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ABSTRACT
Breast cancer ranks the first in the incidence of female cancer and is the most common cancer threatening 
the life and health of women worldwide.Tumor protein p53-regulated apoptosis-inducing protein 1 
(TP53AIP1) is a pro-apoptotic gene downstream of p53. However, the role of TP53AIP1 in BC needs to be 
investigated. In vitro and in vivo experiments were conducted to assess the biological functions and 
associated mechanisms. Several bioinformatics analyses were made, CCK8 assay, wound healing, transwell 
assays, colony formation assay, EDU, flow cytometry, Immunofluorescence, qRT-PCR and Western-blotting 
were performed. In our study, we discovered that BC samples had low levels of TP53AIP1 expression, which 
correlated with a lower survival rate in BC patients. When TP53AIP1 was up-regulated, it caused a decrease 
in cell proliferation, migration, and invasion. It also induced epithelial-to-mesenchymal transition (EMT) and 
protective autophagy. Furthermore, the over-expression of TP53AIP1 suppressed tumor growth when 
tested in vivo. We also noticed that TP53AIP1 up-regulation resulted in decreased levels of phosphorylation 
in AKT and mTOR, suggesting a mechanistic role. In addition, we performed functional rescue experiments 
where the activation of AKT was able to counteract the impact of TP53AIP1 on the survival and autophagy in 
breast cancer cell lines. This suggests that TP53AIP1 acts as an oncogene by controlling the AKT/mTOR 
pathway. These findings reveal TP53AIP1 as a gene that suppresses tumor growth and triggers autophagy 
through the AKT/mTOR pathway in breast cancer cells. As a result, TP53AIP1 presents itself as a potential 
target for novel therapeutic approaches in treating breast cancer.
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Introduction

According to the data provided by the International Agency 
for Research on Cancer, female breast cancer has now sur-
passed lung cancer as the leading cause of global cancer inci-
dence in 2020.1 The incidence of breast cancer (BC) rises with 
age until menopause, and BC is more aggressive in younger 
female.2 BC becomes the main reason threatening women’s 
health. Despite significant improvements in treatment strate-
gies for BC, patients continue to experience a number of 
adverse effects, such as poor prognosis and drug resistance. 
Even though there have been significant advancements in the 
ways we treat BC, patients still face a range of negative impacts, 
including poor prognosis and resistance to medication.3 In 
order to effectively address BC, it is crucial to thoroughly 
investigate pathogenesis of the disease and discover fresh and 
potent targets for treatment.

Tumor protein p53-regulated apoptosis-inducing protein 1 
(TP53AIP1) is a proapoptotic gene downstream of p53 identi-
fied in 2000.[4] TP53AIP1 is located in the mitochondrial 
membrane and only wild-type p53 protein phosphorylated at 
Ser46 was transcriptionally competent to induce TP53AIP1 
protein.4 Upon severe DNA damage, TP53AIP1 is 

phosphorylated by Ser46 of p53 and thus activated, followed 
by depolarization of mitochondrial membranes and release of 
cytochrome c and apoptosis-inducing factors to induce 
apoptosis.5 It is crucial to observe that the abnormal expres-
sion of TP53AIP1 is strongly linked to various types of cancer. 
For instance, according to Jiang et al., TP53AIP1 overexpres-
sion can induce apoptosis and cell cycle arrest in liver hepato-
cellular carcinoma cells.6 In addition, mutations in TP53AIP1 
in prostate cancer, resulting in its low TP53AIP1 expression7 

and patients with non-small cell lung cancer who have 
a decreased expression of TP53AIP1 gene are correlated with 
a reduced rate of overall survival.8 Previous study has demon-
strated over-expression of TP53AIP1 promotes apoptosis in 
breast cancer.9 We successfully utilize transmission electron 
microscopy to show that the overexpression of TP53AIP1 
triggers the generation of autophagosomes in breast cancer 
cells MCF-7 and MDA-MB-231, marking a significant 
breakthrough.

Autophagy is a lysosome-dependent catabolic pathway by 
which damaged or senescent organelles are removed. 
Autophagy plays an important role in the regulation of cancer
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progression and in determining the response of tumor cells to 
stress induced by chemotherapy. However, the role of autop-
hagy in cancer therapy is multifaceted, depending on the cell 
type, microenvironment and the stage of tumor 
development.10–12 Several studies have suggested that autop-
hagy could have both positive and negative effects on tumor 
development. For example, autophagy can increase tumor cell 
tolerance to stressors, promoting cancer cell survival in unfa-
vorable environments. Autophagy can also inhibit tumor 
occurrence and metastasis, promoting tumor cell death 
through apoptotic pathways.13,14 It is unknown, though, 
whether TP53AIP1 is involved in the induction of autophagy 
or even the prevention of breast cancer.

In the current study, cell lines and BC were examined for 
the expression of TP53AIP1. In vitro, TP53AIP1 over- 
expression inhibited breast cancer cell growth and motility, 
as well as induced apoptosis and autophagy. In vivo, 
TP53AIP1 decreased breast carcinoma xenograft growth. 
Next, we investigated if TP53AIP1 controls the AKT/mTOR 
pathway, thereby influencing the progression of BC. This study 
has the potential to reveal the molecular mechanism of 
TP53AIP1 in BC and present a novel therapeutic target for 
the treatment of BC.

