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Abstract
Background  Triple-negative breast cancer (TNBC) is a subtype with the worst prognosis and there is still a lack of 
effective treatment. Exosomes (Exos) secreted by cancer cells to tumor microenvironment play an important role in 
cancer progression. We have demonstrated that the function of Rasal2 in the modulation of breast cancer progression 
is exos-mediated, but the relationship between Rasal2 and exosome secretion remains elusive.

Methods  Rasal2 knock-out (KO) MDA-MB-231 cells were conducted by crispr-cas9 technique and Rab27a knock-
down (KD) in Rasal2 KO MDA-MB-231 cells (KO + KD) were further established by siRNA-mate plus transfection 
Reagent. Control (CT)/KO MDA-MB-231 cells stably overexpressing GFP-LC3 were generated by using GFP-LC3 
plamisd. Transmission electron microscope (TEM), nanoparticle tracking analysis (NTA) and western blot analysis 
(WB) were used to identify exos derived from TNBC. Confocal microscopy was used to observe the autophagic flux 
and the colocalization of autophagosomes and multivesicular bodies (MVBs). Co-immunoprecipitation analysis was 
performed to determine the interaction between Rasal2 and Rab27a. Immunohistochemical analysis were used to 
detect the expression levels of autophagy-related proteins in tumor tissues of xenograft mice inoculated with CT/KO/
KO + KD MDA-MB-231 cells.

Results  In this paper, we found that Rasal2 KO disrupts autophagic flux and induces secretory autophagy to promote 
autophagic-exos secretion in TNBC. Moreover, Rasal2 inhibits the activity of Rab27a which regulates vesicles transport 
and fusion, and Rab27a mediates Rasal2 KO-induced autophagic-exos secretion. Additionally, Rab27a KD inhibits 
Rasal2 KO-induced secretory autophagy, thereby promoting TNBC progression both in vivo and in vitro.

Conclusions  Collectively, these findings delineated the role of Rab27a in TNBC progression modulated by Rasal2 
through autophagy-exos pathway and suggested that it is of great significance for the early diagnosis, targeted 
therapy and prognosis judgement of TNBC from the perspective of tumor microenvironment.
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Introduction
Breast cancer is one of the most common malignancies in 
women worldwide and remains the number one killer of 
cancer death among women [1, 2]. TNBC, characterized 
with the negative expression of estrogen receptor (ER), 
progesterone receptor (PR) and human epidermal growth 
factor receptor 2 (HER2), accounts for about 15–20% of 
all breast cancers and is the most challenging subtype 
of breast cancer with higher heterogeneity and stronger 
aggressiveness than other breast cancer subtypes [3, 4]. 
Therefore, it is of great significance to gain insight into 
the molecular mechanisms of TNBC progression and 
explore the new prevention and effective treatment [5, 6].

Rasal2 (Ras Protein Activator Like 2), an important 
member of the RASGAPs proteins, has been shown to 
have tumor-type-dependent opposite regulatory effects 
on tumor progression, even has different functions for 
different subtypes of the same tumor, such as breast 
cancer [7–9]. Rasal2 has been reported to be a tumor 
suppressor in typical ER-positive (ER+) luminal type 
breast cancer and be absent in 50% of breast tumors 
[10]. In addition, Rasal2 KO promoted the growth and 
metastasis of luminal mammary tumors in mice mod-
els. However, there are accumulating evidence suggest-
ing an oncogenic role of Rasal2 in TNBC, as opposed to 
its effect in ER + luminal breast cancer [11, 12]. Further 
studies also showed that Rasal2 expression was up-reg-
ulated in TNBC and anti-invasive miR-136 inhibited 

epithelial-mesenchymal transformation (EMT) by tar-
geting Rasal2 [13]. Moreover, our previous study has 
confirmed that exosomes (exos) mediates the regula-
tory effect of Rasal2 on breast cancer progression [14, 
15]. However, the relationship between Rasal2 and exos 
secretion from breast cancer cells is still unknown, and 
relevant research need to be further conducted.

Exos are small extracellular vesicles (EVs) with a diam-
eter of approximately 30–150  nm produced by cells 
through endocytosis, then gradually evolved into mul-
tivesicular bodies (MVBs) with intraluminal vesicles 
(ILVs), and eventually secreted as exos after the fusion of 
MVBs with the plasma membrane [16–18]. Exos natu-
rally exist in almost all body fluids such as blood or cell 
culture medium [19, 20] and contain a variety of bio-
logical functional molecules such as proteins, lipids and 
nucleic acids [21, 22], carrying plenty of substances that 
can reflect the characteristics of parental cells. Therefore, 
exos may become a potential modality of tumor diagno-
sis and treatment. In our previous study, we found large 
amounts of autophagy-related proteins were accumu-
lated in exos derived from Rasal2-KO MCF-7 breast can-
cer cells (ER+) [15]. Nevertheless, it is currently unknown 
whether that is the case in TNBC cells.

Autophagy is a major metabolic and homeostatic 
pathway that has been described as a manner for cells 
to maintain cell survival by using the acidic environ-
ment of the lysosomes to degrade damaged, denatured or 
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senescent proteins and organelles in stressful situations 
such as insufficient nutrition [23, 24]. More and more 
evidence shows that process of autophagy formation and 
vesicle transport have multiple intersection, autophago-
somes formed during autophagy are not only transported 
to lysosomes for degradation, but also released as exos 
(autophagic-exos) by fusion with MVBs when lysosomal 
dysfunction or autophagosome degradation is blocked 
[25, 26]. Accumulating studies focused on not only the 
intrinsic functions of autophagy in tumour cells, but also 
the important roles of autophagy in the tumour micro-
environment [27–29]. Therefore, we speculated that the 
accumulation of autophagy-related proteins in breast 
cancer cell-derived exos mentioned above might be 
caused by its regulation of autophagy.

