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The small GTPase ADP-ribosylation factor 6 (ARF6) mediates
chemokine (C-C motif) ligand 18 (CCL18)-induced activation
of breast cancer (BC) metastasis through its downstream
effector AMAP1. However, themolecularmechanisms underly-
ing CCL18 up-regulating ARF6 remain largely unclear. Here,
microRNAs (miRNAs) that target ARF6 were predicted and
selected in high metastatic BC cells treated with CCL18. Next,
we assessed the role of exosomal miR-760 in vitro and in vivo.
We further analyzed the expression of ARF6, AMAP1, and
phosphorylated (p)-AMAP1 in tumor and adjacent normal tis-
sues. We first observed that CCL18 increased the expression of
ARF6 and p-AMAP1 and activated the Src/phosphatidylinosi-
tol 3-kinase (PI3K)/Akt signaling pathway. ARF6 knockdown
significantly impaired CCL18-induced malignant cellular be-
haviors and the Src/PI3K/Akt signaling pathway. Next, ARF6
was confirmed as a target gene of miR-760 in exosomes derived
from CCL18-stimulated high metastatic BC cells. Moreover,
recipient MCF-7 cells could effectively uptake these miR-760-
rich exosomes that significantly promoted proliferation, tumor
growth in vivo, migration, invasion, and chemoresistance by
activating ARF6-mediated Src/PI3K/Akt signaling and the
epithelial-mesenchymal transition (EMT) pathway. Together,
our results support that exosomal miR-760 secreted by
CCL18-stimulated high metastatic BC cells promoted the ma-
lignant behaviors in low metastatic BC cells by up-regulating
the ARF6-mediated Src/PI3K/Akt signaling pathway.

INTRODUCTION
Breast cancer (BC) represents themost commonmalignant tumor and
one of the leading causes of tumor-related mortality worldwide.1 The
standard therapeutic methods have elongated the survival of BC pa-
tients. However, recurrence and acquired therapy resistance are com-
mon inBC,which ismainly ascribed to distalmetastasis of highly inva-
sive BC cells.2,3 Therefore, it is urgent to identify promising molecular
targets associated with BC progression to improve BC prognosis.

The tumor microenvironment plays a vital role in cancer progres-
sion.4 Chemokine (C-C motif) ligand 18 (CCL18), produced mainly
Molec
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by tumor-associated macrophages (TAMs), has been reported to
be a crucial regulator of tumor development and metastasis, such
as in ovarian cancer,5 gastric cancer,6 and esophageal squamous
cell carcinoma.7 In BC, CCL18 significantly promotes tumor
progression and metastasis by inducing epithelial-mesenchymal
transition (EMT) via the phosphatidylinositol 3-kinase (PI3K)/Akt/
glycogen synthase kinase-3beta (GSK3b)/Snail signaling pathway.8

Besides, CCL18-mediated down-regulation of miR-98 and miR-27b
promotes BC metastasis.9 Moreover, we have previously demon-
strated that CCL18 induced AMAP1 phosphorylation and transloca-
tion to activate nuclear factor kB (NF-kB) and promote BC
metastasis.10 AMAP1 is a phospholipid-dependent Arf GTPase-
activating protein and could be phosphorylated by Src.11 AMAP1 is
a downstream effector of the small GTPase ADP-ribosylation factor
6 (ARF6), which is a master regulator of membrane trafficking.12

As illustrated by Sabe et al.13 and Hashimoto et al.,14 ARF6 and
AMAP1 are frequently overexpressed in BC and constitute a central
pathway to induce BC invasion and metastasis. However, the
upstream mechanisms of ARF6/AMAP1 under CCL18 stimulation
in BC pathogenesis remain elusive.

MicroRNAs (miRNAs) are a class of endogenous, small non-coding
RNAs 18–25 nt in length, which could stabilize target mRNA or acti-
vate translation via binding to the 50UTR of target mRNAs.15–17 Exo-
somes are membrane vesicle-like structures sized 20–100 nm and
particularly enriched in tumor microenvironments, which are key
mediators of cell-cell communication via carrying proteins, mRNAs,
and miRNAs in bodily fluids.18,19 It has been reported that exosomes
deliver specific miRNAs to tumor cells to control their biological
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Figure 1. CCL18 increased the expression of ARF6

and p-AMAP1, as well as activated the Src/PI3K/Akt

pathway

MCF-7 cells were treated with PBS, CCL18, or CCL20.

qRT-PCR analysis was performed to determine themRNA

expression of ARF6 (A) and AMAP1 (B) in MCF-7 cells.

