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Cancer  is one  of the most  life-threatening  diseases  and  mutations  in  several  genes  are  the  vital  cause
in  tumorigenesis.  Protein  kinases  play essential  roles  in  cancer  progression  and  specifically,  epidermal
growth  factor  receptor  (EGFR)  is  an  important  target  for cancer  therapy.  In  this  work,  we  have  developed
a  method  to  classify  single  amino  acid  polymorphisms  (SAPs)  in  EGFR  into  disease-causing  (driver)  and
neutral  (passenger)  mutations  using  both  sequence  and  structure  based  features  of  the  mutation  site
by machine  learning  approaches.  We  compiled  a set of  222  features  and  selected  a set  of  21  properties
utilizing  feature  selection  methods,  for  maximizing  the  prediction  performance.  In a  set  of 540  mutants,
we  obtained  an  overall  classification  accuracy  of 67.8%  with  10 fold  cross  validation  using  support  vector
machines.  Further,  the  mutations  have  been  grouped  into  four sets  based  on  secondary  structure  and
accessible  surface  area,  which  enhanced  the  overall  classification  accuracy  to 80.2%,  81.9%,  77.9%  and
75.1%  for helix,  strand,  coil-buried  and coil-exposed  mutants,  respectively.  The  method  was  tested  with

a blind  dataset  of  60 mutations,  which  showed  an  average  accuracy  of  85.4%.  These  accuracy  levels  are
superior  to  other  methods  available  in the  literature  for EGFR  mutants,  with  an  increase  of  more  than  30%.
Moreover,  we  have screened  all possible  single  amino  acid  polymorphisms  (SAPs)  in EGFR  and  suggested
the  probable  driver  and  passenger  mutations,  which  would  help  in  the  development  of  mutation  specific
drugs  for  cancer  treatment.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Epidermal Growth Factor Receptor (EGFR) is a receptor tyro-
ine kinase protein present on the cell surface, mainly expressed
n epithelial cells. EGFR protein mainly consists of three domains
uch as an extracellular ligand-binding region, a single trans-
embrane helix, and an intra-cellular tyrosine kinase domain. It

ets activated upon binding to its specific ligands such as EGF (epi-
ermal growth factor), TGF-� (transforming growth factor-�) and

nduces down-stream signaling pathways that ultimately lead to
ell differentiation, proliferation, migration or motility, adhesion,
rotection from apoptosis, enhanced survival and gene transcrip-
ion [1,2]. When mutations assemble in a precancerous cell, some

f them confer a selective growth advantage by contributing to
umorigenic functions (termed as ‘drivers’), whereas others are
ompetently neutral (termed as ‘passengers’). Passenger mutations

∗ Corresponding author. Tel.: +91 2257 4138; fax: +91 2257 4102.
E-mail address: gromiha@iitm.ac.in (M.M. Gromiha).

ttp://dx.doi.org/10.1016/j.mrfmmm.2015.07.005
027-5107/© 2015 Elsevier B.V. All rights reserved.
are mostly observed in mature cancer cells and are not known for
any pathogenic characteristics [3]. EGFR is a well-known onco-
gene, its mutations and over expression are frequently observed
in many of the cancer types. Several somatic mutations observed
in cancer samples within the kinase domain of the EGFR gene
(Exons 18–21) have been reported in the literature [4]. Hence, it
has become an important target for cancer therapeutics [5]. Many
studies reported that deleterious mutations are mostly observed
in non-small cell lung cancer and are highly sensitive to EGFR-
Tyrosine Kinase inhibitors such as erlotinib and gefitinib [6]. The
continuous treatment with erlotinib and gefitinib lead to acquired
resistance of the cancer patients due to the formation of new muta-
tions during tumor development and progression [7]. Recently,
Wang et al. reported the prediction of EGFR mutation-induced drug
resistance in lung cancer, which is a major problem to be resolved
in cancer treatment [8].
As the mutations in EGFR are increasing rapidly, it is very
difficult to assess each mutation experimentally. Hence, it is
necessary to develop computational methods for efficiently identi-
fying deleterious mutations (drivers), which would help to design

dx.doi.org/10.1016/j.mrfmmm.2015.07.005
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xperiments. For the past one decade, several computational tools
ave been developed for predicting the functional mutations in
roteins, which are mainly based on sequence, structural and evo-

utionary features [9–16]. All these methods have been trained with
 set of mutants from many target proteins which are not specific to
GFR, and hence the driver and passenger mutations have been dis-
inguished with very low accuracy. In addition, other aspects such
s (i) unbiased training sets with experimentally known annotation
f mutations, and (ii) protein specific features to efficiently identify
river mutations in a protein of interest, should be considered for
etter classification accuracy.

In the current study, we mainly focused on EGFR point muta-
ions which are more frequently observed in different cancer types.

 dataset of 600 missense mutations comprising of 242 drivers and
98 passengers is collected from COSMIC database. We  have ana-

ysed the distribution of residues along the protein sequence and
he characteristic features of amino acid residues in both wild-type
nd mutant protein structures, and derived a set of 222 features
attributes). Utilizing feature selection methods, a set of 21 features
as been identified, which could classify the driver and passen-
er mutations with an accuracy of 67.8% in 10-fold cross validation
sing support vector machines in a dataset of 540 mutants. Further,
e have grouped the mutations based on their secondary structure

nd accessible surface area, which increased the classification accu-
acy to 80.2%, 81.8%, 77.9% and 75.1% for helix, strand, coil-buried
nd coil-exposed mutants, respectively. An independent test set
f 60 mutations is used to assess our method, which showed the
ccuracy of 80.0%, 85.0%, 90.9% and 85.7%, respectively. Further, we
ave utilized our prediction method and identified the most proba-
le driver and passenger mutations in EGFR. We  suggest that these
rediction results would serve as a useful tool in the development
f mutation specific drugs for cancer therapy.

