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ABSTRACT
Triple-negative breast cancer (TNBC) is associated with a poor prognosis and metastatic growth. 
TNBC cells frequently undergo macroautophagy/autophagy, contributing to tumor progression and 
chemotherapeutic resistance. ANXA2 (annexin A2), a potential therapeutic target for TNBC, has been 
reported to stimulate autophagy. In this study, we investigated the role of ANXA2 in autophagic 
processes in TNBC cells. TNBC patients exhibited high levels of ANXA2, which correlated with poor 
outcomes. ANXA2 increased LC3B-II levels following bafilomycin A1 treatment and enhanced auto-
phagic flux in TNBC cells. Notably, ANXA2 upregulated the phosphorylation of HSF1 (heat shock 
transcription factor 1), resulting in the transcriptional activation of ATG7 (autophagy related 7). The 
mechanistic target of rapamycin kinase complex 2 (MTORC2) played an important role in ANXA2- 
mediated ATG7 transcription by HSF1. MTORC2 did not affect the mRNA level of ANXA2, but it was 
involved in the protein stability of ANXA2. HSPA (heat shock protein family A (Hsp70)) was a potential 
interacting protein with ANXA2, which may protect ANXA2 from lysosomal proteolysis. ANXA2 
knockdown significantly increased sensitivity to doxorubicin, the first-line chemotherapeutic regimen 
for TNBC treatment, suggesting that the inhibition of autophagy by ANXA2 knockdown may over-
come doxorubicin resistance. In a TNBC xenograft mouse model, we demonstrated that ANXA2 
knockdown combined with doxorubicin administration significantly inhibited tumor growth com-
pared to doxorubicin treatment alone, offering a promising avenue to enhance the effectiveness of 
chemotherapy. In summary, our study elucidated the molecular mechanism by which ANXA2 
modulates autophagy, suggesting a potential therapeutic approach for TNBC treatment.
Abbreviation: ATG: autophagy related; ChIP: chromatin-immunoprecipitation; HBSS: Hanks’ balanced 
salt solution; HSF1: heat shock transcription factor 1; MTOR: mechanistic target of rapamycin kinase; 
TNBC: triple-negative breast cancer; TFEB: transcription factor EB; TFE3: transcription factor binding to 
IGHM enhancer 3
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Introduction

Triple-negative breast cancer (TNBC), which is an estrogen 
receptor-, progesterone receptor-, and human epidermal 
growth factor receptor 2-negative subtype, has been associated 
with poor prognosis and metastatic growth [1]. Although 
multiple genetic and epigenetic factors have been correlated 
with uncontrolled progression and metastatic spread of 
TNBC, there is currently no effective therapeutic remedy 
against TNBC [2].

Cells undergo the basal level of autophagy to maintain 
homeostasis, and autophagy is facilitated under stress condi-
tions such as nutrient depletion, resulting in either cell survi-
val or death [3]. The MTOR (mechanistic target of rapamycin 
kinase) signaling pathway is closely involved in sensing 
energy, nutrients, and stress, which are relevant to the

execution of autophagy, survival and cell growth [4,5]. The 
role of autophagy in cancer has been controversial: it has been 
shown to either stimulate or inhibit cancer depending on 
different circumstances such as tumor stage [6]. A recent 
study has shown that autophagy promotes primary tumor 
growth yet suppresses metastatic outgrowth in mammary 
cancer models, suggesting that the effect of autophagy in 
breast cancer progression is a double-edged sword [7]. The 
dissemination of dormant breast cancer cells triggers autopha-
gy, and the inhibition of autophagy significantly decreases the 
metastatic recurrence of breast cancer cells [8].

Recent studies have shown that autophagy of TNBC con-
tributes to tumor progression and chemotherapeutic resis-
tance [9–12]. Autophagy-related markers such as BECN1, 
LC3A and LC3B have been reported to be highly expressed
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in tumor tissues of TNBC patients [13,14]. A high level of 
LC3B has also been shown to correlated with a poor outcome 
in TNBC patients [10]. These studies suggest that the inhibi-
tion of autophagy may be an effective anti-cancer strategy 
against TNBC [9,10,13,14].

ANXA2 is a Ca2+-dependent phospholipid-binding protein 
[15] that is important for cytoskeletal rearrangement, cell 
proliferation, and motility [16,17]. ANXA2 has been sug-
gested to be an emerging biomarker and potential therapeutic 
target for aggressive cancers, including TNBC [18]. Several 
laboratories including ours have demonstrated that the upre-
gulation of ANXA2 is correlated with invasive breast cancer 
cell phenotypes in TNBC cells [19–21] and aggressiveness in 
TNBC patients [22]. ANXA2 has been shown to stimulate 
autophagy in HeLa cells [23] and dendritic cells [24] with 
the involvement of ATG9A (autophagy related 9A) and 
ATG16L1. Starvation-induced ANXA2 is an important mod-
ulator of autophagy fluctuation, and its deficiency reduces 
autophagy [25]. However, there has yet to be a study detailing 
the involvement of ANXA2 in autophagic mechanisms in 
breast cancer.

HSF1 (heat shock transcription factor 1) is a master reg-
ulator of the heat shock response and controls the expression 
of heat shock proteins. Additionally, HSF1 has been shown to 
regulate non-heat shock response genes that support highly 
malignant human cancers [26,27]. HSF1 is inactive in its 
monomeric form and is present in both the cytoplasm and 
nucleus in the resting state [28]. Under stress conditions, 
HSF1 trimerizes and more readily translocates to the nucleus. 
In the nucleus, HSF1 is further phosphorylated and fully 
activated to enhance its transcriptional activity during heat 
shock [29]. Previous research has shown that treatment with 
a chemotherapeutic agent increases trimer formation and 
nuclear translocation of HSF1 [30]. HSF1 has been reported 
to induce autophagy by directly regulating ATG7 transcrip-
tion, which plays an important role in chemoresistance [30].

In an effort to identify an effective target against TNBC 
and elucidate the underlying molecular mechanisms, our 
study explored the potential involvement of ANXA2 in auto-
phagy. We demonstrated that ANXA2 upregulated the phos-
phorylation of HSF1, resulting in the transcriptional 
activation of ATG7 and promoting autophagic flux in TNBC 
cells. Additionally, ANXA2 knockdown, in combination with 
doxorubicin treatment, increased doxorubicin sensitivity 
in vitro and inhibited tumor growth in a TNBC xenograft 
model. Collectively, our findings suggest that ANXA2 is an 
effective autophagy modulator and a promising therapeutic 
candidate for targeting TNBC.

Results

ANXA2 level is elevated in TNBC subtype and its 
expression correlates with poor outcomes of TNBC 
patients

To explore the association of ANXA2 with TNBC, the Gene 
Expression Omnibus (GEO) database was used to define the 
expression level of ANXA2 in breast cancer cell lines and 
tissues from breast cancer patients (GSE36693). The ANXA2

level was found to be significantly higher in TNBC than non- 
TNBC subtype in both cell lines and patient tissues 
(Figure 1A). To examine the correlation between ANXA2 
expression and survival in TNBC, the Kaplan-Meier survival 
curves (with n = 107) were obtained based on the GEO data of 
TNBC patients (GSE58812). The Kaplan-Meier survival 
curves showed that the high expression of ANXA2 was inver-
sely correlated with overall survival (Figure 1B, left) and 
metastasis-free survival (Figure 1B, right) of TNBC patients 
with p = 0.012 and p = 0.014, respectively. The results indi-
cated that high expression of ANXA2 was associated with 
a poor outcome for TNBC patients.

