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Abstract
Lung cancer is the leading cause of cancer-related death worldwide. As well as the 
identified role of epidermal growth factor receptor (EGFR), its association with 
driver mutations has improved the therapeutics for patients with lung cancer har-
boring EGFR mutations. These patients usually display shorter overall survival and 
a higher tendency to develop distant metastasis compared with those carrying the 
wild-type EGFR. Nevertheless, the way to control mutated EGFR signaling remains 
unclear. Here, we performed membrane proteomic analysis to determine potential 
components that may act with EGFR mutations to promote lung cancer malignancy. 
Expression of transmembrane glycoprotein non-metastatic melanoma protein B 
(GPNMB) was positively correlated with the status of mutated EGFR in non-small-
cell lung cancer (NSCLC). This protein was not only overexpressed but also highly gly-
cosylated in EGFR-mutated, especially EGFR-L858R mutated, NSCLC cells. Further 
examination showed that GPNMB could activate mutated EGFR without ligand stim-
ulation and could bind to the C-terminus of EGFR, assist phosphorylation at Y845, 
turn on downstream STAT3 signaling, and promote cancer metastasis. Moreover, 
we also found that Asn134 (N134) glycosylation of GPNMB played a crucial role in 
this ligand-independent regulation. Depleting N134-glycosylation on GPNMB could 
dramatically inhibit binding of GPNMB to mutated EGFR, blocking its downstream 
signaling, and ultimately inhibiting cancer metastasis in NSCLC. Clarifying the role 
of N-glycosylated GPNMB in regulating the ligand-independent activation of mu-
tated EGFR may soon give new insight into the development of novel therapeutics 
for NSCLC.
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1  | INTRODUC TION

Lung cancer is the leading cause of cancer-related deaths world-
wide.1,2 Although the identification of EGFR driver mutations has 
improved lung cancer therapeutics, patient 5-y survival rates world-
wide are still less than 25%. Patients with mutated EGFR usually 
display shorter overall survival time and a higher tendency to de-
velop distant metastases compared with those individuals carrying 
wild-type EGFR.3-8 To date, how mutated EGFR evades negative, 
activation-dependent regulation and promotes distant metastasis is 
still unclear. Therefore, gaining deeper insight into the protein net-
work of mutated EGFR would help us to understand details of this 
network and provide new ideas for lung cancer treatment.

EGFR is a transmembrane protein that belongs to the ErbB super-
family of receptor tyrosine kinases (RTKs).9,10 When ligands bind, they 
form homodimers or heterodimers, autophosphorylate intracellular 
tyrosine residues, and trigger downstream signaling pathways such 
as the Ras/Raf/ MAPK pathway, PI3K-Akt pathway, or STAT pathway, 
which affect many cellular activities.10-14 Members of the ErbB fam-
ily proteins have received much attention as a result of their strong 
association with cancer malignancy.15,16 Retrospective analyses have 
shown that the expression levels of EGFR were increased in various 
cancers and were correlated with poor prognosis in patients.7,17,18

In East Asia, EGFR is the most frequently mutated gene in 
NSCLC.19 Deletion of exon 19 (Del19) and the leucine-to-arginine 
point mutation at position 858 (L858R) in exon 21 are the 2 most 
common mutations found in clinics.20-22 These mutations may in-
crease kinase activity of EGFR, leading to hyperactivation of its 
downstream signaling, and conferring oncogenic properties on 
EGFR-mutated cells.22-26 As such, EGFR TKIs have become first-line 
treatment for patients with lung cancer and who have EGFR mu-
tations.9 Despite the good therapeutic response from EGFR TKIs, 
drug resistance and distant metastases are major clinical challenges. 
Whether any component exists that acts with mutated EGFR to trig-
ger downstream signaling, and subsequently its metastatic behavior, 
is still a mystery. Therefore, investigating the protein network may 
help towards a greater understanding of the details of how mutated 
EGFR controls cancer malignancy in cells.

Glycoprotein non-metastatic melanoma protein B (GPNMB) is 
a type I transmembrane protein and is a highly N- or O-linked gly-
cosylated protein.27-29 In humans, there are 2 splicing variants: one 
consists of 560 amino acids and the other has 572 amino acids. 
Both contain a large extracellular domain, a single transmembrane 
region, and a short cytoplasmic tail.27 Previous studies have shown 
that GPNMB is enriched on the cell surface and participates in many 

physiological processes such as cell-cell adhesion, differentiation, 
and the immune response.27,30-33 However, the role of GPNMB in 
cancers is ambiguous. Both anti-tumorigenic and pro-tumorigenic 
properties have been reported.34-36 In breast cancer, GPNMB was 
first characterized as a tumor suppressor in normal mammary ep-
ithelial cells.37 It was described as a mediator that promotes can-
cer metastasis in both melanoma and breast cancer.33,38 Recently, 
a study has indicated that the phosphorylation events of GPNMB, 
tyrosine kinase 6 (BRK) and hypoxia-induced factor 1α (HIF1α) 
could be used to predict the worse outcomes in patients with triple-
negative breast cancer.39 However, the molecular mechanisms en-
gaged by GPNMB in NSCLC malignancy are not clear.

