
Vol.:(0123456789)1 3

https://doi.org/10.1007/s12015-022-10358-4

Exosomal microRNA-4535 of Melanoma Stem Cells Promotes 
Metastasis by Inhibiting Autophagy Pathway

Doudou Liu1,2 · Xiaoshuang Li1,2 · Bin Zeng1,2 · Qiting Zhao1,2 · Hao Chen1,2 · Yuhan Zhang1,2 · Yuting Chen1,2 · 
Jianyu Wang3 · H. Rosie Xing3 

Accepted: 23 February 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
High mortality rate and poor survival in melanoma are associated with efficient metastatic colonization. The underlying 
mechanisms remain elusive. Elucidating the role of exosomes in mediating the interactions between cancer cells and the 
metastatic microenvironment has been focused on cancer cell derived exosomes in modulating the functions of stromal cells. 
Whether cancer stem cells (CSCs) can modify the metastatic properties of non-CSC cells, and whether exosomal crosstalk 
plays a role have not been demonstrated prior to this report. In this study, a paired M14 melanoma derivative cell line, i.e., 
melanoma parental cell (MPC) and its CSC derivative cell line melanoma stem cell (MSC) were employed. We demonstrated 
that exosomal crosstalk betwen MSCs and non-CSC MPCs is a new mechanism that underlies melanoma metastasis. Low 
metastatic melanoma cells (MPCs) can acquire the “metastatic power” from highly metastatic melanoma CSCs (MSCs). 
We illustrated an uncharacterized microRNA, miR-4535 in mediating such exosomal crosstalk. MSCs deliver its exosomal 
miR-4535 to the targeted MPCs. Upon entering MPCs, miR-4535 augments metastatic colonization of MPCs by inactivat-
ing the autophagy pathway.
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Introduction

Metastasis is the leading cause of relapse and death [1]. 
Prognosis of metastatic melanoma is poor and the mean 
survival is less than 1 year [2]. Efficient metastatic coloni-
zation at the distant organ is a feature of metastatic mela-
noma. However, the underlying mechanisms remain to be 
fully elucidated.

Cancer stem cells (CSCs) are a group of tumor cells with 
self-renewal capability and play an important role in tumor 

metastasis [3]. Current studies suggest that the presence 
of CSCs is the main reason for the failure of radiotherapy 
and chemotherapy [4, 5]. The influence of CSCs on tumor 
progression is multifaceted [6, 7]. Proliferative colonization 
of the extravasated cancer cells at the distant organ is rate-
limiting for metastasis [8–10] and requires the formation of a 
new metastatic microenvironment (MME). Establishment of 
MME is the result of communication and synergistic action 
between CSCs, tumor cells and stromal cells [11–14].

Exosomes emerge as a new class of mediators for such 
interaction [15–18]. Exosomes are double-membrane ves-
icles with particle size between 30 and 140 nm [19, 20]. 
Exosomes contain a variety of substances, including DNA, 
proteins, non-coding RNAs, liposomes, mitochondrial DNA, 
metabolites and so on [21, 22]. Exosomes are heterogeneous 
in size, content, species specificity, tissue specificity and 
tumor specificity [23]. Exosomes mediates cell-to-cell com-
munication by transferring biologically active substances 
from donor cells to the recipient cells. Exosomes from the 
donor cells can modify the biological functions, or cellular 
properties of the target cells, and hence may influence the 
course of cancer initiation, progression or development of 
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resistance to therapies [24, 25]. On the other hand, exosomes 
may also transport anti-tumor substances, such as microR-
NAs that have tumor suppressor function [26].

The research on exosomes in cancer progression has 
gained increasing attention [27, 28]. In the tumor microen-
vironment, exosomes secreted by cancer cells, stromal cells, 
and cancer stem cells can remodel the tumor microenviron-
ment. Whether exosomes promote or inhibit tumor progres-
sion depends on the source of exosomes and the context of 
tumor development [29]. Most of the studies are focused on 
cancer cell-derived exosomes in modulating the functions 
of stromal cells [30–33]. Some studies have shown that in 
the tumor microenvironment, endothelial cells derived from 
tumors can change the immune capacity of the body and 
tumor angiogenesis ability through exosomes [34–36].There 
are increasing evidence showing the ability of stromal cell 
derived exosomes in modifying the behavior of cancer cells. 
There are few studies that demonstrate the exosomal cross-
talk between cancer cells [37–40]. In melanoma research, 
the role of exosomal crosstalk in melanoma oncogenesis 
and progression has been illustrated [41–43]. At metastatic 
colonization stage, whether the CSCs can alter the metastatic 
properties of non-CSCs through exosomal crosstalk, a new 
mechanism of metastatic colonization, has not been demon-
strated prior to this report.

In this study, a paired M14 melanoma derivative cell 
line, i.e., MPC and its CSC derivative cell line MSC were 
employed. We show that exosomal crosstalk between MSCs 
and non-CSC MPC cells is a new mechanism that under-
lies melanoma metastasis. Low metastatic melanoma cells 
(MPCs) can acquire the “metastatic power” from highly 
metastatic melanoma CSCs (MSCs). We illustrated an 
uncharacterized microRNA, miR-4535 in mediating such 
exosomal crosstalk. MSC deliver its exosomal miR-4535 to 
the targeted MPC cells. Upon entering MPC cells, miR-4535 
augments metastatic colonization of MPC by inactivating 
the autophagy pathway.

