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Abstract 

Glycoprotein non-metastatic B (GPNMB), a type I transmembrane glycoprotein, is overexpressed in 
melanoma and breast cancer and promotes cancer-cell invasion and motility. We previously 
reported cross-talk between GPNMB and human epidermal growth factor receptor 2 (HER2) in 
breast cancer, suggesting that GPNMB might play an important role in resistance to anti-HER2 
therapy in breast cancer. Here, we clarified the association between GPNMB and HER-family 
proteins in gastrointestinal cancer by examining their relationships using gastric and colorectal 
cancer cell lines. We found that GPNMB depletion of by small-interfering RNA increased epidermal 
growth factor receptor (EGFR) expression and phosphorylation through AKT8 virus oncogene 
cellular homolog (AKT) and mitogen-activated protein kinase (MAPK) pathways. Additionally, 
treatment with cetuximab (CTX) also increased GPNMB expression, and combination therapy 
consisting of GPNMB depletion and CTX treatment significantly suppressed cell growth in 
colorectal cancer cell lines, but not in gastric cancer cell lines. Furthermore, we also evaluated 
changes in GPNMB expression in vivo, with immunohistochemistry detecting GPNMB 
overexpression in a colorectal cancer patient following anti-EGFR therapy. These results suggested 
possible cross-talk between GPNMB and EGFR, and that GPNMB might play an important role in 
resistance to anti-EGFR therapy in gastrointestinal cancer. 
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Introduction 
Gastrointestinal (GI) cancer is among the most 

common causes of cancer death worldwide. Despite 
recent advances in the development of diagnostic and 
therapeutic strategies, many patients are often 
diagnosed at an advanced stage or relapse after 
curative surgery, and >1.4 million patients still die of 
gastric cancer (GC) or colorectal cancer (CRC) 
annually [1]. Recently, molecular-targeted therapies, 
such as anti-epidermal growth factor receptor (EGFR) 
therapy in CRC and anti-human epidermal growth 
factor receptor type 2 (HER2) therapy in GC, were 

shown to inhibit tumor progression and prolong 
survival in combination with chemotherapy [2-5]. 
However, resistance or non-reactivity to these drugs 
might be a problem, and the mechanisms associated 
with drug resistance currently remain unclear [6].  

 Glycoprotein non-metastatic B (GPNMB) is a 
type I transmembrane glycoprotein expressed in 
various normal cells, including melanocytes, 
osteoblasts, and antigen-presenting cells, such as 
activated macrophages and dendritic cells [7]. 
GPNMB is overexpressed in various cancer tissues, 
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including melanoma, glioma, breast cancer (BC), and 
GC [8-11]. The physiological function of GPNMB 
promotes cell invasion and motility, leading to tumor 
metastasis in the case of cancer [7,10,12-14]. 
Furthermore, high levels of GPNMB expression in 
cancer cells results in poor prognoses, suggesting that 
GPNMB might be an oncogene [7,10,12-14]. GPNMB 
is also reportedly involved in GC-cell apoptosis. Wei 
et al [11] reported that GPNMB expression is 
decreased in BGC-823 cells after treatment with 
trichostatin A (TSA) according to microarray analysis, 
speculating that TSA might increase acetylated 
histone H4 and lead to inhibited apoptosis, given its 
role as a potent and specific inhibitor of histone 
acetyltransferase. Our group previously reported that 
serum GPNMB levels were significantly higher in BC 
patients, particularly in HER2-positive cases. 
Moreover, GPNMB expression is significantly 
elevated after treatment with trastuzumab. From 
these results, we concluded that GPNMB might 
exhibit cross-talk with HER2-signaling pathways, 
perhaps via AKT pathway in BC [15].  

 Recently, a GPNMB-targeting antibody 
conjugated to a cytotoxic tubulin destabilizer, 
monomethylauristatin E (MMAE), was developed. 
This drug, named CDX-011 (formerly CR011- 
vcMMAE) and also known as glembatumumab, is 
now under investigation in clinical trials for the 
treatment of metastatic melanoma and BC [10,16-19]. 
However, there are no reports on interactions 
between HER-family proteins and GPNMB in GI 
cancer. In this study, we investigated the cross-talk 
between GPNMB and HER-family proteins in GC and 
CRC. 

