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Abstract 
 Epidermal growth factor receptor (EGFR) plays important roles in 
cancerous transformation of epithelial cells in many solid cancers. Due to the 
pivotal role of EGFR in cellular proliferation and metastasis, it is a promising 
molecular target for the treatment of various cancers. One of the major treatment 
approaches uses anti-EGFR monoclonal antibodies (mAbs) targeted to the 
extracellular domain of the receptor to competitively block the binding of its 
ligands. Cetuximab, necitumumab, nimotuzumab, and panitumumab are such 
approved mAbs which are commercially available and used to treat multiple 
types of cancers. The response rates to these expensive therapeutics in various 
cancers range from nearly 9% to 91%. Hence, the objective of this study was to 
indentify whether any of the missense single nucleotide polymorphisms (SNPs) 
in the EGFR gene impart any structural and functional impact on the receptor’s 
interaction with these antibodies. We used X-ray crystallographic structures 
(from Protein Data Bank) of the Fab fragments of these therapeutic antibodies in 
complex with EGFR to analyze the effects of the missense mutations on the 
antigen-antibody interactions. We also assessed the potential association of the 
destabilizing variants with pathogenicity and disease susceptibility. EGFR 
H433Q (rs1171743336), S464T (rs746763556), S492G (rs1057519760) and S492R 
(rs1057519860) variants appear to weaken interactions between EGFR and 
cetuximab, which is the most widely used anti-EGFR therapeutic antibody. 
Other epitopic variants do not appear to affect interactions between EGFR and 
relevant mAbs (necitumumab, nimotuzumab, and panitumumab). Prior to 
treatment of the EGFR mediated conditions with cetuximab, screening of 
variants that destabilize antibody-EGFR interaction may be considered as a 
companion diagnostic test for avoiding unresponsiveness and improving 
therapeutic outcomes. 

 

Introduction 
 The epidermal growth factor receptor (EGFR, also known as HER1 in human) is a 
tyrosine kinase that acts as a transmembrane receptor for extracellular growth factors 
belonging to the epidermal growth factor (EGF) family(1). EGFR is the first member of the  
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ErbB receptor tyrosine kinase family, which includes several other members- HER2 
(ERBB2), HER3 (ERBB3) and HER4 (ERBB4)(2). These receptors are notable for their 
important roles in cancerous transformation of epithelial cells(3). EGFR has an 
extracellular receptor domain for ligand binding, a hydrophobic transmembrane domain, 
an intracellular receptor tyrosine kinase (RTK) domain, and a C-terminal domain(4). 
Binding of ligand causes homo or hetero dimerization of the receptors and 
autophosphorylation of the tyrosines on the RTK domain, which triggers signaling 
cascades including the MAP kinase pathway, PI3 kinase-Akt pathway, as well as CDK 
and cyclin activation for progression through G1 to S phase of cell cycle, resulting in 
activation of biological processes such as cell proliferation, cell division, mitosis, ductal 
development of mammary glands, etc(5). 
 Overexpression of EGFR results in hyperactive cellular signaling pathways dictating 
more aggressive growth and invasive properties, which is evident in many solid cancers 
including breast cancer, ovarian cancer, non–small-cell lung cancer (NSCLC), head-and-
neck cancer, renal cancer, and colon cancer(2). Due to the pivotal role of EGFR in 
mediating cellular proliferation and metastasis, it is a promising molecular target in the 
treatment of various cancers. One of the major approaches uses anti-EGFR monoclonal 
antibodies (mAbs) targeted to the extracellular domain of the receptor to competitively 
block the binding of its ligands like epidermal growth factor (EGF) and transforming 
growth factor alpha (TGF-α)(6). Four such monoclonal antibodies (cetuximab, 
necitumumab, nimotuzumab, and panitumumab) are approved by FDA and 
commercially available. These antibodies are currently used to treat multiple types of 
cancers(7).  
 Cetuximab is a chimeric (mouse/human) mAb used to treat colorectal cancer as well 
as head and neck cancer in patients with wild type KRAS gene(8). Nimotuzumab and 
panitumumab are humanized and fully human mAbs, respectively, which also works in 
patients with wild type KRAS gene(9,10). Necitumumab is a recombinant human mAb 
used for treatment of previously untreated squamous metastatic NSCLC(11). These 
monoclonal antibodies, specially cetuximab, panitumumab, and necitumumab, are 
widely prescribed. In fact, cetuximab (brand name Erbitux®) is one of the top best-selling 
drugs globally. Despite their high sales, these therapeutic antibodies are quite expensive 
and ‘non-cost-effective’(12). In contrast to their price-point, the response rates to these 
therapeutics in various cancers range from as low as 9%(13) to 91%(14). While some of the 
non-responsiveness can be explained from presence of specific KRAS and BRAS 
mutations and some other factors(6), these cannot fully explain such high rates. Therefore, 
there must be some inherent differences in the receptor itself that may cause such 
variability. Hence, the objective of this study was to identify whether any of the missense 
single nucleotide polymorphism (SNPs) in the EGFR gene has any structural and 
functional impact on the receptor’s interaction with the antibodies. We used the X-ray 
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crystallographic structures of the Fab fragments of these therapeutic antibodies 
(cetuximab, necitumumab, nimotuzumab and panitumumab) complexed with EGFR to 
analyze the effects of the missense mutations on the antigen-antibody interaction. We 
also assessed the potential association of the destabilizing variants with pathogenicity 
and disease susceptibility.  
 
