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Background: Trastuzumab (TRA) shows significant efficacy in patients with human epidermal growth 
factor receptor 2 (HER2)-positive gastric cancer (GC). While TRA can help treat HER2-positive breast 
cancer, TRA resistance is a key clinical challenge. Nestin reportedly regulates the cellular redox homeostasis 
in lung cancer. This study aimed at identifying the functions of Nestin on the TRA sensitivity of HER2-
positive GC cells. 
Methods: Real-time polymerase chain reaction (PCR) and Western blotting (WB) were performed to 
explore the association between the mRNA and protein expression profiles, respectively, of Nestin and the 
Keap1-Nrf2 pathway. The influence of Nestin overexpression on the in vitro sensitivity of GC cells to TRA 
was explored by Cell Counting Kit-8 (CCK-8) assay, colony formation assay, reactive oxygen species (ROS) 
detection, and flow cytometry. 
Results: TRA treatment caused Nestin downregulation in two HER2-positive GC cell lines (MKN45 
and NCI-N87). Nestin overexpression reduced the sensitivity of GC cells to TRA. The expression and 
activity of Nrf2 and relevant downstream antioxidant genes were increased by Nestin overexpression. Nestin 
overexpression also significantly suppressed TRA-induced apoptosis and ROS generation. In vivo tumor 
growth experiment with female BALB/c nude mice indicated that Nestin upregulation restored the tumor 
growth rate which was inhibited by TRA treatment. 
Conclusions: Collectively, the inhibitory effect of Nestin on the TRA sensitivity of cells to TRA was 
confirmed in this study. These results imply that the antioxidant Nestin-Nrf2 axis may play a role in the 
mechanism underlying the resistance of GC cells to TRA.
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Introduction

Gastric cancer (GC) is the 4th most frequently occurring 
cancer, is also the 2nd leading attributor for cancer-related 
mortality worldwide (1). Despite considerable recent 
progress in cancer therapy owing to advances in molecularly 

targeted drugs, patients who experience GC recurrence or 
metastasis have poor prognosis. As a member of the EGFC 
family, human epidermal growth factor receptor 2 (HER2) 
(also known as ERBB2) is related to the multiplication, 
apoptosis, conglutination, migration, and differentiation of 
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tumor cells (2). According to previous studies, HER2 acts 
as a major biomarker and key factor driving tumorigenesis 
in GC (3,4), and HER2 overexpression has been detected 
in 7–34 % of gastric tumors (5-7). Recently, the third 
stage of a large scale clinical study, the ToGA trial, showed 
a significant survival advantage for HER2-positive GC 
patients following the administration of a combined 
therapy consisting of trastuzumab (TRA) and conventional 
chemotherapy compared with chemotherapy alone. This 
demonstrates that HER2 is a key target in GC treatment. 
Although TRA was used in the ToGA trial, 12% of the 
patients experienced disease progression (8). Additionally, 
after the administration of TRA in clinical settings in 
adjuvant and metastatic conditions, HER2-positive 
breast cancer patients have been reported to survive for a 
prolonged period (9). However, in the majority of patients 
who responded to the treatment initially, TRA resistance 
developed within a year after treatment (10). Zhang  
et al. investigated the effectiveness of conversion therapy 
in initially unresectable metastatic cancer with positive 
HER2 status that responded to chemotherapy plus TRA. 
They noticed that HER2-positive patients who received 
conversion gastrectomy after TRA treatment had a good 
prognosis (11). Even so, some researchers have begun to 
explore the molecular mechanisms by which breast cancer 
patients can resist TRA (12,13). As the involvement of 
similar mechanisms in GC remains unclear, it is very 
important to explain the mechanisms responsible for 
sensitivity to TRA, thus helping to develop new therapeutic 
strategies for GC.