Results

TP53AIP1 is down-regulated in breast cancer and 
correlated with a poor prognosis

To explore the role of TP53AIP1 in human breast cancer, 
seventy-seven pairs of cancer and adjacent normal tissues 
from the tissue bank were subjected to mRNA extraction and 
qRT-PCR quantification. The result showed that TP53AIP1 
levels in cancer tissues was significantly lower than that in 
adjacent tissues (Figure 1a). Next, We also analyzed the expres-
sion of TP53AIP1 in normal mammary epithelial cells lines 
(MCF-10A, HMEC) and breast cancer cells lines (BT-549, 
MDA-MB-231, MDA-MB-468, YCCB1, SK-BR3, MCF-7, 
T47D, ZR-75-1) by qRT-PCR. The results showed that the 
mRNA expression of TP53AIP1 was significantly down- 
regulated in the breast cancer cells, especially in MCF-7, 
YCCB1 and MDA-MB-231 cells (Figure 1b). Furthermore, 
the analysis of the TCGA dataset revealed a significant 
decrease in the expression of TP53AIP1 in breast cancer 
patients. Survival curve analysis, also based on TCGA data, 
demonstrated a strong correlation between low expression of 
TP53AIP1 and a poor prognosis (Figure 1c,d). These findings 
collectively point toward the down-regulation of TP53AIP1

Figure 1. TP53AIP1 is down-regulated in breast cancer and correlated with a poor prognosis. (a) TP53AIP1 expression was analyzed in both tumor tissues and normal 
tissues using RT-qPCR (n = 77); (b) The expression of TP53AIP1 was measured in both normal mammary epithelial cells and breast cancer cells using RT-qPCR (n = 10); 
(c) Analysis of the TCGA database revealed that TP53AIP1 was found to be down-regulated in breast tumor tissues. Normal tissues (n = 291) are represented by the 
color blue, while tumor tissues (n = 1085) are indicated in red; (d) The TCGA database indicated that decreased expression of TP53AIP1 was associated with an 
unfavorable prognosis.
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in BC, which is associated with an unfavorable prognosis 
for BC patients.

Over-expression of TP53AIP1 suppresses the proliferation 
in MCF-7 and MDA-MB-231 cells

As seen in Figure 2a,b, the transfection with pcDNA3.1- 
TP53AIP1 significantly increased the TP53AIP1 expression in 
MCF-7 and MDA-MB-231. The CCK-8 results revealed that the 
proliferation of cells decreased markedly after over-expression 
of TP53AIP1 (Figure 2c). In addition, the EdU positive cell rate 
was significantly decreased in MCF-7 and MDA-MB-231 cells 
after up-regulating TP53AIP1 (Figure 2d,e). The inhibitory 
effect on cell growth was further convinced by colony formation 
assay, in which TP53AIP1 decreased the number and size of 
colonies in MCF-7 and MDA-MB-231 compared with the 

vector cells (Figure 2f). Collectively, these results confirmed 
that up-regulating TP53AIP1 may suppress the proliferation 
in MCF-7 and MDA-MB-231 cells.

Over-expression of TP53AIP1 suppresses the migration 
and invasion and promotes apoptosis in MCF-7 and 
MDA-MB-231 cells

We then investigated whether there were other underlying 
mechanisms about the ability of TP53AIP1 for growth inhi-
bition in breast cancer cells. Figure 3a,b demonstrate that 
the wound healing and transwell assays revealed a significant 
decrease in invasion and migration of MCF-7 and MDA-MB 
-231 cells upon over-expression of TP53AIP1. Furthermore, 
flow cytometry analyses were conducted to examine cell 
cycle and apoptosis, which showed an increased cell

Figure 2. Over-expression of TP53AIP1 suppresses the proliferation in MCF-7 and MDA-MB-231 cells. (a, b) TP53AIP1 levels in breast cancer cells were assessed using 
RT-qPCR and western blot after transfection with pcDNA3.1-TP53AIP1 (n = 3); (c) The CCK-8 assay measured the growth of MCF-7 and MDA-MB-231 cells at 0, 24, 48, 
and 72 hours, respectively,(n = 3); (d, e) The EdU assay was utilized to evaluate the proliferation of the transfected MCF-7 and MDA-MB-231 cells (Scale bar: 100µm). The 
percentage of EdU positive cells was quantified (n = 3); (f) The colony formation assay was performed to determine the number of colonies formed by the transfected 
MCF-7 and MDA-MB-231 cells (n = 3). Data are means±s.d. *, p<.05; **, p<.01; ***, p<.001; ****, p<.0001. Statistical significance was determined by comparing the data 
with their corresponding control groups.
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Figure 3. Over-expression of TP53AIP1 suppresses the migration and invasion and promotes apoptosis in MCF-7 and MDA-MB-231 cells. (a) The migratory abilities of 
MCF-7 and MDA-MB-231 cells were assessed by wound healing assay (n = 3); (b) The invasive abilities of MCF-7 and MDA-MB-231 cells were assessed by Transwell assay 
(n = 3); (c) Flow cytometry analysis of apoptotic cell population by Annexin V/PI staining; (d, e) Flow cytometry analysis of cell cycle of MCF-7 and MDA-MB-231 cells 
which was over-expression pcDNA 3.1 or pcDNA3.1-TP53AIP1 (n = 3); (f) The mRNA expression levels of EMT-associated transcription factors and markers in stably 

