
Abstract. Background/Aim: Metastasis negatively affects the
survival of lung cancer patients, however, relatively few
compounds have potential in metastasis suppression. This
study investigated the molecular targets of N,N-bis (5-ethyl-2-
hydroxybenzyl) methylamine (EMD) for metastatic inhibition.
Materials and Methods: Proteins were analyzed by proteomic
and bioinformatic analyses. Protein–protein interaction (PPI)
networks were created with the Search Tool for the Retrieval
of Interacting Genes. The Kyoto Encyclopedia of Genes and
Genomes database and hub genes were used to determine
dominant pathways. Immunofluorescence and western blot
analyses validated the proteomic results and investigated
signaling pathways in NCI-H23 lung cancer cells. Results: A
total of 1,751 proteins were common to the control, EMD and
N,N-bis(5-methoxy-2-hydroxybenzyl) methylamine (MeMD)

groups; 1,980 different proteins were categorized using
metastatic capacity category and analyzed for unique proteins
affected by EMD. Fifteen proteins were associated with cell
adhesion and six with cell migration. Nectin cell adhesion
molecule 2 (NECTIN2) was expressed in the control and
MeMD-treated groups but not the EMD-treated group,
suggesting NECTIN2 as an EMD target. PPI network showed
association of NECTIN2 with proteins regulating cancer
metastasis. Kyoto Encyclopedia of Genes and Genomes
pathways revealed that NECTIN2 is an upstream target of
cytoskeletal regulation via SRC signaling. Western blot and
immunofluorescence analyses confirmed that EMD suppressed
NECTIN2, and its downstream targets, including p-SRC (Y146
and Y527) and the epithelial-to-mesenchymal transition
markers tight junction protein 1, vimentin, β-catenin, snail
family transcriptional repressor 1 (SNAI1), and SNAI2, while
increasing E-cadherin. Conclusion: EMD suppressed
NECTIN2-induced activation of EMT signaling. These data
support the development of EMD to prevent metastasis of lung
cancer.

Lung cancer is one of the most common types of cancer globally
and accounts for about 25% of all cancer deaths (1). Newly
diagnosed cases of lung cancer are expected to continuously
increase. The 5-year survival rate of patients with localized lung
cancer is approximately 60%, while for those with metastatic
disease it is only 6.3% (1). In fact, most patients with lung
cancer are diagnosed after metastasis has occurred, which makes
their disease relatively incurable with current treatment options
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(2). Hence, novel therapeutics targeting metastasis are needed to
improve clinical outcomes and survival.

Nectin is a Ca2+-independent immunoglobulin-like cell–
cell adhesion protein that plays a role in trans-interactions
and modulating cell-to-cell contact (3). High expression of
nectin is associated with poor prognosis of cancer of the
lung, breast, ovary, colon, rectum, and gallbladder (4, 5).
Siddharth et al. reported that elevated expression of nectin
cell adhesion molecule 4 (NECTIN4) in metastatic cancer
was linked with induction of WNT/β-catenin signaling (6),
while NECTIN4 depletion was shown to inhibit epithelial-
to-mesenchymal transition (EMT), metastasis, invasion,
proliferation, and WNT signaling (6-9). Recent studies have
shown that NECTIN2 regulates growth, angiogenesis, and
metastasis in cancer (4, 10, 11). Thus, links between nectins
and various tumor types have been explored, as well as their
potential as therapeutic targets.

The novel c-MYC proto-oncogene bHLH transcription
factor (MYC)-targeting compound N,N-bis (5-ethyl-2-
hydroxybenzyl) methylamine (EMD) is reported to have
potential anticancer activity against various types of cancer
cells (12). In our previous work, EMD was found to target
and degrade the pro-oncogenic transcription factor c-MYC
and initiate a caspase-dependent apoptosis cascade in lung
cancer cells (13). In addition, EMD also demonstrated anti-
metastasis effects by inhibiting cell migration and
suppressing filopodia formation in lung cancer cells (14).
However, the mechanisms underlying the ability of EMD to
control cell migration and adhesion remain unknown.
Additionally, modification of EMD to N,N-bis(5-methoxy-2-
hydroxybenzyl) methylamine (MeMD) is expected to lead to
superior anticancer activities (15, 16).