In this study, we used membrane proteomic analyses to reveal po-
tential components that interact with EGFR mutants on the cell surface 
to promote lung cancer malignancy. Compared with wild-type EGFR 
lung cancer cells, membrane proteins with significantly increased ex-
pression in EGFR-mutated lung cancer cells were selected and used to 
establish the connection with EGFR through systematic analysis. The 
data revealed that GPNMB was increased and highly glycosylated in 
EGFR-mutant lung cancer cells. As the role of GPNMB in cancers is 
ambiguous, we explored the functional relationship between GPNMB 
and mutated EGFR in NSCLC in more detail.

2  | MATERIAL S AND METHODS

Plasmids, antibodies, primer sequences, and detailed protocols are 
listed in Data S1 and Table S1.

2.1 | Cell lines and culture conditions

Human lung adenocarcinoma cells: CL1-0, CL1-5, CL68, CL97, 
CL100, and VL307 were kindly provided by Dr. Pan-Chyr Yang, and 
PC9 was obtained from Dr. Chih-Hsin Yang's laboratory in National 
Taiwan University. Cells A549 (ATCC® CCL-185™), H1975 (ATCC® 
CRL-5908™), H3255 (ATCC® CRL-2882™), and H1299 (ATCC® CRL-
5803™) were purchased from the ATCC. Cell culture conditions are 
listed in the Data S1.

2.2 | Immunoprecipitation and immunoblotting

Cells were lysed on ice for 5-10 min in 20 mM Tris (pH 8.0), 150 mM 
NaCl, 100 μM Na3VO4, 50 mM NaF, 30 mM sodium pyrophosphate, 

F I G U R E  1   Altered membrane protein profiling associated with EGFR-mutant NSCLC. A, Heat-map and clustering analysis of 361 
differentially expressed proteins in EGFR-wild-type and EGFR-mutant NSCLC cells by membrane proteomic analysis. B, Functional analyses 
of the upregulated (red) and downregulated (green) proteins in mutated EGFR cells. C, Enriched network in EGFR-mutant NSCLC. Left: 
Filtering criteria of the input proteins to build a network of mutated EGFR. Right: The mutated EGFR network conducted using the STRING 
database (blue: cell adhesion; green: O-glycan processing; solid line: interaction with experimental confirmation,;dotted line: predicted 
interaction). The area of each protein represents the number of wild-type cancer cells in which the identified protein occurred; the color 
indicates the ratio of protein expression (mutant/wild-type). D, Validation of 10 candidates randomly selected from Figure 1C. Arrowheads 
point to the bands of the indicated protein. E, Ranking of the 10 selected candidates
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0.5% NP-40 (all from Sigma-Aldrich) and complete protease inhibi-
tor cocktail (Merck, Darmstadt, Germany). The lysates were passed 
several times through a 21-gauge needle and clarified by centrifuga-
tion at 12 000 rpm for 30 min at 4°C. The supernatants were taken 
as the total cell lysates and immunoprecipitated using anti-FLAG, 
anti-GPNMB, or anti-myc antibodies and protein A-Sepharose beads 
(Invitrogen; Thermo Fisher Scientific, Inc). The precipitated proteins 
were separated using SDS-PAGE and immunoblotting was per-
formed in accordance with the standard procedures.

2.3 | Wound-healing assay

Cells were seeded into chamber wells and incubated at 37℃ in an 
humidified atmosphere with 5% CO2 in air overnight. After removing 

the chamber, cells were washed with PBS and photographed at 0 and 
8 h to observe their migratory abilities. Three independent experi-
ments in triplicate were performed for each cell line.

2.4 | Modified Boyden chamber invasion assay

Modified Boyden chambers with polycarbonate-membrane inserts 
(pore size, 8  μm; Falcon; Becton Dickinson) coated with 30  μg of 
Matrigel (BD) were used for cell invasion assays.41 Cells were sus-
pended in medium containing 10% NuSerum (Thermo) and placed 
in the upper chambers, while 1 mL of medium was placed in each 
of the lower chambers. After 12 h incubation, cells were fixed with 
methanol and stained with 10% Giemsa stain solution (Sigma). Cell 
numbers were counted under a microscope at ×100 magnification. 