. Materials and methods

.1. Dataset

We  derived a dataset of 600 EGFR somatic missense mutations,
hich comprises of 266 drivers and 334 passengers from COSMIC
atabase [17] (version v71) for the present study. We  have ran-
omly chosen 540 mutations as a training set and 60 test set. The
lassification criteria of mutations as driver or passenger, is based
n the information available in the literature [18–22], Swiss-Prot
ariant database [23], dbSNP database [24] and recurrent muta-

ions in cosmic database. Mutations occurring recurrently (count
1, i.e., mutations observed in more than one sample in cosmic
atabase) are termed as drivers and observed only once in can-
er samples are termed as passengers [11,25]. In addition, we have
aken into account of treatment status for all the driver muta-
ions. We  found that only four mutants (T790M, L747S, D761Y
nd T854A) are secondary site mutations. However they are also
bserved prior to the treatment with tyrosine kinase inhibitors in
are cases [26–28].

.2. Attribute construction

We  calculated a wide array of attributes focusing at the
utation position using both amino acid sequence and three-

imensional structure of EGFR. Sequence based features include
hysico-chemical properties of amino acid residues [29], amino
cid matrices and contact potentials from AAIndex database [30],

nd neighbouring residue information at different window lengths.
tructure based features include accessible surface area [31], long
ange contacts [32], surrounding hydrophobicity [33], secondary
tructure element of amino acids [34] and number of hydrogen
earch 780 (2015) 24–34 25

bonds [35]. We  have obtained the 3D structure of the wild-type
protein from the PDB, Protein Data Bank [36] and modelled the
mutant protein using Swiss model [37].

2.3. Computation of sequence and structure based features

2.3.1. Physico-chemical properties
We have considered 49 properties belonging to physical, chem-

ical, energetic and conformational parameters in this study [29].
The change in property between wild type and mutant residue is
computed as:

�P(mutation) = P(Snp) − P(wild−type) (1)

where P(wild-type) and P(Snp) are the property values of wild type
and mutant residues, respectively and �P(mutation) is the change in
property due to mutation.

2.3.2. AAindex database matrices
Amino acid mutation matrices are collected from AAIndex2

database [30] and the value is substituted for each mutation.
Pair-wise contact potential matrices are collected from AAIndex3
database [30] and difference of amino acid contact potential for
a mutation is obtained by subtracting contact potential value of
N-/C-neighbour of mutation position to wild type residue from
N-/C-neighbour to mutant residue.

2.3.3. Neighbouring residue information, solvent accessibility and
Conservation

We have considered the preference of neighbouring residues (N-
and C-termini) of the mutation position in the sequence at window
length of 3–13 residues (1–6 residues towards N- and C- termini)
as additional features. The twenty amino acid residues are grouped
into aliphatic, sulphur-containing, aromatic, polar, positively and
negatively charged categories, based on their physico-chemical
nature of their side chains and computed the number of residues
in each group in the neighbouring regions of mutation site for dif-
ferent window lengths. Accessible surface area of the residues at
mutation site was calculated using SABLE Program [38]. Evolution-
ary conservation of amino acid positions in protein is estimated
using Consurf server [39], which is a bioinformatics tool based on
the phylogenetic relations between homologous sequences.

2.3.4. Structure based features
We  have computed long range order [40] and surrounding

hydrophobicity [33] of residues at each mutant position using
the procedure described in the literature. Secondary structures of
amino acid residues were obtained using DSSP [41] and the hydro-
gen bonds were calculated using HBPLUS [42] program.

2.4. Attribute selection and classification

We have utilized various feature selection and classification
methods available in Weka [43] for distinguishing between driver
and passenger mutations. Based upon the performance of all the
methods on our dataset, we  have chosen the combination of SVM
attribute evaluator and Ranker search method for feature selec-
tion, which was reported to be an efficient approach [44]. SMO
(Sequential Minimal Optimization) algorithm, which is a SVM
based method, has been employed for the classification of mutants
into drivers and passengers. SVM is a widely used machine learning

technique which provides the probability estimates for the pre-
dicted class. Using feature selection methods, we derived a set of 14,
18, 8 and 13 features for the mutations in helix, strand, coil-buried
and coil-exposed mutants, respectively.



26 P. Anoosha et al. / Mutation Research 780 (2015) 24–34

2

n
f
a

A

S

S

t
D
a
R
p
b

3

3

a
o
o
w
f
w
n
c
t
v
a
f
i
H
s
a

3

s

(Fig. 3) and destabilized the kinase domain by distorting a set of
hydrophobic interactions observed in the wild type structure. In
addition, G719S mutation activates the kinase by disrupting auto-
inhibitory interactions [46].
Fig. 1. Occurrence of EGFR mutations in topmost ten cancer types.

.5. Performance evaluation

The model is evaluated using n-fold cross validation in which
-1 data are used to train the classifier and rest of them are used

or testing. The classification performance of the model has been
ssessed by following measures:

ccuracy = TP + TN
TP + TN + FP + FN

(2)

ensitivity = TP
TP + FN

(3)

pecificity = TN
TN + FP

(4)

where TP, TN, FP and FN refer to the number of true positives,
rue negatives, false positives and false negatives, respectively.
river mutations are considered as positive class and passenger
s negative class. In addition, we have estimated Area under the
OC (receiver operating characteristic) curve, which is a plot of true
ositive rate against false positive rate to estimate the trade-off
etween sensitivity and specificity at different thresholds.