ANXA2 is a critical factor in the autophagic flux in TNBC 
cells

Because autophagy has previously been shown to be involved 
in TNBC progression [9,10,13,14], it is important to investi-
gate if ANXA2 regulates autophagy of TNBC cells. Hs578T 
TNBC cells were subjected to starvation with Hanks’ balanced 
salt solution (HBSS) for up to 6 h. The level of ANXA2 
remained unchanged, while the expression of LC3B and 
SQSTM1/p62 decreased in a time-dependent manner (Fig. 
S1A). Using immunofluorescence microscopy, we observed 
that ANXA2 and LC3B partially co-localized in the cell per-
ipheral region under nutrients condition. Upon starvation for 
2 h, ANXA2 was repositioned along LC3B in the perinuclear 
region (Fig. S1B), suggesting that ANXA2 may involve in 
autophagosome trafficking and the autophagic flux process 
under starvation conditions, consistent with the previous stu-
dies [23,24].

LC3B-II is necessary for phagophore expansion and auto-
phagosome formation during the autophagy process [31,32]. 
The level of LC3B-II was decreased by stable or transient 
silencing of ANXA2 in starvation condition (Figure 1C and 
Fig. S1C). The decreased level of LC3B-II indicated either 
a decrease in autophagosome formation or an increase in 
autophagosomal degradation [31,32]. To examine these two 
possibilities, cells were treated with bafilomycin A1, which is 
an inhibitor of autophagosome-lysosome fusion that inhibits 
autophagosomal degradation, thus leading to the accumula-
tion of LC3B-II. The silencing of ANXA2 significantly 
reduced the bafilomycin A1-accumulated LC3B-II (Figure 1C 
and Fig. S1C). ANXA2 overexpression led to an increase in 
LC3B-II levels upon bafilomycin A1 treatment (Figure 1E), 
suggesting that ANXA2 regulates autophagosome formation 
in TNBC cells.

To investigate the involvement of ANXA2 in autophagy 
flux, we utilized the pH-sensitive tandem reporter RFP-GFP- 
LC3 [31,32]. ANXA2 silencing led to a decrease in the num-
ber of RFP+ GFP+ LC3 puncta (autophagosomes) and RFP+ 

GFP− LC3 puncta (autolysosomes) during starvation, as 
shown in Figure 1D. ANXA2 overexpression significantly 
increased both autophagosomes and autolysosomes 
(Figure 1F). We also observed that ANXA2 regulated auto-
phagosomes in nutrient-rich conditions (Fig. S1D and S1E). 
These findings collectively demonstrate the significant role of
ANXA2 in inducing autophagic flux.
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Figure 1. ANXA2 is a critical factor in the autophagic flux in TNBC cells. (A) ANXA2 mRNA expression in breast cancer cell lines and human breast cancer tissues from 
GEO dataset (GSE36693). (B) The kaplan-meier survival curves of ANXA2 for overall survival (left) and metastasis-free survival (right) in TNBC patients based on GEO 
dataset (GSE58812). Patients were divided into groups of low (n = 52) and high (n = 55) expression based on the median value of ANXA2 mRNA expression. (C) 
Hs578T cells were transfected with shRNA targeting ANXA2 (+) or scrambled shRNA (-) as a control. The cells were starved in HBSS and treated with 200 nM 
bafilomycin A1 for 2 h. Immunoblot analysis was conducted. The relative band intensities of LC3B-II were quantified by densitometry and normalized to ACTB. (D) 
Representative images of LC3 puncta. Hs578T cells expressing shRNA ANXA2 or scrambled shRNA were transfected with RFP-GFP-LC3 and starved with HBSS for 2 h. 
LC3 puncta were quantified by the number of RFP+ GFP− (red) and RFP+ GFP+ (yellow) per cell of 40 independent images. Scale bar of images: 10 μm. (E) Hs578T 
cells were transfected with plasmid expressing ANXA2-MYC (+) or empty plasmid (-). The cells were starved in HBSS and treated with 200 nM bafilomycin A1 for 2 h. 
Immunoblot analysis was conducted. The relative band intensities of LC3B-II were quantified by densitometry and normalized to ACTB. (F) Representative images of 
LC3 puncta. Hs578T cells expressing ANXA2-MYC or empty vector were transfected with RFP-GFP-LC3 and starved with HBSS for 2 h. LC3 puncta were quantified by 
the number of RFP+ GFP− (red) and RFP+ GFP+ (yellow) per cell of 40 independent images. Scale bar of images: 10 μm. Data represent mean ± S.E. (unpaired two- 
tailed Student’s t-test). *,** statistically significant at p < 0.05 and p < 0.01, respectively. All data were representative of the results of three independent experiments.
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ANXA2 plays a key role in HSF1-induced transcription of 
ATG7

ATG7, functioning as a ubiquitin-activating enzyme, plays 
pivotal roles in the formation of autophagosomes. Recently, 
it has emerged as associated with human pathologies, includ-
ing neurodegeneration, cancer, and infection [33]. Given the 
close association of ATG7 with TNBC, we were prompted to 
further investigate the interactive roles of ANXA2 and ATG7 
[30]. Knockdown of ANXA2 decreased the protein levels of 
ATG7 in both nutrient-rich and starvation conditions 
(Figure 2A). The mRNA level of ATG7 was significantly 
decreased by silencing ANXA2 (Figure 2B and Fig. S2A). 
However, the silencing of ATG7 did not affect the expression 
of ANXA2 (Fig. S2B). ANXA2 promoted the expression of 
ATG7 protein and mRNA levels (Figure 2C,D), suggesting 
that ANXA2 may regulate the transcription of ATG7 in TNBC 
cells.

HSF1 has been demonstrated to control autophagy 
through the transcriptional regulation of ATG7 in its phos-
phorylated form [30]. The phosphorylated form of HSF1 was 
significantly decreased by silencing ANXA2 (Figure 3A).

ANXA2 overexpression led to an increase in phosphorylated 
(p)-HSF1 expression which was linked to the expression of 
ATG7 (Figure 3B). To further investigate the localization of 
p-HSF1, immunofluorescence analysis was conducted. 
Interestingly, p-HSF1 was predominantly located in the 
nucleus, and higher fluorescence intensity of p-HSF1 was 
observed in ANXA2-overexpressing cells compared to the 
control (Figure 3C). The translocation of TFEB (transcription 
factor EB) and TFE3 (transcription factor binding to IGHM 
enhancer 3) into the nucleus increased upon starvation sti-
mulation, but ANXA2 overexpression itself did not seem to 
affect the translocation of TFEB or TFE3 into the nucleus 
(Fig. S3A and S3B). Immunofluorescence analysis also 
revealed that the silencing of HSF1 in the nucleus was asso-
ciated with a decrease in ATG7 fluorescence intensity (Fig. 
S4). These data demonstrate that ANXA2 upregulates p-HSF1 
and ATG7 expression, leading to enhanced autophagic flux 
under starvation.