F I G U R E  2   GPNMB is highly expressed and promotes cell migration in EGFR-mutant NSCLC cells. A, B, Top: Protein and mRNA 
expression of GPNMB in 5 EGFR-wild-type and 9 EGFR-mutant NSCLC cells were determined by immunoblotting and RT-PCR. Bottom: 
Quantification of GPNMB protein (arrowheads) and mRNA expression using ImageJ software normalized to the internal control, β-actin and 
Gβ-like, of each cell. Top: PCR primer design (P = .004 for protein expression and .044 for mRNA expression; solid line: mean; dotted line: 
25th or 75th percentiles). C, GPNMB mRNA expression (average of v1 and v2) in 77 patients with lung adenocarcinoma from the GSE40419 
database42. High and low GPNMB expression groups were separated using the average expression level as the cut-off (dotted line: 0.465, 
P = .0034). D, GPNMB protein expression in 89 patients with lung cancer from Chen et al.43 High and low GPNMB expression groups were 
selected using log2 = ±0.2 as the cut-off value (P = .001). E, Effects of various EGFR combined with or without GPNMB expression on cell 
migration. WT: wild-type and L + T: L858R + T790 M (n = 3 experiments, * P < .05 and *** P < .001, nonparametric multiple comparison test)
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Characteristics
No. of 
patients (%)

Low GPNMB* 
expression
Patient no. (%)

High GPNMB* 
expression
Patient no. (%) P

77 52 (68%) 25 (32%)

EGFR

Wild-type 58 (75%) 43 (83%) 15 (60%)

All mutants 19 (25%) 9 (17%) 10 (40%) .0267b

L858R 12 (16%) 4 (8%) 8 (32%)

Del19 6 (8%) 4 (8%) 2 (8%)

Others 1 (1%) 1 (1%) 0 (0%)

Age 64.03 ± 9.52 63.31 ± 9.39 65.52 ± 9.80 .3521a

Sex >.999b

Female 33 (43%) 22 (42%) 11 (44%)

Male 44 (57%) 30 (58%) 4 (56%)

Tumor stage .5308c

I-II 61 (79%) 42 (81%) 19 (76%)

III-IV 14 (18%) 8 (15%) 6 (24%)

Unclear 2 (3%) 2 (4%) 0 (0%)

Smoking >.999b

Yes 43 (56%) 29 (56%) 14 (56%)

No 34 (44%) 23 (44%) 11 (44%)

Note: P-value by a: Student t test, b: Fisher's exact test, c: Chi-square test; *Cut-off value: log2 
T/N = 0.465.

TA B L E  1   Clinical characteristics of 77 
patients with lung adenocarcinoma in the 
GSE40419 public database42

Characteristics
No. of patients 
(%)

Low GPNMB* 
expression
Patient no. (%)

High GPNMB* 
expression
Patient no. (%) P

69 30 (43%) 39 (57%)

EGFR

Wild-type 11 (16%) 9 (30%) 2 (5%)

All mutants 58 (84%) 21 (70%) 37 (95%) .0074b

L858R 28 (40%) 12 (40%) 16 (41%)

Del19 22 (32%) 6 (20%) 16 (41%)

Others 8 (12%) 3 (10%) 5 (13%)

Age 63.58 ± 10.62 65.37 ± 9.92 62.20 ± 11.06 .2296a

Sex .3528b

Female 40 (58%) 15 (50%) 25 (64%)

Male 29 (42%) 15 (50%) 14 (36%)

Tumor stage .1324c

I-II 60 (87%) 24 (80%) 36 (92%)

III-IV 9 (13%) 6 (20%) 3 (8%)

Smoking .0164b

Yes 10 (14%) 8 (27%) 2 (5%)

No 59 (86%) 22 (73%) 37 (95%)

Note: P-value by a: Student t test, b: Fisher's exact test, c: Chi-square test; *Cut-off value: log2 T/N 
= ±0.2.

TA B L E  2   Clinical characteristics of 69 
patients with lung adenocarcinoma by 
Chen et al43
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Experiments were performed at least twice, and each sample was 
assayed in triplicate.

2.5 | Experimental metastasis in vivo

A single-cell suspension containing 106 cells in 0.1 mL PBS was in-
jected into the lateral tail veins of 6-wk-old SCID mice (National 
Laboratory Animal Center, Taiwan).40 At 10 wk after injection, the 
mice were sacrificed and their lungs were examined for metastatic 
nodules (details in Data S1) All mouse experiments were performed 
with the approval of the Laboratory Animal Center, National Taiwan 
University College of Medicine.