The Rabs, the largest family of mammalian membrane 
transporters with GTPases activity, are involved in vari-
ous steps of membrane transport, including vesicles 
transport and docking, the fusion of vesicles with recep-
tor membranes, and the control of multiple cellular 
functions such as cell proliferation, invasion, signal trans-
duction and exosomal secretion [30, 31]. Rab27a, respon-
sible for the docking and fusion of MVBs with the plasma 
membrane, is the main regulator of exos secretion [32, 
33]. However, Rab proteins also participate in autophagy 
formation in addition to playing a molecular “switch” role 
in membrane transport [34, 35]. In view of the cross role 
of Rab27a in the process of autophagy and exos forma-
tion, we hypothesized that Rab27a might mediate Rasal2-
regulated exos secretion.

In this paper, we explored the molecular mechanism 
of Rasal2 in regulating autophagy and exos secretion in 
vivo and in vitro experiments and clarified the role of 
Rab27a in the effect of TNBC progression modulated by 
Rasal2 through autophagy-exosomal pathway, which is 
expected to further illustrate the regulation mechanism 
of Rasal2 in TNBC progression from the perspective of 
tumor microenvironment and is of great significance for 
the early diagnosis, targeted therapy and prognosis judg-
ment of TNBC.

Materials and methods
Cell lines and reagents
Human TNBC cell lines (BT-549, HCC1937 and MDA-
MB-231) and non-tumoral human breast epithelial cell 
line (MCF10A) were obtained from American Type Cul-
ture Collection (ATCC), HEK-293T cell line was obtained 
from GE lifesciences (Buckinghamshire, UK). MCF10A 
cell lines were cultured in MCF10A cell special medium 
and other cell lines were separately cultured in RPMI 
1640 medium and Dulbecco’s Modified Eagle’s Medium 
supplemented with 10% fetal bovine serum (FBS), and 
maintained in an incubator containing 5% CO2 at 37 
℃. The following reagents were commercially obtained: 

Bafilomycin A1 (BafA1) was from TargetMol (Shang-
hai, China); GW4869 was from Sigma-Aldrich (MO, 
USA); Rab27a siRNA and siRNA-mate plus transfection 
reagent were from GenePharma (Suzhou, China); The 
eukaryotic expression vector pcDNA3.1 (+) encoding 
Rab27a was purchased from GENCEFE Biotech (Wuxi, 
China); EGFP-LC3B and PBABE-puro mcherry-EGFP-
LC3B plasmids were from Wuhan Miaoling Biotechnol-
ogy (Wuhan, China); Lipofectamine 2000 Reagent was 
from Thermo Fisher (MA, USA); Lyso-Tracker Green 
was from Beyotime Biotechnology (Shanghai, China). 
Antibodies against P62, LC3AB, GAPDH and Goat Anti-
Rabbit IgG (H + L) (peroxidase/HRP conjugated) were 
from Elabscience (Houston, USA); Antibodies against 
CD9, TSG101, ALIX and CD63 were from Abcam (MA, 
USA); the antibody against Rasal2 was from protein-
tech (Chicago, USA); the antibodies against calnexin 
and β-actin were from Cell Signaling Technology (MA, 
USA); the antibody against HSP70 was from Zenbio 
(Chengdu, China); the antibody against Rab27a was from 
Fine Test (Wuhan, China); the antibody against Myc was 
from Santa Cruz Biotechnology (TX, USA); the antibody 
against Flag was from Sigma (MO, USA); Animal experi-
ment was authorized by the Animal Ethical Committee 
of Qingdao University.

Establishment of Rasal2 knockout (KO) cell lines and 
Rab27a knockdown (KD) cell lines
Rasal2 KO MDA-MB-231 cell lines were established by 
CRISPR/Cas9 gene-editing technique. gRNA sequences 
of Rasal2: gRNA-A1: 5ʹ-​C​A​T​G​C​T​G​G​G​A​G​G​T​T​T​C​T​T​
C​A​A​G​G-3ʹ; gRNA-A2: 5ʹ-​G​A​C​C​A​C​C​T​C​A​G​A​T​C​T​A​T​C​
A​G​T​G​G-3ʹ. The synthesized gRNA (RNP complex) was 
transfected into MDA-MB-231 cells by electrotransfer 
technique using Neon™ transfection system device and 
stable KO cell lines were generated by the selection of 
monoclonal population of cells.

Rasal2  KO/Rab27a KD (KO + KD) MDA-MB-231 cell 
lines were established by siRNA-mate plus transfection 
Reagent. siRNA sequence of Rab27a: 5ʹ-​G​G​A​G​A​G​G​U​U​
U​C​G​U​A​G​C​U​U​A​T​T-3ʹ. Rab27a siRNA was transfected 
into Rasal2 KO MDA-MB-231 cell lines by transfection 
reagent to generate transient (KO + KD) MDA-MB-231 
cells.

EVs separation and purification
EVs were separated and purified from MDA-MB-231 cell 
culture supernatant by differential ultracentrifugation 
(UC) according to the protocol from Théry C et al. [36]. 
In brief, cells were cultured in DMEM supplemented 
with 10% exos-depleted FBS for 24 h, then the superna-
tant was collected and centrifuged at 300×g for 10  min 
to remove cells, after which the supernatant was sub-
jected to sequential centrifugation at 2,000×g for 10 min 
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and 10,000×g for 20  min to remove dead cells and cell 
debris, respectively. The resulting supernatants were fil-
tered using a 0.2 μm filter, followed by ultracentrifugation 
at 100,000×g for 70  min. Again, the pellets were resus-
pended in PBS and ultracentrifuged at 100,000×g for 
70 min. All centrifugations were carried out at 4 °C.