Results

Exosomes Secreted by MSCs Can Promote 
the Invasiveness of the Low‑Metastatic MPC Cells In 
Vitro

In this study, we used a paired derivative cell line of M14, 
the MPCs and MSCs that we generated and characterized 
[44], M14-OL cells exhibit oligometastatic phenotype in 
vivo upon tail-vein injection, forming limited number of 
metastatic foci on the mouse lungs(defined as oligometa-
static-OL) [45]. Melanoma Stem Cells (OL-SCs) were iso-
lated and purified from OL cells, and the stem cell properties 
were characterized. Here, for convenience, we define OL 

cell line as MPC (melanoma parental cell line) and OL-
SCs cell line as MSC (melanoma stem cell line). Exosomes 
were isolated and purified from the culture supernatants 
of MPC and MSCs cells (Materials and Methods). The 
quality and the purity of the obtained exosomes were ana-
lyzed by: (1) Western blot for the expression of exosomal 
marker proteins CD81, CD63, Alix and ER marker Cal-
nexin (Fig. 1A); by transmission electron microscopy for 
visualization of their round or elliptical membranous vesicle 
morphology (Fig. 1B); by Nanoparticle Tracking Analysis 
(NTA) for their size range (30 ~ 140 nm, with an average 
around 100 nm, Fig. 1C).

At the site of metastasis, whether CSCs can enhance 
the invasiveness of extravasated non-CSC cancer cells has 
not been characterized. We thus investigated the effects of 
MSC-exo on the metastatic function of MPC cells in vitro. 
MPC cells incubated with 40μg MSC-exo showed significant 
increases in invasiveness, measured by the migration and 
invasion assays (Fig. 1D-E) compared to the control cells 
incubated with PBS (MPC-PBS).

RAB27 family regulates the secretion of exosomes and 
RAB27a/b knockdown can inhibit the secretion of exosomes 
[46]. To confirm that the enhancement effects we observed 
with the addition of MSC-exo were caused by the MSC 
secreted exosomes, we inhibited exosome secretion function 
of MSC cells by Rab27a siRNA silencing (Materials and 
Methods). Effective inhibition of Rab27a expression was 
confirmed by qRT-PCR (Fig. 2A), WB (Fig. 2B) and NTA 
analysis (Fig. 2C), respectively. As anticipated, inhibition 
of Rab27a largely prevented the increase of the number of 
migratory (Fig. 2D) and invaded (Fig. 2E) MPC cells seen 
after addition of MSC-exo to MPC cells, respectively. These 
results show that MSC-exo can enhance the invasiveness of 
MPC cells in vitro.

We hypothesize that “MSC cells can enhance the meta-
static capability of MPC cells by transferring biologically 
active factors to MPC cells via exosomes.”

MSC Exosome miR‑4535 Promotes the Metastatic 
Colonization Ability of MPC Cells In Vitro and In Vivo

Increasing studies have shown that the involvement of exo-
somal microRNAs can significantly impact tumor metas-
tasis [30, 31, 47–50]. We thus focused our hypothesis and 
mechanistic investigation on exosomal miRNAs. We col-
lected the exosomes of MSCs and MPCs for microRNA 
sequencing and analysis (Materials and Methods, Fig. 3A). 
We found that eight microRNAs were highly expressed in 
the exosomes of MSCs (Fig. 3B). We selected seven micro-
RNAs that exhibit |log2(FC)| >2 (FC: fold-change) and 
P < 0.001 for biological validation (Fig. 3C). We performed 
RT-qPCR in cells and exosomes of MPCs and MSCs, and 
found that five microRNAs were consistently and highly 
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Fig. 1  Exosomes of MSCs can promote migration and invasion 
of MPCs in vitro. A. Expression of exosome marker proteins CD81, 
CD63 and Alix, and negative control Calnexin in exosomes of MPCs 
and MSCs. B. TEM images of exosomes of MPCs and MSCs, the bar 
is 100 nm. C(i). NTA map of exosomes of MPCs. C(ii). NTA map 

of exosomes of MSCs. D(i)(ii). Migration assay and quantification of 
migrated cell numbers of MPCs treated with exosomes of MSC. The 
scale bar is 64 μm, ** refers to p < 0.01. E(i)(ii). Invasion assay and 
quantification of invaded cell numbers MPCs treated with exosomes 
of MSC. The scale bar is 64 μm, ** refers to P < 0.01
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Fig. 2  The influence of MSC exosomes to MPCs after knockdown 
of RAB27a. A. The knockdown efficiency of RAB27 measured by 
QPCR, *** refers to P < 0.001. B. RAB27 knockdown efficiency 
measured by WB. C(i). NTA map of exosomes in MSC-shNC group. 
C(ii). NTA map of exosomes in MSC-shRAB27 group. D(i). The 
migration ability of MPCs co-cultured with exosomes of MSC-shNC 