Materials and Methods 
Cell Lines and Culture 

Human GC cell lines (MKN1, MKN45, MKN74, 
and TMK1), CRC cell lines (Caco-2, SW48, LS174T, 
and HCT116), and BC cell lines (SK-BR-3 and BT-474) 
used in this study were all obtained from the 
American Type Culture Collection (Manassas, VA, 
USA) and cultured in media consisting of Roswell 
Park Memorial Institute medium 1640 (MKN1, 
MKN45, MKN74, TMK1, SW48, and LS174T), 
Dulbecco’s modified Eagle medium (SK-BR-3, BT-474, 
and HCT116) or minimal essential medium (MEM) 
(Caco-2) supplemented with 10% fetal bovine serum 
(Sigma-Aldrich, St. Louis, MO, USA), 2% L-glutamine 
(MP Biomedicals, Eschwege, Hesse, Germany), 2% 
pyruvate (Sigma-Aldrich), 1% MEM non-essential 
amino acid solution (Sigma-Aldrich), 1% 
antibiotic/antimyotic solution (Sigma-Aldrich), and 
0.1% tylosin solution (Sigma-Aldrich). Cells were 

incubated at 37°C in an atmosphere containing 5% 
CO2. 

Western Blot 
Cells were harvested and lysed in 

radioimmunoprecipitation assay buffer (Sigma- 
Aldrich) containing phosphatase inhibitors 
(Sigma-Aldrich) and protease inhibitors (Sigma- 
Aldrich) for 15 min on ice. Cell lysates (15–20 mg/mL) 
were separated by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis using Super Sep 
(Wako, Osaka, Japan) and transferred onto 
polyvinylidene difluoride membranes, which were 
blocked for 1 h and incubated with the respective 
primary antibody overnight at 4°C. The antibody 
against GPNMB was from R&D Systems 
(Minneapolis, MN, USA), antibodies against HER2 
and phosphorylated HER2 (p-HER2) were purchased 
from Abcam (Cambridge, UK), and all other 
antibodies [EGFR, p-EGFR, p42/44 MAPK (ERK), 
p-p42/44 MAPK (ERK), v-AKT murine thymoma 
viral oncogene homolog (AKT), p-AKT, and β-actin] 
were obtained from Cell Signaling Technology 
(Danvers, MA, USA). The membranes were then 
washed and incubated with the appropriate 
secondary antibodies, and immunoreactive proteins 
were visualized and captured by an LAS-4000 camera 
system (FUJIFILM, Tokyo, Japan).  

Small-interfering RNA (siRNA) against 
GPNMB 

Two GC cell lines (MKN1 and MKN74) and 
three CRC cell lines (Caco-2, SW48, and LS174T) were 
seeded 24 h and 48 h before transfection at ~80% 
confluence. Cells were transiently transfected with 
stealth siRNA (Invitrogen, Carlsbad, CA, USA) using 
Lipofectamine RNAiMAX (Invitrogen) at a final 
concentration of 10 nM in Opti-MEM (Invitrogen). 
The nucleotide sequences were as follows for GPNMB 
siRNA (GPNMBsi): 5′-CCAGCCCUCGUGGGCUCA 
AAUAUAA-3′ (sense) and 5′-UUAUAUUUGAGCCC 
ACGAGGGCUGG-3′ (antisense) for GPNMBsi1; and 
5’-GGCCUGUUUGUUUCCACCAAUCAUA-3’ 
(sense) and 5’-UAUGAUUGGUGGAAACAAACA 
GGCC-3’ (antisense) for GPNMBsi2. Stealth siRNA 
negative control (Invitrogen) was used as a control. 
Knockdown efficiencies of siRNA were confirmed by 
western blot [15].  

