
Abstract. Background/Aim: Metastatic lymph node 64
(MLN64) is often co-amplified with ERBB2 (HER2) and plays
a role in the progression of breast and prostate cancer. The
present study explored the expression of MLN64 in clinical
gastric cancer in association with the ERBB family and its
impact on drug resistance in patients. Materials and
Methods: Two independent gastric cancer cohorts (n=324;
n=87) were used to explore the expression profile of MLN64
in conjunction with ERBB family members in clinical gastric
cancer and its association with neoadjuvant chemotherapy
responses. Gastric cancer AGS and HCG27 cells with
MLN64 knockdown were generated to determine the function
of MLN64 in cell behavioural changes. Results: Gastric
tumor tissues expressed significantly higher levels of MLN64
compared with normal tissues (p<0.01); however, MLN64
alone was a weak prognostic indicator. An integrated co-
expression of MLN64, ERBB4, and NRG4 was a significant
factor in assessing overall survival in both cohorts. MLN64
was a profound indicator of patient response to neoadjuvant
chemotherapy. In vitro studies indicated a significant
contribution of MLN64 to the response of gastric cancer cells

to chemodrugs and Her-2 inhibitors. MLN64 knockdown also
contributed to the adhesion and migration and suggested a
possible mechanism mediated by the interaction between
MLN64 and ERBBs. Conclusion: MLN64 is an indicator of
patient response to neoadjuvant chemotherapy in gastric
cancer. Together with the expression pattern of ERBB4,
MLN64 is a poor prognostic factor for patients with gastric
cancer. 

Human metastatic lymph node 64 (MLN64), also known as
star related lipid transfer domain containing-3 (STARD3) is
an integral membrane protein and its encoding gene is
mapped to the q12-q21 region of chromosome 17. The coding
region of MLN64 is located in proximity to the amplicons of
other important genes associated with cancer, particularly
breast cancer, such as BRCA1 and the c-ERBB-2 oncogene
(1). MLN64 was found to be identical to the steroidogenic
acute regulatory protein (StAR) (2). Among the 15 START
domain protein family members, MLN64 is a cholesterol-
binding candidate that mediates intracellular non-vesicular
cholesterol trafficking and distribution (3). 

Cancer cells reprogram cholesterol metabolism to achieve
sufficient energy metabolism for uncontrolled cell growth
and proliferation. Accumulated mitochondrial cholesterol
facilitates cell proliferation, whereas decreased membranous
cholesterol levels are associated with anoikis-like apoptosis
(4). MLN64 has also been demonstrated to inhibit the
maturation of late endosomes to lysosomes, compromising
the degradation activity of cancer cells and leading to the
over-expression of certain functional proteins (5).

MLN64 is highly expressed in various tissues including
the pancreas, heart, placenta, liver, and muscle. Owing to the
initially reported role of MLN64 in cancer progression, there
have been investigations regarding MLN64 in different
cancer types. In breast cancer where MLN64 was initially
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reported, MLN64 was found to be highly expressed in
invasive breast cancers and its expression was associated
with the expression of ERBB2 (2, 6-8). An elevated
expression level of MLN64 was observed in HER2+
(ERBB2) breast cancer, while an opposite trend was
observed in triple-negative breast cancer (9). MLN64 over-
expression is an indicator of poor patient prognosis (10). In
prostate cancer, another endocrine-related cancer, a linear
correlation has been found between MLN64 expression and
cholesterol levels, and MLN64 was also a prognostic
indicator for prostate cancer patients (11). In addition,
MLN64 expression was highly correlated with cytochrome
P450 Family 17 (CYP17), an enzyme linked to drug
metabolism and cholesterol synthesis (12). Co-expression of
MLN64 and CYP17 was associated with shorter relapse-free
survival (12). In addition to the metabolic link between
MLN64 and cancer cells, MLN64 was also shown to be a
key regulator of cell-matrix adhesion (10).

