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Background
Breast cancer, the most frequent malignancy among 
women accounts for about 30% of all cancer cases and 
15% of all cancer deaths in women [1, 2]. Triple-negative 
breast cancers (TNBC) manifest heightened aggressive-
ness and dismal prognoses among the diverse subtypes 
of breast carcinoma [3]. These aggressive tumors relapse 
frequently, are more prone to metastasize, and have 
worse outcomes than those observed in other breast can-
cer types [4, 5].

Most cancer-related deaths result from local invasion 
and distant metastasis [6], which involves loss of apical-
basal polarity and intercellular contact in epithelial cells 
causing a shift to a mesenchymal phenotype [7]. This is 
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Abstract
Breast cancer remains a significant health concern, with triple-negative breast cancer (TNBC) being an aggressive 
subtype with poor prognosis. Epithelial-mesenchymal transition (EMT) is important in early-stage tumor to invasive 
malignancy progression. Snail, a central EMT component, is tightly regulated and may be subjected to proteasomal 
degradation. We report a novel proteasomal independent pathway involving chaperone-mediated autophagy 
(CMA) in Snail degradation, mediated via its cytosolic interaction with HSC70 and lysosomal targeting, which 
prevented its accumulation in luminal-type breast cancer cells. Conversely, Snail predominantly localized to the 
nucleus, thus evading CMA-mediated degradation in TNBC cells. Starvation-induced CMA activation downregulated 
Snail in TNBC cells by promoting cytoplasmic translocation. Evasion of CMA-mediated Snail degradation induced 
EMT, and enhanced metastatic potential of luminal-type breast cancer cells. Our findings elucidate a previously 
unrecognized role of CMA in Snail regulation, highlight its significance in breast cancer, and provide a potential 
therapeutic target for clinical interventions.
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accompanied by increased cell motility and expression 
of mesenchymal genes, a process known as epithelial-
mesenchymal transition (EMT), a key step in tumor 
progression towards metastasis [8, 9]. EMT regulators 
play important roles in cancer progression, including the 
zinc finger protein Snail, which induces EMT by directly 
downregulating E-cadherin transcription during tumor 
development and progression [10, 11]. Elevated expres-
sion of Snail correlates with advanced tumor grade, 
metastasis, recurrence, and dismal prognosis in breast 
cancer patients [12–14].

Snail is a labile protein that rapidly undergoes pro-
teasomal degradation post glycogen synthase kinase-3β 
(GSK-3β)-dependent phosphorylation and β-TrCP1-
mediated ubiquitination [15]. Snail protein contains two 
GSK-3β consensus sites, of which one is phosphory-
lated at four serine residues adjacent to a nuclear export 
sequence (NES) by GSK-3β, leading to the subsequent 
unmasking of protein and export from the nucleus [16]. 
The second site is phosphorylated by GSK-3β in the cyto-
sol at two serine residues that overlap with a destruction 
motif recognized by the E3 ubiquitin ligase β-TrCP1. 
Phosphorylated Snail binds to β-TrCP1, and undergoes 
ubiquitination and degradation [15]. Recent studies 
have reported the role of GSK-3β-dependent Snail phos-
phorylation in SPSB3-, FBW7-, FBXO22-, and FBXO31-
mediated Snail ubiquitination and degradation [17–20]. 
Several E3 ubiquitin ligases ubiquitinate Snail in the cyto-
sol, leading to proteasomal degradation, which suggests 
Snail protein has greater stability in the nucleus than that 
in the cytosol [21–25]. Notably, kinases, including ERK2, 
PAK1, Lats2, and p38 either translocate cytosolic Snail to 
the nucleus or retain it within the nucleus, thereby avoid-
ing ubiquitination and degradation [26–29]. However, 
the recent discovery of FBXL5, an E3 ubiquitin ligase that 
target nuclear Snail [30], has rendered the hypothesis of 
the high stability of nuclear Snail less compelling.

Chaperone-mediated autophagy (CMA) is a selective 
autophagy mechanism that relies on lysosomal degra-
dation of cytosolic proteins [31]. Cellular proteins that 
contain a recognition motif chemically related to the 
pentapeptide Lys-Phe-Glu-Arg-Gln (KFERQ) are recog-
nized by cytoplasmic heat-shock chaperone HSC70 and 
its associated co-chaperones, before being targeted to 
the lysosome membrane. The substrate is translocated 
via the membrane into the lysosomal lumen post inter-
action with the lysosome-associated membrane protein 
type 2 A (LAMP2A), and degraded by intraluminal pro-
teases [32, 33]. We demonstrate that Snail degradation 
by cytosolic CMA is independent of proteasomal degra-
dation in luminal-type breast cancer cells with low Snail 
expression. We further show the nuclear retention of 
Snail in TNBC cells, unlike that in luminal-type breast 
cancer cells, aids evasion of CMA-mediated degradation. 

Our findings highlight chaperone-mediated autophagy 
(CMA) as an unrecognized mechanism that governs 
Snail protein turnover, and sheds light on the complex 
regulation of Snail stability and its implications in breast 
cancer progression.

Materials and methods
Cell culture
All cell lines used in this study were obtained from the 
Korean Cell Line Bank (KCLB, Seoul, Korea), where they 
were characterized by DNA-fingerprinting and isozyme 
detection, and cultured according to American Type 
Culture Collection instructions. All cell lines were used 
within 3 to 20 passages of thawing the original stocks and 
were tested every 3 months for mycoplasma contamina-
tion. The cell lines were maintained for no more than 3 
passages between experiments. Human HEK293T and 
human breast cancer cell lines (MCF-7, MDA-MB 231) 
were cultured in DMEM (Invitrogen, Carlsbad, CA, USA) 
supplemented with 10% FBS and 1% penicillin and strep-
tomycin. Human breast cancer cell lines (T47D, BT549) 
were cultured in RPMI (Invitrogen, Carlsbad, CA, USA) 
supplemented with 10% FBS and 1% penicillin and strep-
tomycin. Serum starvation experiments were performed 
by switching from normal medium to medium contain-
ing 0.2% FBS after 24 h of incubation and maintaining the 
culture for an additional 48 h.

Plasmid construction and transfection
The wild type Snail, HSC70, and LAMP2A plasmids 
were purchased from Sino Biological (Beijing, China). 
Site-directed mutagenesis was performed with a Qui-
kChange mutagenesis kit (Stratagene, San Diego, CA, 
USA), according to the manufacturer’s instructions. For 
transient transfection, HEK293T cells were seeded in 
6-well or 100-mm-diameter dish for 24 h and transfected 
with the indicated plasmid by using X-tremeGENE™ HP 
DNA transfection reagent (Roche, Basel, Switzerland) 
following manufacturer’s instruction. After 48  h, the 
cells were harvested and used for western blot analysis. 
Two different siRNA oligo duplexes for targeting human 
HSC70 (siHSC70-1; 5’- G C U G G U C U C A A U G U A C U U A 
T T-3’ and siHSC70-2; 5’- G U G C C A U G A C A A A G G A U A 
A T T-3’), LAMP2A (siLAMP2A-1; 5’- G C A G U G C A G A 
U G A C G A C A A T T-3’ and siLAMP2A-2; 5’- G C C U U G G 
C A G G A G U A C U U A T T-3’), LAMP2B (siLAMP2B; 5’- G 
U G U U C G C U G G A U G A U G A C A C C A T T-3’) or ATG7 
(siATG7-1; 5’- C A G C U A U U G G A A C A C U G U A T T-3’ and 
siATG7-2; 5’- C U C U U G A A A A C C C U G U A C U T T-3’), 
respectively, were purchased from Bioneer (Daejeon, 
Korea). Transient transfection of siRNA oligo duplex was 
accomplished using Lipofectamine™ RNAiMAX Trans-
fection Reagent (Invitrogen, Carlsbad, CA, USA) follow-
ing manufacturer’s instruction. For stable transfection, 
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MCF-7 cells were transfected with Flag-tag (Control), 
Flag-WT-Snail, or Flag-58AAAA-Snail expressing plas-
mid by using the X-tremeGENE™ HP DNA transfection 
reagent (Roche, Basel, Switzerland). After 48  h incuba-
tion, 500 µg/ml of G418 (Sigma, St. Louis, MO, USA) was 
added to the cultures to select for G418-resistant clones. 
Three to four weeks later, independent colonies were 
picked using cloning cylinder (Sigma, St. Louis, MO, 
USA), sub-cultured, and tested for Snail expression by 
western blot analysis.