Recently, Nrf2 has been expressed as a key mediator 
of stress responses in solid tumors (14), and its activation 

induces resistance to oxidative and xenobiotic stresses (15).  
Increased levels of Nrf2 have recently been linked to poor 
prognosis for lung cancer and pancreatic cancer (16,17) 
owing to chemo/radioresistance or aggressive proliferative 
phenotypes probably induced by Nrf2 (18,19). In a 
retrospective study, Nrf2 level was identified as a potential 
factor for 5-fluorouracil resistance in GC (20). Nrf2 binds 
to the antioxidant response element (ARE) of glutathione 
S-transferase (GST), NAD(P)H: quinone oxidoreductase-1 
(NQO1), hemeoxygenase-1 (HO-1), and other antioxidant 
enzymes in the nucleus to upregulate the target gene 
expression (21). Nrf2 can enhance metabolic gene levels 
that are conducive to proliferative programs by inducing 
proliferation via the phosphatidylinositol 3-kinase (PI3K) 
signaling pathway (22). In solid tumors, PI3K/protein 
kinase B (AKT) pathway regulation is usually inhibited 
by activating the nuclear translocation of Nrf2 (23).  
Gambardella et al. studied the causes of primary and 
acquired resistance to the combination of TRA and 
platinum-based chemotherapy (24,25). They discovered 
that Nrf2 amplified the resistance to anti-HER2 drugs via 
the PI3K/AKT/mammalian target of rapamycin (mTOR)/
Phosphorylation of Ribosomal Protein S6 (RPS6) pathway. 
RPS6 inhibition reduced Nrf2 expression and restored 
sensitivity in HER2-amplified GC (24). Brusatol, a Nrf2 
suppressor, decreases cancer cell growth by suppressing the 
Nrf2/HO-1 and HER2-AKT/extracellular regulated kinase 
1/2 (ERK1/2) signaling in HER2-positive cancer cells (SK-
OV-3 and BT-474 cells) (26). However, its mechanism in 
HER2-positive cancer cells requires further study.

As reported in a previous study, Nestin, which acts as an 
intermediate filament protein, is a more specific marker for 
angiogenesis; additionally, it serves as a therapeutic target 
by inhibiting the formation of blood vessels (27). Nestin 
is a marker specific to angiogenesis in malignant tumors, 
especially in colorectal cancer (28) and prostate cancer (29). 
The association between HER2-postive GC and Nestin 
is not reported. However, Nestin showed high expression 
in basal breast cancer subtype (HER2 negative) but not in 
the HER2 subtype (HER2 positive) (30). Another study 
displayed that Nestin showed higher expression rates of 
triple-negative breast cancers than other breast cancers (31). 
In GC, Wang et al. (32) uncovered that Nestin protects 
Nrf2 from Keap1-mediated degradation by competitively 
binding to the Kelch domain of Keap1 and subsequently 
upregulating the expression of antioxidant enzymes. 
Although the effect of chemotherapeutic drugs can be 
strengthened or cancer cell apoptosis can be induced via 
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the inhibition of Nrf2 expression, the role of Nrf2 in the 
resistance of GC cells to targeted drugs and its relationship 
with Nestin remain unclear. These findings linked the 
Nestin and HER2 positive GC via regulation on Nrf2, 
and let us hypothesize that Nestin may play a role in TRA 
sensitivity of HER2-positive GC cells.

The current study investigated possible in vitro and  
in vivo mechanisms through which anti-HER2 drugs TRA 
sensitivity in HER2-positive GC models. The findings 
demonstrate a novel role of Nestin as an upstream mediator 
of Nrf2 in resisting anti-HER2 TRA in GC. We present 
this article in accordance with the ARRIVE reporting 
checklist (available at https://jgo.amegroups.com/article/
view/10.21037/jgo-22-1048/rc).

Methods

Cell culture

Using quantitative real-time polymerase chain reaction 
(qRT-PCR), Nestin-coding gene expression levels were 
detected in MKN45 and NCI-N87 cells, two HER2-
positive GC cell lines provided by American Type 
Culture Collection (ATCC). Those cells were cultured in 
BioWhittaker® RPMI-1640 (Gibco, Waltham, USA) cell 
culture medium supplemented with Sigma-Aldrich’s 10% 
fetal bovine serum (FBS) (Gibco), stored in a humidity 
chamber (37 ℃, 5% CO2), and then inoculated into 12-well 
plates for drug treatment. The cells were then grown in 
TRA-free or 10 μg/mL TRA-containing medium for 96 h.