We next examined the role of ANXA2 in binding of HSF1 
to the promoter of ATG7 using the chromatin- 
immunoprecipitation (ChIP) assay. Starvation increased the 
binding of HSF1 to a promoter region of ATG7 encompassing

Figure 2. ANXA2 regulates ATG7 transcription. (A and B) Hs578T cells were stably transfected with shRNA targeting ANXA2 (+) or scrambled shRNA as a control (-). 
The cells were starved in HBSS for 2 h. The expressions of ATG7 and ANXA2 were detected by immunoblotting (A) and qRT-PCR (B). The relative band intensities of 
ATG7 were quantified by densitometry and normalized to ACTB in immunoblot analysis. (C and D) Hs578T cells were transfected with ANXA2-MYC vector (+) or 
empty vector (-) and then the cells were starved in HBSS for 2 h. The expressions of ATG7 and ANXA2 were detected by immunoblotting (C) and qRT-PCR (D). The 
relative band intensities of ATG7 were quantified by densitometry and normalized to ACTB in immunoblot analysis. Data represent mean ± S.E. (unpaired two-tailed 
Student’s t-test). *,**,*** statistically significant at p < 0.05, p < 0.01, and p < 0.001 respectively. All data were representative of the results of three independent 
experiments.
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Figure 3. ANXA2 plays a key role in HSF1 (heat shock transcription factor 1)-induced transcription of ATG7. (A) Hs578T cells were transiently transfected with two 
siRNAs targeting ANXA2 (+) or scrambled siRNA as a control (-). Immunoblot analysis was conducted. The relative band intensities of p-HSF1 were quantified by 
densitometry and normalized to HSF1. (B) Hs578T cells were transfected with plasmid expressing ANXA2-MYC (+) or empty plasmid (-), and the cells were cultured in 
growth medium or starved in HBSS for 2 h. Immunoblot analysis was conducted. The relative band intensities of p-HSF1 were quantified by densitometry and 
normalized to HSF1. (C) Representative images were shown the cellular distributions of p-HSF1 in Hs578T cells expressing ANXA2-MYC or empty vector. The cells 
were starved in HBSS for 2 h and immunostained with anti-p-HSF1 and anti-MYC antibodies shown in green and red, respectively. DNA was stained by DAPI. The 
mean fluorescence intensity of p-HSF1 within the nucleus was measured and normalized to the mean fluorescence intensity of DAPI per cell from 30 independent 
images. Scale bar of images: 10 μm. (D) ChIP assay was performed to measure the binding degree of HSF1 to the ATG7 promoter in Hs578T cells. The schematic 
diagram indicates the wild type ATG7 promoter (WT-ATG7 promoter, top) and mutant ATG7 promoter (mut-ATG7-promoter, deletion of consensus HSF1 binding site 
at − 1602, bottom). Hs578T cells transfected with scrambled siRNA (-) or siRNA molecules #1 and #2 targeting ANXA2 (+) were starved in HBSS for 2 h. Chromatin was 
immunoprecipitated with specific antibodies against HSF1. DNA was amplified by PCR using primers covering the binding site for HSF1 in the ATG7 promoter (−1809 
to − 1412) and separated on 1% agarose gel. The relatively increased band intensity indicates that the binding of HSF1 protein to ATG7 promoter is increased. (E) The 
effect of HSF1 on ATG7 promoter activity was detected by luciferase reporter assay. Hs578T cells expressing ANXA2-MYC or empty vector were transfected with WT or 
mut ATG7 promoter plasmid. The cells were starved with HBSS for 2 h and the firefly luciferase activity was measured and normalized to Renilla luciferase activity. 
Data represent mean ± S.E. (unpaired two-tailed Student’s t-test). *,**,*** statistically significant at p < 0.05, p < 0.01, and p < 0.001 respectively. All data were 
representative of the results of three independent experiments.
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the region from −1809 to −1412, including the identified 
HSF1 binding region (from −1602 to −1570) [30], as evi-
denced by ChIP assay (Figure 3D). The increased binding of 
HSF1 to the ATG7 promoter was inhibited by ANXA2 silen-
cing. In order to demonstrate the impact of the direct binding 
of HSF1 to the ATG7 promoter, we conducted a luciferase 
reporter assay. We generated a mutant ATG7 promoter in 
which the HSF1 consensus-binding site (at −1602) was 
deleted [30]. Overexpression of ANXA2 led to a significant 
increase in ATG7 promoter luciferase expression compared to 
the control (Figure 3E). The mutation in the ATG7 promoter 
significantly reduced luciferase expression compared to the 
wild-type, which is consistent with previous findings. These 
results strongly supported the crucial role of HSF1 in facil-
itating the transcriptional activation of the ATG7 gene in the 
context of ANXA2-mediated autophagy induction.

Analysis of human breast tumor tissues from forty- 
three breast cancer patients in GEO dataset (GSE15852) 
showed a positive correlation between ANXA2 and LC3B 
with a Pearson correlation coefficient of 0.5252 (n = 43,  
p = 0.0003, Fig. S2C). ANXA2 showed a positive correla-
tion with ATG7, as indicated by a Pearson correlation 
coefficient of 0.3230 (n = 43, p = 0.0346, Fig. S2D), sug-
gesting a close relationship between ANXA2 and autopha-
gy in breast cancer patients.

MTORC2 is important for ANXA2-mediated ATG7 
transcription by HSF1

To identify the signaling pathway(s) responsible for ANXA2 
regulation, MTOR pathway was examined, as it has previously 
been reported to be closely associated with autophagy [34]. 
MHY1485 is a selective MTOR activator that targets the ATP 
domain of MTOR [35], resulting in MTORC1 (p-RPS6KB/ 
p70S6K) and MTORC2 (p-MTOR [S2481]) pathway activa-
tion (Fig. S5). Treatment with MHY1485 increased the pro-
tein expression of ANXA2, ATG7 and p-HSF1 (Figure 4A), 
suggesting that MTOR activation by treatment MHY1485 
may be aligned to p-HSF1-ATG7 signaling in TNBC cells.

ANXA2 expression was significantly reduced by silencing 
MTOR and RICTOR (a component of MTORC2); however, it 
was not changed when RPTOR/Raptor (a component of 
MTORC1) was inhibited (Figure 4B). While MTOR pathway 
regulated the protein level of ANXA2, the mRNA level was 
not affected by knockdown of MTOR, RPTOR, or RICTOR 
(Fig. S6A and S6B). Treatment with rapamycin, which is 
a known inhibitor of MTORC1 [34], effectively inhibited 
phosphorylation of RPS6KB/p70S6K and did not alter the 
protein level of ANXA2 (Fig. S6C). The knockdown of 
RICTOR by two siRNA molecules inhibited the bafilomycin 
A1-induced LC3B-II accumulation (Figure 4C). RICTOR 
silencing reduced the protein and mRNA level of ATG7 
(Figure 4C,D), suggesting that MTORC2 may affect autopha-
gy through the translational regulation of ANXA2, indepen-
dently of the MTORC1 pathway.

Knockdown of RICTOR significantly decreased the phos-
phorylated form of HSF1 (Figure 4E). Starvation-induced 
binding of HSF1 to the promoter region of ATG7 was inhib-
ited by RICTOR depletion (Figure 4F). These data, when

considered along with the results of ANXA2 silencing, 
which are shown in Figure 3D, supported that MTORC2 
was crucial to ANXA2-mediated autophagy through the 
HSF1-induced transcription of ATG7 in Hs578T TNBC cells.

MTORC2-HSPA pathway may protect ANXA2 from 
lysosomal degradation

As MTORC2 pathway was involved in the translational reg-
ulation of ANXA2, we next investigated the possible regula-
tory factor for ANXA2 protein stability. It has been reported 
that heat shock increases the cell surface expression of 
ANXA2 without affecting its mRNA [36]. Among heat 
shock proteins, the stress-induced chaperones HSPA/Hsp70 
and HSP90 are critical in maintaining protein homeostasis 
[37]. Heat shock at 42°C significantly increased the protein 
expression of ANXA2 with concomitant increases in HSPA 
and HSP90A (Figure 5A). The knockdown of HSPA signifi-
cantly decreased the protein levels of ANXA2, ATG7, and 
LC3B-II (Figure 5B), while the mRNA level of ANXA2 
remained unchanged (Fig. S6D). An HSPA inhibitor, 
VER155008 [38], decreased the protein level of ANXA2 
(Figure 5C). By contrast, neither the HSP90A knockdown 
nor the HSP90 inhibitor 17-AAG [38] altered the protein 
level of ANXA2 (Fig. S6E and S6F, respectively). The data 
indicate that ANXA2 stability was regulated by HSPA but not 
HSP90A.

