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Abstract 

Ado-trastuzumab emtansine (T-DM1), a conjugate of trastuzumab and the cytotoxic 

agent emtansine, has demonstrated significant antitumor efficacy in HER2-positive 

(HER2+) carcinoma. However, its effectiveness is limited against carcinoma cells with 

low HER2 expression (HER2-low). Here, we demonstrate that targeting autophagy 

enhances the cytotoxicity of T-DM1 against HER2-low SGC7901 cells, highlighting 

the potential of autophagy modulation in improving T-DM1-based therapies for HER2-

low carcinomas. Specifically, this study shows that T-DM1 exhibits limited cytotoxic 

effects on SGC7901 cells, but pharmacological inhibition of autophagy enhances its 

cytotoxicity. Moreover, transmission electron microscopy revealed that autophagy 

activation involved the three key phases of autophagic flux: the formation, fusion, and 

degradation of autophagosomes, while immunoblot analysis confirmed a reduction 

in Akt/mTOR signaling. Furthermore, autophagy inhibition accelerated the fusion of 

T-DM1 with lysosomes in SGC7901 cells, as shown by confocal microscopy. Col-

lectively, these findings suggest that while T-DM1 alone induces limited cytotoxicity, 

combining it with autophagy inhibitors enhances its efficacy against HER2-low carci-

noma cells. Mechanistically, autophagy inhibition increases the binding of T-DM1 to 

lysosomes, potentially facilitating the release of emtansine from the conjugate. These 

results present a novel strategy that combines T-DM1 with autophagy inhibitors to 

effectively treat HER2-low gastric cancer, thereby broadening the therapeutic scope 

of T-DM1 to encompass previously challenging cancer types.

Introduction

Gastric cancer (GC) is a common gastrointestinal tumor receiving increasing atten-
tion due to its high incidence [1–3]. Human epidermal growth factor receptor 2 
(HER2) is a crucial molecular target in precision oncology, but only approximately 
15% of GC cases are identified as HER2-overexpressing [4–7]. While monoclonal 
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antibody drugs targeting HER2 are commonly used for HER2-positive (HER2+) car-
cinoma, their effectiveness in weakly HER2-positive (HER2-low) cancers has been 
limited [8].

Ado-trastuzumab emtansine (T-DM1) is a promising antibody-drug conjugate with 
potential for broad application. It enables the precise delivery of the tubulin inhibitor 
emtansine to HER2 + tumor cells via the monoclonal antibody trastuzumab, which 
targets HER2 specifically. This leads to the targeted killing of HER2 + tumor cells 
while sparing healthy cells [9,10]. Despite the significant clinical value in HER2 + can-
cers, T-DM1 has shown limited therapeutic benefit for GC patients with low HER2 
expression. These findings underscore the need to explore the mechanisms under-
lying the resistance of HER2-low GC to T-DM1, as this may uncover novel strategies 
to enhance the cytotoxicity of T-DM1 in these cases.

Autophagy is a critical cellular process that selectively degrades and recycles 
intracellular components, maintaining homeostasis in response to internal and 
external stress [11,12]. Autophagy can exhibit context-dependent effects in tumor 
therapy, and appropriate regulation of autophagy can enhance drug sensitivity [13]. 
While some studies suggest that activating autophagy can be cytotoxic and aid in 
tumor elimination, others indicate that autophagy may play a cytoprotective role, 
helping to sustain the aggressiveness and drug resistance of cancer cells [14–16]. 
For example, regulating autophagy with chloroquine has been shown to enhance 
antitumor efficacy in lung cancer [17]. Additionally, our previous studies have shown 
that T-DM1 can induce autophagy in HER2 + GC, and that inhibiting this process 
can improve the therapeutic effect of T-DM1 [15]. However, the efficacy of T-DM1 
and the role of autophagy in HER2-low GC are still unclear. Therefore, assessing 
autophagy in T-DM1-treated HER2-low cells may help elucidate the mechanism of 
T-DM1-mediated treatment and potentially expand the therapeutic range of T-DM1 in 
GC.

In our study, we investigated the cytotoxicity of T-DM1 on HER2-low SGC7901 
cells. The results showed that T-DM1 triggered autophagy in SGC7901 cells. 
Notably, the combination of T-DM1 with the autophagy inhibitor LY294002 or 
3-methyladenine (3-MA) markedly increased cytotoxic efficacy compared to T-DM1 
alone. Mechanistically, we confirmed that T-DM1-induced autophagy was associated 
with the Akt/mTOR pathway. Additionally, inhibiting autophagy altered the phagocy-
tosis and degradation efficiency of T-DM1 in lysosomes, facilitating the transport of 
emtansine from lysosomes to the cytoplasm in GC cells. In summary, these results 
highlight the cytoprotective effect of autophagy on SGC7901 cells treated with 
T-DM1, suggesting that combining T-DM1 with autophagy inhibitors could enhance 
treatment efficacy in HER2-low gastric cancer.

Results

T-DM1 exhibited limited cytotoxicity in HER2-low SGC7901 cells

We first compared HER2 expression levels across different carcinoma cell lines 
and confirmed that SGC7901 cells express a low level of HER2 compared to 
the HER2-negative MDA-MB-231 cells and the HER2-positive SK-BR-3 cells 
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(Supplementary Figure S1). We next examined the cytotoxicity induced by T-DM1 in HER2-low SGC7901 cells using 
a Cell Counting Kit-8 (CCK-8) viability assay. It was shown that T-DM1 induced limited cytotoxicity and apoptosis in 
SGC7901 cells, indicated by a modest but significant reduction in cell viability even at high concentrations of T-DM1 (Fig 
1A). We then tested the uptake process of T-DM1 in SGC7901 cells by labeling T-DM1 with red fluorescence. Laser con-
focal microscopy was used to track the uptake of T-DM1 at different time points, revealing that T-DM1 bound to the HER2 
receptor at 1 hour and internalized at 12 hours post-treatment (Fig 1B).