2.6 | Statistical analysis

Data are presented as the mean ± SEM. Differences between the 
different groups were analyzed using Student t test or multiple com-
parison test. Statistical analyses were performed using GraphPad 
Prism (v.8.0) or SAS software, and a value of P < .05 was considered 
statistically significant.

3  | RESULTS

3.1 | Membrane protein linkage map of mutated 
EGFR in NSCLC

To explore the potential cell surface partners that act with mutated 
EGFR to provide its oncogenic characteristics, we first investigated by 
quantitative membrane proteomic analyses the membrane profiling of 
5 EGFR-wild-type (CL1-0, CL1-5, CL83, CL152, and CL142) and 3 EGFR-
mutant (CL25, CL97, and CL100) lung cancer cell lines. A list of 3796 
proteins was identified (FDR < 1%) from the 8 cell lines, 3723 proteins 
of which were quantified by the MaxQuant package (v.1.6.11) with 
label-free quantitation intensities in at least 1 cell line. Among these, 
361 differentially expressed proteins were filtered with a P-value < .05.

As Figure  1A shows, the differentially expressed proteins in 
EGFR-mutant cells presented 2 separate clusters including 140 up-
regulated (average ratio  >  1.45) and 221 downregulated (average 
ratio  <  0.72) proteins. Functional analysis indicated that upregu-
lated proteins in EGFR-mutant cells were enriched in exocytosis, cell 

activation involved in the immune response, regulation of cell adhe-
sion, carbohydrate derivative metabolic process, cytokine-mediated 
signaling pathway, and membrane raft organization. In contrast, the 
downregulated proteins were mostly involved in peptidyl-asparagine 
modification, protein targeting, lipid metabolic process, the response 
to endoplasmic reticulum stress, and the endoplasmic reticulum-
associated protein degradation (ERAD) pathways (Figure 1B).

To select potential candidates, we used this profiling to establish a 
protein linkage map with EGFR. As Figure 1C shows, proteins expressed 
in all EGFR-mutant cells, excluding not expressed or low expressed, with 
at least 2-fold difference compared with EGFR-wild-type cells were first 
selected from the 3723 proteins identified by the MaxQuant package. 
Under these criteria, 60 proteins were chosen and their associations 
with EGFR explored using STRING (Search Tool for the Retrieval of 
Interacting Genes/Proteins) database analysis. Interestingly, 32 pro-
teins interacted with EGFR, including 9 direct and 23 indirect interac-
tions (Figure 1D). Most of these proteins were involved in cell adhesion 
regulation, and some were related to O-glycan processing.

Next, 10 candidates were selected at random to re-examine by im-
munoblotting their expression in the tested cells. The results showed 
that the expression levels of GPNMB, ICAM1 (intercellular adhesion 
molecule 1), PTPRJ (protein tyrosine phosphatase receptor type J), 
LGALS3 (lectin, galactoside-binding, soluble, 3), CDH1 (cadherin 1), 
and CEACAM5 (carcinoembryonic antigen-related cell adhesion mol-
ecule 5) in EGFR-mutant cells were significantly higher than in the 
wild-type cells. However, the expression levels of MUC1 (mucin 1) 
and COL17A1 (collagen type XVII alpha 1 chain) did not present any 
dramatic difference between wild-type and mutant cells (Figure 1D).

To enhance the application for lung cancer treatment, using Drug 
Bank screening, we further investigated whether any drugs could 
target the selected candidates. Following the above criteria, we ulti-
mately obtained a ranking of 10 candidates (Figure 1E) that showed 
that the expression levels of CEACAM5, GPNMB, and CDH1 were 
related more to mutated EGFR signaling. As GPNMB has a dual func-
tion in various cancers and its expression also correlates with cancer 
metastasis, we choose it for further study.

3.2 | GPNMB is highly expressed and promotes cell 
migration in EGFR-mutated NSCLC

To confirm that highly expressed GPNMB is a general occurrence 
in EGFR-mutant NSCLC, we further detected the expression of 