Immunoprecipitation
Cells were lysed in lysis buffer: 20 mM Tris pH 7.4, 2 mM 
EDTA, 150 mM sodium chloride, 1 mM sodium deoxy-
cholate, 1% Triton X-100, 10% glycerol, 2 pills protease 
inhibitor cocktail (Roche, Basel, Switzerland), mixed by 
vortexing and incubated 30 min on ice. Lysates were pre-
cleared using protein A/G beads (Santa Cruz Biotech-
nology, Dallas, Texas, USA), incubated with the specific 
antibodies for overnight at 4  °C with gentle mixing and 
then incubated with beads for 2 h at 4 °C with gentle mix-
ing. Beads were then washed 5 times with lysis buffer and 
eluted with 40 µl of 2 × SDS sample buffer. Western blot 
analysis was then performed. Primary antibodies used 
for IP were as follows: anti-Flag (Abm #G191; 2 µg/ml), 
anti-HA (Abm #G036; 2  µg/ml), mouse mAb IgG1 iso-
type control (Cell Signaling #5415; 2 µg/ml), anti-HSC70 
(Santa Cruz Biotechnology, #sc-7298; 2 µg/ml) and anti-
Snail (Cell Signaling #3895; 2 µg/ml).

Western blot analysis
Protein samples were subjected to SDS-PAGE and trans-
ferred to polyvinylidene fluoride (PVDF) membranes. 
Membranes were incubated with indicated primary anti-
bodies for overnight at 4  °C. After washing with TBS-T 
(TBS containing 0.1% Tween-20), membranes were incu-
bated with corresponding horseradish peroxidase (HRP)-
conjugated secondary antibodies (1:5,000) for 1  h at 
room temperature. Blots were developed with enhanced 
chemiluminescence (ECL, Bio-Rad, Hercules, CA, USA) 
reaction according to manufacturer’s instructions. Pri-
mary antibodies used were: anti-Snail (Cell Signaling, 
#3879; 1:1,000), anti-HSC70 (Santa Cruz Biotechnology, 
#sc-7298; 1:500), anti-LAMP2A (Abcam. #ab125068; 
1:1000), anti-LAMP2B (Abcam. #ab18529; 1:1000), anti-
LAMP1 (Cell Signaling, #9091; 1:1,000), anti-Flag (Abm, 
#G191; 1:2,000), Monoclonal ANTI-FLAG® M2-Perox-
idase (HRP) (Sigma-Aldrich, #A8592; 1:2,000), anti-HA 
(Abm, #G036; 1:2,000), anti-HA High Affinity (Roche, 
#11867423001; 1:1,000), anti-Histone H3 (Cell Signaling, 
#4499; 1:1,000), anti-α-tubulin (Sigma-Aldrich, #T6199; 
1:10,000), anti-β-actin (Cell Signaling, #4967; 1:1,000), 
anti-LC3B (Cell Signaling, #3868; 1:1,000), anti-Ubiqui-
tin (linkage-specific K48) (Abcam. #ab18529; 1:1,000), 

anti-ATG7 (Cell Signaling, #8558; 1:1,000), anti-p62/
SQSTM1 (Sigma-Aldrich, #P0067; 1:1,000), anti-MEK1/2 
(Cell Signaling, #8727; 1:1,000), anti-Lamin A/C (Santa 
Cruz Biotechnology, #sc-376248; 1:500), anti-E-cadherin 
(BD Biosciences, #610181; 1:10,000), anti-Occludin 
(Invitrogen, #71-1500; 1:1,000), anti-ZO-1 (Invitrogen, 
#40-2200; 1:1,000), anti-Fibronectin (BD Biosciences, 
#610078; 1:5,000), anti-N-cadherin (BD Biosciences, 
#610921; 1:5,000), anti-Vimentin (Santa Cruz Biotech-
nology, #sc-6260; 1:500), anti-Claudin-1 (Cell Signaling, 
#13995; 1:1,000), anti-p-PKD1 (Ser744/748) (Cell Signal-
ing, #2054; 1:1,000), anti-PKD1 (Cell Signaling, #90039; 
1:1,000), anti-p-PAK1 (Thr423)/PAK2 (Thr402) (Cell 
Signaling, #2601; 1:1,000), anti-PAK1 (Cell Signaling, 
#2602; 1:1,000), anti-GSK3β (Ser9) (Cell Signaling, #5558; 
1:1,000), anti- GSK3β (Cell Signaling, #9315; 1:1,000), 
anti-p-Akt (Ser473) (Cell Signaling, #9271; 1:1,000), anti-
Akt (Cell Signaling, #9272; 1:1,000).

Total RNA extraction and qRT-PCR
Total RNA was extracted from the cultured cells using 
RNeasy Mini Kit (GeneAll, Seoul, Korea) following 
the manufacturer’s instructions. Reverse transcription 
was performed using iScript™ cDNA synthesis kit (Bio-
Rad, Hercules, CA, USA) following the manufacturer’s 
instructions. qRT-PCR was performed using iQ™ SYBR®q 
RT/PCR PreMix (Bio-Rad, Hercules, CA, USA) following 
the manufacturer’s instructions. Amplification was per-
formed using CFX96 Touch Real-Time Detection System. 
Primers used were: Snail (F: 5’- A T C G G A A G C C T A A C T 
A C A G C-3’; R: 5’- C A G A G T C C C A G A T G A G C A T T-3’), 
GAPDH (F: 5’- G T G G T C T C C T C T G A C T T C A A C-3’; R: 
5’- T C T C T T C C T C T T G T G C T C T T G-3’).

Immunofluorescence and confocal microscopy
The cells were washed once in PBS and then fixed in fresh 
4% paraformaldehyde at room temperature for 15  min. 
To ensure permeability and prevent non-specific anti-
body binding, the cells were treated with PBS containing 
0.1% Triton X-100 and 5% bovine serum albumin (BSA) 
for 1 h. Following that, the cells were incubated overnight 
at 4  °C with the appropriate antibody. The cells were 
washed four times with PBS and then incubated for 1 h 
with Alexa Fluor-conjugated secondary antibodies (Invi-
trogen, Carlsbad, CA, USA). Samples were washed and 
mounted on microscope slides with a drop of VECTA-
SHIELD (Vector Labs, Newark, CA, USA) and sealed 
with medical adhesive. Samples were examined with 
laser-scanning confocal microscope (Olympus, Japan).

Cycloheximide (CHX) pulse-chase assay
HEK293T and MCF-7 stable cells were seeded on 12-well 
plate at a density of 2.5 × 105 cells per well. After cultur-
ing overnight, the cells were transfected with plasmids or 
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siRNAs or treated with inhibitors as desired. Two days 
after transfection, the cells were treated with 100 µg/ml 
of cycloheximide before harvest. Total protein lysates 
were collected at different time points and subjected to 
immunoblotting for Snail.

Ubiquitination assay
Ubiquitination assay was done following an immu-
noprecipitation protocol. After culturing overnight, 
HEK293T cells were transfected with plasmids or siR-
NAs as desired. Two days after transfection, cells were 
treated with 10 µM MG132 (Sigma-Aldrich, #C2211) 
for 8  h to block proteasomal degradation of the Snail 
protein before lysed with Triton X-100 lysis buffer. Cell 
lysates were then collected and immunoprecipitated with 
anti-Flag antibody (Abm, #G191; 2 µg/ml) to specifically 
pull-down Flag-Snail protein. Pulled down samples were 
subject to immunoblotting with anti-HA (Ubiquitin) to 
visualize polyubiquitinated Snail protein bands.