Next, we assessed common cellular apoptotic markers to further confirm the cytotoxicity of SGC7901 cells induced 
by T-DM1. Flow cytometry (FCM) analysis of SGC7901 cells treated with T-DM1 at different concentrations indicated an 
increase in the Annexin V+ population, suggesting that T-DM1 enhanced the cytotoxicity of SGC7901 cells in a dose-
dependent manner (Fig 2A). In addition, immunoblot analysis showed that cleaved caspase 3, cleaved caspase 9, and 
cleaved PARP were activated in a dose-dependent manner, indicating that T-DM1 induced apoptosis in SGC7901 cells 
(Fig 2B and C).

Together, these results suggest that T-DM1 can be taken up via endocytosis and induce limited cytotoxicity and apopto-
sis in HER2-low GC cells.

Autophagosome formation and autophagic flux induced by T-DM1 in HER2-low SGC7901 cells

Three standard assays, including immunoblot analysis, confocal microscopy, and transmission electron microscopy 
(TEM), were employed to assess autophagy-related proteins and autophagosomes in SGC7901 cells following T-DM1 
treatment. Immunoblot analysis showed that the expression of microtubule-associated protein 1 light chain 3 (LC3) was 
upregulated, while the expression of sequestosome 1 (SQSTM1, p62) was downregulated following T-DM1 treatment in 
SGC7901 cells (Fig 3A). TEM was used to track the accumulation and aggregation of double-membraned autophagic ves-
icles in SGC7901 cells in response to T-DM1 treatment (Fig 3B). Additionally, treatment with autophagy inducer rapamycin 
was used as a positive control to assess autophagy intensity. We observed that the number of green fluorescent puncta 
(autophagosomes) in SGC7901 cells treated with T-DM1 for 24 hours was comparable to that in the rapamycin-treated 
group (Supplementary Figure S2A–C), suggesting that T-DM1 induced autophagosome formation in SGC7901 cells.

Fig 1.  T-DM1 exhibited limited cytotoxicity and was taken up by SGC7901 cells. (A) CCK-8 assays were used to evaluate the survival rates of 
SGC7901 cells treated with T-DM1 in a concentration-dependent manner for 72 hours (mean ± S.D.; ***P < 0.001, n = 3). (B) Confocal microscopy 
revealed the optimal time point of T-DM1 fluorescence in SGC7901 cells, which was marked by the Alexa Fluor™ 647 Microscale Protein Labeling Kit.

https://doi.org/10.1371/journal.pone.0322029.g001

https://doi.org/10.1371/journal.pone.0322029.g001
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Moreover, confocal microscopy was used to monitor the three critical stages of autophagic flux in SGC7901 cells 
treated with T-DM1, visualized by staining with Cyto-ID and LysoTracker fluorescent dyes. The formation of autopha-
gosomes was observed as early as 12 hours post-treatment, indicated by green fluorescence from Cyto-ID. Fusion of 
autophagosomes was detected at 24 hours post-treatment, indicated by yellow fluorescence. The degradation of autopha-
gosomes was observed at 48 hours post-treatment, represented by orange fluorescence (Fig 3C).

These results indicate that T-DM1 can trigger the formation of autophagosomes and enhance autophagic flux in HER2-
low SGC7901 cells.

Autophagy inhibition enhanced T-DM1-mediated cytotoxicity and apoptosis in SGC7901 cells

To investigate the role of autophagy in SGC7901 cells in response to T-DM1 treatment, we used pharmacological inhib-
itors of autophagy, including LY294002 and 3-MA, to inhibit T-DM1-induced autophagy. We found that combining T-DM1 
with 3-MA or LY294002 increased the expression level of SQSTM1 and decreased the expression level of LC3-II com-
pared to T-DM1 alone (Fig 4A and B). Additionally, LY294002 or 3-MA enhanced T-DM1-induced cytotoxicity in SGC7901 
cells (Fig 4E). Similarly, FCM results demonstrated a notable increase in the number of apoptotic cells when combining 
T-DM1 with LY294002 or 3-MA (Fig 4F). Immunoblotting also showed increased expression of apoptosis-related proteins 
(cleaved PARP and cleaved caspase 9) when T-DM1 was combined with LY294002 or 3-MA in SGC7901 cells compared 
to T-DM1 alone (Fig 4C and D; Supplementary Figure S3C and D).

In summary, these results indicate that cytoprotective autophagy can be markedly induced by T-DM1 in HER-low 
SGC7901 cells and that autophagy inhibition can enhance T-DM1-mediated cytotoxicity and apoptosis.

Fig 2.  T-DM1 dose-dependently induced apoptosis in SGC7901 cells. (A) Apoptotic SGC7901 cells were stained with Annexin V-FITC/PI and 
observed after being incubated with T-DM1 for the indicated time (48 h) and were then examined by FCM. (B) Immunoblot analysis was used to measure 
the expression of apoptotic proteins (cleaved PARP, cleaved caspase 9, and cleaved caspase 3) after SGC7901 cells were treated with T-DM1 for 48 
hours.

https://doi.org/10.1371/journal.pone.0322029.g002
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The Akt/mTOR pathway is involved in the autophagy induction by T-DM1

To further investigate the molecular mechanisms underlying autophagy activation induced by T-DM1 in SGC7901 cells, 
immunoblot analysis was used to examine and quantify the expression of molecular components associated with the 
Akt/mTOR pathway and other essential downstream molecules. It was found that, alongside the autophagy induction by 
T-DM1, the phosphorylation of mTOR at S2448 was reduced in a dose-dependent manner. Additionally, the phosphor-
ylation of Akt at S473, an upstream activator of mTOR, was also reduced in SGC7901 cells in response to T-DM1 (Fig 
5A and B). Consistently, the expression of downstream components of the Akt/mTOR pathway, including 4E-BP1 and 
p70S6K, was also decreased by T-DM1 (Fig 5A and B).