Animals

Experiments were conducted on female BALB/c nude 
mice aged 6 weeks and purchased from the Beijing Vital 
River Laboratory Animal Technology (Beijing, China). All 
protocols were approved by the Animal Experimentation 
Ethics Committee of Zhongshan Hospital,  Fudan 
University, in compliance with the 1985 edition (NIH 
publication No. 86-23) of the Care and Use of Laboratory 
Animals. During the study period, the investigator 
minimized the suffering of the mice, reduced the number of 
mice used, and treated the mice under the guidelines of the 
Animal Care and Use Committee of Zhongshan Hospital, 
Fudan University.

Female BALB/c nude mice (4–5 weeks old, 18–20 g)  
(33,34) were treated with NCI-N87 cells (5×107 per 
mouse) that had or had not been processed by Nestin 

overexpression on the right flank via subcutaneous 
inoculation. On day 10 post inoculation, the average tumor 
volume was approximately 120 mm3, and the mice were 
equally randomized into four groups: non-treated control 
(NTC) group, TRA group, TRA + negative control (NC), 
and TRA + Nestin (n=6 per group). The peritoneum of 
mice was injected with TRA for 1 week. After the mice 
were euthanized via asphyxiation, digital calipers were used 
to determine the tumor dimensions, and the tumor volumes 
were calculated as follows: volume = (length × width2)/2.

Terminal deoxynucleotidyl transferase dUTP nick-end 
labeling (TUNEL) assay

For the assessment of cell apoptosis, TUNEL (Green) 
assay (Promega, Madison, USA) was employed to stain the 
sections of tumor tissues that were 5-micrometer thick and 
freshly frozen. These sections were counterstained with 
Hoechst diluted at ratio of 1:10,000 (10). Three random 
fields were counted for TUNEL-positive cells in each slice, 
and five slices in each group were analyzed under ×200 
magnification using a fluorescence microscope.

Lentivirus constructs and infection

pLenti-Nestin and pLenti-empty vectors were derived from 
the stock form of Escherichia coli (E. coli) and inoculated 
with LB-carbenicillin at 50 μg/mL (System Biosciences, 
Palo Alto, USA). Using the 293T cell line and pPACKH1 
Lentivector Packaging Kit (System Biosciences), the viral 
particles were acquired according per manufacturer’s 
protocol. The viral particles were re-suspended in 
Dulbecco’s modified Eagle’s medium (DMEM) and stored 
in cryogenic vials at −80 ℃ for subsequent use.

Viral particles were used to infect the NCI-N87 cells. 
According to the green fluorescent protein analysis using flow 
cytometry, the infection efficiency was approximately 50%. 
Empty lentivirus (containing empty vector) was used as a NC.

qRT-PCR

RNA was extracted using TRIzol reagent (Invitrogen, 
Waltham, USA). A PrimeScript RT Reagent kit (Takara, 
Kusatsu, Japan) was applied to synthesize complementary 
DNA (cDNA). To identify the amount of mRNA expressed, 
a SYBR Premix Ex Taq RT-PCR kit (Takara) was used to 
amplify the cDNA with real-time PCR. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) expression was used as 
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an internal control. The sequences of primers used in this 
experiment includes: Nestin F, 5'-AGG CTG AGA ACT 
CTC GCT TG-3'; Nestin R, 5'-TGA GAA GGA TGT 
TGG GCT GA-3'; GAPDH F, 5'-GTC TCC TCT GAC 
TTC AAC AGC G-3'; GAPDH R, 5'-ACC ACC CTG 
TTG CTG TAG CCA A-3'.