Drugs 
Cetuximab (CTX) was purchased from Merck 

(Darmstadt, Germany), the ERK inhibitor FR180204 
was purchased from EMD Millipore (Billerica, MA, 
USA), and the AKT inhibitor MK-2206 was from 
Merck Oncology (Whitehouse Station, NJ, USA).  
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Cell-proliferation Assay 
Cell proliferation was evaluated by 

3-[4,5-dimethylthiazol-2- yl]-2, 5-diphenyltetrazoliu-
mbromide (MTT; Sigma-Aldrich) assay. Briefly, cells 
were seeded in 96-well plates at a concentration of 
2500 to 5000 cells/well and allowed to adhere 
overnight in a humidified atmosphere of 5% CO2. The 
medium was then removed and replaced by fresh 
culture medium containing CTX (100–200 µg/mL). 
After incubation for 48 h, 96 h, or 120 h, MTT solution 
(5 mg/mL) was added to each well, and the cells were 
incubated for another 4 h at 37°C. The formazan 
product of MTT was measured by absorbance at 570 
nm using an Envision 2104 multilabel reader 
(Perkin-Elmer, Waltham, MA, USA).  

Samples and Immunohistochemistry (IHC) 
Clinical samples for IHC were obtained from 

CRC patients who received treatment at Gifu 
University (Gifu, Japan) from January 2010 to January 
2016. Seven sets of naive primary tumors and 
remaining liver metastatic tumors after chemotherapy 
regimens, such as folinic acid, fluorouracil, and 
oxaliplatin (FOLFOX) containing anti-EGFR therapy, 
were used for this analysis [2,3]. Informed consent 
was obtained from each patient. 

 IHC for GPNMB was performed according to 
standard procedures using the same antibody 
described here and a biotin-conjugated donkey 
anti-goat secondary antibody (Jackson Laboratories, 
West Grove, PA, USA) [19]. Goat IgG, a polyclonal 
isotype control (Abcam), was used as a negative 
control. For preliminary experiments, we created cell 
blocks containing three cell lines (GPNMB expression 
levels: high, SK-BR-3; moderate, MKN1; and low, 
LS174T). We used PROTEASE 1 (Ventana, Tuscon, 
AZ, USA) for antigen retrieval and determined the 
best conditions for GPNMB IHC (Fig. S1). Changes in 

GPNMB-staining intensity between each primary 
tumor and metastasis were determined by an 
experienced pathologist. This study was approved by 
the Central Ethics Committee of Gifu University. 

Statistical Analysis 
The statistical significance of the results was 

calculated using Student’s t test. All statistical tests 
were two-sided, and a p < 0.05 was considered 
statistically significant. 

Results 
GPNMB Expression Levels in GC and CRC 
Cell Lines 

GPNMB expression levels were evaluated by 
western blot, revealing expression in both GC (MKN1 
and MKN74) and CRC cells (Caco-2, SW48, and 
LS174T). However, GPNMB expression levels in GC 
and CRC cells were lower than those in BC cells used 
as positive controls (SK-BR-3). All of these cells also 
expressed either EGFR or HER2 (Fig. 1). 

Relationship between GPNMB and HER-family 
Proteins 

To verify relationships between GPNMB and 
HER-family proteins, we used the following cell lines 
that expressed relatively high levels of GPNMB 
among the cells tested: MKN1 and MKN74 for GC; 
and Caco-2, SW48, and LS174T for CRC. At 48 h after 
transfection of GPNMBsi, expression levels of 
depleted GPNMB, HER2, and EGFR were evaluated 
in all cells (Fig. 2). HER2 and/or p-HER2 levels 
increased slightly in CRC cell lines, but not in GC cell 
lines, and EGFR and/or p-EGFR increased in all cell 
lines examined. Similar results were observed upon 
use of a different GPNMB-specific siRNA (GPNMBsi1 
and GPNMBsi2) (Fig. S2A). 

 

 
Figure 1: GPNMB expression in GI cancer cells. A. GC and B. CRC cell lines. Arrows indicate GPNMB expression. SK-BR-3 cells were used as a positive 
control. Although the expression of GPNMB was lower than that of the positive control, it was expressed in two GC cell lines (MKN1 and MKN74) and three CRC 
cell lines (Caco-2, SW48, and LS174T), all of which also showed overexpression of HER2 or/and EGFR. 
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 We then treated MKN1 and Caco-2 cells with 
CTX to investigate changes in GPNMB expression. 
Blockage of EGFR increased expression of GPNMB in 
both GC and CRC cell lines after 1 h, 6 h, 24 h, 48 h, 
and 72 h (Fig. 3). Furthermore, we also inhibited the 
ERK- or AKT-signaling pathways, followed by 
evaluation of GPNMB expression. In MKN1 cells, 
treatment with both ERK and AKT inhibitors 
increased GPNMB expression (Fig. 4A and C), 

whereas in Caco-2 cells, only AKT inhibition 
increased GPNMB expression (Fig. 4B and D). These 
results suggested that GI cells might exhibit cross-talk 
between GPNMB and EGFR through the AKT- 
and/or MAPK-signaling pathways. 