4 S. LIU ET AL.



apoptosis rate when TP53AIP1 was over-expressed com-
pared to the respective controls (Figure 3c). TP53AIP1 up- 
regulation in MCF-7 cells caused cell cycle arrest in the 
S phase, resulting in a decrease in the proportion of cells 
in the G0/G1 phase without any significant difference in the 
G2/M phase. Similarly, in MDA-MB-231 cells, there was 
a slight increase in the proportion of cells in the G0/G1 
phase and a decrease in the proportion of cells in the G2/ 
M and S phases, but these changes were not statistically 
significant. To investigate the impact of TP53AIP1 on 
epithelial-mesenchymal transition (EMT), we examined the 
expression of EMT-related mRNA and proteins using qRT- 
PCR and western blot analyses. Our results showed that 
TP53AIP1 over-expression led to an increase in the levels 
of the epithelial marker E-cadherin and a decrease in the 
expression of key EMT-related transcription factors, as well 
as the interstitial markers N-cadherin and Vimentin. These 
findings suggest that up-regulating TP53AIP1 may inhibit 
migration and invasion, while promoting apoptosis in both 
MCF-7 and MDA-MB-231 cells.

Over-expression of TP53AIP1 promotes autophagy in 
MCF-7 and MDA-MB-231 cells

The association between autophagy and apoptosis has been 
long established and is dependent on the context. Our study 
examined whether TP53AIP1 triggers autophagy in breast 
cancer cells. A electron microscopic image revealed that 
TP53AIP1 resulted in the formation of double membrane 
structures, known as autophagosomes, in breast cancer cells 
(Figure 4a). Subsequently, we conducted a western blot ana-
lysis to assess the protein expression levels of LC3B and 
SQSTM1/p62. We observed a significant increase in the 
LC3-II/I ratio and a clear decrease in the protein expression 
of SQSTM1/p62 in MCF-7 and MDA-MB-231 cells over-
expressing TP53AIP1 (Figure 4b). Additionally, when we 
introduced the RFP-GFP-LC3B plasmid through transient 
transfection, we observed a significant increase in the num-
ber of red fluorescent autophagosomes in TP53AIP1-treated 
cells (Figure 4c,d). It is worth noting that the accumulation 
of LC3-II can occur either due to enhanced autophagosome 
formation or due to a disruption in the fusion process 
between autophagosomes and lysosomes.15 To distinguish 
between these two possibilities, we assessed the levels of 
LC3-II and P62 in the presence of chloroquine (CQ), 
a substance that hinders the fusion between autophagosomes 
and lysosomes, leading to the buildup of autophagosomes.16

In MCF-7 and MDA-MB-231 cells, the presence of TP53AIP1 
resulted in increased accumulation of autophagic vesicles (LC3 
puncta) compared to the control group. When TP53AIP1 was 
combined with CQ, the accumulation of LC3 spots was even 
greater (Figure 4e,f and S1a,b). This suggests that TP53AIP1 
promotes the formation of autophagosomes in MCF-7 and 

MDA-MB-231 cells. Furthermore, when treated with TP53AIP1 
and CQ, the ratio of LC3-II/I was higher compared to cells treated 
with TP53AIP1 alone (Figure 4g and S1c). These findings indicate 
that TP53AIP1 plays a role in the early stages of autophagy.

Autophagy attenuates TP53AIP1-induced anti-cancer 
effects

The role of autophagy in cancer is quite complex; autop-
hagy has a bi-directional effect on cancer cells and may be 
cytoprotective or cytotoxic. Autophagy has a tumor- 
suppressive effect during cancer development, however, it 
contributes to the survival of tumor cells during cancer 
progression.17 In addition, tumor cells can use autophagy 
to resist various anticancer therapies.18 Therefore, we 
further investigated the biological function of TP53AIP1- 
induced autophagy in breast cancer cells. We conducted an 
experiment on breast cancer cells by using an autophagy 
inhibitor, CQ. When compared to the effects of TP53AIP1 
alone, the co-administration of CQ resulted in a decrease 
in cell viability of breast cancer cells (Figure 5a). 
Furthermore, a significant reduction in cell proliferation 
was observed, as confirmed by EdU labeling (Figure 5b, 
c). Overall, the data clearly indicates that TP53AIP1- 
induced autophagy plays a cytoprotective role, while autop-
hagy dampens the anti-cancer properties of TP53AIP1 in 
breast cancer.