According to an algorithm for predicting DnaK binding 
sites in the amino acid sequence of ANXA2 (LIMBO software, 
http://limbo.switchlab.org [39]), there are seven potential 
binding sites for DnaK, a prokaryotic member of HSPA 
family. A co-immunoprecipitation analysis showed that 
HSPA interacted with ANXA2 (Figure 5D), suggesting that 
HSPA is a potential interacting protein with ANXA2, which 
may affect the stability of ANXA2 protein.

There are two major pathways for protein degradation in 
eukaryotic cells: ubiquitin-proteasome pathway and lysosomal 
proteolysis [40]. To investigate whether the lysosome system 
was involved in the degradation of ANXA2, Hs578T cells 
were treated with leupeptin, an inhibitor of lysosomal proteo-
lysis [41]. The reduced ANXA2 level by HSPA silencing was 
recovered by leupeptin (Figure 5E). Treatment with leupeptin 
significantly restored the protein level of ANXA2, which was 
decreased by siRNA RICTOR (Figure 5F). Treatment with 
MG132, a proteasome inhibitor, did not significantly alter 
the protein level of ANXA2 (Fig. S6G) and failed to recover 
the RICTOR silencing-induced ANXA2 reduction (Fig. S6H). 
These results demonstrate that the ANXA2 degradation could 
not be attributed to the ubiquitin-proteasome system.

The HSPA protein level was significantly reduced by 
RICTOR silencing, while the knockdown of HSPA did not 
affect the protein level of RICTOR (Figure 5G). The data 
suggest that RICTOR may be an upstream regulator of 
HSPA. Taken together, these results suggest that MTORC2- 
HSPA pathway is important for ANXA2 stability by protect-
ing it from lysosomal proteolysis.

To explore the correlation between ANXA2 and HSPA in 
human samples, the protein levels of ANXA2 and HSPA were 
analyzed in human breast cancer tissues and adjacent normal
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Figure 4. MTORC2 is important for ANXA2-mediated ATG7 transcription by HSF1. (A) Hs578T cells were treated with MHY1485 (1 μM) for 24 h. Immunoblot analysis 
was conducted. The relative band intensities were quantified by densitometry and normalized to ACTB or HSF1. * statistically significant at p < 0.05. (B) Hs578T cells 
were transfected with siRNA targeting MTOR, RPTOR, or RICTOR (+). Scrambled siRNA (-) was used as a control. The protein levels were detected by immunoblot 
analysis. The relative band intensities were quantified by densitometry and normalized to ACTB. * statistically significant at p < 0.05. (C) Hs578T cells were transfected 
with two siRNAs targeting RICTOR (+) or scrambled siRNA (-) as a control. Cells were starved in HBSS for 2 h and treated with bafilomycin A1 (200 nM) for 2 h. 
Immunoblot analysis was conducted. The relative band intensities were quantified by densitometry and normalized to ACTB. *,** indicated statistical significance of 
the relative expression of LC3B-II vs control cells treated with bafilomycin A1 (white bar) at p < 0.05 and p < 0.01, representatively. # indicated statistical significance 
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tissues from nine breast cancer patients. The protein levels of 
both ANXA2 and HSPA were found to be significantly 
increased in breast cancer tissues (C) compared to normal 
tissues (N) (p = 0.0489 and p = 0.0445, respectively) 
(Figure 5H, left). The relative expression (C/N) of ANXA2 
was significantly correlated with that of HSPA, with a Pearson 
correlation coefficient of 0.774 at p = 0.014 (Figure 5H, right).

ANXA2 inhibition increases doxorubicin sensitivity in 
TNBC cells

Inducing autophagy has been associated with chemo- 
resistance in chemotherapy. Targeting autophagy has proven 
to be an effective strategy for improving sensitivity to multiple 
drugs, including cisplatin and doxorubicin [42–45]. 
Doxorubicin is the first-line chemotherapeutic regimen for 
the treatment of TNBC [46,47]. However, many patients 
develop resistance to doxorubicin, which exhibits adverse 
effects [48]. Here, the effect of ANXA2 silencing in doxoru-
bicin-induced cell toxicity was measured using an MTT assay. 
Knockdown of ANXA2 significantly increased doxorubicin 
sensitivity in Hs578T cells (Figure 6A). The LC3B-II level 
was enhanced by doxorubicin and reduced by ANXA2 deple-
tion (Figure 6B). We also showed that the combination of 
doxorubicin with siRNA against ANXA2 significantly 
increased PARP1 cleavage, which is a hallmark of apoptosis 
[49]. To provide additional evidence, we conducted flow 
cytometry analysis. When treated with doxorubicin alone, 
there was an increase in the proportion of apoptotic cells 
compared to the vehicle control (3.96% vs. 8.56%). ANXA2 
silencing in combination with doxorubicin treatment further 
increased this proportion (11.74%, Figure 6C). These results 
suggest that the inhibition of autophagy by ANXA2 knock-
down may increase the doxorubicin sensitivity in TNBC cells.

We next employed an ANXA2 inhibitor, A2ti-1, to explore 
its impact on doxorubicin sensitivity. Our results indicated 
that the treatment of A2ti-1 in combination with doxorubicin 
enhanced the effectiveness of doxorubicin in a dose- 
dependent manner (Figure 6D). These findings strongly sug-
gest that ANXA2 inhibition may indeed contribute to the 
augmentation of doxorubicin sensitivity.

ANXA2 knockdown increases doxorubicin sensitivity and 
retards the tumor growth in the TNBC xenograft mouse 
model

The role of ANXA2 in the in vivo tumorigenicity of TNBC 
cells was examined using a xenograft mouse model with 
Hs578T TNBC cells. To this end, shRNA control (sh Ctrl) 
or shRNA ANXA2 (sh ANXA2) expressing Hs578T cells were

inoculated into the right mammary gland of female BALB/ 
Cnu/nu mice (n = 16 per group). As shown in Figure 7A, the 
tumor incidence rate of sh Ctrl Hs578T cells-injected group 
was 50%, while that of sh ANAX2 Hs578T cells-injected group 
was 18.75%. ANXA2 knockdown tends to retard the growth 
of tumors, but not significant in a Hs578T TNBC xenograft 
model (Fig. S7A).

Next, we investigated if ANXA2 knockdown could enhance 
doxorubicin sensitivity in vivo. We established a TNBC xeno-
graft mouse model using sh Ctrl or sh ANXA2 MDA-MB-231 
cells. Tumor-bearing mice were randomly assigned to four 
groups (n = 7 per group): sh Ctrl-PBS, sh Ctrl with doxorubi-
cin treatment, sh ANXA2-PBS, sh ANXA2 with doxorubicin 
treatment. Doxorubicin or PBS was intravenously adminis-
tered once a week for 33 days.

First, we confirmed that ANXA2 knockdown reduced the 
expression of p-HSF1, ATG7, and LC3B-II in MDA-MB-231 
cells (Fig. S7B and S7C). ANXA2 knockdown alone did not 
affect tumor growth and volume, but the combination of 
ANXA2 knockdown and doxorubicin administration signifi-
cantly reduced tumor volume compared to doxorubicin treat-
ment alone (Figure 7B–D). Moreover, the combination of 
ANXA2 knockdown with doxorubicin completely eliminated 
tumors in three mice. The body weights of the mice did not 
change in all four groups (Fig. S7D). The TUNEL assay 
showed an increased number of apoptotic nuclei in the 
tumor tissues derived from sh ANXA2 group compared to 
tissues from sh Ctrl group. Furthermore, the level of TUNEL- 
positive cells was significantly higher in the tumor tissues 
from sh ANXA2 with doxorubicin treatment group 
(Figure 7E). These results suggest that the inhibition of 
ANXA2 has a substantial impact on enhancing apoptosis 
and sensitizing doxorubicin treatment in the MDA-MB-231 
xenograft tumor model.