Growth Inhibition by Double Blockade of 
GPNMB and EGFR 

To investigate whether this cross-talk is clinically 
significant, we examined the effect of 
GPNMB depletion alone and the 
synergistic effect of GPNMB depletion and 
anti-EGFR therapy using CTX. No 
significant change was observed in either 
GC or CRC cells transfected with 
GPNMBsi. However, a synergistic effect 
was observed with a combination of 
GPNMBsi and CTX (double blockage) 
treatment in KRAS wild-type CRC cells 
(Caco-2 and SW48) (Fig. 5 and Fig. S2B). 
However, there was no synergistic effect 
observed in GC cells (MKN1 and MKN74), 
a KRAS-mutant CRC cell line (LS174T), or 
a BRAF-mutant CRC cell line (SW1417) 
(Fig. 5 and Fig. S3). These results indicated 
that GPNMB depletion enhanced 
CTX-induced growth suppression. 

GPNMB Expression In Vivo 
Based on the results in Figure 3, we 

speculated that GPNMB might be induced 
by CTX treatment in vivo, suggesting a 
possible association between GPNMB and 
resistance to anti-EGFR therapy. To test 
this hypothesis, we performed IHC using 
surgical specimens treated with FOLFOX 
along with anti-EGFR antibody, such as 
CTX or panitumumab, and compared 
GPNMB expression levels in primary 
tumors with those in residual liver 
metastatic tumors following treatment 
with anti-EGFR therapies. Patient profiles 
are shown in Table S1, with six patients 
showing partial response (PR) and one 
progressive disease (PD). Among seven 
CRC patients, only one (case 2) patient 
with PD demonstrated stronger GPNMB 
expression in a liver metastatic tumor as 
compared with that observed in a naive 
primary tumor. Conversely, in case 5 (PR), 
no GPNMB signal was observed in 
residual liver metastatic tumors, 
suggesting that GPNMB expression might 
be induced as a method of resistance to 
anti-EGFR therapy (Fig. 6). 

 

 
Figure 2: Changes in HER2/EGFR expression and phosphorylation after GPNMB 
knockdown. A. GC cell lines MKN1 and MKN74 and B. CRC cell lines Caco-2, SW48, and 
LS174T. Relative ratios of protein expression are indicated, respectively. EGFR or p-EGFR 
expression levels were elevated in all GC and CRC cells; however, HER2 expression was only 
slightly elevated in two CRC cell lines (SW48 and LS174T), but not in GC cell lines. 
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Figure 3: Association between GPNMB and HER-family proteins. Changes in GPNMB expression after treatment with CTX in A. MKN1 and B. Caco-2 
cells. GPNMB expression increased in both GC (MKN1) and CRC (Caco-2) cell lines at 1, 6, 24, 48, and 72 h after EGFR blockage by CTX treatment. Expression of 
EGFR/p-EGFR also increased after anti-EGFR therapy. Relative ratios of protein expression are indicated, respectively. 

 

 
Figure 4: Changes in GPNMB expression after signaling inhibition. Treatment with ERK inhibitor (FR180204, 50 µM) or AKT inhibitor (MK2206, 10 nM) of 
A., C. MKN1 and B., D. Caco-2 cells. In MKN1 cells, GPNMB expression increased in a time-dependent manner following inhibition of either ERK or AKT signaling. 
However, GPNMB expression was increased only by AKT inhibition in Caco-2 cells. 
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Figure 5: Cell-proliferation assay. GC cell lines (MKN1 and MKN74) and CRC cell lines (Caco-2 and SW48) were treated with cetuximab (100 µg/mL) after 
GPNMB depletion, and cell growth was measured by MTT assay. Although there was no significant change in either GC or CRC cells transfected with GPNMBsi1, a 
synergistic effect was observed with a combination of GPNMBsi1 and CTX treatment in KRAS wild-type CRC cells (Caco-2 and SW48). This phenomenon was not 
observed in GC cells (MKN1 and MKN74). 