. Results and discussion

.1. Occurrence of missense mutations in various cancer types

EGFR mutations consisting of insertions, deletions, missense
nd nonsense substitutions collected from cosmic database are
bserved in 30 different cancer types. Among them, more than 80%
f mutations in cancer samples are missense substitutions. Hence,
e have analysed the occurrence of missense substitutions in dif-

erent cancer types and observed that lung cancer is dominated
ith 28% of the mutations followed by Peritoneum (9%), Central
ervous system (6.7%), Parathyroid (4.8%) and Endometrium can-
er (4.5%). Occurrence of missense mutations in topmost ten cancer
ypes is given in Fig. 1. Considering the number of mutations in
arious cancer types, EGFR is at second position in lung cancer and
mong topmost five in the other cancer types. This suggests the
act that the number of mutations observed in EGFR is dominant
n most of the cancer types when compared with other proteins.
ence, there is an immense need to carry out extensive analy-

es and develop prediction methods to deepen our understanding
bout the role of EGFR in cancer development and progression.
.2. Distribution of missense mutations in EGFR structure

We  have mapped all the mutations on the three-dimensional
tructure of EGFR and their locations are shown in Fig. 2. We
Fig. 2. Distribution of driver (red) and passenger (green) mutations in the intracel-
lular domain of EGFR (N- and C- terminus, and few residues are labeled).

observed that majority of the mutations are accumulated in the
intracellular region (669–1210 residues), which contains tyrosine
kinase and cytoplasmic domains, known to have important role
in activating downstream signalling and regulate its function [45].
We have studied the location of amino acid substitutions in EGFR
and observed that 78% of the total mutations are present in the
intracellular region of which 38% of them are drivers. We  fur-
ther analysed the distribution of mutations in different secondary
structures such as helix, strand and coil which showed that driver
mutations are enriched in strands and coils. We  also observed that
most of the glycine and valine substitutions present in strands and
coils are drivers whereas, cysteine residue mutations are observed
as passengers. Further, we  have analysed the importance of these
residues using the experimental data available in the literature
and a typical example, G719S presented in a �-strand, is discussed
below. We  have retrieved the wild-type and G719S mutant struc-
tures of EGFR from Protein Data Bank, PDB [36] and superimposed
them using PyMol. It is interesting to note that the single G to S
substitution caused a root mean square deviation (RMSD) of 1.8 Å
Fig. 3. Superposition of wild-type (green) and G719S mutant (magenta) structures
of  EGFR. The PDB codes are 2RGP and 2EB2, respectively and the RMSD is 1.8 Å.
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Fig. 4. Variation of accuracy, sensitivity and specificity for the classification of mutants in helix, strand, coil-buried and coil-exposed models. Accuracy;
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.3. Combination of features

Firstly, we classified the data set of 540 mutations into drivers
nd passengers using 222 individual features by SMO  classi-
er. The classification accuracy ranges between 55% and 60%, in
hich the statistical contact potential feature showed a maximum

ccuracy of 59.8% with 40.5% and 74.8% of sensitivity and speci-
city, respectively. These results suggest that the information of

ndividual feature is not sufficient to discriminate driver and pas-
enger mutations. Further, we combined the features using feature
election method and identified a set of 21 best features, which
howed an accuracy, sensitivity and specificity of 67.8%, 53.7% and
9.2%, respectively in 10-fold cross validation. These selected fea-
ures include amino acid substitution matrices and amino acid
ontact potentials derived from the sequence segment contain-

ng wild-type, mutant, N-terminal and C-terminal neighbouring
esidues. The accuracy, sensitivity and specificity of the classifica-
ion obtained by the combination of features up to 25 are shown
n Fig. 4. The maximum accuracy of 67.8% is obtained at 21 feature
combination, and it decreased with the addition of new feature
for classification. This analysis suggests the necessity of classifying
mutants based on their location and physico-chemical behaviour,
which would biologically play an important role in the discrimina-
tion of mutants.

3.4. Grouping the mutations based on secondary structure and
solvent accessibility

Earlier studies showed that protein secondary structure and sol-
vent accessibility play important roles to understand the folding,
stability and function of protein as well as the diseases [47,48].
Hence, we grouped the 540 mutations into four classes of mutants
in helix, strand, coil-buried and coil-exposed regions based on
their secondary structure and accessible surface area and per-

formed feature selection. Accuracy, sensitivity and specificity of
different combinations of up to 20 features for all the models
are shown in Fig. 4. The maximum accuracy is obtained for a
set of 14, 18, 8 and 13 features for the helix, strand, coil-buried
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Table 1
Performance of classification models on different datasets based on secondary structure and solvent accessibility.

Performance Helix (11) Strand (14) Coil-buried (15) Coil-exposed (20)

Accuracy (%) 80.2 (90.9) 81.9 (85.7) 77.9 (80.0) 75.1 (85.0)
Sensitivity (%) 78.0 (80.0) 78.9 (83.3) 75.8 (85.7) 70.5 (83.3)
Specificity (%) 81.8 (100) 84.3 (87.5) 79.7 (75.0) 78.8 (85.7)
No.  of mutants 96 (11) 127 (14) 140 (15) 177 (20)

The results were obtained with 10-fold cross validation. The test set results are given in parenthesis.

Table 2
List of selected features for four different classification models.