F I G U R E  3   GPNMB preferentially binds to mutated EGFR and facilitates its downstream signaling without ligand stimulation. A, 
Various EGFR were co-transfected with or without GPNMB into H1299 cells, and the downstream signaling of EGFR was examined by 
immunoblotting. “Mock” represents cells without any manipulation, “–” indicates vector control. B, FLAG-tagged EGFR mutants and myc/
His-tagged GPNMB were co-transfected into H1299 and immunoprecipitated (IP) with anti-FLAG antibodies. The precipitated amounts 
of EGFR and GPNMB were examined by immunoblotting (arrowheads: the precipitated product). C, Total lysates from NSCLC cells with 
different EGFR status were used to perform immunoprecipitation with anti-GPNMB or IgG antibodies and the bindings between EGFR 
and GPNMB were examined by immunoblotting. Left: Input proteins. Right: The precipitated amounts of various EGFR and GPNMB 
(arrowheads) were determined and quantification shown under the blot. D, Domain mapping of GPNMB with wild-type and mutated EGFR. 
Top: FLAG-tagged GPNMB deletion mutants, the interactions of each fragment are shown on the right. Bottom: The resulting blots of 
domain mapping (*, indicates the band of each truncated GPNMB)
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GPNMB in 10 more NSCLC cell lines, including 2 wild-type (A549 
and Hop62) and 8 EGFR-mutant (H3255, VL307, H1975, PC9, 
HCC827, H1650, PE089, and CL68) cell lines. The data showed that 
GPNMB is not only highly expressed but is also more prone to post-
translational modification in EGFR-mutant cells than in the wild-type 
cells (Figure 2A, upper panel).

To determine if the increased expression of GPNMB in EGFR-
mutant cells was through transcriptional or translational regulation, 
we further detected mRNA expression of GPNMB, including variant 
1 (v1) and variant 2 (v2), in NSCLC cells. Interestingly, the expression 
of GPNMB v1 was significantly different among EGFR-wild-type and 
EGFR-mutant cells (Figure 2B, bottom left). Although the expression of 
GPNMB v2 also displayed a similar trend in cells, the difference was not 
significant (Figure 2B, bottom right). Moreover, that GPNMB was highly 
expressed in EGFR-mutant NSCLC was further confirmed by gene set 
enrichment analysis of RNA-Seq data (GSE40419)42 (Figure  2C and 
Table 1) and proteomic data by Chen et al43 (Figure 2D and Table 2). 
Collectively, these data suggested that higher GPNMB expression may 
be related to mutated EGFR oncogenic characteristics in NSCLC.

In clinics, patients with mutated EGFR have a higher tendency 
to develop distant metastases.3-9 This led us wonder if overexpres-
sion of GPNMB was related to the metastatic abilities of cells with 
EGFR mutants. To this end, various EGFR mutants were transfected 
with or without the GPNMB plasmid into H1299 cells, a EGFR-wild-
type cell line with lower levels of GPNMB, to evaluate cell migra-
tory ability by wound-healing assay. The results showed that cell 
migratory abilities were dramatically improved when EGFR mutants 
or GPNMB were expressed in cells. Moreover, synergistic effects 
occurred when cells co-expressed the EGFR mutant, especially the 
EGFR-L858R, and GPNMB plasmids (Figures 2E and S1, overall P < 
.001, nonparametric multiple comparison test). These results sug-
gested that GPNMB may act as a mediator to promote cell migration 
in EGFR-mutated NSCLC.

3.3 | GPNMB activates EGFR downstream signaling 
through ligand-independent regulation

As GPNMB was overexpressed in EGFR-mutated lung cancer 
cells, we were curious about the role of GPNMB in regulating 
mutant EGFR downstream signaling. Here, EGFR mutants were 
co-transfected with or without GPNMB into H1299 cells, and 

EGFR downstream signaling was examined by immunoblotting. 
Unexpectedly, overexpressing GPNMB could dramatically en-
hance EGFR-Y845 and its downstream STAT3-Y705 phospho-
rylation without ligand stimulation (Figure  3A). Next, H1299/
EGFR-L858R + GPNMB cells were treated with stattic, a STAT3 
activation inhibitor, and cell migratory abilities were examined 
by wound-healing assays. The results showed that the migration 
abilities of H1299/EGFR-L858R + GPNMB cells were inhibited in 
a dose-dependent manner when cells were treated with stattic 
(Figure  S2), suggesting that GPNMB-mediated cell migration in 
EGFR-mutant cells is through STAT3 regulation.

Then, we explored whether GPNMB could bind to EGFR mu-
tants without ligand stimulation in cells. FLAG-tagged EGFR mu-
tants were co-transfected with GPNMB-myc/His-tagged plasmids 
into H1299 cells, and the interactions between these 2 proteins 
were examined by immunoprecipitation assays. The data revealed 
that binding of GPNMB to EGFR mutants was stronger than for 
the wild-type EGFR (Figure 3B). Similar data were obtained from 
endogenous binding experiments using several lung cancer cells 
with different EGFR statuses (Figure  3C). Next, the recipro-
cal binding domain of GPNMB for mutated EGFR was analyzed. 
FLAG-tagged GPNMB truncated mutants were co-transfected 
with wild-type or mutated EGFR-myc/His (including L858R, 
L858R  +  T790  M and Del19) plasmids into HEK293T cells. The 
binding domains of GPNMB for various types of EGFR were de-
termined by co-immunoprecipitation. Interestingly, we found that 
EGFR wild-type or different mutants could not interact with the 
cytoplasmic region of GPNMB (ΔC66) (Figure 3D). This finding im-
plied that, as well as protein-protein interaction, other factors may 
exist that control this ligand-independent regulation of GPNMB 
and mutated EGFR.