Gastric cancer is a highly aggressive cancer type with
high incidence in the Far East (13). Over the past decade,
improved diet, early detection, refined surgical procedures,
and increasingly available drug options have resulted in a
steady decrease in the incidence and an improvement in the
clinical outcomes of patients with gastric cancer. However,
its mortality and therapeutic options remain challenging. In
addition to conventional chemotherapies, anti-HER2 therapy
has a role in the treatment of gastric cancer, and over-
expression of ERBB2 has a significant impact on the
prognosis and survival of the patients. Dual silencing of
EGFR and HER2 has been shown to increase the potency
of gefitinib in gastric cancer cells (14). MLN64, however,
has not yet been thoroughly explored in gastric cancer. In a
study using a microarray of gastric cancers, MLN64
expression was found to be associated with increased
expression of ERBB2 (15). ERBB2, a tyrosine kinase
receptor, belongs to the ERBB family that includes ERBB1
(EGFR), ERBB2, ERBB3 and ERBB4. The present study
investigated the expression of MLN64 in association with
the four ERBBs, along with the expression of the ERBB
receptor ligands neuregulin (NRG) 1-4, and its role in the
response of patients with gastric cancer to neoadjuvant
chemotherapies. 

Materials and Methods

Gastric tissue cohorts. Two independent fresh frozen gastric
cohorts containing both cancerous and adjacent background tissues
were available in the host lab as reported in a previous study (16).
Cohort A was a larger cohort for screening, and Cohort B had
information on the patient’s response to neoadjuvant chemotherapy.
Patient demographic information and clinico-pathological
characteristics were also recorded. The expression profile of
MLN64 in association with that of the ERBB family members in
the tissues was evaluated. The cohorts were collected after

obtaining patient consent and approval from the local research
Ethics Committee (ethics number: 2006021). 

Cell lines and cell culture. The human gastric cancer cell lines, AGS
and HGC-27, purchased from ECACC (European Collection of
Animal Cell Culture, Salisbury, UK), were maintained in Dulbecco's
Modified Eagle’s medium (DMEM) supplemented with 10% foetal
calf serum (FCS) and antibiotics (penicillin at 100 unit/ml and
streptomycin at 100 μg/ml). 

Gastric cancer MLN64kd cell models were established by
transfecting the cells with either siRNA (sc-44439) or shRNA
plasmid (sc-44439-SH) (Santa Cruz Biotechnologies Inc., Santa
Cruz, CA, USA). Transfection with siRNA was carried out using a
transfection kit including the transfection medium (SC36868) and
reagent (SC-29528) (Santa Cruz Biotechnologies), and shRNA
lentiviral transduction of gastric cancer cells was performed using
polybrene. After shRNA lentiviral transduction, puromycin was used
at 1 μg/ml to select stable knockdown cells and at 0.2 μg/ml to
maintain the stability of the transduced cells.

RNA extraction and quantitative PCR. TRI Reagent (Merck Chemicals
Ltd., Dorset, England, UK) was used for RNA extraction. All RNA
samples were diluted to 500 ng/μl before reverse transcription into
cDNA according to the manufactures’ guidelines (Promega,
Southampton, UK). To determine MLN64 transcript levels, real time
quantitative PCR (qPCR) was carried out using the Amplifuor
molecular Beacon system (Fisher Scientific UK, Leicestershire, UK).
Primers for qPCRfor MLN64 were 5’gcacctttgtctggattctt’3 and 5’
actgaacctgaccgtacatgaaaggcaaattcaaacat’3 and for GAPDH 5’aagg
tcatccatgacaactt’3 and 5’actgaacctgaccgtacagccatccacagtcttctg'3
(actgaacctgaccgtaca was the Z sequence to complement the FAM-
tagged Uniprimer™ probe). 

Drug response assays. The targeted drugs gefitinib and neratinib,
and the commonly used chemodrugs gemcitabine and 5-FU were
chosen to determine the toxicity of drugs on gastric cancer cells
before and after MLN64kd. Gefitinib is an ERBB1 inhibitor, while
neratinib is an irreversible inhibitor of ERBB1, 2 and 4. The assays
were conducted over a range of drug concentrations and the IC50
value was calculated from the cell viability 72 h after incubation.
On day 3, the cells were fixed in 4% formalin, stained with 0.5%
crystal violet and the absorbance was read at 592 nm. Cell viability
was calculated as follows: [(absorbance of control cells- absorbance
of treated cells)/control ×100].  