The current work aimed to elucidate the cellular pathways
affected by EMD and MeMD as potential compounds to
prevent metastasis of lung cancer. Proteomic and
bioinformatic analyses revealed key proteins and signaling
cascades associated with the metastatic potential of lung
cancer cells. These findings are expected to advance the
development of EMD for the treatment of lung cancer and
help to clarify the pharmacological activities based on the
cellular mechanism of action.

Materials and Methods

Synthesis of EMD and MeMD. Paraformaldehyde and methylamine
were purchased from Merck KGaA (Darmstadt, Germany). 4-Ethyl
phenol and 4-methoxy phenol were obtained from Fluka Chemicals
(Buchs, Switzerland) and Alfa Aesar (Lancashire, UK), respectively.
Sodium hydroxide (NaOH) and anhydrous sodium sulfate were
purchased from Ajax Finechem (Seven Hills, NSW, Australia). The
solvents diethyl ether dichloromethane, dioxane, and propan-2-ol
were obtained from RCI Labscan (Bangkok, Thailand). 

EMD and MeMD were synthesized as previously described (15-
18). In brief, EMD and MeMD, benzoxazine dimers (Figure 1A),

were synthesized in two steps according to Figure 1B. The first step
was a Mannich reaction to form benzoxazine monomers, while the
second step was a ring-opening reaction. For Mannich reaction,
methylamine, paraformaldehyde, and phenols (4-ethyl phenol and
4-methoxy phenol) were dissolved in dioxane, and then heated
under reflux for 6 h. The solvent was removed by a rotary
evaporator. To remove impurities, the obtained liquids were isolated
by partitioning with 3N NaOH and deionized water (three times
each). Before the liquid–liquid extraction, dichloromethane was
added. Anhydrous sodium sulfate was used to dry the extract. Then
dichloromethane solvent was removed with a rotary evaporator to
yield the benzoxazine monomers. For the ring-opening reaction,
benzoxazine monomers and their corresponding phenols were then
combined in equimolar amounts without the use of a solvent. The
mixtures were heated at 60˚C for 2 days until they solidified. The
obtained solids were washed with diethyl ether and were further
purified by recrystallization in propan-2-ol.

Reagents and antibodies. Roswell Park Memorial Institute (RPMI)
1640 medium, penicillin/streptomycin (10,000 U/ml), L-glutamine,
fetal bovine serum (FBS), phosphate-buffered saline (PBS), and
0.25% trypsin-EDTA were purchased from Gibco (Thermo Fisher
Scientific, Carlsbad, CA, USA). Dimethyl sulfoxide (DMSO) and
Hoechst 33342 were obtained from Sigma-Aldrich, Co. (St. Louis,
MO, USA). The primary antibody against E-cadherin (SC-8426)
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). The primary antibodies against NECTIN2 (#95333), β-
catenin (#8480), vimentin (#5741), snail family transcriptional
repressor 1 (SNAI1) (#3879), snail family transcriptional repressor
2 (SNAI2) (#9585), tight junction protein 1 (TJP1) (#8193), β-actin
(#4970), and the secondary antibody anti-rabbit IgG (#7074) were
acquired from Cell Signaling Technology (Danvers, MA, USA). 

Cell culture. Human non-small-cell lung cancer cells (NCI-H23)
were purchased from the American Type Culture Collection
(Manassas, VA, USA). Cells were grown in RPMI-1640 medium
(Gibco) at 37˚C in a humidified incubator with 5% CO2. The
medium was supplemented with 2 mM L-glutamine,
penicillin/streptomycin (100 U/ml), and 10% (v/v) FBS.

Preparation of EMD and MeMD solutions. Two 40 mM stock
solutions of EMD and MeMD were prepared by dissolving the
compounds with DMSO. EMD and MeMD were diluted in cell
culture medium with final concentrations ranging from 0 to 100 μM
(with a maximal DMSO concentration of less than 0.5%).

Proteomics sample preparation and liquid chromatography tandem
mass spectrometry (LC/MS-MS) analysis. The NCI-H23 cells were
plated at a density of 5×105 cells in 6-well plates overnight before
being treated with 100 μM MeMD or EMD for 12 h. The cells were
then dissolved in 0.5% sodium dodecyl sulfate and subjected to in-
solution digestion and LC/MS-MS analysis according to procedures
described previously (19). The LC/MS-MS data were acquired on
HCTUltra LC-MS system (Bruker Daltonics, Billerica, MA, USA)
coupled with UltiMate 3000 LC System equipped with nanocolumn
Acclaim™ PepMap™ 100 C18 (Thermo Fisher Scientific, Waltham,
MA, USA). Compass 1.9 software (Bruker Daltonics) was used to
convert the raw LC-MS/MS data to the mzXML software file format.
The MS and MS/MS spectra in the positive-ion mode over the mass
range of 400-1500 m/z were used to further identify proteins.
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Figure 1. Chemical structure (A) and synthesis (B) of benzoxazine dimers N,N-bis (5-ethyl-2-hydroxybenzyl) methylamine (EMD) and N,N-bis (5-
methoxy-2-hydroxybenzyl) methylamine (MeMD).