Materials and Methods 
 Selection of approved anti-EGFR therapeutic monoclonal antibodies: List of approved 
mAbs for therapeutic applications as EGFR antagonist was collected from the 
Therapeutic Structural Antibody Database (Thera-SabDab) database(7). 
 Identification of missense variants in the EGFR epitope: Amino acid residues, that are 
present on EGFR epitopes targeted with different approved therapeutic antibodies, were 
retrieved through literature survey(15-18). Ensembl genome database(19) was used to 
identify the missense variants within the EGFR epitopes. 
 Analysis of missense variants’ effects on EGFR-mAb interactions: X-ray crystallographic 
structures of EGFR-Cetuximab (PDB ID: 1YY9), EGFR-Necitumumab (PDB ID: 3B2U), 
EGFR-Nimotuzumab (PDB ID: 3GKW) and EGFR-Panitumumab (PDB ID: 5SX4) were 
retrieved from the Protein Data Bank (PDB)(20). UCSF Chimera 1.14 was used for 
customizing the X-ray crystallographic structures as follows. Only the A chain (EGFR 
molecule), D chain (heavy chain of antibody), and C chain (light chain of antibody) of 
1YY9 were retained, and these chains were renamed to A, H and L, respectively. The 
other chains (B, E, F and G) were removed. 3B2U and 5SX4 contain complex structures 
with multiple epitopes, heavy and light chains. A chain (EGFR molecule), D chain (heavy 
chain of antibody), and C chain (light chain of antibody) of 3B2U were retained for 
further analysis and these chains were renamed to A, H and L, respectively. Only the I 
chain (light chain of antibody), J chain (heavy chain of antibody) and M chain (EGFR 
molecule) of 5SX4 were kept for further analysis. The EGFR, heavy and light chains were 
renamed to A, H and L, respectively (where appropriate). 3GKW contains a single light 
and a heavy chain of the antibody with a single epitope. 
 mCSM-PPI2(21), SAAMBE-3D(22), MutaBind(23) and BeAtMuSic V1.0(24) servers were 
used to assess the effects of missense variants on antigen-antibody interactions (based on 
the ∆∆G values) using the above mentioned structures as input.   
 Construction of 3-D models: Amino acid sequence of EGFR (UniProt accession number: 
P00533) was retrieved from UniProt(25). EGFR has a long signal peptide (24 amino acid 
residues) at the N-terminal, which was deleted. Amino acid sequences of the heavy and 
light chains of the approved mAbs were obtained from the Therapeutic Structural 
Antibody Database (Thera-SAbDab). SWISS-MODEL(26) was used to generate 3-D models 
of both wild type and mutant EGFR-mAb complexes using the X-ray crystallographic 
structures as templates.  
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 Investigation of interfaces, interactions, and structures: Missense3D web server(27) was 
used to assess the effects of selected missense variants on EGFR structure. iCn3D was 
used to measure distances between selected atoms at the interface and the areas of 
interacting surfaces between EGFR and mAb chains.  
 Evaluation of missense variants’ pathogenicity: SIFT(28), PolyPhen-2(29), PMut(30) and 
PredictSNP 1.0(31) were used to predict the pathogenicity associated information of all 
selected missense variants.  
 Prediction of the effects of missense variants on EGFR-receptor interactions: Effects of the 
missense variants on interaction between EGFR and EGF were predicted based on the X-
ray crystallographic structure of EGF-EGFR complex (PDB ID: 1IVO) following the 
principle mentioned above with the EGFR-mAb interactions. 1IVO was retrieved from 
the PDB(20). The PDB file contained multiple EGFR and EGF chains. Only the A (EGFR) 
and C (EGF) chains were retained and renamed to R and L, respectively. Other chains 
were removed using UCSF Chimera 1.14. This redesigned PDB file was used as an input 
in mCSM-PPI2(21), SAAMBE-3D(22), MutaBind2(23) and BeAtMuSiC V1.0(24) to predict the 
effects of selected missense variants on EGF-EGFR interactions. 
 