Data were expressed as mean ± SD. **p < 0.01,

compared with PBS or CCL20. (C) The protein expression

levels of ARF6, AMAP1, and p-AMAP1 were measured

using western blot analysis in MCF-7 cells. (D) Immunoflu-

orescence staining of ARF6 in MCF-7 cells in PBS,

CCL20, and CCL18 groups. Scale bars: 20 mm. (E) West-

ern blotting of MCF-7 cells treated with PBS, CCL18, or

CCL20 for the expression of the phosphorylated and total

proteins of Src, PI3K, and AKT.
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function. For example, exosome-mediated transfer of miR-193a-3p,
miR-210-3p, and miR-5100 could promote invasion of lung cancer
cells by activating STAT3 signaling-induced EMT.20 Exosomal
miR-222-3p enhanced the proliferation, gemcitabine resistance,
migration, invasion, and anti-anoikis of parental sensitive cancer cells
by directly targeting the promoter of SOCS3.21 Moreover, cancer-
associated fibroblasts and cancer cells can secrete exosomal miRNAs
to affect each other. miRNA dysregulation in cancer-associated fibro-
blasts is considered to be associated with a secretory phenotype
change, tumor invasion, tumor migration and metastasis, drug resis-
tance, and poor prognosis.22 However, exosomal miRNAs in the BC
microenvironment need further investigation.

In the present study, we first investigated the expression of ARF6/
AMAP1 and Src/PI3K/Akt signaling pathways and the biological func-
tion of ARF6 under CCL18 stimulation. Via bioinformatics analysis, we
predicted miRNAs that target ARF6 and explored whether certain
CCL18-derived exosomal miRNAs play an important role in BC pro-
gression by regulating the ARF6/Src/PI3K/Akt signaling pathway.
Our findings will provide new insights to the treatment of BC.
RESULTS
CCL18 increased the expression of ARF6 and phosphorylated

(p)-AMAP1, as well as activated the Src/PI3K/Akt signaling

pathway

Our previous work showed that TAM-secreted CCL18 induced the
phosphorylation of AMAP1. With the evidence that AMAP1 is an
effector of ARF6 in invasion by binding to GTP-ARF6 through its
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zinc-finger domain,23,24 we thus wonder whether
TAM-derived cytokines could affect the expres-
sion of ARF6. Here, CCL18 and CCL20 (two
members from the same chemokine family)
were used to stimulate MCF-7 cells. As shown
in Figure 1A, CCL18, but not CCL20, signifi-
cantly elevated the expression of ARF6 mRNA.
Although the expression of AMAP1 mRNA
was not obviously changed on stimulation with
CCL18 or CCL20 (Figure 1B, p > 0.05), the phos-
phorylation of AMAP1 was increased by CCL18 stimulation (Fig-
ure 1C). In addition, both western blot analysis (Figure 1C) and immu-
nofluorescence (Figure 1D) demonstrated that ARF6 protein
expression was remarkably up-regulated after CCL18 treatment
compared with PBS or CCL20. Moreover, we investigated the effect
of CCL18 on the Src/PI3K/Akt pathway. As illustrated in Figure 1E,
muchmore phosphorylated Src, PI3K, and Akt proteins were exhibited
by CCL18 stimulation compared with PBS and CCL20 treatment.

ARF6 knockdown significantly impaired CCL18-induced

malignant cellular behaviors

Because ARF6 was up-regulated in CCL18-stimulated MCF-7 cells,
we next investigated the biological function of ARF6 in vitro by
loss-of-function assays. CCK-8 assay (Figure 2A) and Edu staining
(Figures 2B and 2D) first confirmed cell proliferation that signifi-
cantly enhanced after CCL18 treatment was obviously attenuated af-
ter ARF6 knockdown. Colony formation assay further showed that
CCL18-induced increased colonies were significantly reduced after
ARF6 knockdown (Figures 2C and 2E). According to the above re-
sults, we selected si-ARF6-2 for the subsequent experiments. Next,
we evaluated cell motility by wound healing assay and found that
knockdown of ARF6 strongly decreased cell motility, which was
induced by CCL18 (Figure 2F). Similarly, transwell assay indicated
that CCL18-induced cell migration and invasion were significantly
suppressed by ARF6 knockdown (Figure 2G).