AKT/mTOR signaling pathway involves in TP53AIP1 
modulated the proliferation and autophagy in MCF-7 and 
MDA-MB-231 cells

In order to investigate the impact of TP53AIP1 on the AKT/ 
mTOR signaling pathway in MCF-7 and MDA-MB-231 cells, 
we conducted Western blot analysis to measure the relevant 
proteins of this pathway. The results, as depicted in Figure 6a, 
demonstrated that the overexpression of TP53AIP1 led to 
a significant decrease in the levels of AKT and mTOR in 
both MCF-7 and MDA-MB-231 cells compared to the control 
groups. These findings suggest that the up-regulation of 
TP53AIP1 may effectively inhibit the activation of the AKT/ 
mTOR signaling pathway in MCF-7 and MDA-MB-231 cells. 
In order to further confirm that TP53AIP1 inhibits the malig-
nant behavior of breast cancer cells by interfering with the 
AKT/mTOR pathway, we conducted functional rescue experi-
ments. The cells were transfected with a plasmid called CA- 
AKT, which continually activates AKT. As anticipated, the 
inclusion of CA-AKT reversed the inhibitory effects of 
TP53AIP1 on proteins related to the AKT/mTOR pathway 
(Figure 6b). The outcomes from the CCK8 and colony forma-
tion assay revealed that the proliferation of MCF-7 and MDA- 
MB-231 cells in the CA-AKT group was significantly higher 
compared to the TP53AIP1 group (Figure 6c,d). Furthermore,

transfected MCF-7 and MDA-MB-231 cells were measured by qRT-PCR (n = 3); (g) The protein expression levels of epithelial and mesenchymal markers in MCF-7 and 
MDA-MB-231 cells after TP53AIP1 over-expression were detected by western blot. β-actin was used as loading control, the relative intensity of blots was determined 
using ImageJ software (n=3). Data are means±s.d. ns: not significant; *, p<.05; **, p<.01; ***, p<.001; ****, p<.0001. Statistical significance was determined by 
comparing the data with their corresponding control groups.
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Figure 4. Over-expression of TP53AIP1 promotes autophagy in MCF-7 and MDA-MB-231 cells. (a) Transmission electron microscope was performed to observe the 
autophagic vesicles in MCF-7 and MDA-MB-231 cells with or without TP53AIP1 (NC:15,000x, Scale bar: 1 μm, TP53AIP1: 25000x, Scale bar: 500 nm) (n = 3); (b) Western 
blot analysis of LC3 and p62 expression in MCF-7 and MDA-MB-231 cells transfected of pcDNA3.1-TP53AIP1, the relative intensity of blots was determined using ImageJ 
software (n = 3); (c, d) Cells stably transfected with RFP-GFP-LC3B were additionally transiently transfected. Images were captured using confocal microscopy with 
a scale bar of 50 μm. The analysis involved quantifying the ratio of red puncta representing autolysosomes (GFP/RFP+) to yellow puncta representing autophagosomes 
(GFP+/RFP+), the relative fluorescence intensity was determined by ImageJ software (n = 3); (e, f) Immunofluorescence analysis was performed to observe the 
development of natural LC3B puncta in MCF-7 cells after treatment with TP53AIP1, CQ (10 μM), or a combination of both for 24 hours (Scale bar: 50 μm), LC3 
fluorescent spots of different treatment groups was determined (n = 5); (g) Cells that had been stably transfected were treated to 10 μM of chloroquine (CQ) for 
a period of 24 hours. The levels of p62 and LC3 were then analyzed using western blotting. β-actin was used as loading control, the relative intensity of blots was 
determined using ImageJ software (n = 3). Data are means ± s.d. **, p < .01; ***, p < .001; ****, p < .0001. Statistical significance was determined by comparing the data 
with their corresponding control groups.
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the findings from Immunofluorescence analysis and Western 
blot experiments supported the observation that the 

expression of LC3 in MCF-7 and MDA-MB-231 cells was 
noticeably reduced in the CA-AKT group when compared to

Figure 5. Autophagy attenuates TP53AIP1-induced anti-cancer effects. (a) Cell viability of MCF-7 and MDA-MB-231 cells treated with 10µM CQ was assessed using the 
CCK8 assay, both with and without transfection of pcDNA3.1-TP53AIP1 (n = 3); (b, c) The EdU assay was used to measure the proliferation of MCF-7 and MDA-MB-231 
cells treated with 10µM CQ with or without TP53AIP1 present (Scale bar, 100µm). The percentage of EdU positive cells was quantified (n=3). Data are means±s.d. **, 
p<.01; ***, p<.001; ****, p<.0001. Statistical significance was determined by comparing the data with their corresponding control groups.
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Figure 6. AKT/mTOR signaling pathway involves in TP53AIP1 modulated the proliferation and autophagy in MCF-7 and MDA-MB-231 cells. (a) MCF-7 and MDA-MB-231 
cells were stable transfected with TP53AIP1. The western blot technique was used to analyze the total and phosphorylated levels of Akt and mTOR. β-actin was 
included as a loading control, the relative intensity of blots was determined using ImageJ software (n=3);(b) The stable transfected cells were transfected with CA-AKT 
for a period of 24 hours. The total and phosphorylation levels of Akt and mTOR were detected by western blot. β-actin was used as loading control, the relative intensity 
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the TP53AIP1 group (Figure 6e,f and S1d). In combination, 
these results provide confirmation that the AKT/mTOR sig-
naling pathway might play a role in TP53AIP1‘s regulation of 
cell proliferation and autophagy in MCF-7 and MDA-MB-231 
cells.