Discussion

The annexin family has been reported to be linked to auto-
phagy in the process of initiation of phagophores, the devel-
opment of autophagosomes, and the fusion of 
autophagosomes with lysosomes [50]. Consistent with our 
data (Figure 1A,B), high levels of ANXA2 have previously 
been shown to be associated with poor overall survival and 
relapse-free survival of TNBC patients [22,51]. ANXA2 has 
contributed to the formation of autophagosomes containing 
ATG16L1, ATG9A, and ATG5 [23,24,50]. For the first time, 
the present study demonstrated that ANXA2 affected ATG7 
expression, leading to increased autophagy flux in TNBC cells 
(Figures 1 and 2). ANXA2 did not regulate LC3B mRNA level 
using ANXA2 silencing and overexpressing cells (Data not

of the relative expression of ATG7 vs control cells treated with bafilomycin A1 (black bar) at p < 0.05. (D) Hs578T cells were transfected with two siRNAs targeting 
RICTOR (+) or scrambled siRNA (-) as a control. The mRNA levels of ATG7 and RICTOR were determined by qRT-PCR analysis. ** statistically significant at p < 0.01. (E) 
Hs578T cells were transfected with siRNA targeting RICTOR (+) or scrambled siRNA (-) as a control. Immunoblot analysis was conducted. The relative band intensities 
of p-HSF1 were quantified by densitometry and normalized to HSF1. * statistically significant at p < 0.05. (F) ChIP assay was performed to measure the binding 
degree of HSF1 to the ATG7 promoter in Hs578T cells. Hs578T cells transfected with scrambled siRNA (-) or siRNA molecules #1 and #2 targeting RICTOR (+) were 
starved in HBSS for 2 h. Chromatin was immunoprecipitated with specific antibodies against HSF1. DNA was amplified by PCR using primers covering the binding site 
for HSF1 in the ATG7 promoter (−1809 to − 1412) and separated on 1% agarose gel. The relatively increased band intensity indicates that the binding of HSF1 protein 
to ATG7 promoter is increased. Data represent mean ± S.E. (unpaired two-tailed Student’s t-test). All data were representative of the results of three independent 
experiments.
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Figure 5. MTORC2-HSPA pathway may protect ANXA2 from lysosomal degradation. (A) Hs578T cells were heated (42°C for 3 h) and then incubated at 37°C for 24 h. 
Immunoblot analysis was conducted. The relative band intensities of ANXA2 were quantified by densitometry and normalized to ACTB. (B) Hs578T cells were 
transfected with siRNA targeting HSPA (+) or scrambled siRNA (-) as a control. Immunoblot analysis was conducted. The relative band intensities of ANXA2 were 
quantified by densitometry and normalized to ACTB. (C) As indicated, Hs578T cells were treated with VER155008 for 24 h. Immunoblot analysis was subjected. The 
relative band intensities of ANXA2 were quantified by densitometry and normalized to ACTB. (D) Whole cell lysates of Hs578T cells were immunoprecipitated with 
anti-ANXA2 antibody and immunoblotted with anti-HSPA antibody. (E and F) Hs578T cells were transfected with siRNA targeting HSPA (+, E), siRNA targeting RICTOR 
(+, F) or scrambled siRNA (-) as a control. The cells were treated with 50 μg/mL leupeptin for 24 h and subjected to immunoblot analysis. The relative band intensities 
of ANXA2 were quantified by densitometry and normalized to ACTB. (G) Hs578T cells were transfected with siRNA targeting RICTOR (+) or siRNA targeting HSPA (+). 
Scrambled siRNA (-) was used as a control. Immunoblot analysis was conducted. The relative band intensities of HSPA were quantified by densitometry and 
normalized to ACTB. (H) Quantification of immunoblot band densities for ANXA2 and HSPA which were normalized to ACTB in nine pairs of human breast cancer 
tissues (C) and adjacent normal tissues (N) from immunoblot analysis (left). Bars indicate average values (n = 9; unpaired two-tailed Student’s t-test). Pearson 
correlation coefficient (two-tailed Student’s t-test) between ANXA2 and HSPA protein expression (right). Data represent mean ± S.E. (unpaired two-tailed Student’s 
t-test). *,**,*** statistically significant at p < 0.05, p < 0.01, and p < 0.001. All data were representative of the results of three independent experiments.
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shown). ANXA2 has been reported to be critical for osteosar-
coma cell autophagy and subsequent cell differentiation [52]. 
The binding of ANXA2 with bleomycin impedes autophagic 
flux, leading to the induction of pulmonary fibrosis progres-
sion [53]. The significant function of ANXA2 in the prolifera-
tion and invasion of TNBC cells [17–20], along with its 
correlation with advanced clinical stage of invasive breast 
cancer [20,22], implies that ANXA2-mediated autophagy 
may contribute to a prosurvival role in TNBC.

The ATGs are required for various stages of autophagy 
whose functions in cancer are context-dependent. The ATG7- 
dependent autophagy has been shown to be involved in inva-
sion in human bladder cancer [54]. The role of ATG7 in

breast cancer progression has been controversial. A high 
level of ATG7 has been shown to be correlated with a worse 
survival rate in breast cancer and TNBC patients [30], but it 
inhibits proliferation/migration and promotes apoptosis in 
TNBC cell lines [55]. While a close association between 
TNBC and ATG7 has been reported [30], the intricate 
mechanistic relationship between ATG7 and ANXA2 in 
TNBC has not yet been studied. The current study showed 
that ANXA2 regulated ATG7 to induce autophagy via HSF1 
in a transcriptional level (Figures 2 and 3). The previous study 
shows that ANXA2 knockdown decreases the levels of 
ATG16L1 and ATG12–ATG5 [23]. ANXA2 did not cause 
substantial alterations in the mRNA levels of ATG4B, ATG5,

Figure 6. ANXA2 knockdown increases doxorubicin sensitivity in TNBC cells. (A) Hs578T cells were transfected with siRNA targeting ANXA2 (+) or scrambled siRNA (-) 
as a control. The cells were treated with doxorubicin (0, 0.5, 1, 1.5, and 2 μM) for 24 h and subjected to MTT assay. (B) Hs578T cells were transfected with two siRNAs 
targeting ANXA2 (+) or scrambled siRNA (-) as a control. The cells were treated with 1 μM doxorubicin for 24 h and subjected to immunoblot analysis. Immunoblot 
analysis was conducted. The relative band intensities of cleaved PARP1 were quantified by densitometry and normalized to ACTB. (C) Flow cytometry results with 
ANXA5-FITC and PI staining. Hs578T cells were transfected with siRNA targeting ANXA2 or scrambled siRNA, and treated with 2 μM doxorubicin. After culture for 24 h, 
the cells were harvested and stained using ANXA5-FITC and PI. The apoptosis was analyzed by flow cytometry. (D) Hs578T cells were treated with A2ti-1 and 
doxorubicin for 24 h, as indicated concentration. MTT assay was conducted. Data represent mean ± S.E. (unpaired two-tailed Student’s t-test). *,**,*** statistically 
significant at p < 0.05, p < 0.01, and p < 0.001. All data were representative of the results of three independent experiments.
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Figure 7. ANXA2 knockdown increases doxorubicin sensitivity and retards the tumor growth in the TNBC xenograft mouse model. (A) Hs578T cells stably transfected 
with shRNA targeting ANXA2 (sh ANAX2) or scrambled shRNA (sh Ctrl) were inoculated to Balb/c nude mice (n = 16 per group). The tumor incidence was calculated as 
the ratio of tumor-bearing mice (n) to total mice (n) for 17 days. The numbers in bars indicate the percentage of mice (black bar: the mice which developed tumors, 
white bar: the mice which did not develop tumors). (B-D) MDA-MB-231 cells stably transfected with shRNA targeting ANXA2 (sh ANAX2) or scrambled shRNA (sh Ctrl) 
were inoculated to Balb/c nude mice (n = 7 per group). Tumor-bearing mice were randomized into four groups: control group (sh Ctrl-PBS), doxorubicin-treated 
group (sh Ctrl-doxo), ANXA2 knockdown group (sh ANXA2-PBS), and combination of ANXA2 knockdown and doxorubicin-treated group (sh ANXA2-doxo). 
Doxorubicin (3 mg/kg) or vehicle (PBS) was intravenously administered once a week for 33 days. Tumor volume was measured three times per a week using caliper 
(B). At the end of the study, animals were sacrificed. The excised tumors were obtained (C) and tumor weight was measured (D). * statistically significant at p < 0.05 
(two way ANOVA followed by Tukey test). (E) TUNEL assay was performed using tumor tissues obtained from the mice in four groups. Apoptotic cells were stained as 
brown spots in the tissues and representative images were shown (scale bar = 100 μm). TUNEL-positive levels in the tissue were analyzed by Image J software. * 
statistically significant at p < 0.05 (two way ANOVA followed by Tukey test). (F) A proposed mechanism for the MTORC2-ANXA2-HSF1-ATG7 axis which plays a key 
role in autophagy of TNBC cells.
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and ATG12 in Hs578T TNBC cells (Data not shown). In the 
current study, we showed that the expression of ATG7 dis-
played a significant change in response to ANXA2. There may 
be the potential involvement of other molecules in the regula-
tion of autophagosome formation by ANXA2 in TNBC.