Fig 3.  Autophagosomes formation and autophagic flux were induced by T-DM1 in SGC7901 cells. (A) Immunoblot analysis showed the expres-
sion of autophagic proteins (SQSTM1 and LC3-Ⅱ) after SGC7901 cells were incubated with T-DM1 for 48 hours. The densitometric values were esti-
mated by ImageJ software and normalized to the vehicle values. The data in the vehicle group were adjusted to 1.0, and data from three independent 
experiments are shown showed as the mean ± S.D. (Student’s t-test; *P < 0.05; ***P < 0.001, n = 3). (B) Ultrastructural autophagosomes were examined 
by TEM and are displayed in an electron photomicrograph after SGC7901 cells were incubated with T-DM1 for 24 hours. (C) Autophagosomes were 
stained with Cyto-ID fluorescent dye (green) and lysosomes were stained with LysoTracker fluorescent dye (red) in SGC7901 cells incubated with 
T-DM1 and examined by confocal microscopy.

https://doi.org/10.1371/journal.pone.0322029.g003

https://doi.org/10.1371/journal.pone.0322029.g003
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Fig 4.  Autophagy inhibition induced by T-DM1 enhanced the cytotoxicity of SGC7901 cells. (A-B) Immunoblot analysis showed the expression 
levels of SQSTM1 and LC3-II in SGC7901 cells incubated with T-DM1 plus autophagy inhibitors for 48 hours. (C-D) Immunoblot analysis was used 
to determine the expression levels of cleaved PARP and cleaved caspase 9 in SGC7901 cells that were incubated with T-DM1 combined with auto-
phagy inhibitors for 48 hours. (E) Autophagy inhibition with 3-MA or LY294002 reduced the viability of SGC7901 cells, as determined by relevant kits 
(mean ± S.D.; *P < 0.05 versus vehicle, n = 3). (F) The percentages of early apoptotic SGC7901 cells (the Annexin V + and PI- cells) were determined by 
FCM after incubation with 10 μg/ml T-DM1 and autophagy inhibitors (3-MA or LY294002). The results are presented in the side bar charts (***P < 0.001, 
n = 3).

https://doi.org/10.1371/journal.pone.0322029.g004

https://doi.org/10.1371/journal.pone.0322029.g004
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Together, these results suggest that the Akt/mTOR pathway is restrained in the induction of autophagy by T-DM1 in 
SGC7901 cells.

Suppressing autophagy enhanced the phagocytosis and decomposition of T-DM1 by lysosomes

To further understand how autophagy suppression increased the cytotoxicity of T-DM1, we used confocal microscopy to 
track the transport of T-DM1 in SGC7901 cells. As reported previously, T-DM1 is internalized by cells and then releases 
the cytotoxic agent emtansine (DM1) in lysosomes [10]. Co-labeling of T-DM1 with Alexa Fluor 647 and of lysosomes with 
LysoTracker showed enhanced colocalization in SGC7901 cells when treated with both T-DM1 and LY294002, compared 
to treatment with T-DM1 or LY294002 alone. This suggests that autophagy inhibition accelerates the release of DM1 from 
lysosomes by increasing T-DM1 degradation (Fig 6).

Collectively, the fusion of T-DM1 with lysosomes was enhanced with autophagy inhibition, which facilitates the release 
emtansine from the conjugate and increases the cytotoxicity of T-DM1 in HER2-low SGC7901 cells.

Discussion

GC, a prevalent malignant tumor, is receiving increasing attention because of its poor prognosis and high incidence [2]. 
HER2-targeted therapies are commonly used in clinical settings, but their application in HER2-low GC patients remains 
limited [4]. While HER2-targeted therapies have shown effectiveness in HER2 + GC, patients with HER2-low GC exhibit 

Fig 5.  The Akt/mTOR pathway and downstream components were involved in autophagy induced by T-DM1. (A) SGC7901 cells were incubated 
with T-DM1 for 48 hours, and cell lysates were analyzed by immunoblotting to determine the expression levels of the Akt/mTOR pathway components. 
(B) The densitometric values of SGC7901 cell samples were evaluated using ImageJ software and normalized to the corresponding values of the vehicle 
group. The values of the vehicle group were adjusted to 1.0 (mean ± S.D.; *P < 0.05; **P < 0.01 versus vehicle, n = 3).

https://doi.org/10.1371/journal.pone.0322029.g005

https://doi.org/10.1371/journal.pone.0322029.g005
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poor responses to these treatments [18–20]. Classification based on clinical features cannot fully describe biological 
characteristics, as nearly half of the HER2 negative BC tumors currently defined exhibit some degree of IHC expres-
sion, which has recently been renamed as HER2 low expression [21]. T-DM1, which is the first antibody-drug conjugate 
(ADC) approved for clinical use, is designed to decompose in lysosomes and disrupt microtubule organization, thereby 
selectively targeting HER2 + malignant tumor cells [20,22–24]. However, the effectiveness of T-DM1 is largely reduced 
in HER2-low tumors, so T-DM1 cannot be applied in clinical practice in HER2-low tumors. In recent years, people began 
to gradually pay attention to HER2-low gastric cancer, hoping to improve the effectiveness of targeted therapy [25]. This 
limited efficacy underscores the urgent need to better understand the mechanisms by which T-DM1 can be optimized for 
treating HER2-low GC.