Cellular fractionation and lysosome isolation
HEK293T cells were cultured at a density of 1 × 106cells 
per dish in 100 mm diameter dishes and transfected with 
plasmids 24 h later. After 48 h of cultivation, cells were 
harvested. 12 h before cell harvest, the cells were treated 
with NH4Cl (Sigma-Aldrich, #A9434; 20 mM) and leu-
peptin (Santa Cruz Biotechnology, #sc-295358; 100 µM). 
Cellular fractionation was carried out using the NE-PER™ 
Nuclear and Cytoplasmic Extraction Reagents (Thermo 
Fisher Scientific, #78835) following the manufacturer’s 
instructions. Lysosome isolation was performed using 
the Minute™ Lysosome Isolation Kit for Mammalian 
Cells/Tissues (Invent, #LY-034) following the manufac-
turer’s instructions.

Proliferation assay
Cells were seeded in 6-well plates at 1 × 105 cells/well. 
After incubation for 1 to 4 days, cells were trypsinized 
and resuspended in 1 ml of appropriate medium. The via-
ble cells were stained with trypan blue and counted with 
a hemocytometer.

Migration assay
Cells were seeded into Culture-Insert (Ibidi, Fitchburg, 
WI, USA) at 5 × 105 cells/insert. After the cells were 
confluent, the Culture-Insert was removed and washed 
with PBS for three times to rinse off the detached cells. 
Cells were then cultured with appropriate fresh media 
for further 24  h. The wound closure was observed and 
photographed at indicated times, using a phase-contrast 
microscope with digital camera.

Invasion assay
Invasion assays were assessed using QCM™ 24-Well Cell 
Invasion Assay (Fluorometric) kit (Millipore, Bedford, 
MA, USA) following the manufacturer’s instruction. 
Cells were serum-starved for 24  h and 2.5 × 105 cells in 
250  µl of serum-free medium were seeded into upper 
chambers. The lower chambers were filled with 500  µl 
of appropriate media containing 20% fetal bovine serum. 
30 h after incubation, non-invaded cells/medium remain-
ing on the upper chambers were removed by pipetting. 
The upper chambers were transferred into a clean well 
containing 225 µl of prewarmed Cell Detachment Solu-
tion, and incubated for 30 min at 37 °C. The upper cham-
bers were removed from the well. 75  µl of Lysis Buffer/
Dye solution (CyQuant GR Dye 1:75 with 4X Lysis Buf-
fer) was added into each well and incubated for 15 min at 
room temperature. Two hundred microliters of the mix-
ture were transferred into a 96-well plate and assessed 
with a fluorescence plate reader using a 480/520 nm filter 
set.

Mice and animal housing
Female BALB/c nude mice at 6 weeks of age were pur-
chased from DooYeol Biotech and housed in a patho-
gen-free barrier room in Animal Care Facility at Korea 
Research Institute of Bioscience and Biotechnology 
(KRIBB). All experiments using animals were conducted 
under the Institutional Animal Care and Use Committee 
(IACUC)-approved protocols at KRIBB in accordance 
with institutional guidelines.

Xenografts studies
For metastasis analysis of MCF-7 human breast cancer 
models, 2 × 106 of MCF-7 (Control), wild-type Snail or 
mutant Snail-expressing MCF-7 (Snail-WT) and MCF-7 
(Snail-58AAAA) cells were injected into the lateral tail-
vein of BALB/c female nude mice (n = 7 for each group). 
Six weeks after the injection, the mice were euthanized, 
and stained H&E at lung.

Statistical analysis
Quantitative data in this study are presented as means 
± S.D. and were analyzed by Student’s t-test, one-way 
ANOVA or two-way ANOVA. P < 0.05 was considered 
statistically significant. For quantification of protein sta-
bility following treatment of cycloheximide, Snail and 
α-tubulin proteins detected by immunoblotting were 
quantified using ImageJ software. For normalization, 
α-tubulin expression was used as a control. GraphPad 
Prism version 7 and SPSS version 26 software were used 
in this study. All experiments were repeated at least three 
independent times. Animal studies were performed with 
adequate n numbers to ensure statistical evaluation. No 
statistical method was used to predetermine sample size. 
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Sample size was chosen on the basis of literature in the 
field.

Results
HSC70 interacts with Snail in the cytosol and decreases its 
protein stability
Snail is highly expressed in TNBC cell lines, but not in 
normal or luminal-type breast cancer cell lines (Fig. S1A). 
Snail was barely detectable in stable Flag-tagged Snail 
transfectants in MCF-7 cells, a non-invasive luminal-type 
breast cancer cell line (MCF-7/F-Snail, Fig. S1B). How-
ever, its expression increased dramatically on pre-treat-
ment with the proteasome inhibitor MG132 (Fig. S1B), 
indicating rapid degradation of Flag-tagged Snail via a 
proteasome-dependent pathway in MCF-7 cells. LC-MS/
MS analysis performed to identify Snail-interacting pro-
teins detected 59 proteins that co-immunoprecipitation 
with Snail (Fig. S1C). Zhu et al. identified 389 proteins 
that interact with Snail in HEK293T cells [34], of which 
7 proteins are same as those identified in this study (Fig. 
S1D), including EEF1A1 that directly influences Snail 
function [35]. We focused on HSC70, which influences 
levels of many proteins in several cancer types [36, 37].

The interaction between HSC70 and Snail was con-
firmed by reciprocal immunoprecipitation in HEK293T 
cells co-transfected with vectors encoding HA-HSC70 
and/or Flag-Snail (Fig. 1A). Additionally, the interaction 
between endogenous HSC70 and Snail in MCF-7 and 
T47D breast cancer cells was confirmed (Fig.  1B). Five 
truncated-forms of Snail (Fig. S2A), along with full-length 
HSC70 were co-expressed, followed by IP using an anti-
Flag antibody to determine the Snail domain required 
for HSC70 interaction. All the constructs, excluding the 
40–78 amino acids-deleted construct (Snail-∆40–78), 
associated with HSC70 (Fig. S2B). Confocal microscopy 
revealed that exogenously expressed (Fig. 1C) and endog-
enous (Fig.  1D) HSC70 primarily colocalized with Snail 
in HEK293T and MCF-7 cell cytoplasm, respectively. 
Further, immunoprecipitation results post nuclear and 
cytoplasmic fractionation indicated the predominantly 
cytoplasmic interaction of these proteins (Fig. 1E).

We further determined the effect of HSC70 on Snail 
expression. RNAi-mediated HSC70 depletion resulted 
in elevated endogenous Snail levels in HEK293T, MCF-
7, and T47D cells, without influencing its mRNA levels 
(Fig.  1F). A cycloheximide (CHX) pulse-chase analysis 
demonstrated that HSC70 depletion markedly extended 
endogenous Snail half-life (from 15  min to 60  min, 
Fig. 1G). Database analysis revealed that HSC70 mRNA 
levels in breast cancer patients were positively corre-
lated with the levels of negatively regulated Snail target 
genes (E-cadherin, ZO-1, and Occludin), but not with 
Snail mRNA levels (Fig.  1H). These results suggest that 

HSC70 may negatively regulate Snail by reducing protein 
stability.

HSC70 induces Snail protein degradation through 
lysosome
HSC70 regulates protein stability through the carboxyl 
terminus of HSC70-interacting protein (CHIP)-mediated 
ubiquitination, which enables proteasomal degradation 
of target proteins [38–40]. We recently reported CHIP 
mediated Snail ubiquitination, and regulation of Snail 
stability in a chaperone-independent manner [24]. Con-
sistent with our previous results, CHIP interacted with 
Snail on suppression of HSC70 expression (Fig. S3A). 
Additionally, the Snail-∆40–78 mutant that does not 
interact with HSC70, interacted with CHIP (Fig. S3B), 
and underwent ubiquitination (Fig. S3C). These results 
indicate that HSC70-mediated decrease in Snail stabil-
ity is unrelated to CHIP. Additionally, treatment with 
MG132 post HSC70 inhibition caused a further increase 
in Snail expression as compared to that observed post 
treatment with MG132 alone (Fig. S3D). Further, poly-
ubiquitination levels of Snail were not decreased on 
HSC70 depletion (Fig. S3E). These results suggest that 
HSC70 may regulate Snail stability in a proteasome-inde-
pendent manner.