The high levels of ATG7 [30] and nuclear HSF1 [56] have 
been associated with poor survival in breast cancer patients. 
The positive correlation between HSF1 and ATG7 levels in 
these patients further supports our in vitro findings. Our 
results imply that HSF1 located in nucleus of TNBC cells 
was phosphorylated by ANXA2, which stimulated the ATG7 
promoter activity and induced autophagy. It has been demon-
strated that TFE3 and TFEB, nutrient-sensitive transcription 
factors, induce transcriptional upregulation of autophagic and 
lysosomal genes in response to starvation, playing a master 
regulatory role in autophagy [57]. Although MTOR regulates 
the translocation of TFEB to regulate autophagy [58], TFEB 
does not appear to affect ATG7 expression in HeLa cells [59]. 
In our study, we demonstrated that ANXA2 played a role in 
p-HSF1-ATG7 signaling under both nutrient-rich and starva-
tion conditions. As ANXA2 is involved in TFEB-mediated 
autophagy [52,53], we cannot exclude the potential involve-
ment of TFEB and TFE3 in the regulation of ANXA2- 
dependent autophagy in TNBC, as well as their potential 
crosstalk with HSF1.

Many studies have focused on the regulatory signals of 
MTORC1 activity on autophagy [34]; however, the mechan-
ism of MTORC2 regulation in autophagy is yet to be fully 
understood. Current studies have suggested that MTORC2 
functions as a multifaceted regulator of autophagy via com-
plicated signaling network. With the activation of its down-
stream target molecules SGK1 (serum/glucocorticoid 
regulated kinase 1) and AKT, MTORC2 functions as 
a negative regulator of autophagy [60]. Otherwise, the 
MTORC2- PRKCA (protein kinase C alpha)/PRKCB axis 
facilitates autophagosome precursor formation, thus promot-
ing autophagy [61]. In this paper, we demonstrated that 
MTORC2-regulated ANXA2 promoted autophagy through 
HSF1-mediated ATG7 in TNBC cells (Figure 4). 
Consistently, MTORC2 signaling activates HSF1 via 
a positive feedback loop in glioblastoma cells [62].

It has been reported that phosphorylated MTOR interacts 
with ANXA2, causing a shift in its subcellular location from 
the periphery of the plasma membrane to the perinuclear 
region, thereby inducing autophagy under serum starvation 
[25]. The downstream signaling of MTORC2, including 
p-AKT (S473) and PRKCA/PKCα, appeared to have differen-
tial effects on ANXA2 expression. An AKT inhibitor, 
MK2206, reduced ANXA2 expression, while a PRKC inhibi-
tor, Gö 6983, did not induce any significant change (Data not 
shown). Our findings suggest that MTORC2 complex signal-
ing modulates autophagy, including the regulation of ANXA2.

Heat shock-induced HSP90A enhances ANXA2 interaction 
with S100A10, which results in the formation of heterotetra-
mer and extracellular translocation [63]. Our data demon-
strated that HSPA interacted with ANXA2, and this 
interaction may be crucial for the protein stability of 
ANXA2, thus preventing lysosomal degradation (Figure 5). 
We also observed a positive correlation between HSPA and

ANXA2 in human breast cancer tissues. Our data imply that 
the interaction between ANXA2 and HSPA may affect the 
expression, subcellular localization, and functional implica-
tion of ANXA2 in breast cancer. The impact of HSF1 on 
HSPA expression aligns well with our study’s evidence of 
the ANXA2-HSPA interaction.

A number of studies have reported crosstalk between apop-
tosis and autophagy, thereby providing a rationale for the inhi-
bition of autophagy in conjunction with apoptosis-inducing 
therapies in human cancers [64,65]. A high level of basal auto-
phagy in TNBC cells has been shown to be correlated with poor 
prognosis [10,13,14]. The inhibition of autophagy sensitizes the 
effects of chemotherapeutic drugs in breast cancer [11,12]. 
Thus, targeting of ANXA2-mediated autophagy has been sug-
gested to be an attractive approach for aggressive breast cancer 
therapy [10,66]. Although there has been evidence showing that 
doxorubicin induces autophagy in TNBC cells [42], the correla-
tion between doxorubicin-induced apoptosis and autophagy 
remains unclear. This study showed that the inhibition of auto-
phagy by knockdown of ANXA2 markedly increased doxoru-
bicin sensitivity in TNBC cells in vitro (Figure 6). We verified 
the inhibition of tumorigenicity by knockdown of ANXA2 
using a Hs578T TNBC xenograft model. Notably, ANXA2 
knockdown in combination with doxorubicin treatment 
increased apoptotic cell death and retarded tumor volume 
compared to doxorubicin treatment alone in a MDA-MB-231 
TNBC xenograft model (Figure 7). These results highlighted the 
significance of targeting ANXA2 in enhancing doxorubicin 
sensitivity, presenting a promising approach to improve che-
motherapy effectiveness in TNBC.

Taken together, the results of the present study demon-
strated a mechanism for autophagy in TNBC cells wherein 
MTORC2-ANXA2-HSF1-ATG7 axis played a key role (as 
depicted in Figure 7F). Herein, our data showed that 
MTORC2-regulated ANXA2 increased the transcription of 
the ATG7 gene through HSF1, thereby inducing autophagy. 
We also showed that HSPA, which interacted with ANXA2, 
enhanced ANXA2 protein stability. Collectively, our study 
provides novel insights into ANXA2-mediated autophagy in 
TNBC, suggesting that ANXA2 is a potential therapeutic 
target against aggressive breast cancer.

Materials and methods

Cell culture conditions and reagents

Hs578T and MDA-MB-231 human TNBC cell lines were 
purchased from the Korean Cell Line Bank (30126 and 
30026, respectively). All cell lines were cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM) with high 
glucose (Hyclone, SH30243.01) supplemented with 10% fetal 
bovine serum (Corning, 35–015-CV) and 1% penicillin- 
streptomycin (Invitrogen, 15140–122) at 37°C in 
a humidified incubator equilibrated with 5% CO2. All cell 
lines were authenticated by the Korean Cell Line Bank using 
STR-PCR analysis. Bafilomycin A1 (Sigma Aldrich, B1793), 
Hanks’ balanced salt solution (HBSS; Sigma Aldrich, H8264), 
rapamycin (Sigma Aldrich, R8781), VER155008 (Sigma 
Aldrich, SML0271), MG132 (Sigma Aldrich, C2211), and
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MHY1485 (Sigma Aldrich, SML0810), leupeptin HCl 
(Calbiochem 108,975), A2ti-1 (MedChemExpress, HY- 
136465), and doxorubicin (Sigma Aldrich, D1515) were used 
as indicated. To induce autophagy, cells were starved by 
incubation in HBSS medium lacking amino acid and serum 
for 2 h [31].