Nanoparticle tracking analysis (NTA)
The size distribution of the purified particles was 
detected using NanoSight NS300 (Malvern Panalytical 
Ltd., Malvern, UK) equipped with an NanoSight Software 
(NTA version 3.3.301). In brief, the purified particles 
were diluted in PBS to adjust their concentration (30–100 
particles/frame) within the linear range of the instrument 
as recommended by the manufacturer before NTA analy-
sis, then the diluted sample was taken up with a syringe 
and introduced into the chamber. Then the diameter 
(nM) and the concentration (particles/mL) of the parti-
cles were detected and analyzed.

Transmission electron microscopy (TEM)
TEM was carried out to observe the morphology and 
the size of the purified samples as previously described 
[36]. In brief, the samples were adsorbed onto the form-
var coated grids and then fixed with 4% glutaraldehyde, 
after which the samples were stained with 2% uranyl ace-
tate (UA). The grids were finally analyzed and the images 
were captured by a JEOL JEM-1400 transmission elec-
tron microscopy (JEOL, Tokyo, Japan) equipped with a 
digital photomicrograph ORIUSTM SC1000 CCD cam-
era (GATAN Inc., Pleasanton, California).

Colony formation assay
Cell proliferation capacity was detected by a clonogenic 
assay as described. Briefly, MDA-MB-231 cells (Control 
(CT), KO, KO + KD) were trypsinized and seeded into a 
six-well plate at a density of 800 cells/well in triplicate. 
After incubation at 37℃ for 14 days, the cells were fixed 
and stained with 0.1% crystal violet to visualize colonies. 
Colonies were photographed and colony number was 
counted manually.

Wound healing assay
Cell migration was evaluated by scratch wound assay 
as described. Briefly, MDA-MB-231 cells (CT, KO, 
KO + KD) were inoculated in 6-well plates and cultured 
into monolayers, then a scratch wound of the monolayers 
was generated by using a sterile 200 µL pipette tip and 
the floating cells were removed by washing with PBS. The 
scratches were photographed under an inverted micro-
scope (Leica microsystems, Wetzlar, Germany) at dif-
ferent times (0, 24  h) after scratching. The scratch gap 
distance was quantitatively measured by Image J software 
and the scratch healing rate was calculated.

Transwell assay
Transwell plates coated with or without Matrigel reagent 
(BD bioscience, SanJose, CA) were used to analyze the 
ability of cell invasion and migration, separately. Briefly, 
MDA-MB-231 cells (CT, KO, KO + KD) suspended in 
serum-free medium were added to the upper compart-
ments and culture medium plus 10% FBS was added to 
the lower compartments. After cultivation for 24  h, the 
upper compartments was cleaned with a cotton swab to 
remove cells, the lower compartments was fixed with 
4% paraformaldehyde and stained with 0.5% crystal vio-
let (Sigma). Then the migrated cells were imaged and 
manually counted under an inverted microscope (Zeiss, 
Germany). The procedures for the cell invasion were 
the same as for the cell migration except that the upper 
compartment was precoated with 100  µl of Matrigel. 
Transwell assay was conducted three times with three 
biological repetitions each time.

Western blot analysis
Proteins expression was detected by western blotting. 
Total proteins were prepared with RIPA buffer (Elab-
science) and the concentrations of protein samples were 
determined using BCA reagent kit (Elabscience). The 
equal proteins were fractionated by SDS/PAGE gels and 
transferred to 0.45  μm PVDF membrane (Solarbio). 
After sealing with 5% skimmed milk, the membrane was 
incubated with the indicated primary antibodies at 4  °C 
overnight and then incubated with horseradish-peroxi-
dase-conjugated secondary antibody for 1 h at room tem-
perature. Afterwards, the protein bands were visualized 
by enhanced chemiluminescence and quantified by the 
Image J software (National Institutes of Health, Bethesda, 
MD, USA).

Autophagic flux analysis
Autophagic flux was evaluated by PBABE-puro mcherry-
EGFP-LC3B plasmid (Miaoling, Wuhan, China). The 
plasmid was transfected into MDA-MB-231 cells (CT, 
KO, KO + KD) by Lipofectamine 2000 (Thermo Fisher) 
according to the manufacturer’s protocols. After trans-
fection for 18  h, the cells were treated with BafA1 for 
6  h and the images acquisition was performed by using 
STELLARIS 5 confocal microscopy (Leica, Germany). 
Then autolysosomes (red puncta) and autophagosomes 
(yellow puncta) per cell were quantified from at least 10 
cells in three independent experiments and the propor-
tions of autophagosomes and autolysosomes were calcu-
lated respectively to indicate autophagic flux.

Lyso-tracker assay
Lysosomal acidity was detected by acidotropic fluores-
cent probe Lyso-Tracker Green according to the manu-
facturer’s instructions (Beyotime, Shanghai, China). 
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Briefly, MDA-MB-231 cells (CT, KO, KO + KD) were 
seeded and incubated with Lyso-Tracker Green solution 
(50 nM) at 37℃ for 60 min. The nucleus was dyed with 
DAPI after staining. Then the cells were observed and the 
images were acquired by using STELLARIS 5 confocal 
microscopy (Leica, Germany).

Immunofluorescence analysis
Immunofluorescence analysis was conducted to observe 
the colocalization of autophagosomes and MVBs as 
previously described [37]. Briefly, MDA-MB-231 cells 
(CT, KO, KO + KD) were seeded and transfected with 
EGFP-LC3 plasmid for 24 h. The medium was removed 
and the cells were washed with PBS. Subsequently, the 
cells were fixed with 4% paraformaldehyde for 15  min, 
permeabilized with 0.1% Trition-X at room tempera-
ture for 10 min, blocked with 10% BSA for 1 h, and then 
incubated with anti-CD63 antibody overnight, followed 
by incubation with goat anti-Mouse IgG (H + L) for 1 h. 
The cells were observed under a STELLARIS 5 confo-
cal microscopy (Leica, Germany) and the images were 
obtained and analyzed using the Image J software.