HSC70 regulates protein stability via CMA that causes 
lysosomal degradation of target proteins [32, 33]. Treat-
ment with ammonium chloride and leupeptin (NL) that 
blocks lysosomal hydrolysis, or chloroquine (CQ), which 
inhibits autophagy associated lysosomal degradation, 
resulted in elevated endogenous Snail protein levels in 
HEK293T, MCF-7, and T47D cells, without affecting its 
mRNA levels (Fig.  2A and B). Additionally, immuno-
fluorescent co-staining of Snail and LAMP1, a known 
lysosomal marker, revealed the lysosomal localization of 
Snail, which was enhanced post inhibition of lysosomal 
degradation by NL (Fig. 2C). Further, lysosomal accumu-
lation of Snail was evident post NL treatment (Fig. 2D). 
Exogenously expressed Snail levels and stability were 
also enhanced post NL treatment (Fig. 2E and F). These 
results suggest that Snail may undergo lysosomal degra-
dation. Any additional increase in Snail expression was 
not evident post NL treatment after HSC70 inhibition as 
compared to that observed post treatment with NL alone 
(Fig. 2G). Further, unlike WT-Snail, the expression of the 
Snail-∆40–78 mutant was not elevated by NL (Fig. 2H), 
which indicates that HSC70 may induce lysosomal Snail 
degradation. MG132 treatment with NL or CQ cumu-
latively influenced Snail levels in HEK293T (Fig. 2I) and 
Snail expressing MCF-7 (Fig.  2J) cells, which suggests 
that lysosomal Snail degradation may be independent of 
the proteasome.

The treatment of HEK293T cells with 3-methylad-
enine (3-MA), a well-characterized selective inhibitor 
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Fig. 1 (See legend on next page.)
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of macroautophagy, induced stabilization of p62, a well-
recognized macroautophagy substrate, without affect-
ing Snail levels (Fig. S4A). Further, macroautophagy 
was specifically inhibited by ATG7 knock down using 
two siRNAs, which did not affect Snail protein levels in 
HEK293T and MCF-7 cells (Fig. S4B). These results indi-
cate that lysosomal Snail degradation may occur inde-
pendent of macroautophagy.

Snail is a novel substrate of CMA
The association of Snail degradation with CMA was 
assessed [32, 33], by examining the interaction between 
exogenously expressed LAMP2A and Snail in HEK293T 
cells (Fig. 3A), which was markedly inhibited by HSC70 
depletion (Fig. 3B). While the blockage of CMA activity 
via LAMP2A depletion elevated Snail levels in HEK293T, 
MCF-7, and T47D cells, its mRNA levels remained 
unchanged (Fig.  3C). Downregulation of LAMP2B, an 
LAMP2 isotype that does not participate in CMA, did 
not increase Snail levels (Fig. 3D). Further, immunofluo-
rescence analysis revealed that lysosomal localization of 
Snail was markedly suppressed by LAMP2A depletion 
(Fig.  3E). In this experiment, all cells were treated with 
NL because NL treatment inhibits lysosomal degrada-
tion and thereby enhances the lysosomal localization 
of Snail (Fig.  2C). A cycloheximide (CHX) pulse-chase 
analysis demonstrated that LAMP2A depletion mark-
edly extended the half-life of endogenous Snail (from 
10  min to 60  min, Fig.  3F). Database analysis revealed 
positive correlation of LAMP2A mRNA levels with that 
of negatively regulated Snail target genes, but not with 
Snail mRNA levels (Fig.  3G). These results suggest that 
Snail may be an autophagic substrate that is degraded 
via CMA. While elevation of Snail levels post LAMP2A 
depletion was further enhanced by MG132 treatment, it 
was unaffected by NL treatment (Fig. 3H). Further, Snail 
ubiquitination was unchanged post LAMP2A depletion 

(Fig.  3I). These results suggest that LAMP2A may 
degrade Snail in a lysosome-dependent, but proteasome-
independent manner.

The presence of one or several KFERQ-like motifs is 
critical for a CMA substrate to be recognized by HSC70 
and be subsequently degraded [36, 41]. Several KFERQ-
like motifs exist in Snail (Fig. S5A), of which the three 
motifs located within the 40–78 amino acids region that 
interacts with HSC70 were altered (Fig. S5B). All con-
structs except the 58AAAA mutant Snail (58AAAA-
Snail) protein, where four amino acids starting from 
position 58 were replaced with alanine interacted with 
HSC70 (Fig. S5C). Further, 58AAAA-Snail did not inter-
act with LAMP2A (Fig. S5D) and did not demonstrate 
lysosomal accumulation (Fig. S5E and F). The 58AAAA-
Snail was expressed at higher levels than that in wild-type 
Snail, which showed no further enhancement post NL 
treatment (Fig. S5G) or LAMP2A depletion (Fig. S5H). 
Thus, Snail may be a classic CMA substrate that harbors 
a putative recognition motif within the 58–62 amino 
acids region.

Evasion of CMA-mediated Snail degradation induces EMT 
and increases metastatic abilities in luminal-type breast 
cancer cells
MCF-7 cells expressing Flag-tagged 58AAAA-Snail 
that avoids CMA-mediated degradation were gener-
ated to decipher the role of CMA on Snail function in 
breast cancer cells. Consistent with results in HEK293T 
cells (Fig. S5G and H), 58AAAA-Snail expression levels 
were higher than those of wild-type Snail, and were not 
enhanced by NL treatment (Fig. 4A) or LAMP2A deple-
tion (Fig.  4B). Further, 58AAAA-Snail half-life was sig-
nificantly prolonged as compared to that of WT-Snail 
(from 15  min to 90  min, Fig.  4C). These results suggest 
that 58AAAA-Snail was not degraded by CMA in breast 
cancer cells, and was more stable than WT-Snail.