Figure 2. Altered protein expression induced by N,N-bis (5-ethyl-2-hydroxybenzyl) methylamine (EMD) and N,N-bis (5-methoxy-2-hydroxybenzyl)
methylamine (MeMD). A: Venn diagram of the number of proteins expressed in the control, and MeMD- and EMD-treated cells. B: Heatmap
representing the level of expression of 15 proteins related to “cell adhesion (GO: 0007155)” and six proteins related to “cell migration (GO:
0016477)”. Expression from low to high is indicated by a color scale from green to red. Please see Table I for protein details.



Proteomics data and bioinformatics analysis. The bioinformatic
analysis of proteomics data was performed according to our method
described previously (19). Briefly, protein quantification was analyzed
by DeCyder MS2.0 analysis software (GE Healthcare, Chicago, IL,
USA) based on MS/MS data. The collected MS/MS data were
submitted to the National Center for Biotechnology Information
database using Mascot software (Matrix Science, London, UK). The
proteins identified in control, MeMD-treated, and EMD-treated cells
were compared using Venn diagrams (http://jvenn.toulouse.
inra.fr/app/index.html). The differentially expressed proteins were
categorized according to Gene Ontology (GO) terms related to
metastasis as “cell adhesion” (GO: 0007155) and “cell migration”
(GO: 0016477) by The Protein Analysis through Evolutionary
Relationships (PANTHER) and were then used to construct the
protein–protein interaction (PPI) network using The Search Tool for
the Retrieval of Interacting Genes (STRING) software (https: /string-
db.org/cgi/input.pl; version: 11.0). MultiExperiment Viewer (MeV)
(MeV Version 4.9) software was used to determine the expression
pattern of differentially expressed proteins. Finally, NECTIN-
associated signaling pathways were identified using Kyoto
Encyclopedia of Genes and Genomes (KEGG) mapper analysis
(https://www.genome.jp/kegg/mapper.html).

Immunofluorescence assay. NECTIN2 and SNAI1 protein levels in
lung cancer cells were examined by immunofluorescence. Briefly,
NCI-H23 cells were plated at a density of 1×104 cells per well in

96-well plates overnight. Then the cells were treated with EMD or
MeMD (0-50 μM) for 24 h. After fixing cells with 4%
paraformaldehyde for 15 min, cells were permeabilized by 0.2%
Triton X-100 and blocked with 10% FBS for 20 min. The cells were
incubated overnight at 4˚C with primary antibodies to NECTIN2 or
SNAI1. After removing primary antibodies and washing with PBS,
the secondary antibody conjugated with Alexa Fluor 488 was added,
and incubated for 1 h at room temperature in the dark. Hoechst
33342 was used to stain the nucleus. The stained cells were
visualized under a fluorescence microscope (Nikon ECLIPSE Ts2;
Nikon Instruments, Tokyo, Japan), and images were captured using
NIS-Elements imaging software and a Digital Sight camera model
DS-Qi2Mc (Nikon Instruments). ImageJ software (National
Institutes of Health, Bethesda, MD, USA) was used to quantify the
fluorescence intensity.

Western blot analysis. A total of 4×105 NCI-H23 cells were seeded
overnight in 6-well plates and treated with EMD or MeMD (0-50 μM)
for 24 h. After washing with ice-cold PBS, cells were lysed with RIPA
lysis buffer (Millipore, Billerica, MA, USA) containing a protease
inhibitor cocktail (Roche Molecular Biochemicals, Indianapolis, IN,
USA) and centrifuged for 15 min at 13,000 × g at 4˚C to remove
debris. The protein concentration of the lysates was measured using a
BCA protein assay kit (Pierce Biotechnology, Rockford, IL, USA).
The equal amounts of total proteins (40 μg) were separated on a 10%
sodium dodecyl sulphate-polyacrylamide gel electrophoresis and then

CANCER GENOMICS & PROTEOMICS 19: 624-635 (2022)

627

Table I. List of proteins related to cell adhesion (GO: 0007155) and cell migration (GO: 0016477) after treatment of NCI-H23 cells for 24 h with
N,N-Bis (5-ethyl-2-hydroxybenzyl) methylamine (EMD) or N,N-bis (5-methoxy-2-hydroxybenzyl) methylamine (MeMD). 