Furthermore, we assessed the effects of ARF6 knockdown on drug
sensitivity in CCL18-stimulated MCF-7 cells. CCK-8 assay showed



Figure 2. ARF6 knockdown significantly impaired CCL18-induced proliferation, migration, and invasion in MCF-7 cells

MCF-7 cells were transfected with si-ARF6-1, si-ARF6-2, si-ARF6-3, or si-NC, followed by CCL18 treatment. (A) Cell growth was assessed by CCK-8 assay. (B and D) Cell

proliferation was analyzed by Edu staining. Scale bars: 100 mm. (C and E) Colony formation assay was conducted in MCF-7 cells in different groups. (F) Cell motility in MCF-7

cells by wound healing assay. Scale bars: 100 mm. (G) Cell migration and invasion ability in MCF-7 cells by transwell assay. Scale bars: 100 mm. Data were expressed as

mean ± SD. **p < 0.01, compared with CCL18.

www.moleculartherapy.org
that CCL18-treated cells displayed higher cell viability than control
cells, which was alleviated after ARF6 knockdown under the same
concentration of doxorubicin (Figure 3A), paclitaxel (Figure 3B), or
tamoxifen (Figure 3C). Next, we investigated the effect of ARF6 on
cell apoptosis and found that knockdown of ARF6 remarkably
ameliorated the low apoptosis status of CCL18-stimulated MCF-7
cells after treatment with 10 mg/mL doxorubicin (Figure 3D),
100 nM paclitaxel (Figure 3E), or 1 mM tamoxifen (Figure 3F). These
findings indicated that knockdown of ARF6 improved drug sensi-
tivity of CCL18-stimulated MCF-7 cells.
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Figure 3. ARF6 knockdown could improve drug sensitivity of CCL18-stimulated MCF-7 cells

CCK-8 assay was carried out to analyze cell viability of MCF-7 cells in control, CCL18, CCL18 + si-NC, or CCL18 + si-ARF6-2 groups after treatment with increasing con-

centrations of (A) doxorubicin (0, 5, 10, and 20 mg/mL), (B) paclitaxel (0, 50, 100, and 200 nM), and (C) tamoxifen (0, 0.5, 1.0, and 5 mM), respectively. Cell apoptotic rate was

determined using flow cytometry in MCF-7 cells in control, CCL18, CCL18 + si-NC, or CCL18 + si-ARF6-2 groups after treatment with 10 mg/mL doxorubicin (D), 100 nM

paclitaxel (E), or 1 mM tamoxifen (F). Data were expressed as mean ± SD. **p < 0.01, compared with CCL18.
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ARF6 knockdownsignificantly impaired theCCL18-induced Src/

PI3K/Akt signaling pathway

qRT-PCR (Figure 4A) and western blot (Figure 4C) confirmed that si-
ARF6-2 efficiently knocked down ARF6 expression in CCL18-stimu-
lated MCF-7 cells. Although AMAP1 mRNA did not significantly
change (Figure 4B, p > 0.05), its phosphorylation was obviously
down-regulated after ARF6 knockdown (Figure 4C). In addition,
the significantly down-regulated E-cadherin and up-regulated vimen-
tin, p-Src, p-PI3K, and p-AKT in CCL18-stimulated MCF-7 cells
were all notably reversed after ARF6 knockdown (Figures 4C and
4D). Collectively, these data indicated that the CCL18-activated
Src/PI3K/Akt signaling pathway was attenuated after ARF6
knockdown.

To confirm whether ARF6 directly regulated the Src/PI3K/Akt
pathway, CCL18-treated MCF-7 cells were transfected by si-
ARF6-2 and then treated with Src activator MCB-613, PI3K acti-
4 Molecular Therapy: Oncolytics Vol. 25 June 2022
vator 740 Y-P, or solvent control (SC). As shown in Figure 4E,
MCB-613 increased the expression of p-Src, p-PI3K, and p-AKT
in si-ARF6-2-transfected cells. Meanwhile, MCB-613 and 740
Y-P obviously reversed the suppressive effect of ARF6 knockdown
on CCL18-treated MCF-7 cells. Transwell assay showed either
MCB-613 or 740 Y-P significantly increased migratory or invasive
cells after ARF6 knockdown (Figures 4F and 4G). The above re-
sults indicated that activation of the Src/PI3K/Akt signaling
pathway reversed the effects of ARF6 knockdown on cell migration
and invasion.
Identification of miRNAs that targeted ARF6 in exosomes

derived from CCL18-stimulated high metastatic BC cells

To investigate the upstream regulator of ARF6 and the Src/PI3K/
Akt pathway in CCL18-induced cells, we used bioinformatics anal-
ysis to search potential miRNAs that target ARF6, and we