 

Discussion 
Rapid progress in the elucidation of molecular 

mechanisms in cancer has accelerated the 
development of molecular-targeted drugs and clinical 
applications for the treatment of various types of 
cancer. First, HER2, a representative membrane 
receptor of the HER family, was discovered as an BC 
oncogene [20-22], and anti-HER2 therapy has been 
widely used to treat HER2-overexpressing BC [23,24]. 
HER2 overexpression was also detected in certain 
GCs, leading to expanded use of anti-HER2 
antibodies for treating GC and BC [5,25]. Second, 
EGFR was demonstrated to be overexpressed in 
various types of cancer, including CRC, lung, and 
head and neck cancer [26,27]. Anti-EGFR therapy is 
now widely used in clinical practice, and anti-EGFR 

antibodies are effective against KRAS wild-type CRC 
[2,3].  

 Further elucidation of cancer-specific molecular 
mechanisms will enable the development of new 
techniques to overcome resistance to 
molecular-targeted therapies. For BC, a previous 
study reported cross-talk between the estrogen 
receptor and HER-family proteins [28]. Successful 
treatment for such forms of BC was subsequently 
reported involving a combination of an aromatase 
inhibitor with lapatinib or a mammalian target of 
rapamycin inhibitor (everolimus) [29-31]. 
Additionally, activation of the c-Met pathway 
reportedly plays an important role in the acquisition 
of HER2 resistance in BC and resistance to an EGFR 
inhibitor in non-small-cell lung cancer [32-34], for 
which combination therapy using anti-EGFR and 
anti-c-Met drugs was effective by downregulating the 
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Erb-B2 receptor tyrosine kinase-3/phosphoinositide 
3-kinase/AKT-signaling pathway [33,34]. However, 
in GI cancer, there are few reports of cross-talk 
between growth factors, such as HER2, c-Met, 
insulin-like growth factor receptor (IGFR), and EGFR 
[35]. Therefore, we sought to clarify the mechanism of 
resistance to molecular-targeted therapies in GI 
cancer.  

 Our interests in investigating GPNMB as a BC 
oncogene are as follows: 1) GPNMB is highly 
expressed and might be a potential molecular target in 
BC; 2) the extracellular domain of GBPMB shed by a 
disintegrin and metalloprotease 10 might be useful as 
a prognostic marker for HER2-positive BC; and 3) 
GPNMB might be associated with resistance to 
anti-HER2 therapy [15]. These data prompted us to 
investigate the role of GPNMB in GI cancer. Here, we 
found lower GPNMB expression levels in GC and 
CRC cells than those observed in BC cells, which 
agreed with a previous report by Qian et al [36]. This 
phenomenon was also supported by a recent report 
by Mokarram et al [37], indicating that GPNMB is a 
representative methylated gene in CRC. By contrast, 
we speculated that GPNMB might play an important 
role in GI cancer and particularly in CRC cancer.  

 Despite low levels of GPNMB expression in GI 
cancer cells, its depletion increased the expression and 

phosphorylation of membrane receptors, such as 
EGFR and HER2. Moreover, anti-EGFR therapy 
accelerated GPNMB stimulation. These findings 
suggested that there is cross-talk between GPNMB 
and EGFR in GC and CRC cells, similar to that with 
HER2 in BC cells. Signaling cross-talk between 
GPNMB and HER-family proteins is not likely to be 
specific to BC, but appears to be a common 
phenomenon among various types of cancer, 
including GI cancer.  

 A remarkable finding in this study was that 
GPNMB depletion enhanced EGFR expression and 
phosphorylation, and that additional treatment by 
CTX suppressed cell growth, despite the low baseline 
levels of GPNMB in CRC cells. This suggested that the 
cross-talk between GPNMB and EGFR might be 
clinically important. By contrast, despite the detection 
of cross-talk with EGFR, no add-on effect of double 
blockage was shown in GC cells. Although 
HER2-targeted therapy is clinically used for 
HER2-positive GC, expression of HER2 is 
heterogeneous in GC and differs from both HER2 
expression in BC and EGFR expression in CRC [38,39]. 
Additionally, expression of various receptor tyrosine 
kinases, including EGFR, HER2, c-Met, and IGFR, is 
also reportedly involved in GC [40].    