Protein name                                                                                                 Gene symbol           ID Score                              Log2 abundance

                                                                                                                                                                                 Control             MeMD                EMD

Cell adhesion (GO: 0007155)                                                                                                                                                                                           
Signal transducer CD24                                                                                     CD24                     8.98                 18.15                20.75                 18.25
Contactin-2                                                                                                        CNTN2                    4.42                 23.21                19.49                 23.00
Torsin family 1 member A                                                                                TOR1A                    3.65                 21.02                20.96                 19.02
Proto-oncogene tyrosine-protein kinase                                                            SRC                      7.58                 20.53                23.46                 20.55
Collagen alpha-1(XVIII) chain                                                                      COL18A1                  9.07                 19.98                13.56                 15.43
Amyloid-beta A4 precursor protein-binding family A member 1                  APBA1                    2.57                 14.13                19.23                 17.25
Collagen alpha-1                                                                                             COL19A1                  7.52                 19.44                18.25                 20.07
Alpha 3 type VI collagen isoform 5 variant                                                  COL6A3                   5.88                 19.98                18.08                 18.82
Transforming growth factor, beta-induced, 68kDa variant                            TGFBI                    2.39                 20.45                17.09                 18.72
Laminin alpha 2 subunit variant                                                                      LAMA2                    6.99                 19.49                20.97                 22.90
Filaggrin-2                                                                                                          FLG2                     6.39                 22.03                 0.00                   18.85
Nectin cell adhesion molecule 2                                                                     NECTIN2                  8.25                 22.86                21.39                   0.00
Contactin-associated protein-like 5                                                               CNTNAP5                 8.75                 17.44                15.49                 15.15
Contactin-3                                                                                                       CNTN3                    5.72                 19.15                19.01                 20.43
Intercellular adhesion molecule 4                                                                    ICAM4                    2.07                 19.71                19.04                   0.00

Cell migration (GO: 0016477)                                                                                                                                                                                          
Adenomatous polyposis coli                                                                              APC                      7.29                 16.87                21.74                 15.69
Adenomatous polyposis coli protein 2                                                             APC2                     5.77                 18.49                18.67                 19.46
Interleukin-12 subunit beta                                                                               IL12B                     3.32                 21.38                18.11                  19.24
Netrin-G2                                                                                                          NTNG2                    9.87                 21.76                17.68                 20.53
Spindle apparatus coiled-coil protein 1 (spindly)                                            SPDL1                     1.3                  20.35                21.37                 14.79
NCK-associated protein 1                                                                               NCKAP1                   11.9                 20.32                19.03                 19.42

Note: The GO system reported NECTIN2 as poliovirus receptor-related 2 (PVRL2).



transferred to a polyvinylidene difluoride membrane. The membranes
were blocked with 5% skim milk in Tris-buffered saline containing
0.05% Tween 20 (TBST) for 1 h, washed with TBST, and then
incubated overnight at 4˚C with specified primary antibodies. The
membranes were then washed with TBST and incubated for 1 h room
temperature with a horseradish peroxidase-conjugated secondary
antibody. The primary antibody-specific bands were developed with
an enhanced chemoluminescence reagent (Immobilon Western
Chemiluminescent HRP Substrate; Millipore) and then visualized and
photographed using ImageQuant LAS 4000 (GE Healthcare,
Piscataway, NJ, USA). Equal protein loading was ensured by using
the β-actin as an internal control. The bands were quantified using
ImageJ (National Institutes of Health).

Statistical analysis. All experiments were repeated at least three
times, and all results were expressed as the mean±standard
deviation. GraphPad Prism 7.0 software (GraphPad, La Jolla, CA,
USA) was used for the statistical analysis. The statistical difference
between the two groups was compared using unpaired t-tests, and a
value of p<0.05 was considered statistically significant.

