
in the EGFR gene included 135 females and 75 males, with
39% being smokers or exsmokers (7.6% did not report a smok-
ing status). However, a reliable statistical analysis is not possible
due to the low number of available cases. All novel sequence
variants detected in this study are shown in Figure 1, together
with their location in the human EGFR sequence/structure

following EGFR  sequence numbering, including the
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Figure 1 Distribution of novel sequence variations (SV) and combined sequence variations (CSV) in exons 18-21
of EGFR kinase domain in Argentinean NSCLC patients. Fifteen altered sites that have already been reported but
changed to other different residues are bolded. Two sequence variations reported but in cancers different from

NSCLC are in italic. Two altered sites never described for any type of cancer are underlined. Two combinations
(CSV) not described before, but reported as individual variations, were also found. Superscripts depict information
about patients as follows: F or M for gender; S, N or E for smoker, nonsmoker or exsmoker correspondingly; and a

number for the age. Hyphen (-) stands for nonavailable data.

24 amino acids of the signal peptide (total length: 1210 amino
acids). Figure 2 shows the reported SASs, insertion, deletion
and duplication localizations in dimeric EGFR kinase do-
main conformations. Among the newly identified sequence
variants, 18 were single amino acid substitutions (SASs), oc-
curring alone or in combination with another sequence alter-
ation (i.e., complex cases), one was a short deletion, one was a
one short deletion-short insertion combination, and one was
a duplication. Two of the SASs found in these patients were
located in new positions of the EGFR kinase domain (po-
sitions 701 and 809), and had not been previously reported,
even in other types of cancer. Fourteen of the new SASs
were located in previously reported positions, but the change
involved a different amino acid. Figure 1 also includes new
and different combinations of previously reported sequence
variants and those previously reported with novel cases (i.e.,
complex cases). The two variants in exon 19 affecting se-
quence length (bolded in Figure 1), a classical type of EGFR
NSCLC-disease associated sequence variant, were not ex-
actly the same as those previously reported. Also, p.A839V
and p.L862P have been reported in other cancer types but,
as far as we know, never in NSCLC. Each reported variant
(single or complex) was found in one patient, with the ex-
ception of p.D770_P772dup, which appeared alone in one
patient and together with p.Gly721Ala in another.

Structural stability calculations and functional impact results
obtained with FoldX, PROVEAN, SIFT, PolyPhen-2 and
CSE are included in Table 1 for monomeric and dimeric ac-

© 2015 John Wiley & Sons Ltd/University College London

tive and inactive EGFR kinase domain conformations, along
with a brief description of the structural localization of the
sequence variants. In the table, next to the Protein Data Bank
code and pertaining to dimers, the mutated chain is indicated
in each case for single variations. In complex cases, the first
chain letter indicates the location of the first sequence variant
and, consequently, the second. If only one chain is indicated
in complex cases, both alterations belong to this chain. In the
case of deletions or duplication CSE values were reported for
each absent or duplicated position.

In terms of changes in structure stability, it was previously
found in FoldX calculations (Juritz et al., 2012) that the best
discrimination cutoff for AA G values between polymorphic
and disease-associated SASs was £2 kcal/mol. Taking these
values into account, we classified SASs as stabilizing for those
with a AAG > 2 kcal/mol, destabilizing for those below
(—2 kcal/mol), and neutral for those with values in between.
These energy estimations were performed on different forms
of the EGFR protein. SASs were considered in isolation and
in all possible combinations, taking into account both chains
of the dimeric forms. This procedure, with 35 different com-
binations between structures and SASs as explained in the
Materials and Methods section, allowed us to better discrim-
inate the possible mechanistic scenarios of SASs.

Interestingly, taking into account FoldX results, differential
stabilizing effects on active conformations, or a destabilizing
effect on inactive conformations, were associated with a shift
towards the active conformation, and, consequently, with
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Figure 2 EGFR kinase active homodimer (PDB 4g5p) in cartoon representation. Chains A and B are in dark and light gray,
respectively. Novel Argentinean SASs sites are in red and labeled using 3-letter nomenclature. V738_1744 and L747_S752 novel deletion
sites are in green and orange, respectively. Between them, K745 and E746, which are part of the K745_A750 deletion previously
reported, are in yellow. D770_P772 novel duplication sites are in violet. The previously reported SASs, appearing as combined sequence

variants in Argentinean patients, are in light blue but not labeled.

kinase activation. In particular, 10 of the 35 combinations
(~29%) differentially stabilized active conformations, while
two SASs destabilized inactive conformations. As seen
in Table 1, for example, the SAS p.Ala724Val shows a
differential stabilizing effect on active monomeric and
dimeric conformations. These effects accounted for 3.70
and 14.97 kcal/mol differences between active and inactive
conformations for the monomeric and dimeric (SAS located

Annals of Human Genetics (2015) 79,385-393

in chain A) respectively. In the case of p.Gly721Ala, when
the protein was in a monomeric conformation the SAS
stabilized both conformations but with a higher value for the
active form. However, when dimeric forms were analyzed,
the p.Gly721Ala SAS differentially stabilized the active form
while the effect was neutral for the inactive dimeric con-
former. Similar explanations could be found for the rest of the
activating SASs, when different structural components, such

© 2015 John Wiley & Sons Ltd/University College London



as conformers or chains, were considered. Also, we found that
p-Thr7101Ile and p.Asn826Tyr differentially destabilized inac-
tive dimeric conformations, in a way that probably favored the
activation of EGFR. Consequently, the number of activating
SASs reported here accounts for ~34% of cases. Alterna-
tively, 12 of 35 combinations, p.Ala702Val4p.Leu861Gln,
p.Thr710Ser+p.Ala840Thr, p-Lys757Glu+p.Leu861Gln,
p-Leu760Phe, p.Ala767Thr, p.Val786Ala, p.Met825Arg,
p-R831H, p.Ala840Thr, p.Leu858Arg, p.Leu858Arg+p.
Asn771Ser, and p.Leu861Gln, differentially stabilized inactive
conformations, representing ~34% of cases.