Western blotting (WB)

Cells were lysed in radioimmunoprecipitation assay 
(RIPA) lysis buffer containing 150 mmol/L NaCl, 0.5% 
deoxycholic acid sodium salt (w/v), 50 mmol/L Tris-HCl 
(pH 7.4), 1% NP-40, and 0.1% SDS. These components 
were then mixed with a phosphatase inhibitor cocktail 
(10 μL/mL, Sigma) and protease inhibitor cocktail  
(2 μL/mL, Sigma). Cell lysates underwent the assay with 
a bicinchoninic acid (BCA) protein kit to determine the 
protein concentration. After denaturing the total cell 
lysates, SDS-polyacrylamide gel electrophoresis was 
performed, followed by immunoblotting of the proteins 
using horseradish peroxidase (HRP)-conjugated primary 
and secondary antibodies. After the membrane was washed, 
the sensitive enhanced chemiluminescence (ECL) reagent 
(Millipore, Burlington, USA) was used for band detection, 
and the ChemiDoc imaging system (Bio-Rad Laboratories, 
Inc., Hercules, USA) was used for visualization.

Cell viability assay

A concentration of 5×103 cells/well was inoculated ino 
96-well plates and treated with TRA for a specified 
period. The cell survival rate was measured using the Cell 
Counting Kit-8 (CCK-8) kit (Dojindo) and calculated 
using the formula: [(A450 of experimental group − A450 
of background group)/(A450 of control group − A450 
of background group)] × 100. Chou and Talalay analysis 
using Compusyn software was employed to acquire the 
combination index (CI). Defined by CI values, drug 
synergism, drug addiction, and antagonistic action were 
<1.0, =1.0, and >1.0, respectively.

ARE luciferase assay

The experimental procedure involved cloning ARE into a 
pGL3-basic luciferase reporter plasmid and plating the cells 
in 12-well plates at a concentration of 1×105 cells/well in 
triplicate. After a day of culture, the cells were treated with 
200 ng of ARE luciferase reporter plasmids using OriGene 

transfection reagent (Company, City, Country). Following 
a recovery period of one day in a medium containing 10% 
FBS, the cells were transfected for 2 days, and the resulting 
firefly and Renilla luciferase signals were measured and 
expressed as an increase in activation relative to the single 
reporter.

Colony formation assay

To assay colony formation, 200 GC cells underwent a 14-day  
culture in 6-well plates. After the cells were fixed using 4% 
PFA solution and dyed using 1% crystal violet, the number 
of colonies composed of more than 50 cells was counted.

Reactive oxygen species (ROS) detection

According to the manufacturer’s instructions, dichloro-
dihydro-fluorescein diacetate (DCFH-DA) (Sigma 
Aldrich) was utilized to routinely detect ROS in solution. 
Briefly, after treatment with TRA for 48 h, the cells 
(1×105/well) were supplemented with 1 mM DCFH-
DA until DCFH-DA reached a final concentration of  
10 μ. Subsequently, the cells were incubated for 30 min and 
washed with PBS before collection. A flow cytometer (BD 
Biosciences, San Jose, USA) and 488/525 nm excitation 
and emission spectra were used to record the fluorescence 
intensities revealing ROS expression.

Apoptosis detection

Cells were incubated in 6-well plates at a density of 3×105 
cells per well with different agents. After 48 h of incubation, 
the cells were rinsed in ice-cold PBS and incubated for 
15 min at room temperature shielded from light with 
Annexin V/propidium iodide (PI) (Sigma Aldrich). Later, 
flow cytometer (BD Biosciences) was used to measure the 
apoptosis rate, and FlowJo software was used for analysis. 
Annexin V (+)/PI (−) mounted the early stage of apoptotic 
cells in percentage, and annexin V (+)/PI (+) mounted the 
late stage.