Results 

Proteomic analysis of differentially expressed proteins in
MeMD- and EMD-treated cells. NCI-H23 cells were treated
with 100 μM MeMD, 100 μM EMD, or solvent as a control for
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Figure 3. Protein–protein interaction network of the proteins expressed in control, and N,N-bis (5-ethyl-2-hydroxybenzyl) methylamine (EMD)- and
N,N-bis (5-methoxy-2-hydroxybenzyl) methylamine (MeMD)-treated cells. Red circle: Proteins involved in cell adhesion: CNTN2: Contactin-2;
TOR1A: torsin family 1 member A; SRC: proto-oncogene tyrosine-protein kinase; COL18A1: collagen alpha-1 (XVIII) chain; APBA1: amyloid-
beta A4 precursor protein-binding family A member 1; COL19A1: collagen alpha-1; COL6A3: alpha 3 type VI collagen isoform 5 variant; TGFBI:
transforming growth factor, beta-induced, 68 kDa variant; LAMA2: laminin alpha 2 subunit variant; FLG2: filaggrin-2; CNTNAP5: contactin-
associated protein-like 5; CNTN3: contactin-3; ICAM4: intercellular adhesion molecule 4. Red star: NECTIN2: nectin cell adhesion molecule 2.
Blue circle: Proteins involved in cell migration: APC: adenomatous polyposis coli; APC2: adenomatous polyposis coli protein 2; IL12B: interleukin-
12 subunit beta; NTNG2: netrin-G2; SPDL1: spindle apparatus coiled-coil protein 1; NCKAP1: nck-associated protein 1.



12 h. Proteomic LC-MS/MS analysis identified 1,873, 1,913,
and 1,898 differentially expressed proteins in the control, and
MeMD- and EMD-treated groups, respectively. A Venn diagram
revealed that 1,751 proteins were common to the three groups,
whereas 5, 14, and 8 proteins were specific to the control, and
MeMD- and EMD-treated groups, respectively (Figure 2A).

The 1,980 proteins identified in total from the proteomic
data for all three groups were categorized according to the GO

terms “cell adhesion” (GO: 0007155) and “cell migration”
(GO: 0016477) related to cancer metastasis. Of these proteins,
15 were associated with “cell adhesion” and six with “cell
migration” (Table I). MultiExperiment Viewer software
(version 4.9, https://mev.tm4.org/#/about) was used to quantify
the differentially expressed proteins in the different groups as
illustrated in Figure 2B. Notably, expression of NECTIN2
(previously known as poliovirus receptor-related 2 (PVRL2))
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Figure 4. Effect of N,N-bis (5-ethyl-2-hydroxybenzyl) methylamine (EMD) on proteins related to cell migration through the adherens junction from
Kyoto Encyclopedia of Genes and Genomes Pathway Database. The red box represents the upstream target of EMD including nectin cell adhesion
molecule 2 (NECTIN2) and SRC proto-oncogene, non-receptor tyrosine kinase (SRC). Some of the downstream effectors regulated by NECTIN2 via
SRC signaling are included in this map, such as β-catenin, cadherin, tight junction protein 1 (TJP1; ZO-1), snail family transcriptional repressor
1 (SNAI1; SNAIL), and snail family transcriptional repressor 2 (SNAI2; SLUG).  



and intercellular adhesion molecule 4 (ICAM4) was detected
in the control and MeMD-treated groups but not in the EMD-
treated group. 

The potential associations of these 15 proteins with cell
adhesion and six with cell migration were further validated

using Search Tool for Interacting Chemicals 5.0
(http://stitch.embl.de/). The results showed that NECTIN2 was
directly associated with beta-catenin 1 (CTNNB1), partitioning
defective 3 homolog (PARD3), and afadin (MLLT4), and
indirectly with SRC proto-oncogene, non-receptor tyrosine
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Figure 5. The nectin cell adhesion molecule 2 (NECTIN2)-dependent pathway is a target of N,N-bis (5-ethyl-2-hydroxybenzyl) methylamine (EMD).
A: The NECTIN2 protein level was determined by immunofluorescence after treatment of NCI-H23 cells for 24 h with EMD or N,N-bis (5-methoxy-
2-hydroxybenzyl) methylamine (MeMD). B. Representative blots of NECTIN2, phospho-SRC proto-oncogene, non-receptor tyrosine kinase (p-SRC)
(Y527), and p-SRC (Y416) proteins were detected by western blot analysis after EMD or MeMD treatment for 24 h. β-Actin was used to confirm
equal protein loading. All blots were analyzed by ImageJ software (National Institutes of Health). The data are shown as the mean±standard
deviation (n=3). Significantly different at: *p<0.05 and **p<0.01 compared to untreated control cells.  



kinase (SRC), which are related to metastasis of tumor cells,
but not with ICAM4 (Figure 3). These results identified
NECTIN2 protein as a target of EMD treatment.