and MSC-shRAB27 cells. The scale bar is 64 μm. D(ii). Quantifica-
tion of migrated cells, *** refers to P < 0.001 and * refers to P < 0.05. 
E(i). The invasion ability of MPCs co-cultured with exosomes of 
MSC-shNC and MSC-shRAB27 cells. The scale bar is 64 μm. E(ii). 
Quantification of invaded cells, ** refers to P < 0.01, * refers to 
P < 0.05
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Fig. 3  Exosomal microRNA 4535 is a novel microRNA that pro-
motes migration and invasion of MPCs. A. Heat map of micro-
RNA sequencing. B. Volcano Plot shows the distribution of differ-
entially expressed microRNAs. C. microRNAs with high expression 
in exosomes of MSCs. D(i). The expression levels of differentially 
expressed microRNAs in exosomes of MPCs and MSCs. *** refers 
to P < 0.001, ** refers to P < 0.01. D(ii). The expression levels of dif-
ferentially expressed microRNAs in MPCs and MSCs. *** refers to 
P < 0.001, ** refers to P < 0.01, * refers to p < 0.05. E. Overexpres-

sion efficiency of miRNA-4535 by microRNA mimics. *** refers 
to p < 0.001. F(i). Migration ability of MPCs after miRNA-4535 
was overexpressed by microRNA mimics. The scale bar is 153 μm. 
F(ii). Quantification of migrated cells, ***refers to P < 0.001. G(i). 
Invasion ability of MPCs after miRNA-4535 was overexpressed by 
microRNA mimics. The scale bar is 153 μm. G(ii). Quantification of 
invaded cells, ***refers to P < 0.001. H. Proliferation curve of MPCs 
after miRNA-4535 was overexpressed by microRNA mimics, p > 0.05
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expressed in MSCs and their exosomes (Fig. 5D). Among 
the five microRNAs, miRNA-4535 is novel and its function 
is unknown. We thus selected miR-4535 for further mecha-
nistic investigation.

To verify whether miR-4535 expression status affects the 
invasiveness of MPC, microRNA mimics was used to over-
express miR-4535 in MPCs (Fig. 3E). while mimic treat-
ment significantly enhanced the migration and invasion of 
MPC cells in vitro (Fig. 3F and G), it had no significant 
effect on MPC proliferation (Fig. 3H). In order to prove that 
exosomal miR-4535 can enter the MPC cells, we increased 
miR-4535 content in the exosomes of MSC cells directly by 
electro-perforation method (Supplementary Fig. 1A). After 
co-culturing of miR-4535 overexpressed MSC exosomes 
with MPC cells, the expression of miR-4535 in MPC cells 
was increased (Supplementary Fig. 1B), and the migration 
and invasion ability of MPC cells was enhanced (Supple-
mentary Fig. 1C and 1D). To further prove the specificity of 
miR-4535 in MSC exosomes in affecting the migration and 
invasion abilities of MPC cells, we overexpressed miR-4535 
in MSC cells with mimics. The level of miR-4535 in MSC 
exosomes was also increased accordingly (Supplementary 
Fig. 1E). Upon co-culturing with miR-4535 overexpressing 
MSC exosomes, the expression of miR-4535 in MPC cells 
was increased (Supplementary Fig. 1F), and the migration 
and invasion ability of MPC cells was also enhanced (Sup-
plementary Fig. 1G and 1H). These observations collectively 
show that MSC-derived miR-4535 can be packaged into 
MSC-exo and transported to MPC cells. MSC-exo miR-4535 
upon entering MPC cells can lead to increased miR-4535 
expression and consequently enhanced invasiveness of MPC 
cells in vitro.

We next inhibited miR-4535 expression in MSCs using 
miR-4535 specific inhibitor. After confirming the inhibitory 
efficiency both in MSC cells and MSC exosomes (Fig. 4A 
and Supplementary Fig. 1I), exosomes of non-specific con-
trol (NC) and miR-4535 inhibitor treated MSCs were col-
lected and co-cultured with MPCs for 24 h, respectively. 
Inhibitor-treated MSC-exo failed to enhance the migration 

and invasion of MPCs (Figs. 4B-4C). This set of observa-
tions indicate that MSC-exo augmentation of MPC inva-
siveness in vitro requires exosomal miR-4535 transferred 
to MPCs.

We next confirmed that miR-4535 can be transferred from 
MSC cells to MPC cells by MSC-exo. MSCs were trans-
fected with Cy5 labeled miR-4535 mimics [51]. Exosomes 
were extracted and labelled with PKH26. PKH26-labeled 
MSC-exo were added to MPC cell culture and confocal 
microscopy imaging was conducted to visualize the time 
course (6, 9 and 12 h) of MSC-exo (PKH26-labeled, red) 
uptake by MPC cells and exosomal miR-4535 (Cy5-labeled, 
green) release within MPC cells. Shown in Fig. 4E, at 9 h, 
PKH26-labeled MSC-exo entered MPC cells and accu-
mulated mostly in the cytosol (Fig. 4E, 3rd lane, red). In 
addition, Cy5-labeled miR-4535 mimics were found inside 
MPC cells (Fig. 4E, 2nd lane, green). Co-localization of 
Cy5- miR-4535 mimics with PKH26-MSC-exo (Fig. 4E, 4th 
lane, yellow) indicates that miRNA-4535 can be transferred 
from MSC cells to MPC cells via the route of exosomes.