Real-time monitoring of cell behavior changes using electric cell-
substrate sensing (ECIS). The behavioral changes of wild type
(WT) and MLN64kd gastric cancer cells were tested using ECIS.
Cell adhesion was measured for up to 2 h and migration ability
for up to 5 h. Cells were additionally incubated with ERBB
activator and inhibitors during the application of NRG1 (ligand of
ERBB2, 3, and 4), neratinib and AG825, which is a specific
ERBB2 inhibitor. 

Cell-matrix adhesion assay. A cell-matrix adhesion assay was
conducted in a 96-well plate precoated with Matrigel, a basement
membrane matrix extract, at 0.5 μg/well. The cells were
resuspended in DMEM and diluted to 50,000 cells/ml. The cells
were then seeded into the wells and incubated at 37˚C for 40 min
before being fixed with 4% formalin and stained with 0.5% crystal
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violet staining solution. Cell counting was then performed under a
microscope at 20× magnification. 

Statistical analysis. Normality testing was performed to determine
the distribution pattern of the two gastric cohorts, along with
Student’s t-test and ANOVA for gene expression comparisons
(version 27; SPSS, Chicago, IL, USA). Kaplan–Meier survival
curves classified by receiver operating characteristic curve (ROC)
and multivariate regression models were generated. 

Results

Expression of MLN64 gene transcripts in human normal and
tumor gastric tissues. A cohort composed of 324 gastric
cancer and 189 matched control gastric tissues (cohort A)
was collected at the time of surgery and the expression of
MLN64 was analyzed (Table I). MLN64 expression was
significantly elevated in gastric tumors compared with
normal tissues (p<0.001), and it showed an increasing trend
with the increase in TNM stage and nodal positivity in both
cohorts. An additional smaller cohort (n=87) (cohort B)
specifically containing paired cDNA samples of patients who
received neoadjuvant chemotherapy (NAC) was utilized to
assess the contribution of MLN64 in gastric cancer
progression. The clinicopathological information of patients
and the transcript levels of MLN64 were analyzed in both
cohorts (Table II). Interestingly, no significant differences in
MLN64 expression were observed in cohort B, although a
similar trend was observed in cohort A. In both cohorts, the
expression levels of MLN64 did not influence the overall
clinical outcome of patients. 

Relationship between MLN64 transcript levels and survival in
patients with gastric cancer. The patients were divided into
high and low MLN64 expression groups using a cut-off value
obtained from the ROC analysis. The MLN64 gene transcript
alone had a weak value in predicting overall survival (OS) and
disease-free survival (DFS) of patients with gastric cancer.
However, among the 247 out of 324 patients with nodal
positive status in cohort A, higher MLN64 expression was
associated with significantly shorter OS and DFS (Figure 1). 

Correlation between MLN64 expression and the expression of
ERBBs and ligand NRGs. In addition to the previously reported
co-amplification patterns of MLN64 and ERBB2 in breast
cancer (7, 8, 17), we examined the correlation between MLN64
and all the ERBB family members in cohort A. A statistically
positive correlation was observed between MLN64 and
ERBB2 in normal gastric tissue (p=0.024), whereas ERBB4
expression was positively associated with MLN64 expression
in the cancer tissue (p=0.005). Further analysis was conducted
to examine the correlation between MLN64 and NRGs. There
was a close association between NRG4 and all four ERBB
family members in normal gastric tissues, whereas a

relationship was consistently observed with ERBB4 in tumor
tissues. No significant correlations were observed between
MLN64 and NRG4 levels in both normal and tumor tissues. 

The combinational power of ERBB4 (HER4) and MLN64 for
patients’ survival. The correlation of the expression led us to
evaluate the clinical significance of MLN64 when considered
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Table I. Relative transcript expression of MLN64 in gastric cancer and
adjacent normal tissues in cohort-A. 