Helix Strand Coil-buried Coil-exposed

Snp residue Snp residue Polar Positive
C  + 1 residue Polar ALTS910101 Aliphatic
Polar  Sulphur-containing CSEM940101 P
pK′ pK′ MOOG990101 dN BENS940101
KOLA920101 �Cph SKOJ000101 dN MIYT790101
LUTR910104 LUTR910102 SIMK990102 dN RUSR970103
MCLA710101 QU C930103 SIMK990104 dN NGPC000101
NIEK910101 TUDE900101 KOLA930101 dC VENM980101 dN
QU C930102 RUSR970101 KESO980102 dN
QU  C930103 MUET010101 ZHAC000104 dN
RISJ880101 MOOG990101 dN VENM980101 dC
KAPO950101 SKOJ000101 dN BONM030103 dC
TANS760101 dN SIMK990101 dN Conservation
TANS760102 dC THOP960101 dC

BONM030104 dC
ZHAC000104 dC
Conservation

The common features are shown in bold; dC and dN are C- and N- terminal contact potentials, respectively. Snp, Mutant residue; C + 1 residue, C-terminal neighbour of
mutant  position; Conservation, conservation score of the mutation site; Polar, number of neighbouring polar residues within window length 13; Sulphur-contain, number
of  neighbouring sulphur containing residues within window length 13; Positive, number of neighbouring positively charged residues within window length 13; Aliphatic,
number of neighbouring aliphatic residues within window length 13; P, Polarity; pK′ , Equilibrium constant with reference to the ionization property of COOH group;
�Cph, Unfolding hydration heat capacity change; KOLA920101, Conformational similarity weight matrix; LUTR910104, Structure-based comparison table for inside �-class;
MCLA710101, The similarity of pairs of amino acids; NIEK910101, Structure-derived correlation matrix; QU C930102, Cross-correlation coefficients of spatial preferences
of  side chain; QU C930103, The mutant distance based on spatial preference factor; RISJ880101, Distance scoring matrix; KAPO950101, extent of amino acid substitution
and  its correlation with variation in globin sequence volume; LUTR910102, Structure-based comparison table for coil/turn class; NIEK910102, Structure-derived correlation
matrix; TUDE900101, Isomorphicity of replacements; RUSR970101, Substitution matrix based on structural alignments of analogous proteins; MUET010101, Non-symmetric
substitution matrix for detection of homologous transmembrane proteins; ALTS910101, The PAM-120 matrix; CSEM940101, Residue replace ability matrix; BENS940101, Log-
odds  scoring matrix; MIYT790101, Amino acid pair distance; RUSR970103, Substitution matrix based on structural alignments of analogous and remote homologous proteins;
NGPC000101, Substitution matrix built from hydrophobic and transmembrane regions of the Blocks database; TANS760101, Statistical contact potential derived from 25 X-
ray  protein structures; TANS760102, Number of contacts between side chains derived from 25 X-ray protein structures; MOOG990101, Quasichemical potential derived from
interfacial regions of protein-protein complexes; SKOJ000101, Statistical quasichemical potential with the partially composition-corrected pair scale; SIMK990101, Distance-
dependent statistical potential (contacts within 0–5 Å); SIMK990102, Distance-dependent statistical potential (contacts within 5–7.5 Å); SIMK990104, Distance-dependent
statistical potential (contacts within 10–12 Å); VENM980101, Statistical potential derived by the maximization of the perceptron criterion; KESO980102, Quasichemical
energy in an average protein environment derived from interfacial regions of protein–protein complexes; ZHAC000104, Environment-dependent residue contact energies;
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Totally, 96 mutations are observed in helix structures in which
41 and 55 are driver and passenger mutations, respectively. A set
of 14 features is selected using feature selection method and we
HOP960101, Mixed quasichemical and optimization-based protein contact potenti
rientation; KOLA930101, Statistical potential derived by the quasichemical approx
nteracting side groups;.

nd coil-exposed mutants, respectively. Different classification
odels are developed for each category of mutants and the per-

ormance results are presented in Table 1. The selected features
n different categories of mutants are given in Table 2. Inter-
stingly, the features LUTR910104 (structure-based comparison
able for �-class) and ZHAC000104 (matrix based on residue con-
act energies in strand) are specific to �-helices and �-strands,
nd these properties are selected as important features to dis-
riminate mutations in helical and strand regions, respectively.
hese results showed that the information of secondary struc-
ure enhanced the prediction performance significantly on EGFR

utation dataset, especially in helical and strand structures. How-
ver, the improvement in coil-buried and coil-exposed mutants is
ess than 8% compared to the whole dataset, which agrees with
he earlier report that the mutations within the coil structure are

ore difficult to predict than those within helix or strand struc-
ures [49]. We  have also plotted the area under the ROC curve

or all the classification models in Fig. 5. ROC analysis yielded
he area under the curve (AUC) of 0.80, 0.84, 0.81 and 0.78 for
he mutants in helix, strand, coil-buried and coil-exposed regions,
espectively.
NM030104, Distances between centres of interacting side chains in the anti-parallel
on; BONM030103, Quasichemical statistical potential for the parallel orientation of

3.4.1. Mutations in helix
Fig. 5. ROC curve for the classification models for helix, strand, coil-buried and coil-
exposed mutants.
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Table  3a
Distribution of lung cancer mutations.

Mutation type Helix Strand Coil-buried Coil-exposed

Drivers 39 (85%) 55 (87%) 49 (67%) 56 (67%)
Passengers 31 (51%) 33 (42%) 36 (44%) 37 (33%)
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Table 3b
Performance of the model on lung cancer mutations.

Performance Helix Strand Coil-buried Coil-exposed

Accuracy (%) 84.3 81.8 76.5 76.3
Total 70 (65%) 88 (62%) 85 (55%) 93 (47%)

roportion of lung cancer mutations in the dataset is given in parenthesis.

chieved a classification accuracy of 80.2% in 10-fold cross vali-
ation with the sensitivity and specificity of 78.0% and 81.8%,
espectively. The selected features include neighbouring residue
nformation from sequence, protein structure based mutation

atrices and statistical contact potential matrices. Driver muta-
ions are dominated with valine and leucine substitutions whereas,
assengers with lysine and isoleucine substitutions in helix region.