Co-immunoprecipitation analysis (Co-IP)
Co-IP analysis was conducted as described by the pro-
tocol of a standard method [38]. Briefly, the cells were 
seeded and transfected by Lipofectamine 2000. The cell 
lysates were extracted with a RIPA buffer and the immu-
noprecipitates were then formed by binding the target 
protein with the indicated antibody and incubating with 
anti-Flag (M2) antibody-conjugated beads or GTP beads 
overnight at 4 ℃. Finally, the immunoprecipitates were 
washed and electrophoresed on SDS-PAGE gels, trans-
ferred to a PVDF membrane, probed with the antibodies, 
and visualized with enhanced chemiluminescence.

Immunohistochemical analysis (IHC)
IHC was used to detect the expression of proliferation-
associated and autophagy-related proteins in tumor 
tissues. Briefly, fresh tumor tissues fixed with 4% para-
formaldehyde for 24 h was embedded in paraffin and cut 
into 5 mm paraffin sections. Immunohistochemical stain-
ing was performed with the rapid immunohistochemical 
kit (Elabscience, China). Antibodies used in IHC were 
P62 (1:100), LC3 (1:100) and Ki67 (1:400). After reacting 
with biotinylated secondary antibody, DAB staining was 
performed. Then the sections were observed and imaged 
under the Panoramic Tissue Cell Scanning Analyzer 
(Pannoramic MIDI, Hungary).

Xenograft model assay
A total of 18 BALB/c female nude mice were purchased 
from Vital River Laboratory Animal Technology (Bei-
jing, China). All nude mice were randomly divided into 

three groups (n = 6) and subcutaneously injected with 
MDA-MB-231 cells (CT, KO, KO + KD), individually. 
The dimension (width and length) of tumors and the 
weight of mice in each group were measured every 6 d 
and the tumor volume was calculated as (width × width × 
length)/2. At 42 d, blood was collected by eyeball enucle-
ation before the mice were sacrificed. Then the exos were 
extracted from the serum separated from blood and the 
expression of autophagic and exosomal marker proteins 
in exos was detected by western blot analysis. Addition-
ally, immunohistochemistry (IHC) assay was performed 
to determin the expression levels of Ki67, P62 and LC3 
in tumor tissues after the tumors were photographed and 
weighed.

Statistical analysis
Data analysis was performed using GraphPad Prism soft-
ware (La Jolla, CA, USA). The results were presented as 
means ± standard deviation (SD). Statistical significance 
between groups was determined by One-way ANOVA or 
Student’s t-test. A p-value less than 0.05 was considered 
to be a significant difference.

Results
Isolation and identification of exos
To detect the secretion of exos from TNBC cells, dif-
ferential ultracentrifugation was used to isolate and 
purify EVs from the supernatants of MDA-MB-231 cells 
(Fig. 1a). Then the EVs were characterized and identified 
by NTA and TEM. As shown by NTA, the overall particle 
size distribution ranged from 50 to 200 nm (Fig. 1b), and 
the average ζ-potential of EVs was − 9.92 mv, the same 
as the surface potential of the cell membrane (Fig.  1c). 
Consistent with NTA, the image of TEM displayed that 
the morphology of EVs is round or oval in shape with the 
diameter of approximately 30–100  nm (Fig.  1d). Addi-
tionally, WB analysis of EVs detected the positive expres-
sion of CD9, CD63, HSP70, ALIX and TSG101, served 
as typical biomarkers of exos, but no expression of the 
negative marker protein calnexin (Fig. 1e). All the results 
above confirmed that the isolated EVs were actually exos.

Loss of Rasal2 promotes autophagic-exos secretion in 
TNBC
To explore the effect of Rasal2 on exos secretion from 
TNBC cells, Rasal2 KO MDA-MB-231 cells were con-
structed using CRISPR/Cas9 technique and verified by 
sequencing and WB analysis (Fig. 2a-b). Then the result 
of NTA showed Rasal2 KO significantly increased exos 
secretion (Fig. 2c). In addition, we found that Rasal2 KO 
cells-derived exos exhibited the higher expression levels 
of exos marker proteins (CD63 and HSP70) and autoph-
agy marker proteins (LC3 and P62) than those expressed 
in CT group by using WB analysis and further affirmed 
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Fig. 2  Loss of Rasal2 promotes autophagic-exos secretion in TNBC. a, Construction of Rasal2 KO MDA-MB-231 cell lines by CRISPR/Cas9 technique. b, The 
protein expression of Rasal2 detected by western blot analysis. c, The effect of Rasal2 KO on exosomal secretion analyzed by NTA. d-e, Effects of Rasal2 KO 
on the expression levels of autophagic and exosomal marker proteins in exos. f, Establishment of CT and KO MDA-MB-231 cell lines with GFP-LC3 stable 
overexpression. g, Fluorescence intensity of magnetic beads-bound exos derived from CT and KO MDA-MB-231 cells stably overexpressing GFP-LC3

 

Fig. 1  Isolation and identification of exos. a, Isolation and purification of EVs from the conditioned media by ultracentrifugation. b, Size distribution of EVs 
analyzed by NTA. c, The ζ-potential of EVs. d, The morphology of EVs characterized by TEM, Scale bar = 100 nm. e, Proteins expression of exosomal positive 
and negative biomarkers detected by western blot analysis
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via quantitative analysis (Fig. 2d-e). To elucidate whether 
the accumulated autophagy-related proteins in exos were 
associated with autophagy, we applied GFP-LC3 plas-
mid to construct CT and KO MDA-MB-231 cell lines 
stably overexpressing LC3 and confirmed by fluores-
cence microscopy (Fig.  2f ). Then Dynabeads® magnetic 
beads-bound exos isolated from the above constructed 
cells were photographed using confocal microscopy and 
the images presented a significant increase of green fluo-
rescence intensity in beads-bound exos from KO MDA-
MB-231 cells as compared with that in beads-bound exos 
from CT MDA-MB-231 cells (Fig. 2g), implying the loss 
of Rasal2 might affect autophagy process and the aggre-
gation of autophagy-related proteins in exos induced by 
Rasal2 KO might probably derived from cell autophagy.