Statistical analysis

All data are represented as mean ± standard deviation (SD) 
and compared using analysis of variance (ANOVA) among 
different groups, while a t-test was performed on data 
comparison between two groups; P<0.05 was considered 
statistically significant.
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Figure 1 Expression of Nestin in HER2-positive GC cells in response to TRA treatment. MKN45 and NCI-N87 cells were added with 
10 μg/mL for 24, 48, 72, and 96 h. (A,B) The survival rate of cells was determined with CCK-8 assay. (C,D) The mRNA level of Nestin in 
MKN45 and NCI-N87 cells was detected by qRT-PCR. (E,F) Nestin protein level in MKN45 and NCI-N87 cells was assayed by WB. Data 
are presented as the means ± SD of three independent experiments. *, P<0.05; **, P<0.01; ***, P<0.001. NTC, non-treated control; TRA, 
trastuzumab; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HER2, human epidermal growth factor receptor 2; GC, gastric cancer; 
CCK-8, Cell Counting Kit-8; qRT-PCR, quantitative real-time polymerase chain reaction; WB, Western blotting; SD, standard deviation.
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Results

Expression of Nestin was altered in GC cells in response  
to TRA

To probe the role of Nestin in the anti-tumor activity of 
TRA in GC cells, we first examined its expression in cells 
in response to TRA treatment. First, in vitro cytotoxicity 
assays were performed in MKN45 and NCI-N87 cells that 
had been treated with or without TRA. The CCK-8 assay 
showed that TRA administration inhibited the growth 
of both HER2-positive cell lines in a time-dependent 
manner (Figure 1A,1B). Furthermore, we observed that 
Nestin expression in cells treated with TRA gradually 
decreased with time at both the mRNA and protein levels  

(Figure 1C-1F). These results imply the potential effect of 
Nestin on the antitumor activity of TRA.

Positive correlation between Nestin expression and 
activation of HER2/AKT/ERK1/2 and Nrf2/HO-1 
signaling

A previous study indicated that TRA treatment inhibited 
the activation of the HER2/AKT/ERK1/2 and Nrf2/HO-1 
pathways (35), and Nestin displayed the capacity to stabilize 
the expression of Nrf2 protein in GC (32). Therefore, we 
sought to examine whether Nestin overexpression was 
also involved in the TRA-repressed activation of these two 
pathways in HER2-positive GC cells. First, Nestin was 
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overexpressed in the TRA-treated MKN45 and NCI-N87 
cell lines, which was verified by qRT-PCR and WB analyses 
(Figure 2A-2D). Furthermore, WB data showed that the 
levels of Nrf2; expression of downstream target proteins 
NQO1, HO-1, and GST; and phosphorylation of ERK1/2, 
AKT, and HER2 were reduced with TRA treatment, while 
Nestin overexpression partially reversed the effect of TRA 
treatment on these indicators (Figure 2C,2D). We also 
measured ARE luciferase activity to determine Nrf2 activity. 
The findings revealed that ARE luciferase activity was 
markedly reduced with TRA treatment, and this reduction 
could be abolished by Nestin upregulation (Figure 2E,2F). 
A combination of the data showed a positive relationship 
between Nestin expression and the activity of Nrf2 and 
activation of the HER2/AKT/ERK1/2 pathway.

Overexpression of Nestin reduced sensitivity to TRA

To evaluate the Nestin-mediated resistance to TRA, 
the function of Nestin overexpression in MKN45 and 
NCI-N87 cells was explored. MKN45 and NCI-N87 cells 
with or without Nestin overexpression were subjected to 
cytotoxicity assays. TRA administration exhibited antitumor 
activities in both cell lines, while the overexpression of 
Nestin restored cell viability, which was impaired by TRA 
(Figure 3A,3B). To verify this finding, the colony formation 
assay showed that TRA nearly eliminated the number of 
colonies generated by MKN45 and NCI-N87 cells, whereas 
Nestin overexpression was able to partially recover the 
number of colonies (Figure 3C,3D), suggesting that Nestin 
reduced the sensitivity of GC cells to TRA.

Nestin counteracts TRA-increased ROS production and 
apoptosis in GC cells

Nrf2 inhibition leads to an increase in ROS, further 
causing apoptosis (36-38). Accordingly, the level of ROS 
accumulation was explored after the two cell lines with or 
without Nestin overexpression were exposed to TRA. Our 
findings indicated an increase in ROS levels in the two cell 
lines treated with TRA (Figure 4A,4B). Interestingly, the 
overexpression of Nestin resulted in an amelioration of 
ROS accumulation compared to the TRA treatment group 
(Figure 5A,5B).