To investigate the effect of miR-4535 overexpression on 
MPCs metastasis in vivo, MPC cells stably overexpressing 
miR-4535 were generated via lentiviral infection (Materials 
and Methods) (Fig. 4D). 5*105 MPC-OE-NC and MPC-
OE-miR-4535 cells were injected into NOD/SCID mice via 
the tail vein (Materials and Methods). All mice were sac-
rificed at day 30 post tumor cell injection. Since OE-NC and 
OE-miR-4535 cells were RFP-labeled, macroscopic meta-
static foci formed at the lung surface can be visualize under 
external fluorescence imaging using Sellstrom Z87 fluores-
cence goggles and an LDP 532 nm bright green flashlight. 
As shown in Fig. 4F, mice receiving MPC-OE-miR-4535 
cells produced significantly more macroscopic lung foci than 
that of MPC-OE-NC cells (representative n = 3). H&E anal-
ysis was conducted and significantly more metastatic foci 
were present in the lungs that received MPC-OE-miR-4535 
cells (Fig. 4G). These observations demonstrate that miR-
4535 can enhance metastatic colonization efficiency of MPC 
cells in vivo.

Collectively, we have demonstrated so far that miR-4535, 
an uncharacterized miRNA, transferred from MSC-derived 
exosomes to MPC cells, can effectively augment the clo-
nogenic colonization capability of MPC cells to give arise 
to more extensive macroscopic metastases. Thus, miR-
4535 is oncogenic in the context of melanoma metastatic 
colonization.

MSC Exosomal miR‑4535 Promotes Melanoma 
Metastasis by Inhibiting the Autophagy Pathway 
of MPCs

To explore the molecular mechanisms that mediate the onco-
genic activities of exosomal miR-4535, TargetScan Human 

Fig. 4  Exosomal microRNA 4535 of MSCs can promote metasta-
sis of melanoma. A. Inhibition efficiency of miRNA-4535 inhibited 
by microRNA inhibitor, ** refers to p < 0.01. B(i). Migration ability 
of MPCs after inhibiting the expression of miRNA-4535. The scale 
bar is 64  μm. B(ii). Quantification of migrated cells, ***refers to 
P < 0.001. C(i). Invasion ability of MPCs after inhibiting the expres-
sion of miRNA-4535. The scale is 64  μm. C(ii). Quantification of 
migrated cells, **refers to P < 0.01. D. Overexpression efficiency of 
miRNA-4535 overexpressed using lentivirus, **refers to P < 0.01. E. 
Co-localization of Cy5 labelled miRNA-4535 and PKH26 labelled 
exosomes in MPCs at different times. The scale bar is 100  μm. F. 
Lung metastases after tail vein injection of MPCs with miRNA-4535 
overexpressed (MPC-OE-mir-4535) into NOD/SCID mice, the scale 
bar is 1 cm. G(i). HE staining of metastatic foci of the lungs, scale is 
5 mm. G(ii). Quantification of metastasis foci, ** refers to p < 0.01
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(http:// www. targe tscan. org/) and BGI Gene Database were 
analyzed for deriving miR-4535 predicted gene targets and 
for pathway enrichment of the predicted gene targets. Most 
of the predicted target genes of miR-4535 were enriched in 
the “autophagy pathway”, suggesting that miR-4535 may 
regulate autophagy (Fig. 5A). Our prior study showed that 
activation of autophagy inhibits melanoma metastasis [52].

We hypothesized that “miRNA-4535 affects melanoma 
metastasis by affecting autophagy of MPCs.” To validate this 
hypothesis, we analyzed autophagy status when miR-4535 
expression was altered by gene manipulation. We found that 
overexpression of miR-4535 by treatment of MPC cells with 
miR-4535 mimics resulted in the inhibition of autophagic 
activity in MPC cells, supported by: [1] increased mcherry-
LC3 punta by immunofluoresence (Fig. 5B), accumulation 
of LC3 and P62 by WB (Fig. 5C) [53], and accumulation 
of autolysosomes by transmission electron microscopy [54] 
(Fig. 5D).

Our prior study has shown that activation of autophagy 
in MPC cells hinders MPC cell invasion both in vitro and 
in vivo [52]. Thus, inhibition of autophagy upon miR-4535 
overexpression in MPC cells should result in augmented 
invasiveness. To confirm that autophagy pathway mediates 
the pro-metastatic activity of miR-4535 in MPC cells, miR-
4535 overexpression was achieved by miR-4535 mimics and 
the autophagic activity was increased by Rapamycin (RaPa) 
treatment. Activation of autophagy by RaPa (Fig. 5E-F) in 
MPC-OE-miR-4535-mimics cells prevented the increase of 
cell migration and invasion in vitro caused by miR-4535 
overexpression (Fig. 5G-H). These observations indicate that 
MSC exosomal miR-4535, upon taking up by MPC cells, can 
promote metastatic colonization by targeting the autophagy 
pathway.

To explore the molecular mechanism underlying miR-
4535 regulation of autophagy, we performed bioinformatics 
analysis and prioritized ATG13 as a potential gene target 
of miR-4535 (Supplementary Fig. 2A). We conducted dou-
ble luciferase assay (Supplementary Fig. 2B). The results 
showed that there was no targeting relationship between 
miR-4535 and ATG13 (Supplementary Fig. 2C). This result 
suggests that targeting autophagy pathway by miR-4535 may 
not be achieved by direct targeting of autophagy genes.

Collectively, these results indicated that melanoma stem 
cells (MSCs) can enhance the metastatic capability of low 
metastatic non-CSC MPC cells by transferring of their exo-
somal miR-4535 to the MPC cells which in turn targets the 
autophagy pathway.