This study aims to broaden the application of T-DM1 by investigating the role of autophagy in SGC7901 cells treated 
with T-DM1. Here, we examined the ultrastructure of autophagosomes, different stages of autophagic flux, and the expres-
sion of autophagy markers such as LC3-II, all of which confirmed the activation of autophagy in T-DM1-treated SGC7901 
cells. However, the role of autophagy in T-DM1-treated SGC7901 cells remains unclear. The role of autophagy in can-
cer therapy remains under debate and is not yet systematically understood, especially in HER2-low GC [26–28]. Some 
studies have reported that autophagy inhibition creates metabolic vulnerability, leading to an energy crisis and apoptosis 
[29,30]. Conversely, others have indicated that activating autophagy can enhance the killing of cancer cells under hypoxic 
conditions [31]. Our results demonstrate that autophagy inhibition enhances the cytotoxicity of T-DM1, suggesting that 
autophagy activated by T-DM1 has a cytoprotective effect on SGC7901 cells, thereby limiting the efficacy of T-DM1.

The Akt/mTOR pathway plays a critical role in regulating autophagy and drug sensitivity in eukaryotic cells [32,33]. Our 
results also indicated that inactivation of the Akt/mTOR signaling pathway and its downstream molecules was associated 

Fig 6.  Suppressing autophagy enhanced the fusion of T-DM1 with lysosomes. T-DM1, labeled with Alexa Fluor™ 647, was visualized by red 
fluorescence. Lysosomes were stained with LysoTracker, which exhibited yellow fluorescence in SGC7901 cells. The cells were treated with T-DM1 and 
LY294002 for 24 hours and analyzed by confocal microscopy. Fusion was indicated by orange fluorescence, while autophagosomes were stained with 
Cyto-ID fluorescent dye and visualized by green fluorescence. The overlay of LysoTracker-stained lysosomes with Alexa Fluor™ 647-labeled T-DM1 
showed the degree of fusion.

https://doi.org/10.1371/journal.pone.0322029.g006

https://doi.org/10.1371/journal.pone.0322029.g006


PLOS One | https://doi.org/10.1371/journal.pone.0322029  May 2, 2025 9 / 13

with the autophagy activation induced by T-DM1. Moreover, autophagy inhibition enhanced the fusion of T-DM1 with lyso-
somes, facilitating the release of emtansine from the conjugate. Therefore, we conclude that autophagy blocks the lyso-
somal degradation of T-DM1 and prevents the release of emtansine from the conjugate. This mechanism helps explain 
how T-DM1’s cytotoxicity is enhanced when combined with autophagy inhibitors, and complements existing studies on 
T-DM1 resistance related to defects in lysosomal functions [10,34,35].

ADCs represent a promising class of chemotherapy drugs that are engineered to deliver cytotoxic agents directly to 
target cells via monoclonal antibodies [36]. Ideally, target cells should remain highly sensitive to ADCs. However, our study 
showed that T-DM1 did not exhibit a superior therapeutic advantage against HER2-low GC cells [37]. Novel ADC drugs 
have been tested in clinical trials in HER2-low tumors, which suggests that fewer available HER2 receptors on cancer 
cells may be sufficient to achieve clinical benefits [38]. We observed the processing of T-DM1 from receptor recognition 
to intracellular lysosomes in SGC7901 cells, finding that fusion with lysosomes was strengthened by autophagy inhibition. 
Increased fusion of T-DM1 with lysosomes effectively increased the cytotoxic effect of T-DM1 on SGC7901 cells. Impor-
tantly, our findings, along with previous studies, suggest that autophagy interference in the dissociation of ADCs may be a 
universal phenomenon across different tumors [15,39]. Therefore, regulating autophagy could potentially alter the sensitiv-
ity of ADC-based cancer treatment and could be a viable strategy to broaden the therapeutic range of ADCs.

In summary, T-DM1 induced cytoprotective autophagy in SGC7901 cells, and combining T-DM1 with autophagy inhibi-
tors enhanced its cytotoxicity. Unlike developing novel ADCs targeting HER2-low tumors, our results suggest a novel strat-
egy for improving the treatment of HER2-low GC by using ADCs in conjunction with autophagy inhibitors.

Materials and Methods

Cell line and culture

The SGC7901, N-87, MDA-MB-231 and SKBR-3 cell lines was obtained from Minhang Hospital of Fudan University and 
grown in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with penicillin, streptomycin, and fetal 
bovine serum in a cell incubator with constant temperature and humidity.

Reagents and antibodies

The reagents LY294002 (Code: S1105) and 3-MA (Code: S2767) were purchased from Selleck (Shanghai, China). T-DM1 
was obtained from Roche, and Cyto-ID fluorescent dye (Code: ENZ-51031-K200) was purchased from Enzo Life Sci-
ences. The following primary antibodies, including phospho-mTOR (Ser2448), phospho-Akt (Ser473), phospho-70S6 
kinase (Ser371), phospho-4E-BP1/2/3 (Thr46), caspase 3, caspase 9, PARP, LC3, SQSTM1, CycinB1 and HER2, were 
provided from Cell Signaling Technology for immunoblot analysis. In addition, horseradish peroxidase-conjugated goat 
anti-rabbit immunoglobulin G Secondary antibodies were provided by MR Biotech, and other reagents were purchased 
from Beyotime (Haimen, China).

Cell viability assay

Cell Counting Kit-8 (CCK-8) was used to determine the viability of SGC7901 cells. Approximately 5,000 cells were inocu-
lated per well. Then, the cells were treated with T-DM1 or autophagy inhibitors for certain times. CCK-8 was added imme-
diately in the dark and incubated for 1.5 h [40]. Finally, the absorbance was analyzed at a specific wavelength (450 nm) by 
spectrometry.

Immunoblot analysis

To analyze the expression level of the target proteins, total proteins were collected from SGC7901 cells by subjecting them 
to cell lysis buffer for 0.5 h at 0 °C. We centrifuged the lysates for 10 min and quantified the proteins with a BCA kit. We 
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separated same amounts of protein by SDS-PAGE according to molecular weight and transferred them to PVDF membranes 
under constant current conditions. Then, the PVDF membrane containing the target proteins was incubated with the corre-
sponding antibodies. Ultimately, chemiluminescence reagents were used to visualize the immunoreactive bands, and ImageJ 
software (National Institutes of Health, USA) was used to compare the intensities of the immunoreactive bands.