(See figure on previous page.)
Fig. 1 HSC70 interacts with Snail in the cytosol and decreases its protein stability. (A) Interaction between exogenous HSC70 and Snail. HEK293T cells 
were transfected with HA-HSC70 and Flag-Snail. Cell lysates were immunoprecipitated with anti-Flag or anti-HA antibodies and analyzed by western blot. 
The presence of HA-HSC70 was detected using anti-HA antibody (upper panel), and the presence of Flag-Snail was detected using anti-Flag antibody 
(lower panel). (B) Interaction between endogenous HSC70 and Snail. Lysates from MCF-7 and T47D cells were immunoprecipitated with an anti-Snail or 
anti-HSC70 antibodies and analyzed by western blot. The presence of HSC70 was detected using anti-HSC70 antibody (upper panel), and the presence of 
Snail was detected using anti-Snail antibody (lower panel). (C) Colocalization of exogenous HSC70 with Snail in the cytoplasm. HEK293T cells transfected 
with HA-HSC70 and Flag-Snail were visualized by confocal microscopy after immunostaining with the indicated antibodies (left). Scale bars, 10 μm. The 
intensity profiles of the fluorescence signals along the yellow lines indicated in the merge images (right). (D) Colocalization of endogenous HSC70 with 
Snail. HEK293T and MCF-7 cells were visualized by confocal microscopy after immunostaining with the indicated antibodies. Scale bars, 10 μm. (E) Inter-
action between exogenous HSC70 and Snail in the cytoplasm. HEK293T cells transfected with HA-HSC70 and Flag-Snail were fractionated into cytosolic 
and nuclear fractions. Each fraction was immunoprecipitated with an anti-Flag antibody and analyzed by western blot using anti-HA antibody. MEK1/2: a 
representative cytosolic marker protein, Lamin A/C: a representative nuclear marker protein. (F) Immunoblot analysis in HSC70-depleted MCF-7, T47D or 
HEK293T cells (left). Relative Snail levels were quantified using ImageJ (middle). *, P < 0.05: **, P < 0.01: ***, P < 0.001: ****, P < 0.0001 as determined by t-test. 
Snail mRNA levels were analyzed by qRT-PCR (right), normalized to GAPDH. ns, not significant. (G) HSC70-depleted HEK293T cells were treated with CHX 
(100 µg/ml) for the indicated times before harvest. Cell lysates were immunoblotted with the indicated antibodies (upper), and data quantified using Im-
ageJ (lower). Normalized to α-tubulin. *, P < 0.05: **, P < 0.01: ***, P < 0.001: ****, P < 0.0001 as determined by t-test. (H) Correlation of HSC70 expression with 
E-cadherin (CDH1) or Snail expression in published microarray data sets (GSE5460, n = 128, left). Scatter plots show the correlation between HSC70 and 
Snail gene signature (E-cadherin, ZO-1, and Occludin) genes or between HSC70 and Snail gene according to Pearson correlation analysis (GEPIA2, right)
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Among the three stable MCF-7 cell lines expressing 
Flag-tag (Con), WT-Snail, or 58AAAA-Snail, the mor-
phology of the 58AAAA-Snail-expressing cells was dis-
tinct from that of the control and WT-Snail-expressing 
cells. While confocal microscopy of phalloidin-stained 
cells confirmed the presence of filopodia, lamellipodia, 
and microspikes in 58AAAA-Snail-expressing MCF-7 
cells, the control and WT-Snail-expressing cells exhib-
ited lesser staining and cellular protrusions (Fig.  4D). 
This led us to measure expression levels of EMT marker 
genes in these cells. As expected, while WT-Snail expres-
sion only affected the expression of various EMT marker 
proteins marginally, the effect was substantially enhanced 
by 58AAAA-Snail expression (Fig.  4E). Further, while 
LAMP2A depletion in WT-Snail-expressing MCF-7 cells 
reduced the expression of epithelial marker proteins, 
such as E-cadherin and Occludin, no significant changes 
were evident in 58AAAA-Snail-expressing cells (Fig. 
S6A). These results suggest that evasion of CMA-medi-
ated Snail degradation may contribute to EMT induc-
tion in luminal-type breast cancer cells. An investigation 
into the potential alteration of the migratory properties 
of MCF-7 cells by Snail using a wound-healing assay 
revealed that a larger number of WT-Snail-expressing 
MCF-7 cells migrated into the scratch wound in 24  h 
as compared to that in the control cells, and the effect 
was further enhanced in 58AAAA-Snail expressing cells 
(Fig.  4F). Similar results regarding the migratory ability 
of 58AAAA-Snail-expressing cells, WT-Snail-express-
ing MCF-7 cells, and control cells was evident in the in 
vitro invasion assay (Fig. 4G). While LAMP2A depletion 
in WT-Snail-expressing MCF-7 cells increased migra-
tion and invasion abilities, no further enhancement was 
evident in 58AAAA-Snail-expressing cells (Fig. S6B and 
C). Additionally, all three cell types demonstrated similar 
growth rates under similar growth conditions (Fig. 4H), 
indicating that enhanced migration and invasion abili-
ties of WT-Snail- and 58AAAA-Snail-expressing cells are 
independent of growth rate. Further, lung metastasis of 

58AAAA-Snail-expressing MCF-7 cells was observed to 
be significantly higher than that of WT-Snail-expressing 
or control cells, post injection of WT-Snail-, 58AAAA-
Snail-expressing MCF-7 cells, or control cells into the tail 
vein of nude mice (Fig.  4I). These findings indicate that 
evasion of CMA-mediated Snail degradation may induce 
EMT and increase metastatic abilities in luminal-type 
breast cancer cells.

Serum starvation induces Snail degradation by CMA in 
TNBC cells
We demonstrated high expression levels of Snail in TNBC 
cell lines as compared to that in luminal-type breast can-
cer cell lines (Fig. S1A), and its putative role as a substrate 
for CMA in luminal-type of breast cancer cells. The effect 
of serum starvation, which activates CMA via elevated 
LAMP2A expression on Snail in TNBC cells was assessed 
[42, 43]. Serum starvation increased LAMP2A expres-
sion in MDA-MB-231 and BT549 cells, and concomi-
tantly decreased Snail protein levels without influencing 
its mRNA levels (Fig.  5A). LAMP2A depletion or treat-
ment with NL or CQ inhibited serum starvation-medi-
ated downregulation of Snail, which was not inhibited 
by 3-MA (Fig. 5B and Fig. S7). The expression of epithe-
lial marker proteins such as Occludin and Claudin 1 was 
also increased by serum starvation, but LAMP2A deple-
tion suppressed this (Fig. S8). These results suggest that 
serum starvation may inhibit EMT in TNBC cell lines by 
inducing CMA-mediated Snail degradation.

Ectopic LAMP2A expression alone was unable to 
reduce Snail expression in MDA-MB-231 and BT549 
cells to the same extent as that caused by serum star-
vation (Fig.  5C). Further, while LAMP2A depletion 
markedly increased Snail levels in luminal-type breast 
cancer cell lines, the effect was marginal in TNBC cell 
lines (Fig.  5D). These results indicate that apart from 
increased LAMP2A expression, other conditions must be 
met to ensure decreased Snail expression in TNBC cells 
post serum starvation. Snail predominantly localized to 

(See figure on previous page.)
Fig. 2 HSC70 induces Snail protein degradation through lysosome. (A, B) Immunoblot analysis in ammonium chloride and leupeptin (NL)-treated (A) or 
chloroquine (CQ)-treated (B) HEK293T, MCF-7, or T47D cells (left). Relative Snail levels were quantified using ImageJ (middle). ***, P < 0.001 as determined 
by t-test. Snail mRNA levels were analyzed by qRT-PCR (right), normalized to GAPDH. ns, not significant. (C) Colocalization of Snail with LAMP1. HEK293T 
cells treated with or without NL were visualized by confocal microscopy after immunostaining with the indicated antibodies. Scale bars, 10 μm. (D) Snail 
accumulation in lysosomes. HEK293T cells transfected with Flag-Snail and treated with NL. Lysosome lysates were immunoblotted with indicated anti-
bodies. (E) HEK293T cells transfected with Flag-Snail were treated with NL. Cell lysates were immunoblotted with the indicated antibodies (left). Relative 
Snail (Flag) levels were quantified using ImageJ (right). ***, P < 0.001 as determined by t-test. (F) HEK293T cells transfected with Flag-Snail and treated with 
NL were subjected to CHX treatment (100 µg/ml) for the indicated times before harvest. Cell lysates were immunoblotted with the indicated antibodies 
(left), and data quantified using ImageJ (right). Normalized to α-tubulin. **, P < 0.01: ***, P < 0.001 as determined by t-test. ns, not significant. (G) HSC70-
depleted HEK293T cells were treated with NL. Cell lysates were immunoblotted with the indicated antibodies (left). Relative Snail levels were quantified 
using ImageJ (right). **, P < 0.01 as determined by t-test. ns, not significant. (H) HEK293T cells transfected with Flag-Snail WT or Flag-Snail-∆40–78 were 
treated with NL. Cell lysates were immunoblotted with the indicated antibodies (upper). Relative Snail (Flag) levels were quantified using ImageJ (right). 
*, P < 0.05: ****, P < 0.0001 as determined by t-test. ns, not significant. (I) Immunoblot analysis in NL (upper left) or CQ (lower left) and/or MG132-treated 
HEK293T cells. Relative Snail levels were quantified using ImageJ (right). **, P < 0.01: ***, P < 0.001 as determined by t-test. (J) Immunoblot analysis in 
NL (upper left) or CQ (lower left) and/or MG132-treated Flag-Snail-expressing MCF-7 cells. Relative Snail levels were quantified using ImageJ (right). **, 
P < 0.01: ***, P < 0.001 as determined by t-test. #, exogenously expressed Snail. *, endogenously expressed Snail
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the nucleus in TNBC cells, unlike luminal-type breast 
cancer cells (Fig. S9). Immunofluorescence co-staining 
of Snail and LAMP1 in MDA-MB-231 cells revealed 
nuclear localized Snail under normal conditions that 
translocated to the cytoplasm and localized to lysosomes 
during serum starvation (Fig. 5E). Fractionation analysis 
revealed a decrease in nuclear, and an increase in cyto-
plasmic Snail levels during serum starvation (Fig.  5F). 
Further, while nuclear Snail levels post NL treatment dur-
ing serum starvation were unchanged, cytoplasmic levels 
were further increased (Fig. 5F). Treatment with Lepto-
mycin B (LMB), a CRM1-dependent Snail nuclear export 
inhibitor [16, 44], suppressed serum starvation induced 
decrease of Snail expression in MDA-MB-231 and BT549 
cells (Fig.  5G). These results suggest that cytoplasmic 
translocation of Snail is essential for its degradation in 
serum starved TNBC cells.