Loss of Rasal2 perturbs the autophagic pathway in TNBC
To validate the role of Rasal2 in cell autophagy, we 
observed the autophagosomes in CT and KO MDA-
MB-231 cells by TEM and fluorescence microscope. 
The result of TEM displayed that more autophagosomes 
were generated in KO MDA-MB-231 cells than those in 
CT MDA-MB-231 cells (Fig. 3a). Meanwhile, the images 
under fluorescence microscope showed stronger fluo-
rescence intensity in KO MDA-MB-231 cells with GFP-
LC3 overexpression than that in GFP-LC3-overexpressed 
CT MDA-MB-231 cells (Fig.  3b-c). The above results 

indicated the absence of Rasal2 stimulated the produc-
tion of autophagosomes. However, western blot analysis 
showed that the expression levels of autophagy marker 
proteins (LC3 and P62) were both obviously increased 
in KO MDA-MB-231 cells compared with those in CT 
MDA-MB-231 cells, which was further enhanced by 
bafilomycin A1 (BafA1), a late-stage autophagy inhibitor 
that blocks the fusion of autophagosomes with lysosomes 
(Fig.  3d), suggesting that aggregation of autophagy-
associated proteins might be caused by the inhibition of 
autophagosomes degradation in lysosomes induced by 
Rasal2 KO.

To further investigate the effect of Rasal2 KO on the 
autophagic process, CT/KO MDA-MB-231 cell lines 
were transfected with the dual fluorescent plasmid 
mCherry-EGFP-LC3 and fluorescence microscopic 
detection manifested the proportion of autolysosomes 
(red puncta) in KO group was significantly decreased 
compared with that in CT group (43% vs. 88%), also fur-
ther strengthened by BafA1 (20%), indicating that Rasal2 
KO disrupted autophagic flux (Fig.  3e-f ). However, the 
degradation of autophagosomes is closely related to the 
acidity of lysosomes, then lysosomal acidity was ana-
lyzed by fluorescence microscopy using Lyso-Tracker 
Green and the results exhibited that fluorescence inten-
sity in KO group is significantly decreased compared to 
that in CT group (Fig.  3g-i). Taken together, these data 

Fig. 3  Rasal2 KO disturbs the autophagic pathway. a, Observation of autophagosomes produced in CT/KO MDA-MB-231 cells by TEM. b-c, Analysis of 
fluorescent aggregation plot in CT/KO MDA-MB-231 cells with transient transfection of EGFP-LC3 plasmid. d, Detection of autophagy-related marker 
proteins expression in CT/KO MDA-MB-231 cells with or without BafA1 treatment by western blotting. e-f, Observation of autophagic flux in CT/KO MDA-
MB-231 cells transfected with mCherry-EGFP-LC3 by confocal fluorescence microscopy and quantitative analysis of red and yellow fluorescence aggrega-
tion plots. g-i, The acidic probe Lyso-Tracker Green was used to detect lysosomal acidity in CT/KO MDA-MB-231 cells by confocal fluorescence microscope
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demonstrated that the loss of Rasal2 prevents the degra-
dation of autophagosomes in lysosomes by reducing lyso-
somal acidity.

Loss of Rasal2 induces secretory autophagy
To elucidate whether Rasal2 KO-induced the secretion of 
autophagic-exos is related to its regulation of autophagy, 
TEM was performed to observe the morphology, the size 
and the number of MVBs and ILVs in CT and KO MDA-
MB-231 cells. We found that Rasal2 KO significantly 
expanded the size and increased the number of MVBs 
and ILVs, indicating the loss of Rasal2 promotes the gen-
eration of MVBs (Fig.  4a). Then confocal microscopy 
showed that the intensity of red fluorescent aggrega-
tion in KO MDA-MB-231 cells stained with CD63 anti-
body (CD63: specific transmembrane marker protein of 
MVBs) was stronger than that in CT MDA-MB-231 cells, 
which could be further intensified by BafA1 (Fig.  4b-c). 
Consistent with the above result, western blot analy-
sis displayed the higher expression levels of CD63 and 
HSP70 in KO group than those in CT group, which could 
be also further facilitated by BafA1 (Fig. 4d-e). Addition-
ally, we observed more colocalization of autophagosomes 
with MVBs in KO MDA-MB-231 cells transfected with 

EGFP-LC3 (green fluorescence) than that in EGFP-LC3-
transfected CT MDA-MB-231 cells after these two kinds 
of cells were stained with CD63 antibody (red fluores-
cence), and this colocalization was further enhanced by 
BafA1 (Fig. 4f-g). Besides, a larger number of autophago-
somes fused with MVBs was observed in KO group than 
that in CT group under TEM (Fig.  4h), demonstrating 
the accumulated autophagosomes induced by Rasal2 KO 
could fuse with MVBs when the lysosomal degradation 
pathway is blocked. In order to further prove that Rasal2 
KO-induced the secretion of autophagic-exos is caused by 
its obstruction of autophagic pathway, we examined the 
effect of BafA1 on exos secretion in KO MDA-MB-231 
cells. NTA results showed that KO MDA-MB-231 cells 
treated with BafA1 significantly increased the secretion 
of exos compared to KO group, while which could be 
significantly prevented by GW4869, an exosomal secre-
tion inhibitor (Fig. 4i). Furthermore, western blot analysis 
revealed that the expression levels of autophagy-related 
proteins in exos derived from KO MDA-MB-231 cells 
co-incubated with BafA1 were significantly increased in 
comparison with those in exos derived from KO MDA-
MB-231 cells (Fig.  4j). These results all suggest that the 
loss of Rasal2 induces secretory autophagy and the 