Discussion

Patients with metastatic melanoma have poor survival and 
very limited treatment options [55]. Effective manage-
ment of melanoma requires improved understanding of the 
molecular mechanisms underlying its metastatic progres-
sion. Proliferative colonization is the rate-limiting step of 
metastasis [8–10], that requires the formation of a new 
microenvironment.

The role of exosomes of tumor cells in the establishment 
of metastatic microenvironment has gained increasing atten-
tion in cancer research. The exosomal crosstalk mediates the 
transfer of miRNA, mRNA and proteins between the donor 
cells and the neighboring recipient cells, thus can modify 
the biological properties of the recipient cells [56]. Few pub-
lished studies in melanoma research have demonstrated that 
exosomes can mediate the interactions between melanoma 
cancer cells and stromal cells, as well as between cancer 
cells and normal melanocytes, implicating an important 
role of exosomes in melanoma oncogenesis and progres-
sion. However, research on the functional role of exosomes 
of CSCs is limited in scope and in depth.

Few recent studies show that exosomes of CSCs are regu-
lators of tumor microenvironment, capable of changing the 
fate of non-CSC target cells [40]. Non-coding RNAs in the 
exosomes of CSCs can promote metastatic progression in 
renal cancer [38], lung cancer [57] and in glioma [58]. At 
the mechanistic level, CSC exosomes can: (1) promote EMT 
[59] and development of drug resistance [60] of the target 
non-CSCs; modify the function of immune cells [61–63]; 
promote the stemness of non-CSC tumor cells [64, 65]. 
However, the effect of CSC exosomes on melanoma metas-
tasis has not been reported prior to this study.

The present study has made the following novel findings 
that have elucidated a new CSC-exosome-based mechanism 
that underlies melanoma progression:

Fig. 5  MicroRNA 4535 promotes melanoma metastasis via sup-
pressing autophagy of MPCs. A. KEGG Pathway enrichment of 
miRNA-4535 target genes. B. Accumulation of autophagosomes 
was detected by immunofluorescence after MPC cells overexpressed 
miRNA-4535. The bar is 10  μm. C. WB analysis of autophagy 
marker proteins LC3 and P62 after miRNA-4535 were overexpressed 
in MPC cells. D(i). Autophagosomes were observed by transmission 
electron microscopy after miRNA-4535 were overexpressed in MPC 
cells. The bar of the left picture is 2 μm and of the right picture is 
1 μm. D(ii). Statistical difference of autophagosome in D(i). ***refers 
to P < 0.001. E(i). The migration ability of MPC cells overexpressing 
miRNA-4535 that were treated with autophagy activator rapamycin. 
The bar is 64  μm. E(ii). The statistical difference of the number of 
migrating cells in E(i). ** refers to p < 0.01 and * refers to p < 0,05. 
F(i). The invasion ability of MPC cells overexpressing miRNA-
4535 that were treated with autophagy activator. The bar is 64  μm. 
F(ii). Statistics of the difference in the number of invasive cells in 
F(i). ***refers to P < 0.001 and ** refers to p < 0.01. G. WB analy-
sis of autophagy marker proteins LC3 and P62 after miRNA-4535 
were overexpressed in MPC cells and the autophagy were activated 
by rapamycin. H. Accumulation of autophagosomes was detected by 
immunofluorescence after MPC cells overexpressed miRNA-4535 in 
which autophagy was activated by rapamycin. The bar is 10 μm

◂

163

http://www.targetscan.org/


Stem Cell Reviews and Reports (2023) 19:155–169

1 3

First, CSCs Exosomes Can Enhance the Metastatic Coloniza-
tion Capability of Non-CSC Melanoma Cells CSCs can alter 
tumor microenvironment by directly releasing a variety 
of biologically active material, or indirectly by packaging 
such material in vesicles such as exosomes. The role of non-
coding RNAs in mediating the interactions between CSCs 
and tumor microenvironment has been reported [66]. Previ-
ous research on the role of exosomes in metastasis has been 
mainly focused on cancer cell exosomes in modifying the 
functions of stromal cells in the tumor microenvironment 
[67]. At the stage of metastatic colonization, a rate-limiting 
stage for metastasis, whether exosomes of CSCs can modify 
the metastatic properties of the neighboring non-CSCs has 
not been demonstrated prior to this study.

In-depth mechanistic investigation of melanoma metasta-
sis has been limited by the lack of clinically relevant meta-
static melanoma cellular and in vivo models. Here, we used 
a paired derivative cell line of M14, the MPC and MSC 
that we generated and characterized, Tail-vein injection of 
MPC cells produces limited number of metastatic foci on 
the mouse lungs in vivo (defined as oligometastatic – OL). 
MSC represents the CSC component of the MPC as we char-
acterized. Exosomal profiling of microRNAs has identified 
a new molecular feature and entity that can differentiate 
CSCs and non-CSCs. Using this paired cell lines, we show 
that melanoma CSCs can promote metastasis by enhancing 
the metastatic colonization capability of non-CSCs through 
exosomal transfer.

Second, Exosomal miR-4535, a Novel microRNA from Mela-
noma CSCs Augments the Invasiveness of Non-CSC cancer 
Cells Through profiling, we have identified and prioritized 
miRNA-4535 for mechanistic investigation. The novelty of 
this study is that the function of miR-4535 has not been 
reported prior to this study. Only Yoshikawa et al. reported 
the potential of using miR-4535 for predicting the probabil-
ity of fetal infection [68]. Here, we show that miR-4535, 
transferred from MSC exosomes to MPC cells, can effec-
tively augment the clonogenic colonization capability of 
MPC cells in vitro and in vivo.