Cohort A               Variable                  n=             MLN64          p-Value
                                                                           (Mean±SEM)

Tissue type            Tumor                    324          18.02±3.72       <0.001a
                              Normal                  189          1.828±0.68            
Sex                         Male                      231          16.23±4.02          0.448a
                              Female                     93           22.49±8.3             
Differentiation      High                          1         0.0000722±*        0.937b
                              High/Moderate          6           23.9±23.6             
                              Moderate                 62          14.69±5.17            
                              Moderate/Low        82          17.46±7.97            
                              Low                       138          23.12±6.87            
TNM stage            TNM1                     25           4.58±2.21           0.568b
                              TNM2                     60           23.7±10.2             
                              TNM3                   221          17.95±4.59            
                              TNM4                       9           35.9±22.6             
Embolism              No                          153          15.26±4.56          0.137a
                              Yes                         156          20.37±6.15            
Overall status        Alive                     134             19.55±6            0.602a
                              Died                       187          17.08±4.81            

aStudent’s t-test; bOne way ANOVA test. *Statistically significant.

Table II. Relative transcript expression of MLN64 in gastric cancer and
adjacent normal tissues in cohort-B. 

Cohort B               Variable                  n=             MLN64         p-Valuea
                                                                           (Mean±SEM)

Tissue type            Tumor                      87           39.1±36.3           0.29a
                              Normal                    87       0.1660±0.0491         
Sex                         Male                        63           50.3±48.1           0.594a
                              Female                     24           4.89±4.54             
Differentiation      Differentiated          20            157±157            0.377b
                              Undifferentiated      56           3.98±2.03             
                              Others                        8       0.1215±0.0451         
TNM stage            TNM1                       4         0.268±0.251         0.525b
                              TNM2                     14         1.712±0.874           
                              TNM3                     45           4.82±2.74             
                              TNM4                     23            126±125              
GC related             Free                         59           2.99±1.74           0.146a
incidence              With incidence        27            116±114              

Overall status        Alive                       31           4.96±3.28           0.455a
                              Died                        56           61.1±59.6             

aStudent’s t-test; bOne way ANOVA test. *Statistically significant.



together with ERBBs. In cohort A, none of the ERBBs was
a significant prognostic indicator. However, patients with
combined high expression of MLN64 and ERBB4 exhibited
significantly prolonged OS time (p=0.016, HR=1.322,
95%CI=1.053-1.659). Among patients who expressed lower
ERBB4 levels, MLN64 was a significant prognostic factor
for both OS (p=0.048) and DFS (p=0.027). A similar non-
significant trend was observed in the high ERBB4 group.
The combined prognostic effect of MLN64 and other ERBBs
(ERBB1, ERBB2, and ERBB3) were not observed in this
clinical cohort. 

Relationship between NRGs, ERBB4 and MLN64 and their
prognostic value. Next, we assessed the impact of the four
NRG members alone and in combination with ERBBs and
MLN64 on patient’s survival. NRG4 acted as an independent
poor prognostic factor for OS in patients with gastric cancer
(Figure 2A), but it had limited effect on DFS. Additionally,
we found that patients with gastric cancer-induced embolism
expressed significantly higher levels of NRG4 than patients
without embolism (p=0.0352).   

In terms of survival, patients who exhibited dual higher
levels of NRG4 and ERBB4 transcripts had significantly
longer OS (Figure 2B), with regression analysis confirming
the independency of the predictive value of NRG4/ERBB4
(p=0.042, HR=1.168, 95%CI=1.005-1.356). Interestingly,
the combined effect of MLN64/ERBB4/NRG4 was more
profound (p=0.007) in predicting OS of patients than
NRG4/ERBB4 or any of the two molecules alone (Figure

2C). Multivariate analysis identified MLN64/ERBB4/NRG4,
TNM staging and embolism status as independent prognostic
indicators for patients’ OS (Table III). 

High levels of MLN64 in gastric tumors tend to confer drug
resistance. In cohort B, patients received NAC and were
subdivided into resistant and non-resistant groups according
to the ROC curve (AUC=0.64; p=0.028). Our data showed
a positive contribution of MLN64 to drug resistance; it
predicted patients’ drug response independent from the
expression of ERBB family members (p=0.007, HR=8.056,
95%CI=1.782-36.414). However, by stratification of patients
into high and low ERBB expression groups, we identified a
subgroup of patients with high expression of ERBB1 and
MLN64 that showed significant drug resistance (p=0.04,
HR=2.963, 95%CI=1.05-8.363). 