Having revealed NECTIN2 as a target of EMD treatment, the
signaling pathways related to proteins with altered expression
profiles in response to EMD treatment were investigated. The
KEGG mapper tool (https://www.genome.jp/kegg/mapper.html)
was used to map NECTIN2 to signaling pathways. The results
suggest that NECTIN2 is a key player in the mechanism of
action of EMD via adherens junctions involving SRC signaling
and was identified as an upstream target gene in cytoskeleton
regulation (Figure 4).

EMD reduced expression of NECTIN2 and downstream p-
SRC in lung cancer cells. NECTIN2 was identified as a
target of EMD, and signaling of NECTIN2 and the
downstream target SRC was a potential mechanism of
action. Hence, the effects of EMD, as compared to MeMD,
on NECTIN2 expression and activation of associated
signaling pathways were confirmed by immunofluorescence
and western blot analyses. The very slightly modified
chemical structure of MeMD as a reference compound
clarified the mechanism of action, as well as the interactions
with the protein target NECTIN2. NCI-H23 cells were
treated with either EMD or MeMD at different
concentrations (0-50 μM) for 24 h and then the expression
levels of NECTIN2 and p-SRC (Y527 and Y416) were
determined. The immunofluorescence results showed that
EMD significantly reduced the fluorescence intensity of
NECTIN2 in lung cancer (NCI-H23) cells, while MeMD had
no effect (Figure 5A). Consistently, western blot analysis
showed that treatment with EMD significantly reduced
protein expression of NECTIN2 and p-SRC (Y527 and
Y416), while MeMD had no effect (Figure 5B). Taken
together, the proteomics and bioinformatics results confirmed
that the mechanism of action of EMD involves targeting of
NECTIN2 and suppression of p-SRC, which is a downstream
target of NECTIN2. In contrast, neither protein was the main
target of MeMD. 

EMD suppressed expression of EMT markers and increased
that of E-cadherin, an epithelial cell marker in lung cancer
cells. Based on the proteomic data that classified proteins
according to the GO terms “cell adhesion” and “cell
migration” related to cancer cell metastasis with the findings
that NECTIN2 and p-SRC are involved in the main pathway
of EMT, the effects of EMD and MeMD on other
downstream protein markers of EMT were investigated.
EMT is a physiological process associated with cancer
progression and metastasis. Therefore, immunofluorescence
and western blot analyses were performed to investigate the
effects of different concentrations (0-50 μM) of EMD or
MeMD on EMT in NCI-H23 cells. Specifically, the

expression patterns of the EMT markers E-cadherin, β-
catenin, vimentin, SNAI2, and SNAI1 were determined. As
shown in Figure 6A, EMD significantly reduced the
fluorescence intensity of SNAI1, whereas MeMD had no
effect. Western blot analysis confirmed these results. In
addition, EMD significantly suppressed the expression of the
EMT markers TJP1, β-catenin, vimentin, SNAI2, and SNAI1
in lung cancer (NCI-H23) cells, and increased expression of
the epithelial marker E-cadherin. Although MeMD had no
effect on the level of protein expression of most of the
markers of EMT, TJP1 expression was reduced (Figure 6B).
Together, these results suggest that EMD suppressed EMT
and inhibited motility of human lung cancer cells via
inhibition of the ability of NECTIN2 to induce activation of
the EMT signaling pathway.

Discussion

Metastasis is an important determinate of the outcome of
cancer treatment. Metastasis involves the cellular
mechanisms of adhesion, cytoskeleton arrangement, motility,
survival under detached conditions, and establishment of
secondary tumors (20). Thus, several potential targets for
drug discovery have been tested in clinical settings (21, 22). 