.4.2. Mutations in strand
Strand contains 127 mutations in which 57 are drivers and 70

re passengers. We  have identified a set of 17 best features using
eature selection method and achieved a classification accuracy of
1.9% in 10-fold cross validation with sensitivity and specificity of
8.9% and 84.3%, respectively. The training set is dominated with
lycine and leucine amino acid substitutions as drivers and passen-
ers, respectively. The selected features are mutant residue, polar
nd sulphur containing amino acids in the neighbouring residues of
utation site within a window length of 13 in the sequence, struc-

ure based mutation matrices and evolutionary conservation of the
utation position.

.4.3. Mutations in coil
Among 540 mutations, 317 are observed in coil, which com-

rises of majority of mutations in EGFR. The classification accuracy
f these mutants is below 70%. Hence, the mutants are further
rouped into two classes based on ASA as the coil structures
re highly flexible and complex. The mutated residues with ASA
30% and >30% are grouped separately into coil-buried and coil-
xposed, respectively. Using feature selection method, 8 and 13
est features are selected in these classes of mutants, which

nclude neighbouring residue information from sequence, muta-
ion matrices and contact potentials. The classification accuracy of
he mutants in these two groups is 77.9% and 75.1% in 10-fold cross
alidation with the sensitivity and specificity of 75.8%, 79.7% and
0.5%, 78.8%, respectively.

.5. Performance of the model on blind set

Further, we have evaluated all four classification models using a
est set of 60 mutations and the results are presented in Table 1. Ten
ercent of the original (60 mutants) are chosen randomly for evalu-
ting the performance of the method. Mutations in the helix region
re classified with the highest accuracy of 90.9%, with sensitivity
nd specificity of 80.0% and 100%, respectively. The accuracy of
trand, coil-buried and coil-exposed mutations are 85.7%, 80.0% and
5.0%, respectively and the average accuracy is 85.4%. The results
uggest that our method could be used as an efficient tool to predict
river mutations in EGFR protein and to understand the deleteri-
us nature of the mutants in causing cancer. Hence, we utilized the
ethod for identifying the most prominent drivers and passengers

mong all possible 22401 mutations in EGFR.

.6. Performance of the model on lung cancer mutations
We  observed that majority of the mutations (55%) in our dataset
elong to lung cancer samples. The distribution of them in differ-
nt secondary structures is shown in Table 3a and the percentage
Sensitivity (%) 82.1 80.0 77.6 73.2
Specificity (%) 87.1 84.9 75.0 81.1

of mutants in helical, strand, coil-buried and coil-exposed are 65%,
52%, 55% and 47%, respectively. Further, we have evaluated the per-
formance of the present model on these mutations and the results
are presented in Table 3b. The current method discriminated the
driver and passenger mutations in lung cancer with an accuracy
of 84.3%, 81.8%, 76.5% and 76.3%, respectively in helix, strand, coil-
buried and coil-exposed regions. These results are comparable to
those obtained with the whole data set (Table 1), which suggests
that the current method could distinguish between driver and pas-
senger mutations on one of the most common forms of cancer in
EGFR.

3.7. Importance of the selected features

We have analysed the importance of selected features by remov-
ing each feature from the respective models and calculated the
accuracy, sensitivity and specificity. The results are presented
in Table 4. For mutations located in helix region, the elimina-
tion of three among fourteen features (LUTR910104, QU C930102
and TANS760102 dC) reduced the classification accuracy by 8%.
Interestingly, LUTR910104 (structure-based comparison table for
�-class) is specific to �-helix and other two  features are based on
the preferred contacts between side chains. The mutant residue is
selected as an important feature to discriminate driver and passen-
ger mutations and this shows the preference of specific residues
to act as drivers compared to the rest. Further, we have verified
the preference of various amino acids to be drivers/passengers for
“helix” set and observed that Arg, Lys and Thr prefer to be snp
residue in driver mutations and Val, Gly and Asn in passenger
mutations. We  also observed that neighbouring residues, espe-
cially adjacent C-terminal neighbour (C + 1) and number of polar
residues within a window length of 13 residues in the sequence,
which would be important in maintaining the stability of �-helix
as discussed in the earlier reports [50] might influence the cancer
causing effect of mutations occurring in this region of EGFR.

For the mutations in strand model, the number of sulphur
containing amino acids in neighbouring residues within a win-
dow length of 13 residues along the sequence and ZHAC000104
(matrix based on residue contact energies in strand) are selected
as important features, suggesting the importance of disulphide
bridges (cysteine) and hydrophobic nature (methionine) in main-
taining proper structural orientation of the native structure of EGFR
protein. These feature when removed from the model reduced
the classification accuracy and sensitivity by 12% and 12% to 14%,
respectively, showing its importance in predicting the actual driver
mutations. We  propose that mutations in strand might cause
conformational changes in adjacent regions there by disrupting
disulphide bonds and other interactions that play important roles
in maintaining the normal function of the protein.

For discriminating the mutations in coil region into drivers and
passengers, the nature of neighbouring residues as well as contact
potentials play a vital role. However, classification of coil mutations
based on the solvent accessibility (buried and exposed) revealed
few important properties that are specific for the two categories.

We observed that the number of polar amino acids in neighbouring
residues within a window length of 13 residues in sequence is a key
feature to differentiate drivers from passengers for coil mutations
in the buried regions. This might be attributed with the fact the
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Table 4
Importance of selected features in individual models.