Over-expression of TP53AIP1 inhibits breast cancer cell 
growth in vivo

In order to evaluate the effect of TP53AIP1 on breast cancer in 
live organisms, a tumor xenograft model was established. 
MCF-7 cells were genetically modified to express TP53AIP1 

and then injected into nude mice. The size and weight of the 
resulting tumors were measured. The introduction of 
TP53AIP1 led to a decrease in tumor volume and mass 
(Figure 7a–c). Further investigation was conducted through 
histological analysis using staining techniques such as H&E 
and PCNA. Comparing TP53AIP1 ×enografts to control xeno-
grafts revealed a more consistent and uniform morphology 
through HE staining. Immunohistochemical staining using 
a monoclonal antibody against PCNA demonstrated that 
TP53AIP1 expression inhibited the proliferation of breast 
cancer xenografts, as evidenced by a lower proliferative index 
compared to the control group (Figure 7d).

of blots was determined using ImageJ software (n=3);(c, d) CCK-8 and colony formation assay was executed to detect the proliferation of MCF-7 and MDA-MB-231 cells 
(n=3);(e) Transfected cells were stably transfected with CA-AKT for 24 hours, and western blot analysis was conducted to detect p62 and LC3. β-actin was used as 
loading control, the relative intensity of blots was determined using ImageJ software (n=3);(f) Immunofluorescence was used to examine the distribution of 
endogenous LC3B in MCF-7 cells following treatment with TP53AIP1 alone or in combination with CA-AKT for 24hours (Scale bar, 50μm). LC3 fluorescent spots of 
different treatment groups was determined (n=5). Data are means±s.d. *, p<.05; **, p<.01; ***, p<.001; ****, p<.0001. Statistical significance was determined by 
comparing the data with their corresponding control groups.

Figure 7. Over-expression of TP53AIP1 inhibits breast cancer cell growth in vivo. (a) Procedure and animal grouping in the in vivo experiment (n=40);(b, c) Tumors 
collected from nude mice, measurement results of Tumors’volume and weight mass on the 29th day (n=6);(d) Representative images of H&E staining, PCNA expression 
(Scale bar: 100µm). The relative expression of PCNA were determined by ImageJ software (n=3). Data are means±s.d. ***, p<.001; ****, p<.0001. Statistical significance 
compared with respective control groups.
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Discussion

BC is the most common malignancy among women. Breast 
cancer (BC) is a multifaceted and diverse illness.19 Aberrations 
in gene expression are linked to BC pathogenesis. At present, 
the main treatment strategy for BC is surgery supplemented by 
chemotherapy.20 The rising occurrence of BC and its resistance 
to drugs have intensified the challenges faced in clinical man-
agement. Therefore, the identification of potential targets in 
cancer progression may help develop promising diagnostic and 
therapeutic management strategies. Within this research, we 
focused on the involvement of TP53AIP1 in breast cancer and 
unraveled its potential role in signaling pathway.We found that 
TP53AIP1 was markedly reduced in BC, besides, patients diag-
nosed with breast cancer who had lower levels of TP53AIP1 
exhibited decreased rates of survival compared to those with 
higher levels of TP53AIP1. The results obtained from our 
testing confirmed that the increased expression of TP53AIP1 
hindered the growth, movement, invasion, and EMT of breast 
cancer cells. Additionally, it promoted protective mechanism 
of autophagy. Furthermore, experiments conducted on living 
organisms showed that the increased levels of TP53AIP1 inhib-
ited tumor growth. Subsequently, further investigations 
revealed that TP53AIP1 controlled the progression of cancer 
and autophagy through the AKT/mTOR pathway.

The TP53AIP1 has potent pro-apoptotic effects on a range of 
p53-resistant tumor cells and can suppress tumor development 
and induce tumor cell apoptosis.21 TP53AIP1 may become a new 
option in tumor gene therapy and may bring new survival hope 
to patients with p53-resistant tumors. Still, more investigation 
and study are required to fully understand the TP53AIP1 gene’s 
potential for treating breast cancer.In this work, MCF-7 and 
MDA-MB-231 breast cancer cells were transiently transfected 
with the eukaryotic expression vector pcDNA3.1-TP53AIP1 
using Lipofectamine 3000. In breast cancer cells, the TP53AIP1 
gene was substantially expressed. Additionally, the effects on 
MCF-7 and MDA-MB-231 human breast cancer cells’ migra-
tion, invasion, cell cycle, apoptosis, and proliferation were noted. 
Using the CCK-8 test, EDU assay, and plate cloning, TP53AIP1 
suppressed the growth of MCF-7 and MDA-MB-231 cells. 
According to flow cytometry, TP53AIP1 promoted breast cancer 
cells to undergo apoptosis. Furthermore, the Transwell experi-
ment demonstrated that TP53AIP1 might prevent breast cancer 
cells from migrating and invading.

EMT characteristics, including invasion, dissemination, 
and metastasis, are altered during cancer progression.22,23 It 
has been previously reported that drug resistance in various 
types of cancer is closely related to the activation of EMT.24,25 

Numerous studies have investigated the effects of chemother-
apy on breast cancer patients and have discovered a strong 
connection between an elevated gene profile associated with 
EMT and resistance to treatment. The increased expression 
level of these genes is partially attributed to the activation of 
EMT in cancer cells.26 The markers E-cadherin, N-cadherin 
and Vimentin play a crucial role in the cancer metastasis 
process. The findings of this study demonstrate that 
TP53AIP1 has the capability to influence the expression levels 
of these markers.