Interestingly, regarding patient survival, in contrast to our
finding in cohort A that MLN64 alone was a weak prognostic
indicator; following NAC, patients with high MLN64
transcript expression showed significantly reduced OS
(Figure 3A). Further exploration of how this might be
affected by the expression of ERBBs showed that patients
who exhibited high expression of both ERBB2 and MLN64
survived significantly shorter than patients with other
ERBB2 and MLN64 expression patterns (p=0.031). A
similar trend was also observed within the high ERBB3 and
low ERBB1 groups where MLN64 transcripts were
associated with shorter survival times (p=0.003 and
p=0.033, respectively). Additionally, while the association
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Figure 1. Overall survival (OS) and disease-free survival (DFS) curves of patients with gastric cancer with nodal positive status (A, B).



between MLN64 and ERBB4 with patients’ drug response
was not clearly established (p=0.145), the integrated pattern
remained a prognostic indicator for patients’ OS (p=0.036). 

Relationship between chemosensitivity and patients’ survival.
According to our results, patients who exhibited
chemoresistance had a significantly reduced OS (Figure 3B).
Considering the predictive value of MLN64 in patients’ drug
response, we then evaluated whether patient chemosensitivity
and MLN64 expression were confounding variables in
predicting patient survival in this second cohort. As illustrated
in Figure 3C and D, low expression of MLN64 in the drug-
responsive group and high expression of MLN64 in the drug-
resistant group showed favorable and unfavorable outcomes,
respectively; however, p-values were not significant, indicating
that MLN64 transcript expression was not a significant factor
in chemo-response-mediated changes in survival. Additionally,
patient response to chemotherapy did not seem to affect the
predictive value of MLN64 in accordance with our binary
logistic regression results (data not shown). 

Consistent with the cohort A, the prognostic value of
MLN64/ERBB4/NRG4 in OS was additionally confirmed in
the cohort B (p=0.036), with both univariant (p=0.014,
HR=1.952, 95%CI=1.148=3.321) and multivariant analysis
confirming its independency (p=0.018, HR=2.603,
95%CI=1.781-5.754). 

In vitro investigation of the role of MLN64 in drug response
using MLN64 knockdown cell models. To test the role of
MLN64 in gastric cancer cells’ drug response, we generated
MLN64 knockdown (MLN64kd) cell models using siRNA
and shRNA. We successfully knocked down the MLN64
transcript in both AGS and HGC27 cells, with over 50%
reduction compared to control cells (p<0.01).

The cell models were treated with four different drugs
commonly used in cancer therapy. As reflected by the reduced
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Figure 2. The implications of NRG4 alone and in combination with
ERBB4 in the overall survival (OS) of patients with gastric cancer are
illustrated in A and B. Patients with integrated expression of
MLN64/NRG4/ERBB4 had a significantly shortened OS (C).

Table III. Multivariate analysis of the prognostic factor for overall
survival in the gastric cancer cohort.

Variable                            Coefficient  p-Value     HR      95% Confident 
                                                                                                  Interval

                                                                                           Lower    Upper

MLN64/NRG4/ERBB4       0.215          0.007     1.24        1.06       1.451
Diagnosis                             0.254          0.183     1.289      0.887     1,873
TNM                                     1.239        <0.001     3.454      2.202     5.417
Histology                              0.107          0.101     1.113      0.979     1.265
Invasion                                0.029          0.849     1.029      0.764     1.386
Sex                                      –0.032          0.855     0.968      0.684     1.371
Embolism                             0.448          0.009     1.564      1.118     2.189



IC50 values (Table IV), HGC27 cells became more vulnerable
to drug treatment after MLN64kd, especially after treatment
with gefitinib and neratinib where we observed a significant
difference between the WT and the KD cells. Similar trends
and statistical significance were also observed in AGS cells
after exposure to gefitinib and neratinib. However, in contrast
to the HGC27 cell line, AGS cells with decreased MLN64
expression were more resistant to 5-FU treatment compared
with WT cells, though the difference was not statistically
significant. MLN64kd did not alter cellular response to
gemcitabine in both gastric cancer cell lines. 