ROS exert antitumor effects by inducing apoptosis (39). 
Thus, we examined whether Nestin potently prevented 
TRA-induced apoptosis, as assessed by flow cytometry. 
As with the findings from ROS generation, the results 

demonstrated that TRA therapy induced apoptosis in both 
MKN45 and NCI-N87 cells, compared to the NTC group, 
while Nestin overexpression alleviated the percentage of 
apoptotic cells (Figure 5A,5B). A combination of these 
findings implied that TRA administration enhanced ROS 
accumulation and accelerated apoptosis in HER2-positive 
cells by regulating Nestin expression.

Nestin increased chemoresistance of GC tumorigenesis  
to TRA

According to the results above, it is necessary to study the 
effect of Nestin on tumor development. NCI-N87 cells 
were infected with a lentivirus expressing Nestin or with an 
empty vector and tested to determine whether they were 
able to develop tumors in vivo. All activities were based on 
subcutaneous injections to only a few mice (n=6). In mice 
injected with NCI-N87 cells expressing Nestin, the TRA-
reduced average tumor volume was restored significantly 
(Figure 6A). Furthermore, TRA-reduced tumor weight 
was markedly increased in the Nestin overexpression 
group (Figure 6B,6C). Expression levels of Nestin were 
monitored and found to be downregulated in the TRA 
treatment group and recovered in the TRA + Nestin group 
(Figure 6D,6E). In addition, WB analyses also revealed 
that TRA-deactivated Nrf2, AKT, and ERK1/2 expression 
was abolished by Nestin overexpression (Figure 6E). 
Histopathological analysis demonstrated that increased cell 
apoptosis was induced by TRA and reduced after Nestin 
upregulation (Figure 6F).

Discussion

This study highlights the role of the Nestin in modulating 
the sensitivity of GC cells to TRA. Overexpression of 
Nestin led to resistance to TRA in HER2-positive GC 
cells by mediating Nrf2-associated ROS production and 
apoptosis. As far as we know, the ability of Nestin/Nrf2 
pathways to modulate the sensitive degree of HER2-positive 
GC cell lines to TRA was first demonstrated herein.

An increasing number of researchers have proposed 
molecular mechanisms to clarify the contribution of Nestin 
to tumor progression in vivo and in vitro. For instance, Li  
et al. demonstrated a higher transformation of tumor cells 
and severe genomic instability of Nestin-positive progenitor 
cells in the cerebellum (40). Tschaharganeh et al. showed 
that Nestin-expressing progenitor-like cells, derived from 
hepatocytes, have the potential to evolve into hepatocellular 
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Figure 2 Influence of Nestin on the activation of Nrf2/HO-1 and HER2/AKT/ERK1/2 of HER2-positive GC cells. The two cell lines 
received transfection by lentiviral-Nestin or lentiviral-empty, and then added to 10 μg/mL for 48 h. (A,B) Nestin mRNA level in MKN45 
and NCI-N87 cells was detected by qRT-PCR. (C,D) WB was adopted to determine the protein level of Nestin, Nrf2, HO-1, NQO1, 
GST, AKT, ERK1/2, and HER2, in the MKN45 and NCI-N87 cells. (E,F) The cells were exposed to ARE luciferase reporter. 36 h post 
transfection, the luciferase activity was determined. Data are presented as the means ± SD of three independent experiments. *, P<0.05; 
**, P<0.01; ***, P<0.001. NTC, non-treated control; TRA, trastuzumab; TRA + NC, mice inoculated with cell infected with lentiviral-
negative control were treated with TRA; TRA + Nestin, mice inoculated with cell infected with lentiviral-Nestin were treated with TRA; 
HO-1, hemeoxygenase-1; NQO1, NAD(P)H: quinone oxidoreductase-1; GST, glutathione S-transferase; AKT, protein kinase B; ERK1/2, 
extracellular regulated kinase 1/2; HER2, human epidermal growth factor receptor 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 
ARE, antioxidant response element; GC, gastric cancer; qRT-PCR, quantitative real-time polymerase chain reaction; WB, Western blotting; 
SD, standard deviation.
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Figure 3 Influence of Nestin on TRA-inhibited cell survival of HER2-positive GC cells. MKN45 and NCI-N87 cells were infected with 
lentiviral-Nestin or lentiviral-empty, which were then disposed with 10 μg/mL for 48 h. (A,B) Cell survival rate was determined with CCK-8 
assay. (C,D) Colony formation assay for cell growth. Data are presented as the means ± SD of three independent experiments. *, P<0.05; **, 
P<0.01. NTC, non-treated control; TRA, trastuzumab; TRA + NC, mice inoculated with cell infected with lentiviral-negative control were 
treated with TRA; TRA + Nestin, mice inoculated with cell infected with lentiviral-Nestin were treated with TRA; HER2, human epidermal 
growth factor receptor 2; GC, gastric cancer; CCK-8, Cell Counting Kit-8; SD, standard deviation. 