Exosome-based biomarker development has gained 
increasing attention. Exosomal biomarkers have been iden-
tified for various types of cancer, such as breast cancer [69], 
lung cancer [70], and gastrointestinal cancer [71]. Whether 
exosomal miR-4535 can serve as a potential prognostic 
marker for melanoma and for other types of cancer awaits 
future investigations and validation using clinical samples.

It is reported that CSC exosomes can promote the 
stemness of parental tumor cells. It has been found that 
glioblastoma stem cell exosomes can transport Notch1 
into parental glioblastoma cells, resulting in the acquiring 
of stemness of parental glioma cells [64]. Another study 
has shown that papillary thyroid cancer stem cell exosomes 

lncRNA DOCK9-AS2 can induce stemness of parental pap-
illary thyroid cancer cells by activating the WNT /β-catenin 
signaling pathway [65]. Since miR-4535 is an uncharacter-
ized microRNA, we also explored whether melanoma CSCs 
can modify the stemness features of non-CSCs via exosomal 
interactions. miR-4535 overexpression in MPC cells failed 
to increase the stemness of MPC cells, as measured by the 
6-well spheroid formation assay and the 96-well single-cell 
cloning assay (data not shown). This preliminary obser-
vation suggests that overexpression of miR-4535 alone is 
not sufficient to transform MPCs into MSCs. While inhibi-
tion of miR-4535 expression in MSC cells using specific 
inhibitors resulted in significantly decreased spheroid forma-
tion efficiency (Supplementary Fig. 3A), single cell clon-
ing efficiency was not significantly changed (Supplemen-
tary Fig. 3B). In addition, we examined the expression of 
stemness genes in MSCs after miRNA-4535 was inhibited. 
We found that the expression of stemness genes sox2, klf4, 
bmi1 and aldh1 decreased (Supplementary Fig. 3C). These 
results indicate that miR-4535 can affect the stemness of 
MSCs. In-depth and mechanistic understanding on the role 
of miR-4535 in MSC self-renewal is beyond the scope of this 
study but merits future investigations.

Third, the Oncogenic Activity of MSC Exosomal miR-4535 
Is Achieved through Inhibition of the Autophagy Pathway 
in MPC Cells miR-4535 is an uncharacterized microRNA. 
To investigate the molecular mechanisms underlying the 
pro-metastatic activity of exosomal miR-4535, we per-
formed bioinformatics analysis of predicted gene targets 
of miR-4535. Pathway enrichment analysis has identified 
“autophagy pathway” to be most pronouncedly associated 
with differential miR-4535 expression. Both the anti- and 
pro-metastatic roles of autophagy have been reported and 
appear to be context and stage-dependent [72]. At the colo-
nization stage of metastasis, on the one hand, autophagy 
prevents proliferation and colonization of the newly extrava-
sated tumor cells by keeping them in the dormancy stage 
[73]. On other hand, once micro-metastases are estab-
lished, autophagy promotes macro-metastases by helping 
tumor cells adapt to the stressful foreign microenviron-
ment [74, 75]. Our previous research shows that activation 
of autophagy through the “SEC23A-S1008-BECLIN1-
autophagy axis” inhibits melanoma metastasis at the step 
of metastatic colonization [52]. In this study, we show that 
miR-4535 promotes metastasis by targeting autophagy path-
way. However, the results of our experiments shows that 
the predicted target gene ATG13 did not bind directly to 
miR-4535. MicroRNA 4535 may affect other upstream sign-
aling pathways which regulate autophagy and thus affect 
autophagy. The specific mechanism underlying miR-4535 
regulation of autophagy requires future investigations.
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In conclusion, we show for the first time that exosomal 
crosstalk between the melanoma cancer stem cells (MSCs) 
and the melanoma cancer cells (MPCs) are a new mecha-
nism that underlies melanoma metastasis and heterogene-
ity. Low metastatic melanoma cells (MPC) can acquire the 
“metastatic power” from highly metastatic melanoma CSCs 
(MSC). We illustrated an uncharacterized microRNA, miR-
4535 in mediating such exosomal crosstalk. MSC deliver its 
exosomal miR-4535 to the targeted MPC cells. Upon enter-
ing MPC cells, miR-4535 augments metastatic colonization 
of MPC by inactivating the autophagy pathway.

Materials and Methods

Cell Line and Cell Culture

M14 melanoma cell line was kindly provided by Dr. Rob-
ert Hoffman (University of California San Diego). As we 
previously described, M14-OL, a M14 derivative cell line 
was derived from three-rounds of in vivo passage, isolation 
and purification, and forms limited number of metastatic 
foci on the mouse lungs upon orthotopic injection (defined 
as oligometastatic–OL). In the present study, we define 
OL cell line as MPC (melanoma parental cell line). Mela-
noma Stem Cells (MSCs) were isolated and purified from 
MPC cells as we described. MPC cells were maintained in 
DMEM high glucose supplemented (Hyclone, America, 
CODE: SH30285.02) with 10% fetal bovine serum (FBS) 
(Gibco, America, CODE: 16140071), and 1% penicillin-
streptomycin (Hyclone, America, CODE: SV30010). MSC 
cells were cultured in DMEM/F12-based normal stem-cell 
media (Hyclone, America, CODE: SH30023.01) supple-
mented with 2% B27 (Gibco, America, CODE: 17504044) 
and 1% penicillin-streptomycin.