The subcellular localization of Snail protein could be 
determined by several kinases, including GSK3β, PKD1, 
PAK1, and Akt [15, 27, 45, 46]. As shown in Fig.  5H, 
serum starvation significantly increased GSK3β and 
PKD1 activities, which can induce the cytoplasmic trans-
location of Snail [15, 45], and decreased the expression of 
PAK1 and Akt activity, which enables the nuclear reten-
tion of Snail [27, 46]. These results suggest that serum 
starvation in TNBC cells may not only increase LAMP2A 
expression, but also activate signal transduction path-
ways essential for the nuclear to cytoplasmic transloca-
tion of Snail prior to its degradation by CMA.

Nuclear to cytoplasmic translocation of Snail is 
prerequisite for CMA-mediated degradation in luminal-
type breast cancer cells
Snail protein translated in the cytoplasm is targeted 
to the nucleus by its nuclear localization signal (NLS) 
[47, 48]. Our results indicate that in TNBC cells, Snail 
localizes to the nucleus, where it carries out its func-
tions while evading CMA. Conversely, in luminal-type 
breast cancer cells, Snail translocates to the cytoplasm, 

where it undergoes degradation via CMA. While LMB 
treatment significantly increased Snail levels in MCF-7 
cells, the effect was minimal in MDA-MB-231 cells 
(Fig. 6A). LMB-treated MCF-7 cells demonstrated com-
plete nuclear localization of cytoplasmic Snail (Fig.  6B). 
Additionally, MDA-MB-231 cells that received the same 
treatment continued to retain Snail within the nucleus 
(Fig.  6B). While LAMP2A depletion increased Snail 
levels in HEK293T and MCF-7 cells, the same was not 
enhanced further by LMB treatment (Fig.  6C). Further, 
LAMP2A depletion led to higher cytoplasmic Snail levels 
than that in the nucleus, which was countered by LMB 
treatment (Fig.  6D). The interaction and colocalization 
of Snail and HSC70 were also significantly inhibited by 
LMB treatment (Fig. 6E and F). These results suggest that 
nuclear to cytoplasmic Snail translocation in luminal-
type breast cancer cells is essential for its degradation via 
CMA.

TGF-β induces EMT by increasing Snail expression 
in a variety of cells [49]. MCF-7 cells were treated with 
TGF-β to determine the role of CMA-mediated Snail 
degradation during TGF-β-induced EMT in luminal-
type breast cancer cells. TGF-β increased Snail expres-
sion and decreased E-cadherin expression in MCF-7 
cells (Fig.  6G). However, the expression of LAMP2A 
and HSC0, key mediators of CMA, was not changed by 
TGF-β treatment (Fig.  6G). To further clarify the role 
of TGF-β in CMA regulation, we examined the expres-
sion levels of other known CMA substrates, including 
PKM2, Histone H3, HK2, and IκBα [50–53]. Our analysis 
revealed that the expression of these substrates remained 
unchanged upon TGF-β treatment (Fig.  6G), indicating 
that TGF-β does not inhibit CMA activity in MCF-7 cells. 
In addition, in MCF-7 cells, TGF-β significantly reduced 
the interaction of Snail with HSC70 (Fig. 6H), induced its 
nuclear localization and reduced its lysosomal localiza-
tion (Fig.  6I). Further, while TGF-β increased WT-Snail 
expression in MCF-7 cells, the elevated 58AAAA-Snail 
expression was unchanged (Fig.  6J). Taken together, 

(See figure on previous page.)
Fig. 3 Snail is a novel substrate of CMA. (A) Interaction between exogenous LAMP2A and Snail. HEK293T cells transfected with HA-LAMP2A and Flag-
Snail were immunoprecipitated with an anti-Flag antibody and analyzed by western blot using anti-HA antibody. (B) Interaction between exogenous 
LAMP2A and Snail in the absence of HSC70. HEK293T cells transfected with HA-LAMP2A and Flag-Snail were depleted of HSC70. Cell lysates were immu-
noprecipitated with an anti-Flag antibody and analyzed by western blot using anti-HA antibody. (C) Immunoblot analysis in LAMP2A-depleted MCF-7, 
T47D or HEK293T cells (left). Relative Snail levels were quantified using ImageJ (middle). **, P < 0.01: ****, P < 0.0001 as determined by t-test. Snail mRNA 
levels were analyzed by qRT-PCR (right), normalized to GAPDH. ns, not significant. (D) Immunoblot analysis in LAMP2A or LAMP2B-depleted HEK293T 
cells (left). Relative Snail levels were quantified using ImageJ (right). ***, P < 0.001 as determined by t-test. ns, not significant. (E) Colocalization of Snail 
with LAMP1 in LAMP2A-depleted HEK293T cells. Control or LAMP2A-depleted HEK293T cells treated with NL were visualized by confocal microscopy after 
immunostaining with the indicated antibodies. Scale bars, 10 μm. (F) LAMP2A-depleted HEK293T cells were treated with CHX (100 µg/ml) for the indi-
cated times before harvest. Cell lysates were immunoblotted with the indicated antibodies (left), and data quantified using ImageJ (right). Normalized to 
α-tubulin. ***, P < 0.001: ****, P < 0.0001 as determined by t-test. ns, not significant. (G) Scatter plots show the correlation between LAMP2A and Snail gene 
signature (E-cadherin, ZO-1, and Occludin) genes or between LAMP2A and Snail gene according to Pearson correlation analysis (GEPIA2). (H) LAMP2A-
depleted HEK293T cells were treated with NL or MG132. Cell lysates were immunoblotted with the indicated antibodies (left). Relative Snail levels were 
quantified using ImageJ (right). ***, P < 0.001: ****, P < 0.0001 as determined by t-test. ns, not significant. (I) LAMP2A or LAMP2B-depleted HEK293T cells 
transfected with Flag-Snail and HA-ubiquitin were treated with MG132. Cell lysates were immunoprecipitated with an anti-Flag antibody and analyzed 
by immunoblot using anti-HA antibody
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our results suggest that in luminal-type breast cancer 
cells, TGF-β does not directly decrease CMA activity, 
but rather induces nuclear translocation of the Snail to 
inhibit CMA-mediated degradation, which leads to EMT 
induction.

Expression of HSC70 correlates with the expression of Snail 
target genes in patients with luminal-type breast cancer
HSC70 mRNA levels in breast cancer patients correlates 
positively with E-cadherin expression, but not with Snail 
mRNA levels (Fig.  1H). On stratification into luminal-
type breast cancer and TNBC patients, the former exhib-
ited positive correlation of HSC70 with E-cadherin levels, 
and negative correlation with Vimentin levels. No such 
significant correlations were evident in TNBC patients 
(Fig. 7A and Fig. S10A). Additionally, patients with both 
types of breast cancer exhibited no correlation between 
HSC70 and the mRNA levels of EMT-related transcrip-
tion factors (Fig.  7B and Fig. S10B). The Kaplan–Meier 
analysis revealed that high expression of HSC70 was 
associated with significantly increased relapse free sur-
vival (RFS) in patients with luminal-type breast cancer, 
but there was little correlation in patients with TNBC 
(Fig. 7C).