carcinomas (HCCs) or cholangiocarcinomas (41). Several 
studies also linked the Nestin with chemosensitivity of 
carcinomas. Zhang et al. investigated the correlation 
between Nestin expression and chemoresistance of HCC. 
High Nestin expression was observed in HCC tissues 
and drug-resistant cell lines, which correlated with poor 
prognosis. In vivo tumor growth study displayed that 
Nestin knockdown enhanced chemotherapeutic efficacy 
in nude mice (42). Similarly, in small cell lung cancer, 
Nestin expression exhibited a positive correlation with 
cell proliferation, while conversely displaying a negative 
correlation with chemosensitivity. Nestin expression in 
drug-resistant cell lines was upregulated compared to 

their parental cells (43). These studies underlined an 
importance of Nestin upregulation in chemoresistance 
of carcinomas. The present study highlights the critical 
role of Nestin in the TRA resistance of HER2-positive 
cells. Nestin expression in HER2-positive GC cells 
were reduced after TRA administration, accompanying 
with impairing tumor cell transformation and genomic 
instability. Furthermore, the phosphorylation of AKT and 
ERK1/2, which are essential HER2 downstream signals, 
was found to be positively correlated with the cellular level 
of Nestin, indicating that at least one of the molecular 
mechanisms of TRA in HER2-positive cells was challenged 
by Nestin overexpression. In addition, Nrf2 and its 
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Figure 5 Influence of Nestin on TRA-induced apoptosis in HER2-positive GC cells. MKN45 and NCI-N87 cells were infected with lentiviral-
Nestin or lentiviral-empty, which were then disposed with 10 μg/mL for 48 h. (A,B) The number of apoptotic MKN45 and NCI-N87 cells 
was evaluated with Annexin V-FITC/PI flow cytometry. Data are presented as the means ± SD of three independent experiments. *, P<0.05; 
**, P<0.01. NTC, non-treated control; TRA, trastuzumab; TRA + NC, mice inoculated with cell infected with lentiviral-negative control 
were treated with TRA; TRA + Nestin, mice inoculated with cell infected with lentiviral-Nestin were treated with TRA; FITC, fluorescein 
isothiocyanate; PI, propidium iodide; HER2, human epidermal growth factor receptor 2; GC, gastric cancer; SD, standard deviation.
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Figure 4 Influence of Nestin on TRA-induced ROS generation in HER2-positive GC cells. MKN45 and NCI-N87 cells were infected 
with lentiviral-Nestin or lentiviral-empty, which were then disposed with 10 μg/mL for 48 h. (A,B) The level of ROS in cells was analyzed by 
flow cytometry after the cells were dyed with DCFH-DA. Bar graphic representations of the fluorescence intensity are shown upon different 
treatments relative to control. Data are presented as the means ± SD of three independent experiments. **, P<0.01. NTC, non-treated control; 
TRA, trastuzumab; TRA + NC, mice inoculated with cell infected with lentiviral-negative control were treated with TRA; TRA + Nestin, mice 
inoculated with cell infected with lentiviral-Nestin were treated with TRA; FITC, fluorescein isothiocyanate; ROS, reactive oxygen species; HER2, 
human epidermal growth factor receptor 2; GC, gastric cancer; DCFH-DA, dichloro-dihydro-fluorescein diacetate; SD, standard deviation.
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Figure 6 Nestin overexpression inhibited sensitivity of in vivo GC tumorigenesis to TRA. (A) Mean tumor volume of MKN45 with or 
without Nestin overexpression xenografts after injection with TRA (15 mg/kg). (B) On Day 18 post first injection, xenograft tumors 
were removed from each group and tumor masses were weighed. (C) Represent tumor image. (D) qRT-PCR was utilized to examine the 
level of Nestin in tumor samples. (E) WB analyses was carried out to detect the expression of Nestin, Nrf2, HO-1, NQO1, GST, AKT, 
ERK1/2, and HER2, and phosphorylation of AKT, ERK1/2, and HER2. (F) TUNEL staining showed apoptotic cells in sections from 
tumor specimens. Scale bar: 100 μm. Data are presented as the means ± SD of three independent experiments. *, P<0.05; **, P<0.01. NTC, 
non-treated control; TRA, trastuzumab; TRA + NC, mice inoculated with cell infected with lentiviral-negative control were treated with 
TRA; TRA + Nestin, mice inoculated with cell infected with lentiviral-Nestin were treated with TRA; HO-1, hemeoxygenase-1; NQO1, 
NAD(P)H: quinone oxidoreductase-1; GST, glutathione S-transferase; AKT, protein kinase B; ERK1/2, extracellular regulated kinase 1/2; 
HER2, human epidermal growth factor receptor 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GC, gastric cancer; qRT-PCR, 
quantitative real-time polymerase chain reaction; WB, Western blotting; TUNEL, Terminal deoxynucleotidyl transferase dUTP nick-end 
labeling; SD, standard deviation.