Transmission electron microscopy

SGC7901 cells were treated with T-DM1 for the indicated times (24 h) and then subjected to the experimental process as 
described [41]. The sections were visualized by a JEM 1410 transmission electron microscope (JEOL, Inc.) according to 
the instructions.

Confocal microscopy

SGC7901 cells and T-DM1 were cultured for the indicated times. The cell samples were stained with LysoTracker, 
Hoechst 33342 and Cyto-ID fluorescent dye according to the instructions [42]. Furthermore, 50 nM rapamycin was used 
as a positive control. An LSM710 confocal microscope (Carl Zeiss, Germany) was used to analyze all samples. In particu-
lar, the concentration of T-DM1 was 10 µg/ml.

T-DM1 phagocytosis assay

SGC7901 cells were cultured with T-DM1, which marked with the Alexa Fluor™ 647 Microscale Protein Labeling Kit (Invi-
trogen, USA), to analyze the phagocytic activity after different times at 37 °C. Confocal microscopy was used to observe 
the cell samples.

Apoptosis analysis

Apoptotic SGC7901 cells were analyzed by apoptosis assay kits (Annexin V-FITC/PI) which were purchased from BD 
Bioscience (USA). Each sample was collected, washed, and stained for 15 min at 37 °C. Approximately 10,000 cells were 
examined in all samples by flow cytometry (Fullerton, CA, USA).

Confocal immunofluorescence analysis

SGC7901 cells were incubated in microscopy chambers, fixed with 4% paraformaldehyde (10 min), permeabilized with 
0.1% polyethylene glycol octylphenol ether (15 min), and blocked with 10% bovine serum albumin (120 min). The samples 
were washed with phosphate-buffered saline and labeled with PKH26 after being incubated with anti-HER2 antibodies 
at 4 °C (12 h). Finally, the cells were observed under a confocal microscope after being stained with Hoechst 33342 and 
installed on dishes.

Statistical analysis

GraphPad Prism 8 (San Diego, CA) was used to analyze the data. The results were analyzed by Student’s t-test and are 
presented as the mean ± S.D. Differences were believed statistically significant when P < 0.05.

Supplementary Material

Supplementary Figure S1.   (A) The expression of HER2 was examined by immunofluorescence in SGC7901, 
HER2-negative MDA-MB-231 and HER2 + SK-BR-3 cells using a confocal microscope. (B) The brightness values of 
HER2 red dye staining were estimated using ImageJ software and the densitometric values were normalized to the cor-
responding values of the vehicle group. The values of the vehicle group were set as 1.0 (n = 3 independent experiments; 
mean ± S.D.; **P < 0.01 and ***P < 0.001). (C) CCK-8 assays were used to evaluate the survival rates of SK-BR-3 cells 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322029.s001
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(HER2-high Breast cancer cells) treated with T-DM1 in a concentration-dependent manner for 72 hours (mean ± S.D.; 
***P < 0.001, n = 3).
(TIF)

Supplementary Figure S2.   (A) Confocal immunofluorescence was used to verify autophagosome staining with Cyto-ID 
fluorescent dye in SGC7901 cells after treatment with T-DM1 for 24 hours, with the group incubated with rapamycin serv-
ing as the control. (B) The brightness values of Cyto-ID green dye staining were estimated using ImageJ software and the 
densitometric values were normalized to the corresponding values of the vehicle group. The values of the vehicle group 
were set as 1.0 (n = 3 independent experiments; mean ± S.D.; ***P < 0.001). (C) The brightness values of the Alexa Fluor™ 
647 were evaluated using ImageJ software, and the values were normalized to the corresponding values of the vehicle 
group. (D) The brightness values of autophagic flux were evaluated using ImageJ software, and the values were normal-
ized to the corresponding values of the vehicle group. The values of the vehicle group were set as 1.0 (n = 3 independent 
experiments; mean ± S.D.; **P < 0.01 and ***P < 0.001).
(TIF)

Supplementary Figure S3.   (A) Apoptotic cells (the Annexin V + and PI- cells) examined by FCM for the indicated time 
(48 h) were counted and analyzed, with results shown in bar charts (n = 3; mean ± S.D.; ***P < 0.001). (B-D) Densitometric 
values of the expression of apoptotic proteins (cleaved PARP, cleaved caspase 9, and cleaved caspase 3) after SGC7901 
cells treated with T-DM1 for 48 hours were calculated using ImageJ software and normalized to the value of the corre-
sponding vehicle bands. The values of the vehicle group were adjusted to 1.0 and are shown as the mean ± S.D. Student’s 
t-test was used to analyze the data. *P < 0.05 and ***P < 0.001, n = 3.
(TIF)

Supplementary Figure S4.   (A-D) Densitometric values of SQSTM1, LC3-Ⅱ, cleaved PARP, and cleaved caspase 9 in 
SGC7901 cells treated with T-DM1 and autophagy inhibitor (3-MA or LY294002) were analyzed using ImageJ software 
(n = 3; mean ± S.D.; *P < 0.05, **P < 0.01, and ***P < 0.001).
(TIF)

Supplementary Figure S5.   The brightness values of the Alexa Fluor™ 647 visualized by red fluorescence, Cyto-ID 
visualized by fluorescence and LysoTracker exhibited yellow fluorescence were evaluated using ImageJ software, and the 
values were normalized to the corresponding values of the vehicle group.
(TIF)