Autophagy is an evolutionarily conserved cellular catabolic 
process that delivers intracellular components such as cyto-
plasmic macromolecules and organelles to lysosomes for 
degradation.27,28 Autophagy has significant implications in 
human cancer, neurodegenerative disorders, and infectious 
diseases. Additionally, it plays a role in several physiological 
pathways, including cellular apoptosis.29–31 Autophagy can be 
triggered as a response to unfavorable environmental condi-
tions such as lack of nutrients, exposure to harmful substances, 
and various stress signals.32–34 This process acts as a survival 
mechanism to uphold cellular functions. To detect 
autophagy,35 commonly used methods including western blot 
analysis, immunofluorescence, and TEM were utilized. These 
techniques revealed that the autophagy level significantly 
increased when TP53AIP1 was over-expressed. Next, we inves-
tigated the role of TP53AIP1-induced autophagy on the pro-
liferation of breast cancer cells. We observed that the use of 
autophagy inhibitors, such as CQ, greatly enhanced the inhi-
bitory impact of TP53AIP1 on the proliferation of breast 
cancer cells. These findings suggest TP53AIP1-induced autop-
hagy plays a cytoprotective role, autophagy attenuates 
TP53AIP1-induced anti-cancer effects. Additionally, our 
investigation revealed that TP53AIP1 induces autophagy 
through the AKT/mTOR pathway.

Studies have reported that the AKT/mTOR pathway plays 
a crucial role in essential cellular activities, such as cell pro-
liferation, growth, and metabolism and found that it is com-
monly activated in human cancers.35 BC tumorigenesis is 
strongly linked to the AKT/mTOR pathway.36 mTOR, espe-
cially the mTOR complex 1, plays a crucial role in controlling 
autophagy and cell growth. Studies have indicated that the 
increased presence of TP53AIP1 prevents cell proliferation 
and disrupts the progression of the cell cycle in breast cancer 
cells. This action is accomplished through the regulation of the 
PI3K/AKT pathway, leading to an increase in apoptosis.9 In 
addition, many of the efforts toward the inhibition of PI3K/ 
AKT signaling involve its indirect inhibition by targeting 
mTOR. In the present study, it was demonstrated that alter-
nations to AKT, an upstream modulator, were consistent with 
the variation tendency of mTOR. The over-expression of 
TP53AIP1 suppressed AKT/mTOR pathway activity in breast 
cancer cells, suggesting that TP53AIP1 may interact with this 
pathway. To confirm our findings, we conducted feedback 
experiments by introducing CA-AKT, a plasmid that continu-
ously activates AKT, to MCF-7 and MDA-MB-231 cells. These 
experiments demonstrated that CA-AKT reversed the up- 
regulating effects of TP53AIP1 on cell viability and autophagy 
levels in breast cancer cells. Therefore, we concluded that 
TP53AIP1-induced autophagy is mediated through the AKT/ 
mTOR signaling pathway.

In this study, we revealed for the first time the pro- 
autophagy role of TP53AIP1 in breast cancer. According to 
our research, the expression of TP53AIP1 is at a low level in 
breast cancer and is linked to a negative prognosis. 
Furthermore, we discovered a new molecular interaction 
wherein increasing the expression of TP53AIP1 hindered the 
progression of Breast Cancer by deactivating the AKT/mTOR 
pathway.
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Materials and methods

Cells lines, tumor samples and normal tissues

MCF-7 and MDA-MB-231 cells, were purchased from 
American Type Culture Collection (ATCC, Manassas, USA) 
and cultured in Dulbecco’s modified Eagle’s medium 
(Hyclone™; Thermo Fisher Scientific, Waltham, USA) with 
10% fetal bovine serum (FBS, Gibco, Germany), 100 U/mL 
penicillin (Gibco, Germany) and 100 mg/mL streptomycin 
(Gibco, Germany). MCF-7 and MDA-MB-231 cells were cul-
tured in an incubator at 37°C with 5% CO2 at humid tempera-
ture. The Second Affiliated Hospital of Chongqing Medical 
University provided all the breast cancer clinical samples, 
which consisted of primary tumors and normal breast tissue. 
This study was granted by the Ethics Committee of Chongqing 
Medical University. Informed consent was obtained from all 
individual participants included in the study.

Bioinformatics analysis

The Cancer Genome Atlas (TCGA) data portal (https://tcga- 
data.nci.nih.gov/tcga/) was used to detect TP53AIP1 mRNA 
expression between breast tumor tissues and normal tissues. 
GEPIA online database (http://gepia2.cancer-pku.cn/#index) 
was used to analyze survival analysis associated with 
TP53AIP1 in breast cancer. Kaplan – Meier and logarithmic 
rank analyses were used to evaluate prognostic factors.

Cell transfection

The TP53AIP1 group, which consisted of the 
pcDNA3.1-TP53AIP1 plasmid obtained from GenePharma 
in Shanghai, China, and the negative control [NC]-vector 
group, consisting of the empty vector pcDNA3.1 also obtained 
from GenePharma, were introduced into MCF-7 and MDA- 
MB-231 cells using Lipofectamine 3000, a transfection reagent 
from Invitrogen in Carlsbad, USA. The transfection efficiency 
was determined by examining the levels of TP53AIP1 through 
RT-qPCR and Western Blot analysis.