 

 
Figure 6: IHC staining for GPNMB in CRC patients (200×). GPNMB expression levels according to IHC were compared between primary tumors and those 
in residual liver metastatic tumors after treatment with anti-EGFR therapies. Among seven CRC patients, only one (Case 2), who showed PD after combination 
therapy with FOLFOX and panitumumab, demonstrated stronger GPNMB expression in a liver metastatic tumor than in a naive primary tumor (Left). However, in 
case 5, who resulted in PR, GPNMB was expressed in neither the primary tumor nor in the liver metastatic tumor (Right). This suggested that GPNMB expression 
might promote resistance to anti-EGFR therapy. 
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From the standpoint of downstream signaling, it 
is likely that GPNMB interacts with HER-family 
proteins via both the ERK- and AKT-signaling 
pathways, as the administration of ERK and AKT 
inhibitors led to enhanced GPNMB expression. Here, 
Caco-2 and SW48 cells harboring wild-type KRAS and 
BRAF, exhibited growth suppression following 
double blockage of GPNMB and EGFR; however, no 
growth suppression was observed in LS174T cells 
harboring mutant KRAS or in SW1417 cells harboring 
mutant BRAF (Fig. S3).  

Moreover, we were able to detect GPNMB in 
residual liver metastatic tumors after anti-EGFR 
therapy. GPNMB expression levels in residual tumors 
was higher than that in primary tumors resected 
before anti-EGFR therapy. However, it is unclear from 
where GPNMB-expressing cells originate. There are 
two possibilities: 1) that resistant cells spontaneously 
express GPNMB to encourage cross-talk between 
growth factors, and 2) that a very small population of 
cells originally expressing GPNMB survived and 
proliferated during anti-EGFR therapy. However, we 
suggest that these possibilities are acceptable for 
understanding resistance to anti-EGFR therapy, and 
our results strongly suggest the possible involvement 
of GPNMB in mechanisms facilitating metastasis and 
resistance to EGFR inhibitors. Currently, clinical trials 
of new drugs targeting GPNMB are ongoing and 
involve patients with BC or melanoma. The results of 
this study indicated that a particular combination of a 
GPNMB-targeting drug with an EGFR-targeting drug 
would be more effective against not only BC but also 
GI cancers. However, determination of the optimal 
timing for anti-GPNMB therapy currently remains 
difficult. Nevertheless, this therapy might be 
appropriate for patients harboring metastatic tumors 
or recurrent BC after confirmation of GPNMB 
expression by biopsy, as GPNMB-expressing 
metastatic BC is sensitive to glembatumumab [19]. 

 We previously reported that the addition of 
zoledronic acid to anti-EGFR therapy results in 
tumor-growth suppression, even in KRAS-mutated 
CRC cells [41]. This strategy can correct both the AKT- 
and MAPK-signaling pathways and enhance the 
effect of anti-EGFR therapy, and it is possible that this 
additional treatment might help to enhance the effects 
of anti-GPNMB and anti-EGFR/HER2 therapy.  

 With advances in molecular biology, the 
development of molecular-targeted therapies has 
progressed rapidly, prolonging survival of patients 
with various cancers. However, drug resistance 
remains a significant problem with such treatments; 
therefore, double blockage of targeted molecules to 
overcome drug resistance might represent a useful 
strategy, similar to that of co-treatment with 

trastuzumab and pertuzumab, which is currently 
effective against metastatic HER2-positive BC [42]. 
The precise roles of GPNMB in cancer progression 
remain unclear; therefore, further investigation is 
required to clarify its biological function prior to 
possible future clinical use. 

Conclusion 
In this study, we demonstrated the existence of 

cross-talk between GPNMB and EGFR in GC and 
CRC, revealing that double blockage of GPNMB and 
EGFR resulted in a synergistic effect against CRC. 
These results suggested that GPNMB might 
participate in tolerance to molecular-targeted drugs, 
such as anti-EGFR therapy, and might be a potential 
candidate for new cancer treatments. 
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