3.4 | N-linked glycosylation of GPNMB is critical for 
regulating the downstream signaling of mutated EGFR

As Figure  2A shows, GPNMB was modified in EGFR-mutant 
NSCLC cells compared with wild-type cells. This led us to ask 
whether modifications of GPNMB were related to ligand-
independent regulation of the mutated EGFR signaling. As 
GPNMB is a well known glycosylated protein, we first examined 
the possibility of N-glycosylation. Lysates from 5 EGFR-wild-type 

F I G U R E  4   N134-glycosylated GPNMB controls the oncogenic properties of mutated EGFR in vitro and in vivo. A, Lysates from different 
NSCLC cells with various EGFR status were treated with or without PNGase F, and both GPNMB and EGFR expressions were examined 
by immunoblotting (arrowhead: the unmodified GPNMB). B, Top: Localization of 11 glycosylation sites in the GPNMB gene structure. 
Bottom: Plasmids of 11 GPNMB glycosylated mutants were transfected into H1299 and EGFR downstream signaling was examined by 
immunoblotting. C, Effects of 11 GPNMB glycosylated mutants on cell migration by wound-healing assay (n = 3 experiments, ** P < .01). 
D, Different EGFR mutants were co-transfected with GPNMB-wild-type or N134Q plasmids into H1299 cells and immunoprecipitated 
with anti-FLAG antibodies to detect the effects on the binding affinities between GPNMB-wild-type/N134Q and various EGFR mutants 
(arrowheads: the precipitated GPNMB quantified under the blot). E, H1299 cells were transfected with the indicated EGFR and GPNMB 
mutant plasmids, and the effects on cell migratory and invasive abilities were examined (*P < .05 and ** P < .001). Protein expression of 
transfected EGFR and GPNMB are shown on the left. F, Tail-vein metastatic assay in vivo. Left: the growth (top) and H&E staining (bottom) 
of lung tissues from each group. Right: number of tumor nodules of each group (** P < .01)
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and 4 EGFR-mutant cells were treated with or without PNGase F 
for 3 h to cleave the N-linked oligosaccharides on asparagine res-
idues; cells were then analyzed for GPNMB expression patterns 
by immunoblotting. The results showed that the highly modified 
GPNMB proteins in EGFR-mutant cells displayed a dramatic band 
shift from high molecular weight to 64 kDa (Figure 4A), suggest-
ing that GPNMB proteins are highly N-glycosylated in these 
cells. Next, we tried to clarify whether N-linked glycosylation of 
GPNMB was related to the ligand independently of activation of 
mutated EGFR. Therefore, 11 GPNMB mutants with changes in 
the glycosylation sites (N93Q, N134Q, N146Q, N200Q, N249Q, 
N275Q, N306Q, N312Q, N459Q, and N467Q [N: Asn and Q: 
Gln]) were constructed and transfected into H1299 cells to eval-
uate the effects on EGFR downstream signaling. Interestingly, 
expression of GPNMB N93Q, N134Q, N146Q, and N200Q mu-
tants could significantly downregulate Y845 phosphorylation 
of EGFR, and the phosphorylation status of STAT3 was also 

compromised in cells that expressed N93Q, N134Q, and N146Q 
changes (Figure 4B).

3.5 | N134 glycosylation of GPNMB controls the 
oncogenic properties of mutated EGFR in vitro and 
in vivo

As N-linked glycosylation of GPNMB, especially at the N93, N134, 
and N146 sites, could interfere with downstream signaling of EGFR, 
we further explored these effects on GPNMB-induced metastasis in 
NSCLC. First, we transfected various GPNMB mutants into H1299 
cells and examined cell migratory ability using wound-healing assays. 
Interestingly, migratory ability was significantly inhibited when cells 
expressed the GPNMB-N134Q mutation compared with the control 
cells (Figures 4C and S3; P < .0001). Next, binding of GPNMB-wild-
type or N134Q to various EGFR mutants was examined through 