Supplementary Figure S6.   SGC7901 cells were incubated with T-DM1 and 3-MA for 48 hours, and cell lysates were 
analyzed by immunoblotting to determine the expression levels of the CycinB1. The densitometric values of SGC7901 
cell samples were evaluated using ImageJ software and normalized to the corresponding values of the vehicle group. The 
values of the vehicle group were adjusted to 1.0 (mean ± S.D.; *P < 0.05; **P < 0.01 versus vehicle, n = 3).
(TIF)

Supplementary Figure S7.   The cell lysates of MDA-MB-231 (HER2-negative Breast cancer cell line), N-87 cells 
(HER2-positive GC cancer cell line), SGC7901 and SK-BR-3 cells (HER2-positive Breast cancer cell line) were analyzed 
by immunoblotting to determine the expression levels of the HER2.
(TIF)

Supporting Information

S1 raw images:   A supporting information caption for the file ‘S1_raw_images.pdf.
(PDF)

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322029.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322029.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322029.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322029.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322029.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322029.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322029.s008


PLOS One | https://doi.org/10.1371/journal.pone.0322029  May 2, 2025 12 / 13

Author contributions

Conceptualization: Qun Xin, Kai Yin.

Data curation: Jinghui Zhang.

Formal analysis: Xusheng Chang, Yingcheng Bai.

Investigation: Xiancai Ge.

Methodology: Yingcheng Bai.

Resources: Qun Xin, Kai Yin.

Writing – original draft: Jinghui Zhang, Xusheng Chang.

Writing – review & editing: Qun Xin, Kai Yin.

References
	 1.	 Yasuda T, Wang YA. Gastric cancer immunosuppressive microenvironment heterogeneity: implications for therapy development. Trends Cancer. 

2024;10(7):627–642. https://doi.org/10.1016/j.trecan.2024.03.008 PMID: 38600020

	 2.	 Bray F, Laversanne M, Sung H, et al. Global cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 
185 countries. CA Cancer J Clin. 2024;74(3):229-263.

	 3.	 Sorscher S. Helicobacter pylori and Gastric Cancer Screening. J Clin Oncol. 2024;42(26):3162–3. https://doi.org/10.1200/JCO.24.00509 PMID: 
38935917

	 4.	 Malla RR, Nellipudi HR, Srilatha M, Nagaraju GP. HER-2 positive gastric cancer: Current targeted treatments. Int J Biol Macromol. 2024;274(Pt 
1):133247. https://doi.org/10.1016/j.ijbiomac.2024.133247 PMID: 38906351

	 5.	 Tarantino P, Tolaney SM. Progress in breast cancer management Lancet 2024Oct 12;404(10461):1376-1378.

	 6.	 Li Z, Zhuo W, Chen L, Zhang X, Chen C, Hu D, et al. Establishment and Characterization of a HER2-Positive Cell Line Derived From the Pleu-
ral Effusion of a Drug-Resistant Breast Cancer Patient. Front Cell Dev Biol. 2021;9:680968. https://doi.org/10.3389/fcell.2021.680968 PMID: 
34141711

	 7.	 Chen Z, Chen Y, Sun Y, Tang L, Zhang L, Hu Y, et al. Predicting gastric cancer response to anti-HER2 therapy or anti-HER2 combined immuno-
therapy based on multi-modal data. Signal Transduct Target Ther. 2024;9(1):222. https://doi.org/10.1038/s41392-024-01932-y PMID: 39183247

	 8.	 Shimozaki K, Fukuoka S, Ooki A, Yamaguchi K. HER2-low gastric cancer: is the subgroup targetable?. ESMO Open. 2024;9(9):103679. https://doi.
org/10.1016/j.esmoop.2024.103679 PMID: 39178538

	 9.	 Saleh K, Khoury R, Khalife N, Chahine C, Ibrahim R, Tikriti Z, et al. Mechanisms of action and resistance to anti-HER2 antibody-drug conjugates in 
breast cancer. Cancer Drug Resist. 2024;7:22. https://doi.org/10.20517/cdr.2024.06 PMID: 39050884

	10.	 Saltalamacchia G, Torrisi R, De Sanctis R, et al. Charting the Course in Sequencing Antibody-Drug Conjugates in Breast Cancer. Biomedicines. 
2024;12(3):500. https://doi.org/10.3390/biomedicines12030500 PMID: 38540113

	11.	 Pangilinan C, Klionsky DJ, Liang C. Emerging dimensions of autophagy in melanoma. Autophagy. 2024;20(8):1700–1711. https://doi.org/10.1080/1
5548627.2024.2330261 PMID: 38497492

	12.	 Yu Q, Ding J, Li S. Autophagy in cancer immunotherapy: Perspective on immune evasion and cell death interactions. Cancer Lett. 
2024;590:216856. https://doi.org/10.1016/j.canlet.2024.216856 PMID: 38583651

	13.	 Li Y, Yin Y, Zhang T, et al. A comprehensive landscape analysis of autophagy in cancer development and drug resistance. Front Immunol 
2024;15:1412781.

	14.	 Cao L, Walker MP, Vaidya NK. Cocaine-Mediated Autophagy in Astrocytes Involves Sigma 1 Receptor, PI3K, mTOR, Atg5/7, Beclin-1 and Induces 
Type II Programed Cell Death. Mol Neurobiol. 2016;53(7):4417–30. https://doi.org/10.1007/s12035-015-9377-x PMID: 26243186

	15.	 Zhang J, Fan J, Zeng X, Nie M, Chen W, Wang Y, et al. Targeting the autophagy promoted antitumor effect of T-DM1 on HER2-positive gastric 
cancer. Cell Death Dis. 2021;12(4):288. https://doi.org/10.1038/s41419-020-03349-1 PMID: 33731670

	16.	 Zhang X, Fan J, Wang S, et al. Targeting CD47 and Autophagy Elicited Enhanced Antitumor Effects in Non-Small Cell Lung Cancer. Cancer Immu-
nol Res. 2017;5(5):363-375.