Feature Accuracy (%) Sensitivity (%) Specificity (%)

Helix
Snp 77.1 73.2 80.0
C-terminal residue 77.1 73.2 80.0
polar 74.0 65.9 80.0
pK′ 76.0 70.7 80.0
KOLA920101 78.1 73.2 81.1
LUTR910104 71.9 65.9 76.4
MCLA710101 75.0 68.3 80.0
NIEK910101 79.2 75.6 81.8
QU  C930102 71.9 61.0 80.0
QU  C930103 79.2 75.6 81.8
RISJ880101 75.0 65.9 81.8
KAPO950101 77.1 68.3 83.6
TANS760102 dC 71.9 65.9 76.4
TANS760101 dN 74.0 65.9 80.0
All  80.2 78.0 81.8

Strand
Snp 75.6 70.2 80.0
Polar 77.2 73.7 80.0
Sulphur-contain 69.3 66.7 71.4
pK′ 80.3 78.9 81.4
�Cph 74.8 71.9 77.1
LUTR910102 76.4 71.9 80.0
NIEK910102 72.4 71.9 72.9
QU  C930103 71.7 66.7 75.7
TUDE900101 74.8 70.2 78.6
RUSR970101 73.2 70.2 75.7
MUET010101 76.4 75.4 77.1
THOP960101 dC 79.5 78.9 80.0
BONM030104 dC 78.7 73.7 82.9
ZHAC000104 dC 69.3 64.9 72.9
MOOG990101 dN 76.4 71.9 80.0
SKOJ000101 dN 78.0 77.2 78.6
SIMK990101 dN 74.8 71.9 77.1
Conservation score 81.1 78.9 82.9
All  81.9 78.9 84.3

Coil-buried
Polar 72.1 66.7 77.0
ALTS910101 67.1 60.6 73.0
CSEM940101 72.1 69.7 74.3
KOLA930101 dC 72.9 71.2 74.3
MOOG990101 dN 70.7 68.2 73.0
SKOJ000101 dN 67.9 65.2 70.3
SIMK990102 dN 69.3 65.2 73.0
SIMK990104 dN 73.6 72.7 74.3
All  77.9 75.8 79.7

Coil-exposed
Positive 70.1 62.5 75.8
Aliphatic 68.4 65.4 70.7
P  69.5 62.8 74.7
BENS940101 70.6 62.8 76.8
MIYT790101 70.1 60.3 77.8
RUSR970103 70.1 60.3 77.8
NGPC000101 68.9 62.8 73.7
VENM980101 dC 67.8 60.3 73.7
BONM030103 dC 68.4 61.5 73.7
VENM980101 dN 68.4 59.0 75.8
KESO980102 dN 68.9 59.0 76.8
ZHAC000104 dN 71.2 67.9 73.7
Conservation score 73.5 66.7 78.8
All  75.1 70.5 78.8
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he accuracy, sensitivity and specificity are obtained by removing the respective
eature from the models, the last row with “All” represents the model with all the
elected features.

ccessibility of a specific residue to the solvent is often influenced
y the polar nature of the residues in the surrounding environ-
ent [51]. The final model for the coil mutations in solvent exposed
egions, consist of features such as polar nature of the mutated
osition and number of aliphatic and charged amino acids in the
eighbouring residues within a window length of 13 residues in the
equence and conservation score of the mutation position. These
earch 780 (2015) 24–34

selected features suggest that mutations, which disrupt some of
the key interactions especially hydrophobic and salt bridges in the
neighbouring regions of their occurrence, might alter the native
function of the protein and act as drivers.

3.8. Analysis based on different counts of driver mutations in
COSMIC database

We  have developed different models by considering the num-
ber of recurring mutations in COSMIC database to assign the driver
mutations and the results obtained with three cut-off values (>1, >2
and >3) are presented in Table 5. We  obtained an average prediction
accuracy of 78.8%, 85.0% and 79.9% for the models obtained with the
counts of >1, >2 and >3, respectively. This analysis shows that the
present method could be used to predict the driver mutation at
different counts for driver mutations.

3.9. Performance of the model using different training and test
sets of data

We  have further evaluated the performance of the model using
different proportions of training and test sets of data. The 10-fold
cross-validation results obtained with 90%, 80%, 70% and 60% of
training data are presented in Table 6. We  noticed that the average
accuracy lies in the range of 77–79% using four different sets of data.
It is noteworthy that the results are consistent in all the cases. The
test set results with the remaining set of mutants, 10%, 20%, 30%
and 40% are also included in the table. The average accuracy for the
test set of data varies between 4% and 11% among different sets.
This analysis reveals that the present method could be effectively
used to identify the driver mutations in EGFR.

3.10. Prediction of known drivers

We  have collected a list of known drivers from the literature
and checked the prediction performance of the present model.
Experimentally known driver mutations are L861Q [52], R108K,
T263P, A289V, A289D, A289T, G598V [53], T751I, R748K, E804G,
F856L, A839V, G863D, V851I [54], N700D, E709A, E709V, E709K,
E709G, G719A, G719C, G719S, S720F, L747S, V765M, S768I, R776C,
R776H, G779F, K806E, L814P, L833V, R836C, L838P, A839T, F856L,
G857R, L858R, L861R, G863D [55], T847I, L688P, P694L, P694S,
L730F, P733L, G735S, V742A, E746K, D761N, S784F, G810S [18],
E884K, H835L, W731L, C797Y, Y801H, R831H, E868G [56], H870R
and Q787R [57]. Interestingly, our method could correctly predict
84% of the mutants as drivers. This dataset includes four sec-
ondary site mutants, T790M, L747S, D761Y and T854A, which are
mostly observed after treatment with tyrosine kinase inhibitors
(TKI) [58,59]. However, reports are available in the literature that
they are present even prior to the treatment [26–28].

3.11. Comparison with other methods

We  compared the results of our model with different available
methods such as SIFT, Polyphen-2, Mutation Assessor using the
same dataset of 540 mutations. SIFT is one of the most widely used
tools to predict the amino acid substitutions that affects protein
function based on sequence homology and physical properties of
amino acids. Polyphen-2 is a tool for prediction of possible impact of
an amino acid substitution on the structure and function of a human
protein based on sequence, structural and phylogenetic features

that characterize the substitution. Mutation Assessor predicts the
functional impact of amino acid substitutions in proteins involved
in cancer as well as missense polymorphisms based on evolution-
ary conservation of the affected amino acid in protein homologs.
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Table  5
Performance of the models using different counts (>1, >2 and >3) to assign driver mutations.