Discussion
Our results support a novel role for CMA in the regula-
tion of intracellular Snail levels, which is determined by 
the subcellular localization of Snail protein. We demon-
strate CMA-mediated cytosolic Snail degradation that is 
independent of proteasome, in luminal-type breast can-
cer cells with low Snail levels. We further show that in 
TNBC cells, unlike luminal-type breast cancer cells, Snail 
localizes to the nucleus, which prevents its degradation 
by CMA (Fig. 7C). Our findings identify CMA as a novel 
pathway for cytosolic Snail degradation, and provide evi-
dence in support of high stability of nuclear Snail.

CMA plays a dual role in cancer, which adds complex-
ity to its function in cellular processes. On one hand, in 
normal cells, CMA contributes to tumor suppression by 
selectively degrading oncogenic proteins such as HK2, 
MDM2, MYC, and Eps8, thereby preventing tumor 
development [52, 54–56]. A reduction in CMA activity 
has been associated with malignant transformation and 
tumorigenesis. On the other hand, CMA is often upregu-
lated in various cancer types [57], where it may support 
tumor progression by enhancing cellular proliferation 
and increasing tumorigenic capacity. This is achieved 
through mechanisms such as protection against oxida-
tive damage, removal of negative regulators of cell pro-
liferation, and maintenance of metabolic states that favor 
cancer growth [50, 58–61]. Although our study does not 
directly focus on the role of CMA in cancer progression, 
these findings highlight the importance of understanding 
the diverse functions of CMA, as they may have broader 
implications for the pathological processes investigated 
in our research.

Blocking LAMP2A in the CMA pathway significantly 
reduces metastatic ability of lung cancer cells [57], and 
inhibition of CMA activity in colorectal cancer decreases 
tumor metastasis and promotes drug sensitivity [62]. 
Further, CMA promotes breast cancer cell metastasis 
by downregulating ATG5-dependent macroautophagy 
[63]. However, we found that Snail, a key EMT regula-
tor, is degraded via CMA in luminal-type breast cancer 
cells, but evades CMA in TNBC cells. The 58–62 amino 
acids region (58-MLIWD-62) of Snail enables its interac-
tion with HSC70, and subsequent lysosomal transloca-
tion via LAMP2A for degradation. We also demonstrated 
that Snail containing a modified HSC70 binding motif 
avoided CMA-mediated degradation, induced EMT, and 
promoted metastasis in luminal-type breast cancer cells. 
In concurrence with our results, CMA regulates degra-
dation of metastasis promoting proteins, such as HIF-1α 

(See figure on previous page.)
Fig. 4 Evasion of CMA-mediated Snail degradation induces EMT and increases metastatic abilities in luminal-type breast cancer cells. (A) Immunoblot 
analysis of NL-treated WT-Snail- or 58AAAA-Snail-expressing MCF-7 cells (upper). Relative Snail levels were quantified using ImageJ (lower). *, P < 0.05: **, 
P < 0.01: ***, P < 0.001 as determined by t-test. ns, not significant. (B) Immunoblot analysis in LAMP2A-depleted WT-Snail- or 58AAAA-Snail-expressing 
MCF-7 cells (left). Relative Snail levels were quantified using ImageJ (right). **, P < 0.01 as determined by t-test. ns, not significant. (C) WT-Snail or 58AAAA-
Snail-expressing MCF-7 cells were treated with CHX (100 µg/ml) for the indicated times before harvest. Cell lysates were immunoblotted with the in-
dicated antibodies (left), and data quantified using ImageJ (right). Normalized to α-tubulin. **, P < 0.01: ***, P < 0.001: ****, P < 0.0001 as determined by 
t-test. ns, not significant. (D) Morphological changes of WT-Snail or 58AAAA-Snail-expressing MCF-7 cells. WT-Snail-, 58AAAA-Snail-expressing MCF-7 and 
control cells were stained with TRITC-conjugated phalloidin and visualized by confocal microscopy. Scale bars, 40 μm–20 μm. (E) Expression levels of EMT 
marker proteins in WT-Snail-, 58AAAA-Snail-expressing MCF-7 and control cells were analyzed by immunoblotting. (F) WT-Snail, 58AAAA-Snail-expressing 
MCF-7 and control cells were analyzed in wound-healing assays by visualizing wound closure via phase-contrast microcopy (left). Wound areas were 
measured using WimScratch software (Wimasis). The data shown represent the percentage of the wound area and are expressed as the means ± SD of 
three individual experiments (right). **, P < 0.01: ****, P < 0.0001 as determined by t-test. (G) WT-Snail-, 58AAAA-Snail-expressing MCF-7 and control cells 
were seeded onto Matrigel matrix-coated top chambers, and the fold-changes of invading cells were measured after 30 h. The data shown are expressed 
as the means ± SD of three individual experiments, each performed in triplicate. **, P < 0.01: ****, P < 0.0001 as determined by t-test. (H) The indicated cells 
were seeded in a 6-well plate at a concentration of 1 × 105 cells per well. After incubation for 1 to 4 days, the viable cells were counted with a hemocytom-
eter after trypan blue staining. (I) About 2 × 106 of the MCF-7 cells stably expressing WT-Snail, 58AAAA-Snail, or control cells were injected into the nude 
mice by tail-vein injection. Representative pictures of HE staining of lung sections (left). Scale bars, 200 μm. The number of metastatic lung nodules in 
individual mice was quantified at 6 weeks after tail-vein injection (right). The data are shown as the means ± SD of 7 mice/group. **, P < 0.01: ***, P < 0.001 
as determined by t-test
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and p65 [64, 65]. While CMA targets p65, the protein is 
stabilized by reduced CMA activity during EMT, result-
ing in increased metastatic capacity of cancer cells [65].

The differential expression levels of WT-Snail and the 
58AAAA-Snail mutant significantly impact their respec-
tive abilities to induce EMT and metastatic phenotypes. 
Our findings indicate that WT-Snail is subject to CMA-
mediated degradation, leading to lower expression levels, 
whereas the 58AAAA-Snail mutant evades this degrada-
tion pathway, resulting in higher expression levels and 
more pronounced EMT and metastatic behaviors. This 
was further corroborated by experiments in which 
LAMP2A knockdown equalized the expression levels of 
WT-Snail and 58AAAA-Snail, leading to similar EMT, 
migration, and invasion phenotypes. These observations 
underscore the critical role of CMA in regulating Snail 
stability and its downstream effects on EMT. The rapid 
turnover of WT-Snail via CMA likely contributes to its 
reduced impact on EMT compared to the more stable 
58AAAA-Snail mutant. Therefore, the elevated EMT 
and metastatic capabilities observed in 58AAAA-Snail 
expressing cells can be attributed to its increased expres-
sion levels due to evasion of CMA-mediated degradation.

Snail retains its nuclear localization and avoids CMA in 
TNBC cells, but not in luminal-type breast cancer cells. 
During starvation, Snail translocates to the cytoplasm 
and undergoes CMA. The subcellular localization of Snail 
is regulated by several kinases, with phosphorylation by 

GSK3β and PKD1 promoting its nuclear export and deg-
radation, and that by PAK1 and Akt retaining its nuclear 
localization and stability [15, 27, 45, 46]. Our results sug-
gest that kinase activities involved in cytoplasmic Snail 
translocation are low, and those involved in retaining it 
within the nucleus are high in TNBC cells, which enables 
avoidance of cytoplasmic Snail degradation.