MLN64kd gastric cells showed decreased cell adhesion. Cell
behavior changes namely adhesion and migration of cells
with and without MLN64 were then assessed using the ECIS
assay. As shown in Figure 4A and C, MLN64kd significantly

suppressed the adhesion of both gastric cancer cell lines,
which was further validated by the Matrigel adhesion assay;
fewer MLN64kd cells adhered to the matrix gel compared to
the control cells (AGS, p<0.01; HGC27, p<0.001). The
changes in the migratory ability after MLN64kd did not
follow the same pattern. As shown in Figure 4B, a significant
difference between HGC27 WT and MLN64kd cells was
only observed 7 h after initiation of the wounding process,
whereas MLN64kd did not significantly change AGS cell
migration within 15 h of monitoring (Figure 4D).

MLN64kd hindered the action of NRG1, neratinib and
AG825. The effect of NRG1 and neratinib on AGS cell
models was examined using the ECIS assay. The results
showed that NRG1 significantly facilitated the adhesion of
WT cells (Figure 5A), whereas this effect was diminished in
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Figure 3. Survival curves of patients in subgroups of cohort B. A) Overall survival (OS) curve of patients who received neoadjuvant chemotherapy
(NAC). Patients were subclassified into MLN64 high and low groups, B) based on patients’ chemo-response, C) MLN64 expression within the NAC
responsive group, D) integrated expression of MLN64/NRG4/ERBB4.



the MLN64kd cells (Figure 5B). Similarly, neratinib
exhibited a reduced inhibitory effect in cells with decreased
expression of MLN64 (Figure 5B). When WT cells were
treated with both NRG1 and neratinib, the resistance was
even lower than that following treatment with neratinib
alone; however, the effect was not significant (Figure 5C).
In contrast, coadministration of NRG1 and the ERBB2
specific inhibitor AG825 showed a trend of partially
alleviating the repressive effect of AG825 on AGS WT cell
adhesion. However, it is noteworthy that the observed

resistance remained significantly lower than that of the WT
control cells and the cells treated with NRG1. This suggested
the potential involvement of ERBBs other than ERBB2 in
MLN64 signalling to regulate cell adhesion (Figure 5D). 

Discussion 

Amplification of MLN64 along with other genes mapped at
17q12-21 has been reported in different types of solid cancers
and advanced disease, especially for breast carcinomas where
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Table IV. IC50 values of the corresponding drugs in HGC27 and AGS cells models. t-test was conducted between the IC50 of the WT and MLN64kd cells.

                                           Gefitinib                                              5-FU                                          Gemcitabine                                    Neratinib

                                WT                 MLN64kd                 WT                  MLN64kd                WT                 MLN64kd               WT               MLN64kd

HGC27
   IC50 (μM)      22.94±4.46         17.74±5.49         32.30±16.38          25.78±19.19         0.49±0.41              0.25±0.2           2.30±0.55           0.79±0.39
   p-value                0.034                                              0.202                                               0.131                                             0.022                       
AGS
   IC50 (μM)      19.54±3.18          15.33±3.63          10.86±6.88            14.65±7.27         0.017±0.02          0.018±0.03         2.68±0.93           1.24±0.25
   p-value                0.045                                              0.237                                               0.218                                             0.035                       

Significant p-values are shown in bold.

Figure 4. ECIS-based assessment of cell adhesion and migration at 4,000 Hz for both HGC27 (A, B) and AGS (C, D) cell models.



MLN64 was found to be co-amplified with ERBB2 (2, 6, 12,
15). In rare cases of gastrointestinal carcinomas, up-
regulation of MLN64 was also observed (15, 18). By
analyzing an available public dataset of patients with gastric
cancer, MLN64 was found to be a potential gastric cancer-
promoting gene that was co-amplified with ERBB2 (19);
however, this co-amplification pattern was not observed. This
may be explained by patient heterogeneity since ERBB2 up-
regulation in gastric cancer has been reported to be less than
20% (20). Instead, we identified a significant positive
correlation between MLN64 and ERBB4, a gene that
promotes the oncogenic PI3K/Akt signalling pathway in
gastric cancer (21). In addition to ERBBs, we examined the
contribution of NRGs, a family of ligands that induce ERBB
activation and downstream oncogenic signalling events (22,
23). Our results showed that MLN64 transcript level alone

was insufficient to predict gastric patients’ survival, but the
transcript levels of both MLN64 and ERBB4, or
ERBB4/NRG4 was a highly powerful prognostic indicator.