Fig. 4  Rasal2 KO induces secretory autophagy. a, The morphology, size and number of MVBs and ILVs in CT/KO MDA-MB-231 cells observed by TEM. b-c, 
The intensity of fluorescent aggregation plots in BafA1-treated CT/KO MDA-MB-231 cells stained with CD63 antibody observed by confocal microscopy. 
d-e, The expression levels of exosomal marker proteins in CT/KO MDA-MB-231 cells with BafA1 treatment. f-g, The colocalization of autophagosomes 
and MVBs in CT/KO MDA-MB-231 cells with BafA1 treatment observed by confocal microscopy. h, The fusion of autophagosomes with MVBs in CT/KO 
MDA-MB-231 cells observed by TEM. i, The amount of exos secretion from KO MDA-MB-231 cells with BafA1/GW4869 treatment detected by NTA. j, The 
expression of autophagy marker proteins in exos derived from KO MDA-MB-231 cells with BafA1 treatment detected by western blotting
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undegraded autophagosomes aroused by Rasal2 KO-
induced the obstruction of autophagy can be secreted 
extracellularly in the form of autophagic-exos.

Rab27a mediates Rasal2 KO-induced autophagic-exos 
secretion
To further explore the mechanism of autophagic-exos 
secretion induced by Rasal2 KO, we investigated the rela-
tionship between Rasal2 and Rab27a, an important pro-
tein that plays a cross role in the formation of autophagy 
and exos. Co-immunoprecipitation assay manifested 
the interaction between exogenous Rasal2 and Rab27a 
confrmed in HEK293T cells co-transfected with Myc-
Rasal2 and Flag-Rab27a by using anti-Flag (M2) affinity 
purifcation (Fig. 5a). Meanwhile, the interaction between 
endogenous Rasal2 and Rab27a were also corroborative 
in MDA-MB-231 cells via anti-Rasal2 or anti-Rab27a 
affinity purification (Fig.  5b). Moreover, GTP-beads 
pull-down assay delineated that Rab27a-GTP level in 
Rasal2-KO MDA-MB-231 cells expressing Myc-Rasal2 
was obviously decreased compared to that in Rasal2-
null MDA-MB-231 cells, indicating Rasal2 inhibited the 

activity of Rab27a in MDA-MB-231 cells (Fig.  5c). To 
clarify the role of Rab27a in Rasal2 KO-induced autoph-
agic-exos release, Rab27a knockdown (KD) in Rasal2-KO 
MDA-MB-231 (KO + KD) cells was generated by gene 
silencing technique using siRNA-mate plus transfection 
reagent and verified by western blot analysis (Fig.  5d). 
We found that the expression levels of autophagosomes 
marker proteins (LC3 and P62) and exos marker pro-
teins (HSP70 and CD63) in exos derived from (KO + KD) 
cells were significantly lower than those in exos derived 
from KO cells (Fig.  5e). Besides, a significant reduction 
of exosomal secretion level was observed in (KO + KD) 
cells versus that in KO cells by using NTA (Fig. 5f ), and 
a significant decrease of the red fluorescence intensity 
was detected in (KO + KD) cells stained with CD63 anti-
body than that in KO cells (Fig. 5i-j), while Rab27a over-
expression (OE) in (KO + KD) cells significantly increased 
the expression of exosomal marker protein CD63 and 
promoted the secretion of exos (Fig.  5g-h). Also, the 
smaller size and the less number of MVBs and ILVs 
was found in (KO + KD) group than those in KO group 
by TEM observation (Fig.  5k-l). Additionally, confocal 

Fig. 5  Rab27a mediates Rasal2 KO-induced autophagic-exos secretion. a, The interaction between endogenous Rab27a and Rasal2 determined by im-
munoprecipitation assay. b, The interaction between exogenous Rab27a and Rasal2 determined by immunoprecipitation assay. c, The effect of Rasal2 on 
the activity of Rab27a detected by using GTP-beads pull-down assay. d, Establishment of Rab27a KD in Rasal2 KO cell lines. e, The effect of Rab27a KD on 
the expression of autophagy marker proteins and exosomal marker proteins in exos-derived from Rasal2-KO cells. f, The effect of Rab27a KD on exosomal 
secretion from Rasal2 KO cells detected by NTA. g-h, The effect of Rab27a overexpression on exosomal secretion from (KO + KD) cells. i-j, The effect of 
Rab27a KD on the fluorescence intensity of CD63 in Rasal2 KO cells. k-l, The effect of Rab27a KD on the size and number of MVBs and ILVs in Rasal2 KO 
cells. m-n, The effect of Rab27a KD on the colocalization of autophagosomes and MVBs in Rasal2 KO cells. o-p, The effect of Rab27a KD on autophagic 
flux in Rasal2 KO cells. q, The effect of Rab27a KD on the expression of autophagic and exosomal marker proteins in Rasal2 KO cells. r, The effect of Rab27a 
KD on lysosomal acidity of Rasal2 KO cells
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microscopy observed less colocalization of MVBs with 
autophagosomes in (KO + KD) group than that in KO 
group (Fig. 5m-n). Importantly, the proportion of autoly-
sosomes (red puncta) in (KO + KD) cells transfected with 
mCherry-EGFP-LC3 plasmid was significantly increased 
compared with that in KO group (50% vs. 43%) (Fig. 5o-
p) and the degradation of autophagy-related proteins in 
(KO + KD) cells was also significantly increased in com-
parison with those in KO cells (Fig.  5q), indicating that 
Rasal2 KO-induced the obstruction of autophagic flux 
can be reversed by Rab27a KD. Furthermore, lysosomal 
acidity detected by fluorescence microscopy using Lyso-
Tracker Green was significantly increased in (KO + KD) 
group than that in KO group (Fig. 5r), Overall, these find-
ings corroborated Rab27a mediates Rasal2 KO-induced 
secretory autophagy and autophagic-exos secretion.