Exosome Isolation and Characterization

MPC and MSC cells were cultured in 10  cm diameter 
petri dishes (Thermo Fisher Scientific, America, CODE: 
150464). Each dish contains 15 mL culture medium, and 
10 dishes were prepared at one time for collecting condi-
tioned culture medium. Culture medium was collected after 
the cells reached 90%. The collected culture medium was 
first concentrated using a centrifugal concentrator with an 
aperture of 100 kDa MWCO (Millipore, America, CODE: 
UFC9100). Thereafter, exosomes were extracted by ultra-
centrifugation. Exosomes were extracted by differential and 
ultracentrifugation. Cells were harvested when MPC and 
MSC cultures reached 90% confluency. After centrifuga-
tion at 800 g for 5 min, the supernatants were collected and 
centrifuged at 2000 g at 4 °C for 10 min. For differential 

ultracentrifugation, the supernatants obtained from low-
speed centrifugation were centrifuged at 10000 g at 4 ̊C for 
10 min and then passed through a 0.22 μm filter (Millipore, 
America, CODE: MPGL04GH2). Thereafter, the superna-
tants were centrifuged at 100000 g at 4 ̊C for additional 
70 min. The resultant pellets were resuspended in 200-500 μl 
PBS (Hyclone, America, CODE: SH30256.01) and stored at 
−80 ̊C for further analysis.

Exosomal protein content was determined by Micro BCA 
Protein Assay (CWBIO, China, CODE: CW20115). Exo-
some characterization was conducted by: (1) transmission 
electron microscopy (TEM, JEM-1400PLUS, JEOL) for 
morphology; [53] nanoparticle Tracking Analysis (NTA) for 
size distribution and concentration; [53] Western blot(WB)
for the expression of exosomal markers.

Western Blot

Cells lysates were boiled at 100 °C for 5 min. 20 μg of 
each protein sample was separated by electrophoresis with 
12% polyacrylamide gels and transferred to polyvinylidene 
fluoride (PVDF) membranes (Bio-Rad, America, CODE: 
1620177). The membranes were incubated with appropriate 
primary and secondary antibodies according to the manu-
facturer’s instruction. Primary antibodies of Alix (CODE: 
12422–1-AP), CD63 (CODE: 25682–1-AP), CD81 (CODE: 
66866–1-Ig), Rab27a (CODE: 17817–1-AP), calnexin 
(CODE: 10427–1-AP) and the loading controls (GAPDH 
(CODE: 10494–1-AP) and β-Actin (CODE: 66009–1-Ig)) 
were purchased from Proteintech Group. LC3 antibody was 
purchased from Abcam, America, CODE: ab51520. P62 
antibody was purchased from Sigma-Aldrich, America, 
CODE: P0067.

Transwell Migration and Invasion Assays

Transwell inserts (8 μm pore size, BD Falcon, America, 
CODE: 353097) were used to perform invasion assay with 
Matrigel (100 μl, 1:10 dilution in serum free medium, BD 
Biosciences, America, CODE: 356234) and migration assay 
without Matrigel. In the migration and invasion experiment, 
800ul of high glucose DMEM containing 10% FBS was 
added in the lower chamber while 300ul of high glucose 
DMEM without FBS was added in the upper chamber. The 
migration assay used 30,000 cells and 50,000 cells were used 
in the invasion test. After 24 h culture, Cells were removed 
from the upper surface of the porous membrane with a cot-
ton swab and cells migrated and invaded to the lower surface 
of the membrane were fixed with 70% ethanol for 30 min, 
followed by staining with crystal violet (Solarbio, China, 
CODE: G1062) for 10 min. The stained cells were counted 
under light microscopy. 9 random fields from three repli-
cate Transwells were counted. The number of migrated and 
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invaded cells was presented as the number of cells counted 
per field of the porous membrane.

Quantitative Polymerase Chain Reaction (QPCR)

Total RNA from cells was extracted using Trizol (Invitrogen, 
America, CODE: 15596026) and Total RNA from exosomes 
was extracted using miRNeasy Serum/Plasma Kit (QIA-
GEN, Germany, CODE: 1071073), respectively. Reverse 
transcription was performed using PrimeScript RT Master 
Mix (Takara, Japan, CODE: RR036A) and Mir-X™ miRNA 
First Strand Synthesis kit (Takara, Japan, CODE: 638313). 
QPCR was performed using a SYBR Green Real-time PCR 
Master Mix kit (Takara, Japan, CODE: RR420A), with the 
following program: pre-incubation at 95 °C for 30s, followed 
by 39 cycles at 95 °C for 5 s and 60 °C for 30s, respectively. 
The relative mRNA levels were analyzed using the 2 − ΔΔCt 
method. The relative expression level of miRNAs was cal-
culated through normalization to U6 internal controls, and 
mRNAs were normalized with GAPDH. The sequences of 
primers are listed in Table 1.

CCK‑8 Cell Proliferation Assay

The proliferation of cells was examined using CCK-8 kit 
(Solarbio, China, CODE: CA1210). First, 2 ×  103 melanoma 
cells were planted in 96-well plates, The absorbance of each 
well was measured with an enzyme-linked immunosorbent 
assay reader at 450 nm. The proliferation curve was drawn 
after all tests were completed in 5 days.