Figure 4. ARF6 knockdown significantly impaired the CCL18-induced Src/PI3K/Akt signaling pathway

CCL18-stimulatedMCF-7 cells were transfected with si-NC or si-ARF6-2. qRT-PCRwas performed tomeasure themRNA expression of ARF6 (A) and AMAP1 (B). Data were

expressed as mean ± SD. **p < 0.01, compared with CCL18. (C) Western blot analysis was conducted to analyze the protein expression of ARF6, AMAP1, p-AMAP1,

E-cadherin, and vimentin. (D) Western blot analysis was conducted to analyze the phosphorylated and total proteins of Src, PI3K, and AKT. (E) CCL18-treated MCF-7 cells

were treated with Src activator MCB-613, PI3K activator 740 Y-P, or solvent control (SC), followed by si-ARF6-2 transfection.Western blot analysis was conducted to analyze

the phosphorylated and total proteins of Src, PI3K, and AKT. (F and G) Representative images of migratory and invasive cells (scale bars: 100 mm) (F) and quantification of

migratory and invasive cells in different groups were shown (G). Data were expressed as mean ± SD. **p < 0.01, compared with CCL18 + si-ARF6-2.
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identified three miRNAs, miR-760, miR-1246, and miR-1290.
Considering exosomes are the main transporters of miRNAs, we
then isolated exosomes from CCL18-stimulated high metastatic
BC cell lines (MBA-MB-231, MBA-MB-453, and MBA-MB-468).
The exosomes isolated from cell culture supernatants have a diam-
eter of approximately 100 nm by electron microscopy. Interest-
ingly, CCL18-stimulated cells generated more exosomes than con-
trol cells (Figure 5A). NanoSight particle tracking analysis showed
sharp peaks at 50–100 nm in derived exosomes, which indicated
extracted nanovesicles were exosomes (Figure 5B). Next, we de-
tected the levels of miR-760, miR-1246, and miR-1290 in high
metastatic BC-derived exosomes. As shown in Figure 5C, CCL18
stimulation significantly increased the levels of miR-760, miR-
1246, and miR-1290 in exosomes. Notably, the increasing level
of miR-760 reached the highest in MDA-MB-468 cells. We thus
selected miR-760 and MDA-MB-468 cells for further analysis.
Western blot analysis further confirmed that exosome markers,
including CD63, ALIX, and TSG101, were highly expressed in
derived exosomes (Figure 5D). The presence of exosomal markers
and absence of Calnexin, which would be detected only in total
cellular lysates and not in exosomes, verified the purity of our exo-
some preparations.
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Figure 5. Identification of miRNAs that targeted ARF6 in exosomes derived from CCL18-stimulated high metastatic BC cells

(A) Representative electron microscopic images of exosomes in three high metastatic BC cell-derived exosomes. Scale bars: 100 nm. (B) Particle size distribution of

exosomes wasmeasured by NanoSight particle tracking analysis. (C) qRT-PCR analysis of miR-760, miR-1246, andmiR-1290 levels in three high metastatic BC cell-derived

exosomes. (D) Western blot analysis showing the presence of exosome markers CD63, ALIX, and TSG101 and absence of endoplasmic reticulum-specific protein Calnexin

in high metastatic MDA-MB-468-derived exosomes.
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CCL18-induced exosomal miR-760 promoted proliferation,