EMT is a process of cell transformation from the epithelial
phenotype to the more motile mesenchymal phenotype (23).
EMT was shown to play a critical role in facilitating cell
migration and resistance to anoikis (detachment-induced
apoptosis) (24). Most studies suggested that reduced E-
cadherin expression is an indicator of the EMT process
linked to increased detachment of cells. Loss of epithelial-
specific expression of E-cadherin, TJP1 and cytokeratin, as
well as up-regulation of vimentin, SNAI1, and SNAI2 are
established molecular markers of EMT (25). In cancer, EMT
is characterized by the loss of E-cadherin from cell–cell
junctions and a switch from the expression of keratins as the
major intermediate filament to the mesenchymal intermediate
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Figure 6. N,N-Bis (5-ethyl-2-hydroxybenzyl) methylamine (EMD)
suppresses epithelial–mesenchymal transition signaling. A: Snail family
transcriptional repressor 1 (SNAI1) protein level was determined by
immunofluorescence in NCI-H23 cells after treatment for 24 h with EMD
or N,N-bis (5-methoxy-2-hydroxybenzyl) methylamine (MeMD). B:
Representative blots of tight junction protein 1 (TJP1), E-cadherin, β-
catenin, vimentin, snail family transcriptional repressor 2 (SNAI2) and
SNAI1 proteins in NCI-H23 cells were detected by western blot analysis
after EMD or MeMD treatment for 24 h. β-Actin was used to confirm
equal protein loading. All blots were analyzed by ImageJ software
(National Institutes of Health). The data are shown as the mean±standard
deviation (n=3). Significantly different at: *p<0.05 and **p<0.01
compared to untreated control cells. 
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filament vimentin (24, 26). The transcription factors SNAI1
and SNAI2 (zinc finger proteins) have been described as
direct repressors of E-cadherin (27). In fact, the loss of E-
cadherin in cancer cells results in the spread of metastases
and the activation of several EMT transcription factors (28).
In addition, in normal cells, β-catenin facilitates adherens
junction formation by binding to E-cadherin and induces
EMT (29). The results of the current study demonstrated that
EMD reduced NECTIN2 expression and significantly
suppressed expression of the EMT-inducing transcription
factors SNAI1 and SNAI2, while simultaneously increasing
that of E-cadherin and suppressing that of mesenchymal
markers vimentin and β-catenin in NCI-H23 lung cancer
cells. In contrast, MeMD had no effect on NECTIN2
expression but suppressed the EMT marker TJP1. 

In addition, SRC has a critical role in controlling
migration and the cell skeleton. Activated SRC interaction
with p120 catenin induces dissociation of cell–cell junctions,
causing cell to become mobile (30). Karni et al.
demonstrated that SRC-induced synthesis of β-catenin led to
enhanced transcriptional activity and accumulation of nuclear
β-catenin (31). Our results that EMD reduced expression of
p-SRC and β-catenin, while MeMD had no effect are in
agreement with the findings of these studies. Together, these
results suggest that EMD suppresses EMT and inhibits
human lung cancer cell motility by inhibiting the ability of
NECTIN2/SRC to activate the EMT signaling pathway.

Proteomics and bioinformatics are powerful tools for
investigating the mechanism of action, as well as potential
protein targets, of drugs. Proteomic analysis can be used to
determine the binding of molecules to their molecular targets
(32). The proteins that regulate or participate in the cellular
pathways involved in malignant features of cancer are
potential novel molecular targets of drug action (33).
Proteomic tools and technologies can also reveal the global
alterations in protein expression patterns in response to
extracellular as well as intracellular stimuli (34). In this
study, the proteomic approach was employed to identify
proteins targeted by EMD. According to proteomics analysis,
several proteins involved in cell adhesion (GO: 0007155)
and cell migration (GO: 0016477) were shown to be altered
by EMD treatment. Interestingly, some proteins were
uniquely expressed in the control and MeMD-treated groups
but not the EMD-treated group. Increasing studies in cancer
research indicate that PPI analysis is a useful method for the
investigation of new therapeutic targets (35, 36). Here, a PPI
network was constructed that consisted of 15 proteins
associated with cell adhesion and six related to cell
migration. The PPI network also showed that NECTIN2 was
associated with other proteins related to cancer metastasis.
In addition, mapping of KEGG pathways demonstrated that
NECTIN2 was enriched in the adherens junction pathway.
Further analysis revealed that NECTIN2 is an upstream

target of cytoskeleton regulation through SRC signaling,
indicating that NECTIN2 is related to cancer metastasis.

Comparisons of the structures of EMD and MeMD
identified only slight modifications at the para positions of
benzoxazine dimers, although the proteomic profile was
dramatically altered. In our opinion, construction of a PPI
network is a good strategy to identify targets of compounds,
and knowledge of structure–activity relationships is critical
for drug development (37).
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