downstream antioxidant effectors were promoted by Nestin 
upregulation.

Activation of Nrf2 facilitates progressive (44) and 
metastatic processes in cancer cells (45), and also causes 

chemoradiotherapy resistance in patients (46). Lapatinib 
has recently been proven to induce oxidative stress in 
breast cancer cells and the role of Nrf2 in decreasing the 
levels of ROS in treated cells (47). In lung and pancreatic 
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cancers, it has been shown that Nrf2 promotes cell 
metabolism, thereby stimulating cancer progression. 
The combination of TRA and nimotuzumab can repress 
the Nrf2 signaling pathway and induce ROS generation, 
generating a synergistic effect on HER2-positive breast 
cancers (16,17). In general, these findings indicate the 
role of Nrf2 as a key target in HER2-positive cancer 
therapies. According to the latest research, HER2/HER3, 
Nrf2, and ROS may synergistically regulate breast cancer, 
ovarian cancer, etc. (48,49). A recent study demonstrated a 
positive regulatory circle of Nestin and Nrf2 expression in 
regulating cellular redox homeostasis in lung cancer (32). 
Here, we observed that Nrf2 expression and activation were 
clearly promoted by Nestin overexpression in the HER2-
positive MKN45 and NCI-N87 cells, as evidenced by 
increased NQO1, HO1, GST, and ARE luciferase reporter 
activity. Furthermore, ROS generation in both cell lines 
in response to TRA incubation was alleviated via Nestin-
Nrf2 overexpression, thereby influencing cell apoptosis  
in vitro and in vivo. However, one of limitations in our study 
is lacking of validation from patients samples. In further 
investigation, more detailed data from patients specimen 
will be utilized to confirm the role of Nestin-Nrf2 in GC.

Conclusions

In summary, the present results demonstrated that Nestin-
Nrf2 pathway acts as a possible mechanism inhibiting 
resistance to TRA in HER2-amplified GC models in vitro 
and in vivo. Nestin overexpression rendered less benefit 
from TRA treatment in GC-bearing mice, which suggested 
the great potential of the combination of adjuvant drugs, 
such as inhibitor of Nestin or Nrf2, with TRA in treating 
HER2-positive cancers in the future.
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