migration, invasion, and chemoresistance by activating the

ARF6-mediated Src/PI3K/Akt signaling pathway

As mentioned above, miR-760 was remarkably up-regulated in
CCL18-stimulated exosomes derived from MDA-MB-468 cells
(Exo-CCL18). We thus speculated that CCL18 regulated the develop-
ment of BC through exosomal miR-760. To validate this hypothesis,
we co-cultured PKH67-labeled exosomes (Exo-CCL18) with MCF-7
cells. We used flow cytometry to measure fluorescence at different
time points and found the uptake of PKH67 + exosomes reached
95% at 6 h (Figure 6A). At the same time, MCF-7 cells were trans-
fected with miR-760 mimics or inhibitor. Subsequently, Edu staining
(Figure 6B), colony formation (Figure 6C), transwell assay
(Figures 6D and 6E), and apoptosis assay (Figure 7A) were employed
to examine cell proliferation, migration, invasion, and apoptosis. The
results indicated that MCF-7 cells co-cultured with Exo-CCL18 or
miR-760 mimics presented accelerated proliferation and increased
number of migratory/invasive cells but did not change the apoptotic
6 Molecular Therapy: Oncolytics Vol. 25 June 2022
rate compared with the mock group. On the contrary, miR-760 inhib-
itor transfection significantly suppressed cell proliferation, migration,
and invasion and promoted cell apoptosis. In addition, we analyzed
the effects of miR-760 on cell drug sensitivity. Following co-culture
with Exo-CCL18 or miR-760 mimics, cell apoptosis was significantly
decreased in response to 10 mg/mL doxorubicin (Figure 7B), 100 nM
paclitaxel (Figure 7C), or 1 mM tamoxifen (Figure 7D). However,
miR-760 knockdown enhanced cell drug sensitivity in response to
the above three drugs.

The ARF6 50UTR contains putative binding sites for miR-760 (Fig-
ure 8A). Schematic diagrams of ARF6 50UTR-LUC and P1-P5 LUC
plasmids were shown in Figure 8B. Mechanically, luciferase reporter
assay confirmed that ARF6 was a target gene of miR-760 (Figure 8C).
The levels of ARF6 mRNA (Figure 8D) and protein (Figure 8F) were
significantly increased after co-culture with Exo-CCL18 or miR-760
mimics, but notably decreased after miR-760 inhibitor transfection,
indicating ARF6 was positively regulated by miR-760. We also



Figure 6. CCL18-induced exosomal miR-760 promoted proliferation, migration, and invasion in MCF-7 cells

(A) Flow cytometry was applied to analyze the fluorescence intensity in MCF-7 cells after co-culture with PKH67-labeled exosomes derived fromCCL18-simulated MDA-MB-

468 cells at 10 min, 1 h, 6 h, and 24 h, respectively. (B–E) Edu staining (scale bars: 100 mm) (B), colony formation (C), and transwell assay (D and E) (scale bars: 100 mm) were

performed to analyze cell proliferation, migration, and invasion in MCF-7 cells co-cultured with Exo-CCL18 or miR-760 mimics/inhibitor. **p < 0.01, compared with mock.
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found that not AMAP1 mRNA (Figure 8E, p > 0.05), but the phos-
phorylation of AMAP1, was up-regulated after co-culture with
Exo-CCL18 or miR-760 mimics and down-regulated after miR-
760 inhibitor transfection (Figure 8F). In accord with altered cell
migration and invasion, E-cadherin was reduced, while vimentin
was elevated after co-culture with Exo-CCL18 or miR-760 mimics,
which was reversed by miR-760 inhibitor transfection (Figure 8G).
What is more, we found the Src/PI3K/Akt signaling pathway acti-
vated after co-culture with Exo-CCL18 or miR-760 mimics and sup-
pressed after miR-760 inhibitor transfection (Figure 8H). The afore-
mentioned results suggested that miR-760, carried by Exo-CCL18,
can promote proliferation, migration, invasion, and chemoresist-
ance by targeting ARF6 and activating the Src/PI3K/Akt signaling
pathway.
Molecular Therapy: Oncolytics Vol. 25 June 2022 7
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Figure 7. CCL18-induced exosomal miR-760 promoted chemoresistance in MCF-7 cells