Inhibition of secretory autophagy promotes TNBC 
progression
To clarify the role of Rab27a-mediated Rasal2 KO-
induced secretory autophagy in TNBC cell progression, 
we firstly examined the expression levels of Rasal2 in dif-
ferent TNBC cells and the result showed Rasal2 expres-
sion levels in TNBC cells were significantly increased 
compared with that in MCF10A normal breast cells 
(Fig.  6a-b). CCK-8 assay and clony formation assay 

displayed that Rasal2 KO significantly inhibited cell 
proliferation and clony formation (Fig.  6c-e). Transwell 
migration and invasion assays elucidated that Rasal2 KO 
significantly inhibited TNBC cell migration and inva-
sion compared to those in CT group through microscopy 
observation and quantitative analysis (Fig.  6f-g). Con-
sistently, scratch wound assay also showed that Rasal2 
KO have a significant inhibitory effect on cell migration 
(Fig.  6h-i). However, the inhibition of cell proliferation, 
migration and invasion induced by Rasal2 KO in all the 
above results could be reversed by Rab27a KD. Collec-
tively, these data validated that Rab27a KD promotes 
TNBC progression by attenuating Rasal2 KO-induced 
secretory autophagy.

Inhibition of secretory autophagy promotes xenograft 
tumor growth in mice
To further verify whether Rab27a plays a role in Rasal2-
regulated the growth of xenograft tumor  in mice, tumor 
xenograft animal models for MDA-MB-231 cells (CT, 
KO, KO + KD) were established in BALB/c nude mice 
(Fig.  7a). In accord with the results in vitro, the growth 
curve of xenograft tumor showed that Rasal2 KO signifi-
cantly decreased the rate of tumor growth in vivo, while 
Rab27a KD in KO cells significantly reversed the inhibi-
tory effect of Rasal2 KO-induced on tumor growth, with 

Fig. 6  Inhibition of secretory autophagy promotes TNBC progression in vitro. a-b, The protein expression of Rasal2 in TNBC cells and normal breast cells. 
c-e, The effect of Rab27a on TNBC cell proliferation and clony formation regulated by Rasal2 evaluated by CCK-8 assay and clony formation assay. f-g, The 
effect of Rab27a on Rasal2-regulated TNBC cell migration and invasion measured by transwell assays. h-i, The effect of Rab27a on Rasal2-regulated TNBC 
cell migration analyzed by the wound healing assay
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no significant difference in weight change of all mice 
(Fig. 7b-c). In addition, the result of average tumor weight 
was shown in Fig. 7d, and the photographs of the tumors 
in each group were shown in Fig.  7e. Moreover, immu-
nohistochemistry analysis showed the lower expression 
level of proliferation-associated protein Ki67 and the 
higher expression levels of autophagy-related proteins 
(P62 and LC3) in tumor tissues of KO group than those 
in tumor tissues of CT group, while the expression levels 
of the above proteins were all reversed after Rab27a KD 
in KO group (Fig. 7f ). Also, exos derived from the serum 
of xenograft tumor mice in KO group expressed more 
autophagy-associated proteins (P62 and LC3) and exos 
marker proteins (HSP70 and CD63) compared with those 
in serum-derived exos from mice in CT group. Similarly, 
the expression levels of the above proteins all can be 
reversed after Rab27a KD in KO group (Fig.  7g). Taken 
together, these data suggest that the regulation of Rasal2 
KO-induced secretory autophagy by Rab27a is associated 
with TNBC progression.

Discussion
Rasal2 exerts either pro- or anti-oncogenic behavior in 
different human cancers and it has been considered to be 
depend on the tumor type or cell context [10, 39]. In our 
previous study, we have demonstrated that the functions 
of Rasal2 acting as a promoter or suppressor in breast 
cancers are determined by the phosphorylation level of 
Rasal2 and the effects of phosphorylated Rasal2 on breast 
cancers are exos-mediated [14]. Here, an in-depth inves-
tigation was conducted to further explore the specific 

mechanisms of the regulatory function of Rasal2 in exos 
secretion.

In the present study, we successfully constructed 
Rasal2-KO MDA-MB-231 cell lines and isolated the exos 
from the above cells. Then, the exos were characterized 
by their morphology, particle size distribution, poten-
tial as well as exosomal marker proteins, all of them met 
the requirements of the International Society for Extra-
cellular Vesicles (ISEV) for exos identification. Subse-
quently, we quantitatively analyzed the secretion of exos 
derived from Rasal2-KO cells and found that the loss of 
Rasal2 obviously stimulates the exos secretion. Further-
more, the secreted exos aggregated abundant autophagy 
marker proteins, validated via the proteins expression 
levels performed by western blot analysis and the fluo-
rescence intensity in immunomagnetic beads-enriched 
exos purified from Rasal2-KO cells stably overexpress-
ing GFP-LC3 observed by confocal microscopy. LC3, also 
called MAP1LC3 (microtubule associated protein 1 light 
chain 3), involved in the autophagosomal biogenesis, is 
the most reliable and recognized marker of autophago-
somes [40, 41], suggesting that Rasal2 KO might promote 
autophagic-exos secretion in TNBC.

To verify whether the accumulation of autophagy 
marker proteins in the exos is originated from autoph-
agy, we explored the regulation of autophagic pathway 
by Rasal2 and corroborated that Rasal2 KO promoted 
the production of autophagosomes but prevented the 
degradation of autophagosomes in lysosomes by TEM, 
confocal microscopy and western blot analysis, further 
validated by the the blockage of autophagic flux induced 
by Rasal2 KO via using the mCherry-EGFP-LC3 reporter. 