	17.	 Liu G, Pei F, Yang F, Li L, Amin AD, Liu S, et al. Role of Autophagy and Apoptosis in Non-Small-Cell Lung Cancer. Int J Mol Sci. 2017;18(2):367. 
https://doi.org/10.3390/ijms18020367 PMID: 28208579

	18.	 Haffner I, Schierle K, Raimúndez E, Geier B, Maier D, Hasenauer J, et al. HER2 Expression, Test Deviations, and Their Impact on Survival in 
Metastatic Gastric Cancer: Results from the prospective Multicenter VARIANZ Study. J Clin Oncol. 2021;39(13):1468–78. https://doi.org/10.1200/
JCO.20.02761 PMID: 33764808

	19.	 Hayes DF HER2 and Breast Cancer - A Phenomenal Success Story N Engl J Med 2019;381:(13):1284-1286.

https://doi.org/10.1016/j.trecan.2024.03.008
http://www.ncbi.nlm.nih.gov/pubmed/38600020
https://doi.org/10.1200/JCO.24.00509
http://www.ncbi.nlm.nih.gov/pubmed/38935917
https://doi.org/10.1016/j.ijbiomac.2024.133247
http://www.ncbi.nlm.nih.gov/pubmed/38906351
https://doi.org/10.3389/fcell.2021.680968
http://www.ncbi.nlm.nih.gov/pubmed/34141711
https://doi.org/10.1038/s41392-024-01932-y
http://www.ncbi.nlm.nih.gov/pubmed/39183247
https://doi.org/10.1016/j.esmoop.2024.103679
https://doi.org/10.1016/j.esmoop.2024.103679
http://www.ncbi.nlm.nih.gov/pubmed/39178538
https://doi.org/10.20517/cdr.2024.06
http://www.ncbi.nlm.nih.gov/pubmed/39050884
https://doi.org/10.3390/biomedicines12030500
http://www.ncbi.nlm.nih.gov/pubmed/38540113
https://doi.org/10.1080/15548627.2024.2330261
https://doi.org/10.1080/15548627.2024.2330261
http://www.ncbi.nlm.nih.gov/pubmed/38497492
https://doi.org/10.1016/j.canlet.2024.216856
http://www.ncbi.nlm.nih.gov/pubmed/38583651
https://doi.org/10.1007/s12035-015-9377-x
http://www.ncbi.nlm.nih.gov/pubmed/26243186
https://doi.org/10.1038/s41419-020-03349-1
http://www.ncbi.nlm.nih.gov/pubmed/33731670
https://doi.org/10.3390/ijms18020367
http://www.ncbi.nlm.nih.gov/pubmed/28208579
https://doi.org/10.1200/JCO.20.02761
https://doi.org/10.1200/JCO.20.02761
http://www.ncbi.nlm.nih.gov/pubmed/33764808


PLOS One | https://doi.org/10.1371/journal.pone.0322029  May 2, 2025 13 / 13

	20.	 Thuss-Patience PC, Shah MA, Ohtsu A, Van Cutsem E, et al. Trastuzumab emtansine versus taxane use for previously treated HER2-positive 
locally advanced or metastatic gastric or gastro-oesophageal junction adenocarcinoma (GATSBY): an international randomised, open-label, adap-
tive, phase 2/3 study. Lancet Oncol. 2017:640-653.

	21.	 Corti C, Giugliano F, Nicolò E, et al . HER2-Low Breast Cancer: a New Subtype? Curr Treat Options Oncol. 2023; 24(5):468-478.

	22.	 Rediti M, Fimereli D, Mileva M, et al. Integrating molecular imaging and transcriptomic profiling in advanced HER2-positive breast cancer receiving 
trastuzumab emtansine (T-DM1): an analysis of the ZEPHIR clinical trial. Clin Cancer Res. 2024.

	23.	 Shen B-Q, Bumbaca D, Saad O, Yue Q, Pastuskovas CV, Khojasteh SC, et al. Catabolic fate and pharmacokinetic characterization of 
trastuzumab emtansine (T-DM1): an emphasis on preclinical and clinical catabolism. Curr Drug Metab. 2012;13(7):901–10. https://doi.
org/10.2174/138920012802138598 PMID: 22475269

	24.	 Mamounas EP, Untch M, Mano MS, et al. Adjuvant T-DM1 versus trastuzumab in patients with residual invasive disease after neoadjuvant therapy 
for HER2-positive breast cancer: subgroup analyses from KATHERINE. Ann Oncol. 2021;32(8):1005-1014.

	25.	 Yu M, Liang Y, Li L, et al. Research progress of antibody-drug conjugates therapy for HER2-low expressing gastric cancer. Transl Oncol. 
29:101624. 2023.

	26.	 Di Bartolomeo S, Latella L, Zarbalis K, et al. Editorial: Autophagy in Mammalian Development and Differentiation. Front Cell Dev Biol. 
2021;9:722821.

	27.	 Jain V, Singh MP, Amaravadi RK. Recent advances in targeting autophagy in cancer. Trends Pharmacol Sci. 2023;44(5):290–302. https://doi.
org/10.1016/j.tips.2023.02.003 PMID: 36931971

	28.	 Deretic V. Autophagy in inflammation, infection, and immunometabolism. Immunity. 2021;54(3):437–453. https://doi.org/10.1016/j.
immuni.2021.01.018 PMID: 33691134

	29.	 Gremke N, Polo P, Dort A, Schneikert J, Elmshäuser S, Brehm C, et al. mTOR-mediated cancer drug resistance suppresses autophagy and gener-
ates a druggable metabolic vulnerability. Nat Commun. 2020;11(1):4684. https://doi.org/10.1038/s41467-020-18504-7 PMID: 32943635