Results and Discussion 
 Impact of epitopic variants on interaction between EGFR and anti-EGFR therapeutic 
antibodies: List of epitopic amino acids that are important for interaction between EGFR 
and the approved therapeutic monoclonal anti-EGFR antibodies (cetuximab, 
necitumumab, nimotuzumab, and panitumumab) was retrieved through literature 
survey (Table 1). Among these, eleven and five missense variants are present in the 
epitopes for cetuximab and panitumumab, respectively. Two missense variants reside in 
each of the epitopes for necitumumab and nimotuzumab.  
 Based on the X-ray crystallographic structures of the EGFR-antibody complexes, the 
relative change in binding affinity (∆∆G = ∆Gmutant - ∆Gwild-type) were predicted with 
mCSM-PPI2, SAAMBE-3D, MutaBind2 and BeAtMuSiC V1.0. It was reported earlier that 
mutations in epitope resulting in ∆∆G > 0.5 kcal/mol may significantly reduce binding 
affinity in case of antigen-antibody interactions(33). As the predictions from several tools 
may help in clarifying the potential impacts of the variants, we considered epitopic 
variants to be significantly destabilizing if at least three or more of these four 
computational servers predicted the corresponding ∆∆G to be > 0.5 kcal/mol. Based on 
this principle, none of the variants in the epitopes for panitumumab, necitumumab and 
nimotuzumab were predicted to significantly destabilize the interactions between EGFR 
and the heavy (H) and light (L) chains of the antibodies (Data not shown). Four variants 
(H433Q [H409Q], S464T [S440T], S492G [S468G] and S492R [S468R]; positions in absence 
of the 24 amino acid long signal peptide are shown within the square brackets) in the 
epitope for cetuximab were predicted by at least three of the four tools to significantly 
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destabilize interaction between EGFR and cetuximab H or L chain (Table 2). Using 
iCn3D, contacts and interactions between H and L chain of cetuximab and EGFR (wild 
type and mutated receptors) were observed to assess further impact (Figs 1-3).   
 
Table 1. Epitopic amino acids in EGFR important for interaction with therapeutic antibodies.  
 

Antibody  Epitopic amino acids in EGFR 
important for interaction with mAbs 

Variant SNP IDs Consequence 

With signal 
peptide* 

Without signal 
peptide* 

Cetuximab 376 352 F/L rs1341708803 Missense variant 

  433 409 H/R rs750713244 Missense variant, 
splice region variant 

  433 409 H/Q rs1171743336 Missense variant, 
splice region variant 

  442 418 S/N rs765091640 Missense variant 

  464 440 S/T rs746763556 Missense variant 

  464 440 S/A rs746763556 Missense variant 

  467 443 K/N rs1009449079 Missense variant 

  491 467 I/V rs768500612 Missense variant 

  492 468 S/G rs1057519760 Missense variant 

  492 468 S/R rs1057519860 Missense variant 

  497 473 N/K rs774773441 Missense variant 

Necitumumab 433 409 H/R rs750713244 Missense variant, 
splice region variant 

  433 409 H/Q rs1171743336 Missense variant, 
splice region variant 

Nimotuzumab 383 359 H/N rs755972013 Missense variant 

  383 359 H/R rs1169461493 Missense variant 

Panitumumab 376 352 F/L rs1341708803 Missense variant 

  413 389 N/Y rs895496054 Missense variant 

  413 389 N/S rs770466526 Missense variant 

  414 390 R/M rs1424097500 Missense variant 

  415 391 T/K rs1274543317 Missense variant 

* 24 amino acid long signal peptide in the N-terminal.  
 