Model Measure 10-fold cross validation Test set

>1 >2 >3 >1 >2 >3

Helix No. of drivers, Passengers 41, 55 22, 74 11, 85 5, 6 3, 8 3, 8
Accuracy (%) 80.2 85.9 89.7 90.9 90.9 83.8
Sensitivity (%) 78.0 60.0 85.7 80.0 75.0 66.7
Specificity (%) 81.8 93.9 90.3 100 100 100
ROC  0.80 0.75 0.87 0.87 0.82 0.80

Strand No. of drivers, Passengers 57, 70 29, 98 21, 106 6, 8 7, 7 4, 10
Accuracy (%) 81.9 85.1 81.6 85.7 85.7 85.7
Sensitivity (%) 78.9 66.7 80.0 83.3 80.0 75.0
Specificity (%) 84.3 91.4 81.9 87.5 88.9 90.0
ROC 0.83 0.83 0.83 0.83 0.91 0.85

Coil-buried No. of drivers, Passengers 66, 74 42, 98 31, 109 7, 8 7, 8 4, 11
Accuracy (%) 77.9 85.2 77.4 80.0 80.0 73.3
Sensitivity (%) 75.8 77.6 80.0 85.7 77.8 66.7
Specificity (%) 79.7 88.7 76.7 75.0 83.3 75.0
ROC  0.81 0.84 0.82 0.82 0.82 0.86

Coil-exposed No. of drivers, Passengers 78, 99 39, 138 24, 153 6, 14 5, 15 5, 15
Accuracy (%) 75.1 83.8 71.1 85.0 90.0 70.0
Sensitivity (%) 70.5 70.5 72.4 83.3 80.0 60.0
Specificity (%) 78.8 87.6 70.8 85.7 93.3 81.8
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ROC  0.77 

1, >2 and >3 represent the models obtained with driver counts >1, >2 and >3, resp

hese methods have been developed for predicting protein disrup-
ion (both gain and loss of function). Hence, it is not appropriate to
irectly compare the predictive performance of the present method
ith other methods. However, the comparison would provide the

nformation that utilizing the method specific to EGFR, in which
river mutations lead to gain of function, could enhance the predic-
ion performance. The accuracy, sensitivity, specificity of different

ethods is reported in Table 7. We  observed that the performance
f these three methods on EGFR mutation resulted in a very low
lassification accuracy. SIFT method could classify only ∼50% of the
GFR mutants correctly whereas the other tools polyphen-2 and

utation assessor classified mutants with low accuracy of 49.0%

nd specificity of 18.0% and 50.0%, respectively. Comparatively, the
urrent method showed better results with high accuracy and sen-
itivity. This analysis suggests that target dependent method is

able 6
erformance of the model on different training and test sets.

Model Measure 10-fold cross validation 

90% 80% 70% 

Helix Accuracy (%) 80.2 76.7 76.0 

Sensitivity (%) 78.0 70.3 68.8 

Specificity (%) 81.8 81.6 81.4 

ROC  0.80 0.75 0.74 

Strand Accuracy (%) 81.9 80.5 81.8 

Sensitivity (%) 78.9 80.0 79.5 

Specificity (%) 84.3 81.0 83.6 

ROC  0.83 0.84 0.83 

Coil-buried Accuracy (%) 77.9 79.0 75.8 

Sensitivity (%) 75.8 74.6 74.6 

Specificity (%) 79.7 83.1 76.9 

ROC  0.81 0.82 0.81 

Coil-exposed Accuracy (%) 75.1 75.3 74.6 

Sensitivity (%) 70.5 70.6 70.0 

Specificity (%) 78.8 78.9 78.8 

ROC  0.77 0.81 0.79 

Average Accuracy (%) 78.3 77.8 77.0 

Sensitivity (%) 75.8 73.9 73.2 

Specificity (%) 81.2 81.2 80.2 

ROC  0.80 0.81 0.79 

0%, 80%, 70% and 60% are different proportions of training sets and 10%, 20%, 30% and 40
.80 0.75 0.89 0.90 0.68

ly.

necessary for identifying driver mutations as represented in the
case of protein folding and stability, and recognition mechanism
of protein-RNA complexes [60,61]. The present method developed
for EGFR could correctly distinguish between driver and passenger
mutations with an accuracy of 85.4%, which is 36% higher than that
of other methods in the literature.

3.12. Screening of all possible point mutants

Further, we have generated all possible point mutations for each
position in EGFR and screened them using the developed models

for helix, strand, coil-buried and coil-exposed mutants. Among the
possible mutants in helix, strand and coil structures, the topmost 10
mutants predicted with the highest probability of being a driver or
passenger are listed in Tables 8a and 8b. The results for all mutants

Test set

60% 10% 20% 30% 40%

78.5 90.9 90.5 87.5 78.6
77.8 80.0 77.8 78.6 69.0
78.9 100 100 94.4 87.0

0.83 0.87 0.94 0.90 0.79

77.7 85.7 78.6 78.6 71.4
73.7 83.3 70.0 68.4 72.0
80.9 87.5 86.7 87.0 71.0

0.77 0.83 0.87 0.83 0.77

77.4 80.0 74.2 80.4 75.8
75.0 85.7 71.4 76.2 75.9
73.5 75.0 76.5 84.0 75.8

0.79 0.82 0.81 0.83 0.83

77.9 85.0 82.1 74.6 73.4
73.5 83.3 75.0 70.0 60.0
81.2 85.7 87.0 78.8 84.1

0.82 0.89 0.79 0.79 0.75

77.8 85.4 81.4 80.3 75.0
75.0 83.1 73.6 73.3 72.6
78.6 87.1 87.6 86.1 79.5

0.80 0.85 0.85 0.84 0.78

% are test sets, respectively.
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Table 7
Comparison with different methods.