Colony formation assay

Colony formation in MCF-7 and MDA-MB-231 cells were 
assessed through a colony formation assay. In this experiment, 
MCF-7 and MDA-MB-231 cells were transfected with 
pcDNA3.1-TP53AIP1 and the empty vector pcDNA3.1, 
respectively, with 500 cells per well. These cells were then 
plated in 6-well plates and cultured in Dulbecco’s modified 
Eagle’s medium at 37°C in a 5% CO2 incubator for a period of 
two weeks. Subsequently, the cells were washed with PBS three 
times, fixed with 4% paraformaldehyde, and stained with 0.1% 
crystal violet dye from Beyotime, based in Shanghai, China. 
Finally, the number of colonies was determined using a light 
microscope.

Cell viability assay

To evaluate the impact of TP53AIP1 over-expression on the 
survival of breast cancer cells, the Cell Counting Kit-8 (CCK-8) 

assay acquired from MedChemExpress in Monmouth 
Junction, USA was utilized. In this experiment, cells from 
both the NC-vector and TP53AIP1 groups were cultured in 
96-well plates, with a seeding density of 2,000 cells per well, 
after incubation at 37°C for different time intervals (0, 24, 48, 
and 72 hours). Following this, 10 μL of the CCK-8 reagent was 
added to the various cell samples and incubated for a duration 
of 1 hour. Lastly, the optical density values were measured at 
450 nm using a microplate reader.

Wound healing assay

The MCF-7 and MDA-MB-231 cells, which had been trans-
fected, were placed in a 6-well plate at a density of 1 × 105 cells/ 
well. When the cells upon reaching 100% confluence, a sterile 
pipette tip was used to create a vertical scratch across the cell 
monolayer. After removing any remaining debris, the cells 
were cultured in medium without serum for 24 hours. 
Finally, the scratch wounds were examined and photographed 
using an inverted microscope.

Transwell assay for cell invasion

To evaluate the invasive properties of MCF-7 and MDA-MB 
-231 cells, a transwell chamber (Corning, Corning, NY, USA) 
was used. The transfected cells were suspended and placed in 
the upper chamber coated with Matrigel (Millipore, Billerica, 
USA) to conduct the invasion assay. Subsequently, 600 μL of 
complete medium was added to the lower chamber. After 
incubation at 37°C for 48 hours, the cells that migrated to the 
lower surface of the membrane were fixed with 4% parafor-
maldehyde for 10 minutes and stained with a 0.1% crystal 
violet solution for 10 minutes. Finally, the invaded cells were 
observed and captured using an inverted microscope.

EdU assay in vitro

To detect EdU, the BeyoClickTM EdU Cell Proliferation Kit 
with Alexa Fluor 568 (Beyotime Biotechnology,Haimen, 
China) was used as instructed by the manufacturer. In this 
experiment, breast cancer cells were cultured in 96-well 
plates, with a seeding density of 4,000 cells per well, after 
incubation at 37°C for 72 hours. Next, breast cancer cells 
were exposed to 10 μM EdU for 2 hours at 37°C. 
Subsequently, the cells were fixed using 4% paraformalde-
hyde and permeabilized with 0.5% Triton X-100 for 15  
minutes at room temperature. After removing the fixatives, 
the cells were washed with PBS containing 1% BSA. Lastly, 
the cells were incubated in Click Additive Solution, pro-
tected from light, for 30 minutes and then stained with 
Hoechst to label the nucleus. Microscopic images were cap-
tured to observe the EdU detection samples. The prolifera-
tion of cells was further assessed by calculating the ratio of 
EdU-positive cells to the overall cell count.

Flow cytometry (FCM)

To analyze the cell cycle, cells that had been stably transfected 
were collected using trypsin and then washed twice with PBS.
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After that, they were suspended in ice-cold 75% ethanol and 
left to be fixed overnight. The following day, RNA enzyme was 
added to the cells and they were incubated at 37°C for 30  
minutes. Then, they were stained with propidium iodide (PI) 
in the dark for 30 minutes to determine their cell cycle dis-
tribution. The Annexin V-FITC apoptosis detection kit 
(Thermo Fisher Scientific) was used to assess the apoptosis of 
MCF-7 and MDA-MB-231 cells, following the manufacturer’s 
instructions.

Immunofluorescence

Place coverslips in 24-well plates, breast cancer cells were 
inoculated in 24-well plates at 1 × 104 cells per well. After the 
cells were incubated for 24 hours at 37°C, cells grown on 
coverslips were transfected with TP53AIP1 for 24 hours. 
After that, they were fixed with 4% paraformaldehyde 
(Sigma) for 30 minutes and washed three times with PBS. 
Subsequently, the fixed cells were permeabilized using 0.5% 
Triton 100 for 20 minutes, followed by blocking with 1% BSA 
for 2 hours at 37°C. To stain the cells, primary antibodies were 
incubated with them at 4°C for 12 hours, followed by a 1-hour 
incubation with secondary antibodies (Thermo Scientific) at 
37°C. For nucleus staining, DAPI was applied for 10 minutes. 
For autophagy flux studies, cells were initially transfected with 
GFP-RFP-LC3 for 24 hours and then underwent an additional 
transfection with TP53AIP1 for another 24 hours. The images 
were captured using a Leica confocal microscopy.