 Variants H409Q (rs1171743336) and S440T (rs746763556) were predicted by mCSM-
PPI2, SAAMBE3D and BeAtMuSiC to weaken interaction (∆∆G > 0.5) between cetuximab 
H chain and EGFR. The π stacking between H409 in the wild type EGFR (EGFRWT) and 
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cetuximab H chain-Y101 is lost in case of the variant EGFRH409Q (Fig. 1). The weakening of 
interaction between cetuximab H chain and EFGR by variant H409Q could result from 
this loss of interaction as π stacking (π–π interactions) contribute strongly to the 
stabilization of antigen–antibody complex(34). In addition, cetuximab H chain-Y102 
protrudes into a hydrophobic pocket of domain III and forms hydrogen bond (H-bond) 
with Q384 and Q408 of EGFR at the center of the EGFR-antibody interface, which 
augments the packing of the antibody(16). Mutations in the region near this hydrophobic 
pocket disrupt binding of EGFR to cetuximab as seen for a double mutant Q408M/H409E, 
which reduced cetuximab binding to EGFR by 150-fold(16). Thus, H409Q may be a 
destabilizing variant that can either reduce cetuximab efficiency or make EGFR resistant 
to cetuximab.  
 
Table 2. Predicted scores of interaction between the EGFR epitopic variants and cetuximab. 
 

SNP ID Variant Antibody Chain mCSM-PPI2 SAAMBE3D MutaBind2 BeAtMuSiC 

rs1171743336 H433Q 
  

H 0.515 0.71 0.35 0.72 

L 0.619 0.3 -0.15 0.07 

rs746763556 S464T 
  

H 0.726 0.54 0.29 0.55 

L 0.104 0.39 -0.18 0.28 

rs746763556 S464A 
  

H 0.228 0.51 0.85 0.28 

L 0.185 0.3 0.1 0.18 

rs1009449079 K467N 
  

H 0.231 0.46 0.24 0.05 

L 0.407 0.71 0.14 0.32 

rs1057519760 S492G 
  

H -0.043 0.68 -0.11 -0.41 

L 0.182 1.14 0.61 0.67 

rs1057519860 S492R 
  

H 0.083 0.39 -0.42 -0.04 

L 1.084 1.22 0.68 0.76 

 

 Although no H-bond was detected with iCn3D between EGFR-S440 and cetuximab, 
in previous studies this polar amino acid was reported to be involved in a H-bond that 
contributes to the anchoring of cetuximab over the hydrophobic pocket on domain III 
and reside within H-bonding distance from the carbonyl backbone of cetuximab-Y102 as 
well as the phenolic OH-group of cetuximab-Y104(16,35). Interruption of the bond between 
EGFR-S440 and cetuximab due to substitution by a threonine may be the reason of the 
destabilizing effect predicted for variant S440T.     
 SAAMBE-3D, MutaBind2 and BeAtMuSiC predicted S468G (rs1057519760) to reduce 
binding affinity of L chain of cetuximab to EGFR. S468R (rs1057519860) was predicted to 
significantly destabilize interaction between cetuximab L chain and EGFR by all the four 
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tools. Along with a series of interactions, a hydrogen bond between cetuximab H chain-
Y104 and EGFR-S468 plays role in the packing of cetuximab over the hydrophobic pocket 
of EGFR(16).  
 

 
 

Fig. 1. 2D plots of interactions between cetuximab heavy chain and EGFR wild-type (A), H433Q (B) 
and S464T (C) structures. EGFR residues (positions are shown without the 24 amino acid long 
signal peptide) are shown along the horizontal axis and cetuximab heavy chain residues are 
shown along the vertical axis. 

 

 
 

Fig. 2. Interactions between cetuximab light chain and EGFR wild-type (A), S492G (B) and S492R 
(C) structures. EGFR residues are shown along the horizontal axis and cetuximab light chain 
residues are shown along the vertical axis. 

 

 
 

Fig. 3. Contacts between cetuximab light chain and EGFR wild-type (A), S492G (B) and S492R (C) 
structures. EGFR residues are shown along the horizontal axis and cetuximab light chain 
residues are shown along the vertical axis. 