F I G U R E  5   Provisional model of 
GPNMB ligand that independently 
activates mutated EGFR in NSCLC. A, 
GPNMB is overexpressed and highly N-
glycosylated in the EGFR-mutant NSCLC 
cells. B, Left:Ligand-dependent activation 
of EGFR by GPNMB. GPNMB could form 
complexes with LINK-A, BRK, HIF1α 
and EGFR under HB-EGF stimulation to 
promote tumorigenesis (presented by 
Yang et al39). Right: Ligand-independent 
activation of mutated EGFR signaling 
by GPNMB. N-glycosylated GPNMB 
interacts with mutated EGFR facilitates 
the phosphorylation of both EGFR Y845 
and its downstream STAT3 Y705 without 
ligand stimulation, and promotes cancer 
metastasis. C, Depleting the N134 
glycosylation of GPNMB compromised the 
binding between GPNMB and mutated 
EGFR, blocked the activity of mutated 
EGFR, and inhibited cancer metastasis in 
NSCLC
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co-immunoprecipitation assays. As expected, GPNMB wild-type 
strongly interacted with EGFR mutants compared with wild-type 
EGFR. Interactions, especially that of EGFR-L858R, were signifi-
cantly decreased in cells that expressed the GPNMB-N134Q plas-
mid (Figure  4D). This result suggested that N134 glycosylation of 
GPNMB may play a crucial role in controlling mutated EGFR onco-
genic characteristics.

To examine this idea, we established several stable cell lines 
including H1299/mock, H1299/EGFR-wild-type, H1299/EGFR-
L858R, H1299/EGFR-L858R  +  GPNMB-wild-type, and H1299/
EGFR-L858R  +  GPNMB-N134Q to evaluate the effects of 
GPNMB-N134 glycosylation on cancer metastasis. The migratory 
and invasive abilities of these cells were first examined in vitro. 
Results showed that the expression of EGFR-L858R increased cell 
migratory and invasive abilities, and the presence of GPNMB had 
an additive effect on EGFR-L858R-induced cell migration and in-
vasion. However, these effects were significantly compromised 
in cells that co-expressed EGFR-L858R and GPNMB-N134Q 
(Figures 4E and S4; P < .05). This effect was also seen when cells co-
expressed GPNMB-wild-type/N134Q and EGFR-L858R + T790 M 
plasmids. Although a similar trend occurred in cells that co-
expressed EGFR-del19 and GPNMB plasmids, the result still did 
not reach significance; this may be because EGFR-Y845 cells were 
less phosphorylated (Figure S5). Next, we chose stable cells with 
EGFR-L858R mutations to evaluate the inhibitory effects of de-
pleting GPNMB N134 glycosylation on mutated EGFR-induced 
metastasis in vivo. As expected, mice injected intravenously with 
H1299/EGFR-L858R + GPNMB-wild-type and EGFR-L858R cells 
developed more pulmonary nodules than those injected with 
H1299/mock and EGFR-wild-type cells (mean numbers of nodules: 
14.4 ± 0.93 for H1299/vector, 18.4 ± 2.66 for H1299/EGFR-wild-
type, 21.0  ±  4.04 for H1299/EGFR-L858R, and 26.8  ±  2.71 for 
H1299/EGFR-L858R + GPNMB; all P < .001). The synergistic ef-
fects of GPNMB on promoting EGFR-L858R-induced cancer me-
tastasis were dramatically reduced when N134 glycosylation was 
reduced (mean number of nodules, 15  ±  0.32 for H1299/EGFR-
L858R + GPNMB-N134Q, P < .001; Figure 4F). Collectively, N134 
glycosylation of GPNMB is critical for controlling mutated EGFR-
induced cancer metastasis in vitro and in vivo.

4  | DISCUSSION

In recent years, EGFR TKIs have become the first-line treatment for 
patients with NSCLC with EGFR mutations; drug resistance and dis-
tant metastases are the big clinical challenges.3-9,44-46 To date, how 
mutant EGFR activates downstream signaling without ligand stimu-
lation and promotes metastasis is still unclear. Whether any factors 
exist that can help the activation of mutated EGFR signaling is still an 
unanswered question in lung cancer studies.