Fig. 7  Inhibition of secretory autophagy promotes xenograft tumor growth in mice. a, xenograft animal models for MDA-MB-231 cells (CT, KO, KO + KD) 
were established in BALB/c nude mice. b, The growth curves of the tumor in mice after inoculating with MDA-MB-231 cells (CT/KO/KO + KD). c, The chang-
es curve of mice weight after inoculating with MDA-MB-231 cells (CT/KO/KO + KD). d, Average tumor weight in CT/KO/KO + KD group. e, Photographs of 
tumors in CT/KO/KO + KD group. f, Immunohistochemistry analysis of proliferation-related and autophagy-related proteins. g, Expression of autophagic 
and exosomal marker proteins in exos derived from the serum of mice in CT/KO/KO + KD group
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The regulatory effects above of Rasal2 KO on autophagy 
can be enhanced by BafA1, a typical lysosomal inhibitor 
which could decrease lysosomal acidity to impair lyso-
somal degradative function [42, 43], Moreover, it was 
affirmed that the disturbance of the autophagic pathway 
is attributed to the decrease of H + concentration in lyso-
somes by using the fluorescent probe Lyso-Tracker Green 
to indicate the changes of PH in Rasal2 KO cells.

To further determine whether the accumulation of 
autophagy proteins in secreted exos is derived from the 
undegraded autophagosomes produced by Rasal2 KO, 
we observed the morphology, size and number of MVBs 
and ILVs in MVBs by TEM and detected the expres-
sion of CD63 (a exosomal marker protein that exists on 
the membrane of MVBs in cells) by immunofluores-
cence analysis and western blot analysis, confirming that 
Rasal2 KO dramatically increases the size and the num-
ber of MVBs and ILVs, which can be further promoted by 
BafA1. Subsequently, we examined the colocalization of 
MVBs and autophagosomes in Rasal2-KO cells by confo-
cal microscopy and TEM, respectively, and affirmed that 
Rasal2 KO-induced the accumulated autophagosomes 
fused with MVBs. Furthermore, the fusion of autophago-
somes with MVBs could also be promoted by BafA1. In 
addition, we detected the amount of exos secretion and 
the expression levels of autophagy-related proteins in 
secreted exos by BafA1 and GW4869, an exosomal secre-
tion inhibitor, all the findings demonstrated that Rasal2 
KO stimulates autophagic-exos secretion and induces 
secretory autophagy. Secretory autophagy, first proposed 
by Ponpuak et al. [44]., means that autophagosomes 
formed in the process of autophagy are not only trans-
ported to lysosomes for degradation, but also fused with 
MVBs to eventually form exos (i.e., autophagic-exos) 
when lysosomal dysfunction or the blockage of autopha-
gosomes degradation [25, 26].

Accumulating studies have proved that the process of 
autophagy formation and vesicle transport intersects in 
many places. Rab family, which play a molecular “switch” 
role in membrane transport and also participate in 
autophagy process [35, 45]. Rab27a, responsible for the 
docking and fusion of MVBs with the plasma membrane, 
is required for exos formation and secretion [46]. We 
confirmed that Rasal2 interacts with Rab27a and inhibits 
the activity of Rab27a by co-immunoprecipitation analy-
sis. To further clarify the role of Rab27a in Rasal2 KO-
induced the secretion of autophagic-exos, Rab27a KD 
in Rasal2 KO (KO + KD) MDA-MB-231 cell lines were 
established, and we found that Rab27a KD significantly 
reduced the secretion of exos, while the level of exosomal 
secretion was significantly increased by reintroducing 
Rab27a in (KO + KD) cells. Furthermore, Rab27a KD 
significantly decreased the content of autophagy-related 
proteins in the secreted exos induced by Rasal2 KO, 

significantly decreased the size and number of MVBs and 
the fusion of MVB with autophagosomes, while signifi-
cantly promoted autophagic flux by increasing the acid-
ity of lysosomes, demonstrating Rab27a mediates Rasal2 
KO-induced autophagic-exos secretion.

Next, we examined the effect of Rasal2 KO-induced 
secretory autophagy on TNBC cell progression in vitro 
and in vivo. We demonstrated that Rasal2 was highly 
expressed in various types of TNBC cells, while Rasal2 
KO inhibited cell proliferation verified by CCK-8 assay 
and clony formation assay, and cell migration and inva-
sion were also inhibited by Rasal2 KO confirmed via 
scratch healing assay and transwell assay, while all of 
which could be reversed by Rab27a KD in Rasal2 KO 
cells. Additionally, the rate of tumor growth and tumor 
weight of xenografted mice inoculated with Rasal2 KO 
cells were significantly reduced compared with those in 
CT group, and immunohistochemical analysis showed 
that the expression of proliferation-related protein 
Ki67 (as a prognostic and predictive marker [47, 48]) in 
xenograft tumor tissues of KO group was significantly 
decreased. Western blot analysis showed that the expres-
sion levels of the autophagy-related proteins (LC3 and 
P62) and exos marker proteins (CD63 and HSP70) in 
serum-derived exos of mice were significantly increased, 
consistent with the results of immunohistochemical 
analysis. However, all the effects above induced by Rasal2 
KO could be reversed by Rab27a KD in Rasal2 KO cells. 
In conclusion, these findings demonstrated that Rab27a 
inhibits TNBC progression by promoting the secretion of 
autophagic-exos induced by the loss of Rasal2. This study 
not only expands the understanding of the regulatory 
effect of Rasal2 on exosomal secretion and provides new 
insights into the role of Rab27a in tumor progression, but 
also reveals the coordinated mechanisim of lysosomal 
homeostasis and exosomal secretion in cancer develop-
ment from the perspective of tumor microenvironment, 
which might provide a potential therapeutic strategy for 
TNBC, and plasma-derived autophagic-exos might act 
as non-invasive biomarkers to dynamically monitor lyso-
some function in TNBC therapy.

Conclusions
Collectively, we elucidated the regulation of Rasal2 on 
autophagy and autophagic-exos secretion, and confirmed 
the important role of Rab27a in Rasal2-regulated the 
secretion of autophagic-exos through in vivo and in vitro 
experiments, indicating the coordination mechanism of 
autophagy-exos signaling pathway in TNBC progression 
and providing a theoretical basis for the diagnosis and 
treatment of TNBC.
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