	30.	 Liu J, Deng X, Sun X, Dong J, Huang J. Inhibition of autophagy enhances timosaponin AIII-induced lung cancer cell apoptosis and anti-tumor effect 
in vitro and in vivo. Life Sci. 2020;257:118040. https://doi.org/10.1016/j.lfs.2020.118040 PMID: 32622943

	31.	 Kim TW, Cheon C, Ko SG. SH003 activates autophagic cell death by activating ATF4 and inhibiting G9a under hypoxia in gastric cancer cells. Cell 
Death Dis. 2020;11(8):717. https://doi.org/10.1038/s41419-020-02924-w PMID: 32879309

	32.	 Cao Y, Luo Y, Zou J, et al. Autophagy and its role in gastric cancer. Cell Death Dis. 2021;12(1):88.

	33.	 Fang S, Wan X, Zou X, Sun S, Hao X, Liang C, et al. Arsenic trioxide induces macrophage autophagy and atheroprotection by regulating ROS-
dependent TFEB nuclear translocation and AKT/mTOR pathway. Cell Death Dis. 2021;12(1):88. https://doi.org/10.1038/s41419-020-03357-1 
PMID: 33462182

	34.	 Tanaka T, Warner BM, Michael DG, Nakamura H, Odani T, Yin H, et al. LAMP3 inhibits autophagy and contributes to cell death by lysosomal mem-
brane permeabilization. Autophagy. 2022;18(7):1629–1647. https://doi.org/10.1080/15548627.2021.1995150 PMID: 34802379

	35.	 Pegram MD, Miles D, Tsui CK. HER2-Overexpressing/Amplified Breast Cancer as a Testing Ground for Antibody-Drug Conjugate Drug Develop-
ment in Solid Tumors. Clin Cancer Res. 2020;26(4):775–786. https://doi.org/10.1158/1078-0432.CCR-18-1976 PMID: 31582515

	36.	 Dumontet C, Reichert JM, Senter PD, et al. Antibody-drug conjugates come of age in oncology. Nat Rev Drug Discov. 2023;22(8):641–661. https://
doi.org/10.1038/s41573-023-00709-2 PMID: 37308581

	37.	 Oh D, Bang Y. HER2-targeted therapies - a role beyond breast cancer. Nat Rev Clin Oncol 2020;33:33–48.

	38.	 Modi S, Jacot W, Yamashita T, Sohn J, Vidal M, Tokunaga E, et al. Trastuzumab Deruxtecan in Previously Treated HER2-Low Advanced Breast 
Cancer. N Engl J Med. 2022;387(1):9–20. https://doi.org/10.1056/NEJMoa2203690 PMID: 35665782

	39.	 Shen W, Zhang X, Fu X, Fan J, Luan J, Cao Z, et al. A novel and promising therapeutic approach for NSCLC: recombinant human arginase alone 
or combined with autophagy inhibitor. Cell Death Dis. 2017;8(3):e2720. https://doi.org/10.1038/cddis.2017.137 PMID: 28358368

	40.	 Zeng X, Zhao H, Li Y, Fan J, Sun Y, Wang S, et al. Targeting Hedgehog signaling pathway and autophagy overcomes drug resistance of 
BCR-ABL-positive chronic myeloid leukemia. Autophagy. 2015;11(2):355–72. https://doi.org/10.4161/15548627.2014.994368 PMID: 25701353

	41.	 Fan J, Sun Y, Wang S, Li Y, Zeng X, Cao Z, et al. Inhibition of autophagy overcomes the nanotoxicity elicited by cadmium-based quantum dots. 
Biomaterials. 2016;78:102–14. https://doi.org/10.1016/j.biomaterials.2015.11.029 PMID: 26686052

	42.	 Ji Y, Li L, Tao Q, et al. Deprivation of asparagine triggers cytoprotective autophagy in laryngeal squamous cell carcinoma. Appl Microbiol Biotech-
nol. 2017;101:4951–4961.

https://doi.org/10.2174/138920012802138598
https://doi.org/10.2174/138920012802138598
http://www.ncbi.nlm.nih.gov/pubmed/22475269
https://doi.org/10.1016/j.tips.2023.02.003
https://doi.org/10.1016/j.tips.2023.02.003
http://www.ncbi.nlm.nih.gov/pubmed/36931971
https://doi.org/10.1016/j.immuni.2021.01.018
https://doi.org/10.1016/j.immuni.2021.01.018
http://www.ncbi.nlm.nih.gov/pubmed/33691134
https://doi.org/10.1038/s41467-020-18504-7
http://www.ncbi.nlm.nih.gov/pubmed/32943635
https://doi.org/10.1016/j.lfs.2020.118040
http://www.ncbi.nlm.nih.gov/pubmed/32622943
https://doi.org/10.1038/s41419-020-02924-w
http://www.ncbi.nlm.nih.gov/pubmed/32879309
https://doi.org/10.1038/s41419-020-03357-1
http://www.ncbi.nlm.nih.gov/pubmed/33462182
https://doi.org/10.1080/15548627.2021.1995150
http://www.ncbi.nlm.nih.gov/pubmed/34802379
https://doi.org/10.1158/1078-0432.CCR-18-1976
http://www.ncbi.nlm.nih.gov/pubmed/31582515
https://doi.org/10.1038/s41573-023-00709-2
https://doi.org/10.1038/s41573-023-00709-2
http://www.ncbi.nlm.nih.gov/pubmed/37308581
https://doi.org/10.1056/NEJMoa2203690
http://www.ncbi.nlm.nih.gov/pubmed/35665782
https://doi.org/10.1038/cddis.2017.137
http://www.ncbi.nlm.nih.gov/pubmed/28358368
https://doi.org/10.4161/15548627.2014.994368
http://www.ncbi.nlm.nih.gov/pubmed/25701353
https://doi.org/10.1016/j.biomaterials.2015.11.029
http://www.ncbi.nlm.nih.gov/pubmed/26686052
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