Immunoblot analysis

Immunoblot analysis was performed as described previously 
[67] and the following primary antibodies were used: Anti- 
RPTOR (Santa Cruz Biotechnology [SCB], sc-81537), anti- 
HSPA/Hsp70 (SCB, sc-66048), anti-ANXA2 (SCB, sc-28385), 
anti-ACTB (SCB, sc-47778), anti-TUBA (SCB, sc-23948), 
anti-MTOR (Cell Signaling Technology [CST], 2972S), anti- 
phospho-MTOR (Ser2448) (CST, 2971S), anti-phospho- 
MTOR (Ser2481) (CST, 2974S) and anti-LC3B (CST, 2775S), 
anti-ATG7 (CST, 8558S), anti-HSF1 (CST, 12972S), anti- 
RICTOR (Abcam, ab70374), ati-SQSTM1/p62 (Abcam, 
ab56416), anti-phospho-HSF1 (S326) (CUSABIO, CSB- 
RA010791A326phHU), anti-HSP90A/Hsp90α (Enzo Life 
Sciences, ADI-SPA-840), anti-phospho-RPS6KB/p70 S6 
kinase (Thr389) (CST, 9205S), anti-RPS6KB/p70 S6 kinase 
(CST, 9202S), anti-TFE3 (Proteintech, 14480–1-A), and anti- 
TFEB (SCB, sc-166736) antibodies. An enhanced chemilumi-
nescence system (Advansta, R-03031-D25) was used for detec-
tion. The relative band intensities were quantified by 
densitometry and normalized to loading control protein.

RFP-GFP-LC3 puncta formation assay

Hs578T cells were transiently transfected with the tandem 
reporter RFP-GFP-LC3 using Omicsfect (OmicsBio, CP2101) 
and serum-free DMEM medium (Welgene, LM001–05) for 
24 h. To induce starvation, the cells were maintained in HBSS 
(Sigma Aldrich, H8264) for 2 h. The coverslips were mounted 
on glass slides. Immunofluorescence was performed using 
a LSM 900 confocal laser scanning microscope (Carl Zeiss). 
RFP-GFP-LC3 puncta were counted. The number of RFP+ 

GFP+ LC3 dots (yellow puncta) and the number of RFP+ 

GFP− LC3 dots (red puncta) in the merged images were 
counted and the average number of puncta per cell was 
calculated.

Confocal fluorescence microscopy

Hs578T cells, which were seeded, were fixed with 4% paraf-
ormaldehyde for 10 min, washed with phosphate-buffered 
saline (PBS; 1.37 mM sodium chloride, 27 mM potassium 
chloride, 100 mM sodium phosphate dibasic, 18 mM potas-
sium phosphate monobasic, pH 7.4), and then permeabilized 
with PBS containing 0.2% Triton X-100 (Biopure 
Corporation, 8940T) for 5 min at room temperature. After 
washing with PBS, the cells were blocked for 30 min in PBS 
containing 2% bovine serum albumin (BSA; GenDEPOT, 
A0100–010). The cells were then incubated with the indicated 
primary antibody (1:200–1:400) overnight at 4°C, washed, and 
stained for 1 h with Alexa Fluor 488 (Invitrogen, A11034) and 
Alexa Fluor 568 (Invitrogen, A11031)-conjugated secondary

antibodies. 4-, 6-diamidino-2-phenylindole (DAPI) was used 
for nuclear staining. The coverslips were mounted on glass 
slides. Immunofluorescence was performed using a LSM 900 
confocal laser scanning microscope (Carl Zeiss).

Quantitative reverse-transcription polymerase chain 
reaction

Total RNAs were extracted and reverse transcription was 
performed as described previously [67]. The qPCR 
(StepOne™ Real-Time PCR System, Thermo Scientific) reac-
tions were performed using SensiFAST™ SYBR® Hi-ROX kit 
(Bioline Reagents, BIO-92005) with gene-specific primers: 
ANXA2 (forward: 5’-GCCATCAAGACCAAAGGTGT-3’, 
reverse: 5’-TCAGTGCT 
GATGCAAGTTCC-3’), ATG7 (forward: 5’-GCCAAGATC 
TCCTACTCCAATC-3’, reverse: 5’-CAGAAGTAGCAG 
CCAAGCTTGT-3’), and RICTOR (forward: 5’- 
GGAAGCCTGTTGATGGTGAT-3’, reverse: 5’- 
GGCAGCCTGTTTTATGGTGT-3’). Each sample was 
assayed in triplicate.

Small interfering RNAs (siRNAs) and plasmid DNA 
transfection

The siRNA molecules targeting MTOR (HSS103826), RPTOR 
(HSS126373), and RICTOR (HSS153834) were obtained from 
Invitrogen. The siRNA molecules targeting HSP90A (sc- 
29353) were provided by Santa Cruz Biotechnology. 
Knockdown of HSPA was performed with siRNA targeting 
HSPA, 5’-AGGACGAGUUUGAGCACAA-3’. Knockdown of 
ANXA2 #1 and #2 were performed with siRNA targeting 
ANXA2, 5’-GGGUCUGUCAAAGCCUAUATT-3’ and 
5’-GCACUGAAGUCAGCCUUAUTT-3’. The ANXA2-MYC 
plasmid was obtained from Origene (RC205081). Cells cul-
tured in 6-well plate were transfected using OPTI-MEM 
reduced-serum medium (Gibco, 51985034) and 
Lipofectamine 2000 (Invitrogen, 11668019) or jetPRIME® 
transfection reagent (Polyplus, 101000046) for 48 h.

Small hairpin RNA (shRNA) targeting ANXA2

An shRNA molecule targeting ANXA2 (sc-29199-SH) and 
control shRNA (sc-108060) were purchased from Santa Cruz 
Biotechnology. Cells cultured in a 6-well plate were trans-
fected using Lipofectamine 2000 (Invitrogen, 11668019) and 
OPTI-MEM reduced-serum medium (Gibco, 51985034), fol-
lowing the manufacturer’s instruction. Transfected cells were 
selected with 2.5 µg/ml puromycin (Sigma Aldrich, P9620) for 
three weeks.

ATG7 promoter luciferase assay

Hs578T cells expressing ANXA2-MYC or vector were tran-
siently co-transfected with the Renilla reporter and the 
wild-type or mutant ATG7 promoter luciferase reporter as 
previously described [67]. The wild-type ATG7 and mutant 
ATG7 promoter was cloned within BglII and KpnI sites in 
pGL3 promoter as previously reported [30]. The HSF1
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consensus-binding site (GAAACTTC, at-1602) in ATG7 
promoter was deleted using the site-directed mutagenesis 
approach with primers: 5’-GGTGAGAATTACAAATTAAG 
GGTGGGGGAGACT-3’ (forward), 5’-AGTCTCCCCCAC 
CCTTAATTTGTAATTCTCACC-3’ (reverse). After trans-
fection for 24 h, the luciferase activity was assayed using 
the dual-luciferase reporter assay kit (Promega, E1910). The 
firefly luciferase activity was measured with a luminometer 
(Tecan, Infinite M Plex), which was normalized to Renilla 
luciferase activity.