By membrane proteomic analysis, we identified that GPNMB 
can interact with mutated EGFR, activate its downstream signaling 
and had a synergistic effect on promoting cancer metastasis. As 

Figure 5A shows, GPNMB is not only overexpressed but also highly 
glycosylated in EGFR-mutant NSCLC. Binding of GPNMB to mutated 
EGFR, especially EGFR-L858R, is much stronger than that of wild-
type EGFR. This interaction could assist EGFR-Y845 and its down-
stream STAT3-Y705 phosphorylation through ligand-independent 
regulation and promote cancer malignancy (Figure 5B, right). These 
findings differ from those reported by Lin et al who stated that 
GPNMB could form complexes with LINK-A, BRK, HIF1α and EGFR 
under HB-EGF stimulation and promote tumorigenesis in triple-
negative breast cancer39 (Figure 5B, left). Finally, we were excited to 
find a critical role for GPNMB-N134 glycosylation in EGFR-mutant 
NSCLC. Depleting N134 glycosylation could compromise the inter-
action between GPNMB and mutated EGFR, significantly inhibiting 
cell migration, invasion, and cancer metastasis (Figure  5C). These 
findings suggest that N134 glycosylation of GPNMB plays a critical 
role in ligand-independent activation of mutated EGFR signaling in 
NSCLC.

The advances in high-accuracy mass spectrometry has led pro-
teomics to be a powerful tool for unveiling complex protein net-
work in cells.47 Researchers generally use the total proteome or 
phospho-proteome to extract disease-related protein networks, 
such as explored here for EGFR-mutant NSCLC.48,49 Recently, 
Nishimura et al analyzed 36 FFPE tissues of lung adenocarcinomas 
using semi-quantitative shotgun proteomics. Combined with analy-
sis of variance and weighted gene co-expression network analysis, 
they identified 13 co-expressed modules and their eigen proteins 
that were affected by EGFR mutations in lung adenocarcinoma.50 
Accordingly, we could find that most of the significant modules, 
including SUMOylation and the ERK/MAPK pathway, belonged to 
cytosolic regulation, which is less than ideal for novel therapeutics 
development. Therefore, membrane proteomic analysis might be a 
solution for solving this problem. Here, we successfully integrated 
the membrane proteome with STRING analysis and Drug Bank 
screening to identify that GPNMB may act with mutated EGFR to 
promote lung cancer metastasis. To our knowledge, this report is 
the first using this strategy to explore how mutated EGFR evades 
negative activation-dependent regulation in NSCLC. The findings 
for N134-glycosylated GPNMB provide a new target for diagnosis 
or therapeutics in NSCLC.

EGFR is a well known RTK and acts as a key regulator in dictat-
ing many cellular processes.51-53 In lung adenocarcinoma, especially 
in Asia, somatic mutations of EGFR can activate constitutively its 
downstream signaling without ligand stimulation and result in tu-
morigenesis.22-26 Therefore, understanding the ligand-independent 
regulation of mutated EGFR is important for lung cancer studies. As 
EGFR is a heavily glycosylated protein, several studies have focused 
on whether the glycan on EGFR itself can regulate the function of 
EGFR. Lau et al found that the N-glycan number and branching de-
gree can interfere with the expression of EGFR on the cell surface.54 
Previous studies have also shown that glycosylation at Asn420 and 
579 of EGFR is crucial for preventing ligand-independent dimeriza-
tion.55,56 Moreover, Yen et al demonstrated that the extracellular 
sialylation of EGFR could attenuate the interaction of EGFR with 
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EGF, suppress its dimerization, and inhibit EGFR phosphorylation.53 
Recently, N-glycosylation of integrin α5β1 was reported to suppress 
EGFR-Y1068 phosphorylation.57 In this study, we discovered that 
GPNMB is highly N-glycosylated in the EGFR mutant, especially 
EGFR-L858R NSCLC cells and that N134 glycosylation of GPNMB 
is important for Y845 phosphorylation of mutated EGFR. Y845 is 
a Src-induced transphosphorylation site on EGFR, which is in an 
activation loop, influences kinase activity, and is also recognized as 
a key for EGFR oncogenic properties.58 Previous publications have 
shown that the phosphorylation status of Y845 in EGFR-del19 cells 
is less than that in EGFR-L858R mutant cells.23 This may be the rea-
son why we observed that the synergistic effect of GPNMB on mu-
tated EGFR-induced cancer malignancy was much more obvious in 
cells harboring the EGFR-L858R mutation rather than cells with the 
del19 mutation. To our knowledge, this report is the first to show 
that specific N-glycosylation of EGFR-associated partners could pro-
mote ligand-independent activation of EGFR and affect cancer me-
tastasis. Whether depleting the N-glycosylation status of GPNMB 
could cause conformational change and interfere with the hetero-
dimerization of GPNMB and EGFR should soon be further clarified. 
Moreover, inhibiting extracellular N-linked glycosylation of GPNMB 
may cause harmful effects on biological function. Therefore the de-
velopment of therapeutic targeting to a specific N-glycosylation site 
(like N134 of GPNMB) may in the future instigate new ideas for de-
veloping novel lung cancer therapeutics.
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