Dataset SIFT Polyphen-2 Mutation assessor Current method

Ac Sn Sp Ac Sn Sp Ac Sn Sp Ac Sn Sp

(A) Cross validation dataset of 540 mutants
Helix 44.8 78.1 20.0 46.9 92.7 12.7 48.9 41.5 54.6 80.2 78 81.8
Strand 53.5 91.2 22.9 53.5 91.2 22.9 50.4 52.6 48.6 81.1 78.9 82.9
Coil-buried 47.9 77.3 21.6 49.3 89.4 13.5 52.1 63.6 41.9 77.9 75.8 79.7
Coil-exposed 51.4 64.1 41.4 47.5 78.2 23.2 50.3 37.2 60.6 73.5 70.5 75.8

(B)  Test set of 60 mutants
Helix 45.5 80.0 16.7 45.5 80.0 16.7 45.5 20.0 66.7 90.9 80.0 100
Strand 57.1 100 25 57.1 100 25 50.0 100 12.5 85.7 83.3 87.5
Coil-buried 40.0 85.7 0 46.7 100 0 40.0 42.9 37.5 80.0 85.7 75.0
Coil-exposed 50.0 83.3 35.7 50.0 83.3 3

The results for current method are obtained by 10-fold cross validation. Accuracy (Ac), Se

Table  8a
Topmost 10 mutants predicted with high probability as driver.

No. Helix Strand Coil-buried Coil-exposed

1 Q684F G724F M137K I214K
2  Q684I G729F V250E I673K
3  A840I G341I R836W T710D
4  A955I G729E R836V A702D
5  A763I G729I V250D T710P
6  A661I G724I V250N V674K
7  A1000I G729D C295K I673E
8  A375I G729K N422E T710E
9  A661C P741I V250K T710C

10  A840F G719F V1010D T363E
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utations predicted as drivers with all the three models are shown in bold. Predicted
river mutations with two models are underlined.

re available at http://www.iitm.ac.in/bioinfo/EGFR Driver/. In the
redicted drivers, most of them are Alanine and glycine substitut-

ons in helix and strand structures, respectively. Most of these
utations predicted as drivers are present in intracellular tyrosine

inase domain close to the known driver mutants (D761Y, T790M,
854A, L858R) which play a key role in affecting its activity and
eading to over expression [62].

Further, we have analysed the predicted drivers to understand
heir role in causing cancer. To identify the residues which are
unctionally important, we have obtained the evolutionary con-
ervation scores of the mutation site using Consurf server. The
egree to which an amino acid position is evolutionarily conserved

s strongly dependent on its structural and functional importance.
mong the predicted drivers at different positions in the protein
equence, 50% of the mutation sites in the topmost 10 drivers in
able 5 are highly conserved which reveal their importance in

aintaining the native structure and function of the protein. On the

ther hand, 90% of the predicted passenger mutations are located
n the extracellular cellular domain of EGFR and most of these

able 8B
opmost 10 mutants predicted with high probability as passenger.

No. Helix Strand Coil-buried Coil-exposed

1 W898E Y113W L156C N540C
2  W898G C231Y W200G N540L
3  W898S Y270W L448C F1023W
4  W164D V308Q N516G K189Y
5  W164E K328S L633C S198W
6  W164G I556E E634M K226Y
7  W164S I556K I643C N540Y
8  G197W I556N L38G D179C
9  E344W I556Q I1060N K189M

10  H358G I556R V1147Y N280F

utations predicted as drivers with all the three models are shown in bold. Predicted
river mutations with two models are underlined.
5.7 50.0 33.3 57.1 85.0 83.3 85.7

nsitivity (Sn) and Specificity (Sp) are given in %.

positions are not conserved. This analysis emphasizes the impor-
tance of conservation score, which is a useful feature in
discriminating the driver and passenger mutants in strand and coil-
exposed regions. Further, in strand mutants, we observed that 9
out of topmost 10 predicted drivers constitute Glycine substitut-
ions occurring at ATP binding region. Interestingly, most of them
are being replaced by hydrophobic amino acids with bulky side
chains. This suggest the importance of Glycine residues to provide
flexibility to the structure and we hypothesize that the hydropho-
bic mutant residues cause distortion of native structure by causing
steric hindrance and alter the crystal packing, that might in turn
affect the native function of EGFR protein.

4. Conclusion

We  have analysed a set of 266 driver and 334 passenger muta-
tions in EGFR using sequence based features such as wild-type,
mutant residue, number of neighbouring residues at different
window lengths. Driver mutations are dominated with leucine
and glycine substitutions in helix and strand, whereas coil-buried
and coil-exposed mutants are dominated with substitutions in
charged residues Arginine and Glutamic acid, respectively. Differ-
ent machine learning algorithms have been tested to discriminate
driver and passenger mutations and we achieved an accuracy of
67.8% with SVM based classifier, in 10-fold cross validation on a
dataset of 540 mutations. Further, we  grouped the mutations into
four classes based on secondary structure and accessible surface
area, which enhanced the classification accuracy to 80.2%, 81.8%,
77.9% and 75.1% for helix, strand, coil-buried and coil-exposed
mutants, respectively. An independent test set of 60 mutations is
used to assess our method which showed an accuracy of 90.9%,
85.7%, 80.0% and 85.0%, respectively. In comparison with other
available methods, this model performed well on EGFR mutation
dataset. We  have screened all possible point mutants in EGFR using
this method and provided the prediction results. We  suggest that
the prediction results could help in the development of mutation
specific drugs for cancer therapy.
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