 

 A hydrogen bond, that is absent between EGFR-S468 (WT) and cetuximab L chain-
W94, is present between EGFR-G468 and cetuximab L chain-W94 (Fig. 2). In mutant 
EGFRS468G, the L chain-W94 is in contact (cut-off value 4Å) with Gly441, but no such 
contact is seen in EGFRWT (Fig. 3). Contact between cetuximab L chain-N32 and Ile467 
seen in EGFRWT are lost in case of EGFRS468G (Fig. 3). Variants I467M and G441R in EGFR 
prevent binding of cetuximab to EGFR(35). As substitution of Ile467 and Gly441 can result 
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in prevention of binding, change in their position along with the newly formed H-bond 
may play role in the predicted destabilization effect of the variant S468G. 
 In EGFRWT, the EGFR-S468 residue is not in contact with cetuximab L chain-T96, and 
EGFR-I467 is in contact with cetuximab L chain-N32 (Fig. 3). In EGFRS468R, cetuximab L 
chain-T96 is brought in contact with EGFR-R468 and L chain-N32 is moved away by 
more than 4Å from EGFR-I467 (Fig. 3). So, a conformational change is mediated by 
variant S468R, which could be the reason of the predicted destabilization effect on 
binding with cetuximab. Although EGFRS468R is resistant to binding with cetuximab, 
panitumumab retains the capacity to bind to this mutant form of EGFR(36). EGFR-R468 
variant may serve as a marker for selecting panitumumab as the primary treatment 
option for patients harboring this variant as well for those unresponsive to cetuximab.  
None of the variants in the epitope for cetuximab was predicted to be pathogenic by 
SIFT, PolyPhen-2, PMut and PredictSNP 1.0 (Table 3).  
 In the absence of bound ligands, monomeric EGFR adopts either an extended 
(untethered) conformation or a closed (tethered) conformation(16). Growth factors bind 
preferentially to the extended conformation. Upon simultaneous binding of growth 
factors to two sites (within domains I and III) in the extracellular region of EGFR, the 
dimerization arm, a critical region of domain II required for EGFR dimerization, is 
exposed. Thus, through dimerization of two ligand-bound monomers, the downstream 
signaling process is mediated(16). Both H and L chain of cetuximab interact with high 
affinity to a site on domain III of EGFR that overlaps with the growth factor binding site 
and sterically prevents the receptor from adopting the dimerization-competent extended 
configuration(16,37). Disruption in the interactions of the cetuximab H and L chains with 
EGFR via the epitopic variants (H433Q [H409Q], S464T [S440T], S492G [S468G] and 
S492R [S468R]; positions in absence of the 24 amino acid long signal peptide are shown 
within the square brackets)  with potential destabilizing effect may lead to reduced 
response to cetuximab therapy.  
 

Table 3.  Influence of EGFR epitopic variants on interaction with EGF. 
 

Variant Change in binding energy, ΔΔG (kcal/mol)a Pathogenic effect 

mCSM-PPI2 SAAMBE3D MutaBind2 BeAtMuSiC SIFT PolyPhen-2 PMut PredictSNP 

H433Q 0.402 1.14 0.46 1.51 Tolerated Benign Neutral Neutral 

S464T 0.65 0.47 1.06 0.21 Tolerated Benign Neutral Neutral 

S464A 0.238 0.38 0.74 -0.02 Tolerated Benign Neutral Neutral 

K467N 0.067 0.4 0.27 0.2 Tolerated Benign Neutral Neutral 

S492G -0.061 0.68 0.28 0.57 Tolerated Benign Neutral Neutral 

S492R -0.146 0.38 -0.58 0.34 Tolerated Benign Neutral Neutral 

aPositive values of ∆∆G indicate decreasing affinity. 



INTERACTIONS OF EPITOPIC VARIANTS OF EPIDERMAL GROWTH FACTOR 401 

 Effect of EGFR epitopic variants on interaction between EGFR and EGF: The changes in 
binding affinities between the epitopic variants of EGFR and EGF were assessed using 
SAAMBE-3D, MutaBind2 and BeAtMuSiC V1.0 (Table 3). None of these variants were 
predicted by all the three tools to substantially reduce binding affinity (∆∆G > 0.5 
kcal/mol) between EGFR and EGF. The binding of EGF to EGFR-Q433 was predicted to 
be significantly weak (∆∆G > 1 kcal/mol) by mCSM-PPI2 and BeAtMuSiC compared to 
the interactions between EGF and EGFR-WT. The same two tools predicted epitopic 
variant EGFR-G492 to destabilize (∆∆G > 0.5 kcal/mol) interactions between EGFR and 
EGF.  
 Therefore, prior to treatment of the EGFR mediated conditions with cetuximab, 
screening of variants that destabilize antibody-EGFR interaction may be considered as a 
companion diagnostic test for avoiding unresponsiveness or inefficient outcome. Further 
studies may be focused on identifying the prevalence of these variants (rs1171743336, 
rs746763556, rs1057519760, and rs1057519860) in Bangladeshi and other populations as 
well as their causal relationship to responsiveness with cetuximab treatment. 
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