To the best of our knowledge, this study is the first to 
provide evidence of CMA-mediated Snail degradation, 
which may explain its greater nuclear stability than that 
in the cytoplasm, and its higher expression in TNBC 
cells than in luminal-type breast cancer cells. We identify 
CMA as a critical regulator of Snail stability, with distinct 
mechanisms in different breast cancer subtypes. This 
novel regulatory pathway offers promising avenues for 
therapeutic interventions via modulating Snail levels to 
prevent breast cancer progression and metastasis. Future 
research on the elucidation of the molecular mechanisms 
underlying the nuclear export of Snail, and the specific 
modulation of CMA activity, will aid development of tar-
geted therapies against aggressive breast cancer subtypes.

While our in vitro findings demonstrate that starvation 
induces Snail degradation through CMA and represses 
EMT in TNBC cells, in vivo validation is essential to 
confirm these results. Future studies will focus on per-
forming in vivo experiments to substantiate the role of 
starvation-induced CMA in regulating Snail degradation 
and EMT in TNBC.

(See figure on previous page.)
Fig. 5 Serum starvation induces Snail degradation by CMA in TNBC cells. (A) Immunoblot analysis of serum-starved MDA-MB-231 or BT549 cells (left). 
Relative LAMP2A and Snail levels were quantified using ImageJ (middle). **, P < 0.01: ***, P < 0.001: ****, P < 0.0001 as determined by t-test. Snail mRNA 
levels were analyzed by qRT-PCR (right), normalized to GAPDH. ns, not significant. (B) LAMP2A-depleted MDA-MB-231 or BT549 cells were serum starved. 
Cell lysates were immunoblotted with the indicated antibodies (left). Relative Snail levels were quantified using ImageJ (right). ****, P < 0.0001 as deter-
mined by t-test. ns, not significant. (C) MDA-MB-231 or BT549 cells transfected with LAMP2A were immunoblotted with the indicated antibodies (left). 
Relative Snail levels were quantified using ImageJ (right). **, P < 0.01: ***, P < 0.001: ****, P < 0.0001 as determined by t-test. ns, not significant. (D) Im-
munoblot analysis in LAMP2A-depleted luminal-type breast cancer cells or TNBC cells (left). Relative Snail levels were quantified using ImageJ (right). *, 
P < 0.05: **, P < 0.01: ***, P < 0.001 as determined by t-test. (E) Colocalization of Snail with LAMP1 upon NL treatment in serum-starved MDA-MB-231 cells. 
MDA-MB-231 cells treated with NL under serum starvation were visualized by confocal microscopy after immunostaining with the indicated antibodies. 
Scale bars, 20 μm. (F) Serum starved MDA-MB-231 cells were treated with NL. Cytosolic and nuclear fractions were immunoblotted with the indicated 
antibodies (upper). Relative Snail levels were quantified using ImageJ software (lower). ***, P < 0.001: ****, P < 0.0001 as determined by t-test. ns, not sig-
nificant. (G) Immunoblot analysis of serum-starved MDA-MB-231 or BT549 cells treated with or without Leptomycin B (upper). Relative Snail levels were 
quantified using ImageJ software (lower). **, P < 0.01: ***, P < 0.001 as determined by t-test. ns, not significant. (H) Immunoblot analysis of serum-starved 
MDA-MB-231, BT549 or Hs578T cells (left). Relative Snail, p-PKD1, PAK1, p-GSK3β (inactive form) and p-Akt levels were quantified using ImageJ (right). *, 
P < 0.05: **, P < 0.01: ***, P < 0.001 as determined by t-test
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Fig. 6 (See legend on next page.)
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(See figure on previous page.)
Fig. 6 Nuclear to cytoplasmic translocation of Snail is prerequisite for CMA-mediated degradation in luminal-type breast cancer cells. (A) Immunoblot 
analysis of Leptomycin B-treated MCF-7 or MDA-MB-231 cells (left). Relative Snail levels were quantified using ImageJ (middle). **, P < 0.01: ***, P < 0.001: 
****, P < 0.0001 as determined by t-test. (B) Subcellular localization of endogenous Snail protein in Leptomycin B-treated MCF-7 or MDA-MB-231 cells. 
MCF-7 or MDA-MB-231 cells treated with or without Leptomycin B were visualized by confocal microscopy after immunostaining with the indicated an-
tibodies. Scale bars, 10 μm. (C) Immunoblot analysis of LAMP2A-depleted HEK293T or MCF-7 cells treated with or without Leptomycin B (upper). Relative 
Snail levels were quantified using ImageJ (lower). **, P < 0.01 as determined by t-test. ns, not significant. (D) LAMP2A-depleted HEK293T cells were treated 
or without Leptomycin B. Cytosolic and nuclear fractions were immunoblotted with the indicated antibodies (left). Relative Snail levels were quantified 
using ImageJ (right). *, P < 0.05: ***, P < 0.001 as determined by t-test. ns, not significant. (E) Interaction between exogenous HSC70 and Snail with or 
without Leptomycin B treatment. HEK293T cells transfected with HA-HSC70 and Flag-Snail were treated with or without Leptomycin B. Cell lysates were 
immunoprecipitated with an anti-Flag antibody and analyzed by western blot using anti-HA antibody. (F) Colocalization of exogenous HSC70 with Snail 
with or without Leptomycin B treatment. HA-HSC70 and Flag-Snail were transfected into HEK293T cells, and treated or not with Leptomycin B. HEK293T 
cells were visualized by confocal microscopy after immunostaining with the indicated antibodies. Scale bars, 10 μm. (G) Immunoblot analysis of TGF-β-
treated MCF-7 cells (left). Relative Snail and E-cadherin levels were quantified using ImageJ (right). *, P < 0.05: **, P < 0.01: ***, P < 0.001 as determined by 
t-test. ns, not significant. (H) Interaction between endogenous HSC70 and Snail with or without TGF-β treatment. MCF-7 cells treated with or without 
TGF-β were immunoprecipitated with an anti-Snail antibody and analyzed by western blot using anti-HSC70 antibody. (I) Colocalization of Snail with 
LAMP1 after NL treatment in MCF-7 cells treated with or without TGF-β. MCF-7 cells were visualized by confocal microscopy after immunostaining with 
the indicated antibodies. Scale bars, 10 μm. (J) Immunoblot analysis of TGF-β-treated WT-Snail or 58AAAA-Snail-expressing MCF-7 cells (left). Relative Snail 
and E-cadherin levels were quantified using ImageJ (right). *, P < 0.05: ***, P < 0.001 as determined by t-test. ns, not significant
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Fig. 7 Expression of HSC70 correlates with the expression of Snail target genes in patients with luminal-type breast cancer. (A) Correlation of HSC70 
expression with E-cadherin (CDH1) or Vimentin (VIM) expression in breast cancer patients (GSE86166, luminal-type breast cancer patients, n = 242; TNBC 
patients, n = 67). (B) Correlation of HSC70 expression with the expression of EMT-related transcription factors in breast cancer patients (GSE86166, luminal-
type breast cancer patients, n = 242; TNBC patients, n = 67). (C) Association of HSC70 expression with Relapse Free Survival (RFS) in patients with breast 
cancer. Kaplan-Meier plot showing HSC70 expression and prognosis in breast cancer patients (GSE11121, luminal-type breast cancer patients, n = 160; 
TNBC patients, n = 21). Statistical analysis was performed using log-rank tests. (D) Schematic diagram showing how CMA modulates Snail protein stability 
in breast cancer. In luminal-type breast cancer cells, Snail is predominantly localized in the cytoplasm and is susceptible to degradation by CMA, thereby 
inhibiting EMT. In TNBC cells, Snail remains in the nucleus, escaping CMA-mediated degradation, and promoting EMT
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Conclusions
In this study, we identify a novel role of chaperone-medi-
ated autophagy (CMA) for Snail degradation, significant 
in breast cancer. CMA prevents Snail accumulation in 
luminal-type breast cancer cells, but Snail evades CMA 
in TNBC cells. CMA activation reduces Snail in TNBC 
cells, highlighting its potential as a therapeutic target for 
breast cancer treatment.
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