Chromatin-immunoprecipitation (ChIP)

ChIP assay was performed as described previously [67]. Cells 
were subjected to knockdown using two siRNA molecules 
targeting ANXA2 or RICTOR for 48 h, and then were starved 
in HBSS for 2 h. Chromatin DNA captured by 2 μg anti-HSF1 
antibody (CST, 12972), were eluted from Protein G Agarose 
(Thermo Fisher Scientific, 20397) and DNA was extracted 
with TRIzol™ Reagent (Invitrogen, 15596026). The DNA frag-
ments were amplified by PCR using primers covering the 
HSF1 binding site within the ATG7 promoter (−1809 to 
−1412). The primer sequences were as follows: 5’- 
GTCAGCAAAGGGTGGTGGGATTATC-3’ (forward), and 
5’- AGCAACTGAAGATCCGCAGAAGTG-3’ (reverse). 
Equal volumes of each RT-PCR product were analyzed by 
1% agarose gel electrophoresis. Each sample was assayed in 
triplicate.

Co-immunoprecipitation

Co-immunoprecipitation was performed as described pre-
viously [67]. Whole cell lysates were incubated with 2 μg anti- 
ANXA2 antibody (SCB, sc-28385) overnight at 4°C. Protein 
G Agarose (Thermo Fisher Scientific, 20397) was added, 
resolved on SDS polyacrylamide gels, and immunoblotted 
with anti-HSPA antibody (SCB, sc-66048).

Flow cytometry analysis

Hs578T cells were transfected with siRNA targeting ANXA2 
or scrambled siRNA. The transfected cells were treated with 
2 μM doxorubicin for 24 h. The cells were harvested and 
washed twice with PBS. Subsequently, the cells (1 × 105 

cells) were stained with FITC Annexin V Apoptosis 
Detection Kit I (BD Biosciences, 556547) for 15 min at 
room temperature in 1X binding buffer. The stained cells 
were then analyzed using a Novocyte Flow Cytometer 
(ACEA Biosciences Inc.).

Cell viability assay

Hs578T cells were incubated in 96-well plate (5 × 103 cells/ 
well) for 24 h. Cells were transfected with siRNA targeting 
ANXA2 or scrambled siRNA. Then, the transfected cells were 
treated with doxorubicin and dimethyl sulfoxide (DMSO; 
Sigma Aldrich, D2650) for 24 h, followed by 2 h incubation 
with 1 mg/ml MTT (Sigma Aldrich, M5655). Cells were trea-
ted with doxorubicin and A2ti-1 for 24 h, followed by 2h

incubation with 10 µL of CCK-8 assay reagent (Dojindo, 
CK04) per well. Following removal of the culture medium, 
the cells were dissolved in DMSO and shaken for 10 min. The 
absorbance was read measured at 450 nm using enzyme- 
linked immunosorbent assay plate reader (BioTek 
Instruments Inc., Synergy 2).

Xenograft tumor mouse model carrying shRNA ANXA2 
Hs578T cells

Female Balb/c nude mice (5-weeks old, female) were obtained 
from JUNGAH BIO (Gyeonggi, Korea). The mice were 
handled using a protocol approved by Duksung Women’s 
University in accordance with the Guidelines for the Care 
and Use of Laboratory Animals. All animal experiments were 
carried out in the animal laboratory of Duksung Women’s 
University. Mice were acclimatized for 1 week before the 
experiment. Scrambled shRNA (sh Ctrl) or shRNA ANXA2 
(sh ANAX2) transfected Hs578T cells (5 × 106 cells/mouse) 
were orthotopically injected with 100 µl PBS solution contain-
ing 10% matrigel (Corning, 354262) into the right mammary 
fat pad of each mouse. Mice were randomly divided into two 
groups (n = 16 per group): sh Ctrl group and sh ANAX2 group. 
Tumor volume was measured three times per a week using 
caliper for 17 days. The tumor incidence was calculated as the 
ratio of tumor-bearing mice (n) to total mice (n).

Xenograft tumor mouse model carrying shRNA ANXA2 
MDA-MB-231 cells to evaluate doxorubicin sensitivity

Balb/c-nude mice (5-weeks old, female) were purchased 
from ORIENT BIO (Gyeonggi, Korea). The mice were 
handled using a protocol approved by Duksung Women’s 
University in accordance with the Guidelines for the Care 
and Use of Laboratory Animals. All animal experiments 
were carried out in the animal laboratory of Duksung 
Women’s University. Mice were acclimatized for 1 week 
before the experiment. The sh Ctrl or sh ANAX2- 
transfected MDA-MB-231 cells were orthotopically 
injected into mammary fat pad with a density of 5 × 106 

cells with 100 µl PBS solution containing 10% matrigel 
(n = 14 per group; Corning, 354262). After a week, each 
mouse transplanted sh Ctrl and sh ANAX2 cells were 
divided into four groups randomly (n = 7 per group): sh 
Ctrl-PBS group, sh ANXA2-PBS group, sh Ctrl- 
Doxorubicin group, sh ANXA2-Doxorubicin group. 
Doxorubicin (3 mg/kg, Sigma Aldrich, D1515) was intra-
venously administered once a week for 33 days. 
Concurrently, same volume of PBS solute was adminis-
tered into the sh Ctrl group and sh ANXA2 group. 
Tumor size was measured by caliper three times a week 
for 33 days. At the end of the study, all animals were 
sacrificed. The excised tumors were obtained and tumor 
weight was measured. Tumor volumes were calculated by 
the following formula: Tumor volume (mm3) = (the length
of tumor) × (the width of tumor)2/2.
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Terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) assay

Isolated tumor tissues were gradually frozen with optimal cutting 
temperature (OCT) compound (Leica Biosystems, 3801480). 
Frozen tissue blocks were sliced at a thickness of 5 μm using 
a cryostat (Leica, Nussloch). Cell deaths on tissues were analyzed 
through TUNEL assay. Briefly, frozen sections were washed with 
tap water to eliminate OCT compound. After then, the sections 
were incubated in TdT (Abcam, ab206386) with biotinylated 
deoxyuridine (Roche Diagnositics, 11093070910) diluted in TdT 
labeling buffer for 1 h at 37°C in a humidified chamber and 
washed with termination buffer and distilled water. After washing 
with terminating buffer and water, the tissues were blocked with 
2% BSA in PBS and then washed with PBS. The slices were 
incubated with avidin-biotin complex (Vector Laboratories, PK- 
6100), and apoptotic nuclei on tissues were colorized with 3,3- 
Diaminobenzidine (SK-4100, Vector Laboratories Inc.). Next, the 
nuclei in the tumor tissues were counterstained with hematoxylin 
(Merck KGaA, HT40316). Stained tissue sections were observed 
using microscope (Leica) and quantified by Image J software.

Patient specimens

Nine breast cancer tissues were obtained from patients who under-
went mastectomy or breast conserving surgery for breast cancer at 
Seoul National University Hospital from 2015 to 2016. All patients 
signed informed consent for the collection of surgical specimens 
and research analyses (Institutional Review Board no.1405-088- 
580). Immediately after surgery, the surgeon extracted cancer and 
normal tissues from the surgical specimen. Blocks of fresh tissue 
obtained in the operating room were immediately frozen and 
stored at −70°C.

Analysis of breast cancer database

To analyze the correlation of ANXA2, ATG7, and LC3B 
expressions, the dataset of human breast tumor tissues 
from 43 breast cancer patients was downloaded in the 
GEO database (GSE15852). To analyzed the survival 
curves following ANXA2 gene expression, clinical datasets 
from TNBC patients were downloaded from GEO 
(GSE36693 and GSE58812). The Kaplan-Meier survival 
curves for overall survival and metastasis-free survival 
were constructed and compared by log-rank analysis.

Statistical analysis

Unpaired two-tailed Student’s t-test was used to determine 
significant differences in in vitro experiments. A two-way 
ANOVA followed by Tukey test with repeated measures was 
used for xenograft tumor models (GraphPad Software, MA). 
Three independent experiments were performed, and the 
results were expressed as mean ± S.E.
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