Study limitations. First, clinical information regarding NAC
use was not available for the large cohort. Although the
results from the second cohort indicated that NAC response
did not affect the predictive value of MLN64, this cohort had
a limited sample size, especially after stratification of
patients according to their responsiveness to chemotherapy.
The results of a meta-analysis showed an improvement in the
survival of patients with gastric cancer receiving NAC (24).
More importantly, NAC can result in tumor downstaging,
eventually increasing the curative rate in patients gastric
cancer and improving survival (25, 26). Although MLN64
alone was a weak predictor, we indeed highlighted its
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Figure 5. ECIS-based assessment of cell adhesion at 4,000 Hz for AGS (C, D) cell models under different treatments. 



involvement in drug response from both clinical and in vitro
perspectives. 

Owing to different drug selections and synergism, the
significant association between MLN64 and chemotherapeutic
drug resistance was not obvious in our in vitro study. Instead,
the differences in IC50 values between MLN64kd and WT
cells were only observed when the cells were treated with
ERBB inhibitors. The current study proposes a possible
signalling pathway between MLN64 and ERBBs, potentially
involving ERBB1, 2 and 4, in regulating drug response.
ERBB3 is known to dimerize with ERBB1 and ERBB2,
which may in turn lead to MLN64 signalling. This indirect
communication may also explain the significant prognostic
value of MLN64 after stratification by ERBB3. 

Knockdown of MLN64 resulted in reduced cell adhesion,
which is a critical component of cancer progression and
development of drug resistance (27). ECIS results within this
study further validated the potential interaction between
MLN64 and ERBB1 and 4. Following addition of neratinib,
an inhibitor which can irreversibly bind to ERBB1, 2 and 4
(28), the cells showed significantly reduced adhesion
compared with the MLN64kd cells. However, NRG1
significantly facilitated the adhesion of WT cells that was not
observed in MLN64 cells. As shown in Figure 5C, NRG1 did
not mitigate the effect brought by inhibition of ERBB1, 2
and 4. In contrast, Figure 5D shows that adhesion could still
be stimulated through activation of ERBBs other than
ERBB2. NRG1 may directly interact with ERBB3 and
ERBB4 (29). This further suggested that cell adhesion may
be achieved via the NRG1/ERBB4/MLN64 axis.  

The contribution of ERBB2 to MLN64kd-mediated
changes in cancer cell behavior was not negligible. Although
ERBB2 does not have an extracellular domain to interact
with ligands, NRG1 and 2 have been reported to be
functionally related to ERBB2. Indeed, the activation of the
NRG1/ERBB2/ERBB3 axis has been shown to induce cell
growth in triple-negative breast cancer and proliferation of
cancer stem cells (30, 31). It has also been proposed that
ERBB2 and ERBB4 form a dimer that contributes to tumor
advancement, as ERBB2 is required for ERBB4-dependent
breast cancer progression (32). 

Interestingly, MLN64 expression had different roles in cell
migration in the two gastric cancer cell lines. While no
difference was observed in AGS cells, a significant
difference in resistance was observed between HGC27 cell
models 7 h after initiation of the wounding process. Wound
healing is a multi-dimensional process that includes
polarization, adhesion to the underlying matrix, contraction,
and detachment from the original site. The resistance
generated by the cell layer and assessed using ECIS not only
reflected the overall cell coverage of the wound, but also the
junction formation between cells and between the cells and
the surface. Our results indicated a slower migration and

reduced junction formation in cells with reduced MLN64
expression. The established stable cell-cell adhesions in
epithelial cells also influence cell migration (33). An altered
junction formation caused by MLN64kd might therefore be
another factor affecting cell migration. Further studies should
be conducted to evaluate the possible contribution of MLN64
in cell junction properties. 

Conclusion 

The present study demonstrated potential crosstalk between
MLN64 and ERBBs in gastric cancer progression,
suggesting a pivotal role of interaction between MLN64 and
ERBB4 in disease progression of this cancer type. It also
showed a significant contribution of MLN64 in predicting
patients’ NAC response. Further studies are required to
uncover and validate the underlying mechanisms and
downstream pathways involved in this signalling. 
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