For the 35 combinations included in Table 1, eight (~22%)
resulted in a neutral energy balance in all conformers. It is
important to note that in three of these, the putative neutral
effect was also supported by the results of PROVEAN, SIFT
and PolyPhen-2. In two of the remaining cases the structural
information was incomplete due to the presence of missing
residues in all the structures evaluated for a particular confor-
mation, although PROVEAN, SIFT and PolyPhen-2 analysis
predicted the occurrence of damaging effects. Finally, in three
cases FoldX neutral results were accompanied by deleterious
effects according to the rest of the methods.

Activating SASs defined here using FoldX results (those
stabilizing active conformations or destabilizing inactive ones)
were in overall agreement with predictions by PROVEAN,
SIFT, and PolyPhen-2 in ~70% of cases. However, such
methods are mostly based on sequence information and do not
contain conformational diversity information. So, it would be
expected that some differences would be observed such as,
for example, in SASs located in the 826 position: One such
amino acid replacement was to Tyr (p.Asn826Tyr) and, using
FoldX, we found that this had a destabilizing effect on the
inactive dimeric conformation (considering the occurrence
of the SAS in only one chain), which could then be classified
as an activating SAS that was probably related to an increase
in EGFR activity. However, the corresponding energy eval-
uation for another SAS in the same position, but changed to
Ile (p.Asn826lle), resulted in a neutral change. In both cases,
sequence-based methods classified both SASs as neutral.

As we explained in the Materials and Methods section, sta-
bility calculations were performed by introducing one SAS
per protein chain. Double SASs in the same protein molecule
were also analyzed, regardless of their lower frequency com-
pared with single sequence variations (Kobayashi et al., 2013;
Tan et al.,, 2014). It is important to note that the analy-
sis of complex cases showed an association with opposing
stability effects, making global effect predictions almost im-
possible. For example, p.Val786Ala exhibited a stabilizing ef-
fect in the inactive dimeric conformer; this SAS appeared
in the same tumor sample together with p.Ala839Thr that
showed an active dimer stabilizing effect. Another similar case
found among these patients was p.Leu760Phe combined with
p-Pro733Ser. The newly reported positions, p.Gln701Arg and

© 2015 John Wiley & Sons Ltd/University College London
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p-Ile809Asn, were predicted as neutral by FoldX analysis, but
were predicted to be deleterious when the other analysis
methods were applied. As a consequence, we can probably
classify these as examples of functional SASs. Additionally,
a brief comment is necessary about the well-characterized
activation-segment SASs, p.Leu858Arg and p.Leu861GIn, in-
cluded in the present report because these appeared in three
complex cases combined with p.Asn771Ser, p.Ala702Val and
p-Lys757Glu. Different research groups have established that
both of these SASs stabilize the active dimeric conformation
(Dixit & Verkhivker 2014); however FoldX results did not
follow this conclusion, except when chain B was mutated at
position 858 (the inactive conformation chain in the active
dimer). However, all of these cases were predicted as dele-
terious using the other analysis methods. In the sequence
conservation analysis, all of the reported positions show CSE
values less than 1, reflecting an important degree of conserva-
tion (Table 1, CSE). Apart from the new cases, Table S1 lists
all amino acid sequence variants found in the 1865 patients
examined. In the same supplementary file Table 1 is included
as a worksheet.

Discussion

New disease-related variant detected in different ethnic
groups, along with their structural, functional and energy
characterizations, could help us to understand the underlying
mechanisms involved in the occurrence of both common and
rare sequence variations, which would be useful in determin-
ing appropriate disease treatment strategies, as well as in the
search for new drugs. The sequence variants reported here are
new variants in known or novel positions, as well as in new
combinations, adding new cases to this complex scenario of
cancer-related EGFR variant.

The response of inhibitors in NSCLC associated with
EGEFR variant is related to the type of alteration, which, in
turn, is related to changes in protein structure or function and
the consequent alteration in the equilibrium between active
and inactive protein conformers. The use of computational
evaluations of these findings could be useful in associating
new cases with old ones, as well as in finding new structure-
function insights, as reported for some cases here.

It is interesting to note that several of the SASs reported
in this work could differentially alter conformer stability to
displace the equilibrium between altered and wild-type con-
formers. This finding could guide inhibitor selection in terms
of the type of inhibition that would be more efficient in mod-
ulating specific conformation concentrations. However, we
also found several SASs that, apparently, did not show an acti-
vating effect as predicted using FoldX estimations; instead, in
most of these cases, sequence-based methods predicted dam-
aging effects.
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Opverall, a combination of different methodologies en-
hances the predictions of the effects of SASs, as well as the
corresponding mechanisms underlying their occurrence. In
addition, an analysis of the resultant phenotype associated
with SASs showing an opposed conformer stabilizing effect is
a very interesting scenario when evaluating which SAS could
dominate the progression of the illness, as well as the most ap-
propriate TKI treatment. Unfortunately, current Argentinean
routine EGFR allele analysis programs do not include rese-
quencing, nor patient treatment follow-ups. Genetic variation
analysis is used at the diagnostic stage to evaluate putative TKI
treatment recommendations. The integration of contribu-
tions from medical, biological and protein structure/function
studies could improve our current understanding of the patho-
logical allele spectrum in this complex field.
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