Animal Experiments

Ten NOD/SCID male mice aged about 8 weeks and weigh-
ing about 20 g were used in this animal experiment. The 
mice were obtained from the Animal Experiment Center of 
Chongqing Medical University. And the license number of 
experimental animal is SYXK2018–0003. 200ul of liquid 

containing 5 ×  105 MPC-OE-NC and MPC-OE-miR-4535 
cells were injected via the tail vein. The weight of the mice 
was measured every other day. The mouse was sacrificed 
after 30 days of tail vein injection. Sellstrom Z87 fluores-
cence goggles and an LDP 532 nm bright green flashlight 
were used for the examination of the metastatic foci. Meta-
static nodules in the lungs were counted at the time of sac-
rifice and confirmed by H&E staining.

Lentivirus Infection and Oligonucleotide 
Transfection

The lentivirus particles of N.C., miR-4535 overexpression 
and RAB27a/b silencing plasmids were purchased from 
Shanghai GenePharma Company. Cells were infected with a 
multiplicity of infection (MOI) of 50 according to the manu-
facturer’s protocol. miR-4535 mimics or inhibitor and con-
trol miRNAs were chemically synthesized by GenePharma. 
Cells were transfected with the siRNA or miRNA mimics 
by Lipofectamine 2000 (Thermo Fisher Scientific, America, 
CODE: 11668500) according to manufacturer’s instructions. 
RT-qPCR and western blotting assays were performed to 
confirm the efficiency of silencing or overexpression after 
48 h of transfection.

Detection of Cy5‑Labelled miR‑4535 Transfer

MSCs was transfected with Cy5 labeled miR-4535 mimics, 
and extracted its exosomes by the above method of sepa-
ration and purification of exosomes. MSC exosomes were 
stained with PKH26(Sigma, America, CODE: MINI26-
1KT) according to the manufacturer’s instructions. After 
MPCs were cultured on 24-well plate cell slides for 24 h 
and respectively co-cultured with stained exosomes for 6, 9 
or 12 h. Cells were fixed with ice ethanol for 30 min, washed 
with PBS and stained the nucleus with DAPI for 10 min. The 
images were taken with a confocal fluorescence microscope.

Table 1  The sequences of 
mRNAs and microRNAs

Gene name Forward primers Reverse primers

RAB27a TCT GGT GTA GGG AAG ACC AGT TAC GAA ACC TCT CCT GCC CT
GAPDH ACC CTT AAG AGG GAT GCT GC CCC AAT ACG GCC AAA TCC GT
ATG13 CTG CTG GGA GGT GCA GTT TCA CTT GGA CAG TCT TGA GGG 
has-mir-4535 TGT GGA CCT GGC TGG GAC 
hsa-miR-93-3p ACT GCT GAG CTA GCA CTT CCC 
hsa-mir-592 CGC GTT GTG TCA ATA TGC GAT GAT GT
hsa-miR-3529-3p CGC GCG AAC AAC AAA ATC ACT AGT CTT 
hsa-mir-1268a TAT ATA TAC GGG CGT GGT GGT GGG 
hsa-mir-1246 CGC GAA TGG ATT TTT TGG AGC AGG 
hsa-mir-4281 TAT ATA TAT AGG GTC CCG GGG AGG GG
U6 CTC GCT TCG GCA GCACA AAC GCT TCA CGA ATT TGC GT
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Sequencing and Analysis

The sequencing of microRNA and mRNA was completed 
by BGI, and the bioinformatic analysis was performed by 
the online analysis system of BGI, Dr.Tom (https:// biosys. 
bgi. com/).

Induction of Autophagy

We used rapamycin, a recognized autophagy inducer, 
to induce autophagy in MPC cells. Rapamycin was pur-
chased from Solarbio, China, CODE: R8140. MPC cells 
was treated with Rapamycin for 24 h at the concentration 
of 20 μM.

Assessment of Autophagy Activity

Autophagy state was analyzed by three assays: first, 
autophagy flux analysis was performed by measuring 
LC3B puncta as we previously reported. Adenovirus 
expressing mCherry-GFP-LC3B fusion protein (Ad-
mCherry-GFP-LC3B) was purchased from Beyotime, 
China, CODE: C3011. Cells were let grow to 50%–70% 
confluence in 6-well plates at the time of Ad-mCherry-
GFP-LC3B transfection. The presence of mCherry-LC3B 
puncta indicated the autolysosomes in red fluorescent 
images. Second, WB analysis of P62 and LC3. Third, 
Transmission electron microscopy analysis of autophago-
some [54]. TEM was conducted by JEM- 1400Plus trans-
mission electron microscope (JEOL, Japan).

Data Analysis

All experiments were performed at least three times for 
statistical analysis. Quantitative results were shown as 
mean ± SEM (standard error of the mean). Proliferation 
curves were drawn using Graphpadprism 9, and all sta-
tistical analysis were performed by Student’s independ-
ent t-test of variance using GraphPad Prism software. 
*P < 0.05, **P < 0.01 and ***P < 0.001 were considered 
statistically significant. The numbers of migrated cells and 
invaded cells were counted by Image J software. Statistics 
of metastases in animal experiment were also completed 
by Image J software.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12015- 022- 10358-4.
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