Animal experiments

Fourty BALB/c nude mice (4 ~ 6 weeks old, weighing 18 ~ 22  
g) were sourced from Chongqing Ensiweier Biotechnology Co. 
Ltd. MCF-7 cells (5 × 106) were transfected with 
pcDNA3.1-TP53AIP1 or NC and then injected into individual 
mice with no immune response. The measurements of the 
largest and smallest dimensions of the tumors were taken 
using vernier calipers, and the volume of the tumors (in 
cubic millimeters) was calculated as follows: volume = length 
multiplied by the square of width, and then the product is 
multiplied by 0.52. On the 29th day after injection, all the mice 
were humanely killed, and their tumors were gathered and 
weighed. The experimental procedures were approved by the 
Research Ethics Committee of Chongqing Medical University 
(No. IACUC-CQMU-2023–0460).

H&E staining

After removing the wax, the tissue sections were stained using 
hematoxylin (Beyotime), followed by differentiation using 
a mixture of 1% hydrochloric acid and alcohol for a duration 
of 3 seconds. Next, they were stained with 1% eosin for 1  
minute. Afterward, the sections underwent dehydration, clear-
ing, sealing, and were observed under an optical microscope.

Immunohistochemistry

First, the paraffin sections underwent a treatment to eliminate 
wax and were subsequently rinsed twice in absolute ethanol. 
The protocol provided by ZSGB-BIO, PV-9000 was used for 
the process of hydration and antigen retrieval. Next, the slides 
were exposed to reagent 1 at room temperature for a duration 
of 10 minutes in order to deactivate the endogenous peroxi-
dase. Subsequently, they were washed three times in PBS for 3  
minutes each. Following this, the sections were incubated in 
blocking solution (Reagent 2) for 15 minutes, and then left 
overnight at a temperature of 4°C with the PCNA antibody 
inside an immunohistochemical wet box.

On the next day, the sections were washed three times with 
PBS. Subsequently, they were incubated with reagent 3 at 
a temperature of 37°C for a period of 30 minutes inside a wet 
box. Following this, another round of washing with PBS was 
performed, and the sections were then incubated with reagent 
4 at 37°C for 30 minutes. After being washed three more times 
with PBS, immunolabeling was carried out using 1× diamino-
benzidine (DAB, ZSGB-BIO). Finally, the sections were coun-
terstained with hematoxylin (BL702B, Biosharp, China).

Transmission electron microscopy

The transmission electron microscopy analysis was used to 
observe the autophagic vesicles. To prepare the samples, 
MCF-7 and MDA-MB-231 cells were fixed in glutaraldehyde 
from Sigma and then sliced into ultrathin sections using 
a sorvall MT5000 microtome after being transfected with 
pcDNA3.1-TP53AIP1 for a period of 24 hours. The sections 
were later stained with lead citrate and/or 1% uranyl acetate 
and examined using Philips EM420 electron microscopy.

RNA extraction and quantitative real time-PCR

The Vazyme reagent (Vazyme, Nanjing, China) was used to 
isolate total RNA from tissues and cells, and its quality was 
assessed using a microplate reader. The Reverse 
Transcription PrimeScript 1st Strand cDNA Synthesis kit 
(TaKaRa, Otsu, Japan) was used for reverse transcription. 
For quantification, RT-qPCR was conducted following the 
manufacturer’s instructions using the SYBR PremixEx 
TaqTM quantitative PCR reagents (TaKaRa). The levels of 
GAPDH, which served as an internal control for target 
genes, were measured, and fold-changes were analyzed 
using the 2− ΔΔCt method. The primer sequences for the 
RT-qPCR analysis can be found in Supplementary 
Table S1A.

Western blot analysis

The cells were lysed on ice for 30 minutes using RIPA lysis 
buffer (Boster, Wuhan, China). The proteins were then 
quantified using BCA (Pierce, Boston, USA). After that, 
the proteins were separated using SDS-PAGE and
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transferred to PVDF membranes. The membranes were 
then blocked with 5% nonfat milk and incubated with 
primary antibodies overnight at 4°C. Following this, the 
membranes were incubated with secondary antibodies at 
room temperature for 2 hours. The enhanced chemilumi-
nescence detection reagents (biosharp) were used to visua-
lize the proteins, and the Bio-Rad ChemiDoc XRS 
densitometry was used to analyze them. To ensure that 
the proteins were loaded equally, β-actin was used as 
a loading control. The list of antibodies used can be 
found in Supplementary Table S1B.

Statistical analysis

Data were expressed as means ± s.d. All experiments were 
performed at least three times. Statistical analysis was 
performed with GraphPad Prism 8.0 statistical software. 
The statistical differences between groups were deter-
mined using the two-tailed Student’s t-test. Significance 
was indicated in the following manner: *, p < .05, **, p  
< .01, ***, p < .001, ****, p < .0001. Statistical significance 
compared with respective control groups.

Abbreviations

BC Breast Cancer
TP53AIP1 Tumor protein p53-regulated apoptosis-inducing 

protein 1
TCGA The Cancer Genome Atlas
NC negative control
EdU 5-ethynyl-2′-deoxyuridine
EMT Epithelial mesenchymal transition
CQ Chloroquine
LC3I The nonlipidated form of LC3B
LC3II The lipidated form of LC3B
p62 SQSTM1/p62
qRT-PCR quantitative reverse transcription-PCR
CA-AKT Continuously activating AKT plasmid
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