(A) Flow cytometry was performed to analyze cell apoptosis in MCF-7 cells co-cultured with Exo-CCL18 or miR-760 mimics/inhibitor transfection. The drug sensitivity was

analyzed in MCF-7 cells co-cultured with Exo-CCL18 or miR-760 mimics/inhibitor transfection in response to doxorubicin (B), paclitaxel (C), or tamoxifen (D). **p < 0.01,

compared with mock.
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CCL18-induced exosomal miR-760 promoted in vivo

tumorigenesis by up-regulating the ARF6-mediated Src/PI3K/

Akt signaling pathway

In addition, we assessed the role of miR-760 in tumor growth in vivo
by constructing a xenograft mouse model. As shown in Figure 9A, the
tumor size was larger in Exo-CCL18 and miR-760 mimics groups.
Also, knockdown of ARF6 obviously reduced the tumor size. More-
over, the time-dependent analysis showed that miR-760 overexpres-
sion elevated, while ARF6 knockdown markedly suppressed, the tu-
mor volume (Figure 9B). Moreover, the expression levels of ARF6,
p-AMAP1, Vimentin, p-Src, p-PI3K, and p-AKT were up-regulated,
whereas E-cadherin was down-regulated in Exo-CCL18 and miR-760
mimics groups. In addition, knockdown of ARF6 suppressed the
8 Molecular Therapy: Oncolytics Vol. 25 June 2022
expression of ARF6, p-AMAP1, Vimentin, p-Src, p-PI3K, and p-
AKT but promoted E-cadherin expression (Figure 9C). The above
data suggested that CCL18-induced exosomal miR-760 promoted
in vivo tumorigenesis by promoting the ARF6-mediated Src/PI3K/
Akt signaling pathway.

Analysis of miR-760, ARF6, and AMAP1 expression in BC patient

tissues

We next examined miR-760 level in BC patient tumor and adjacent
normal tissues. Fluorescence in situ hybridization (FISH) demon-
strated increased miR-760 level in tumor, which mainly expressed
in the cytoplasm (Figure 10A). Moreover, we found exosomal
miR-760 level was significantly elevated in tumor patient peripheral



Figure 8. CCL18-induced exosomal miR-760 activated the ARF6-mediated Src/PI3K/Akt signaling pathway

(A) Putative miR-760 binding sites within the ARF6 gene 50UTR. (B) Schematic diagram of ARF61 50 UTR-LUC and P1-P5 LUC plasmid. (C) The association betweenmiR-760

and ARF6 was validated using luciferase reporter assay. **p < 0.01 compared with WT + miR-mimics. qRT-PCR was applied to determine the mRNA expression of ARF6

(D) and AMAP1 (E) in MCF-7 cells co-cultured with Exo-CCL18 or miR-760 mimics/inhibitor transfection. *p < 0.05, **p < 0.01, compared with mock. Western blot analysis

was employed to detect the protein expression of (F) ARF6, AMAP1, and p-AMAP1, (G) EMT markers (E-cadherin and vimentin), as well as (H) the phosphorylated and total

proteins of Src, PI3K, and AKT.
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blood specimens (Figure 10B). In addition, immunohistochemistry
(IHC) showed that the expression of ARF6 and p-AMAP1, but
not AMAP1, was elevated in tumor tissues (Figure 10C). Similarly,
immunofluorescence assay also showed enhanced ARF6 and p-
AMAP1 expression in tumor tissues (Figure 10D).
DISCUSSION
TAMs, a crucial component in the tumor microenvironment, can
secrete a range of growth factors, cytokines, and chemokines to
initiate and promote tumor progression.25 Among these secretions,
CCL18 is an important cytokine derived from M2-type TAMs that
Molecular Therapy: Oncolytics Vol. 25 June 2022 9
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Figure 9. CCL18-induced exosomal miR-760 promoted in vivo tumorigenesis by up-regulating the ARF6-mediated Src/PI3K/Akt signaling pathway

(A) Representative images of xenograft tumors excised from nudemice 28 days after subcutaneous inoculation of MCF-7 cells from five groups (Mock, Exo, miR-760mimics,

CCL18, and CCL18 + shARF6, n = 5 in each group). (B) Tumor volumes were measured at 0, 3, 7, 14, and 28 days, respectively. **p < 0.01, compared with mock; ##p < 0.01,

compared with CCL18. (C) Representative immunohistochemistry images of ARF6, p-AMAP1, E-cadherin, Vimentin, p-Src, p-PI3K, and p-AKT were shown. Scale bars:

50 mm. *p < 0.05, **p < 0.01, compared with mock; ##p < 0.01, compared with CCL18.
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were involved in diverse malignant processes, including BC lymph
node metastasis and worse prognosis.26 Here, we showed that
CCL18 significantly enhanced the proliferation, migration, invasion,
and EMT and decreased apoptosis and multidrug sensitivity of BC
cells. Similarly, CCL18 promotes osteosarcoma proliferation and
metastasis via the EP300/UCA1/Wnt/b-catenin pathway.27 In gall-
bladder cancer, CCL18 could activate PI3K/AKT signaling and lead
to cell migration, invasion, and EMT.28 Moreover, Src phosphoryla-
tion is initiated by CCL18, causing BC metastasis via PITPNM3.29

Based on these facts, we speculated that CCL18 might promote BC
malignant behaviors through activating Src/PI3K/AKT signaling, as
reflected by up-regulated p-Src, p-PI3K, and p-AKT.
10 Molecular Therapy: Oncolytics Vol. 25 June 2022
Interestingly, we found the expression levels of ARF6 and p-
AMAP1 were significantly increased in CCL18-stimulated MCF-7
cells and BC patient tumor tissues. Moreover, knockdown of
ARF6 remarkably suppressed CCL18-induced malignant cellular be-
haviors and the Src/PI3K/Akt signaling pathway. We previously
showed that AMAP1 not only strongly predicted poor BC prognosis
but also mediated CCL18-induced activation of NF-kB to promote
cell migration, invasion, and EMT.10 Our present data further indi-
cated that ARF6 knockdown suppressed the phosphorylation of
AMAP1. In fact, the regulatory relation between ARF6 and
AMAP1 has been reported in recent studies: frequently overex-
pressed ARF6 and its downstream effector AMAP1 could promote



Figure 10. Analysis of miR-760, ARF6, and AMAP1 expression in BC patient tissues

(A) FISH was used to locate and reflect the expression of miR-760 in BC tumor and adjacent normal tissues. The red fluorescence represented miR-760, and blue fluo-

rescence represented the nucleus. Scale bars: 50 mm. (B) The relative expression of exosomal miR-760 was determined in peripheral blood specimens obtained from 16

tumor patients and healthy controls. (C) IHC staining of ARF6, AMAP1, and p-AMAP1 in BC tumor and adjacent normal tissues. (D) Immunofluorescence of ARF6, AMAP1,

and p-AMAP1 expression in BC tumor and adjacent normal tissues. Scale bars: 50 mm.
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tumor metastasis and drug resistance.13,30 Moreover, ARF6 regu-
lates CCL18-elicited BC cell migration via the acetyltransferase
PCAF-mediated acetylation.31 The aforementioned evidence sug-
gested that CCL18 activated cell proliferation, migration, invasion,
EMT, and drug resistance through up-regulating ARF6/p-AMAP1
expression in BC cells.

To better understand the physiological role of CCL18 in BC, we
further explored the upstream miRNAs that target ARF6. As a
result, three miRNAs (miR-760, miR-1246, and miR-1290) were
predicted. A recent study has confirmed exosomes as mediators
of intercellular communication that can carry and deliver miRNAs
to recipient cells.32 As demonstrated by Li et al.,33 exosome-medi-
ated transfer of miR-1246 induced a tumor-promoting phenotype,
including increased cell proliferation, migration, and drug resis-
tance by directly targeting CCNG2 in BC. Exosomal miR-223
and miR-501-3p facilitates the development of epithelial ovarian
cancer34 and pancreatic ductal adenocarcinoma,35 respectively. In
addition, miR-76036,37 and miR-129038,39 have been reported to
associate with BC poor clinical outcomes and malignant behaviors.
The oncogenic role of miR-760 has also been reported in ovarian
cancer to facilitate cell proliferation by targeting PHLPP2.40 Here,
we found the levels of miR-760, miR-1246, and miR-1290 were
significantly increased in CCL18-stimulated exosomes from high
metastatic BC cells. More importantly, further analysis showed
that high metastatic BC cells deliver miR-760 through exosomes
to low metastatic BC cells, thereby promoting BC malignant be-
haviors through activating the ARF6-mediated Src/PI3K/Akt
signaling pathway.

In summary, our findings indicated that CCL18 up-regulated
miR-760 levels in exosomes derived from high metastatic BC
cells, and uptake of these miR-760-rich exosomes in low metasta-
tic BC cells could effectively promote malignant progression,
including chemoresistance phenotype. Mechanically, we
identified a new exosomal miR-760/ARF6/Src/PI3K/Akt signaling
pathway promoting BC proliferation, migration, invasion, and
chemoresistance.
Molecular Therapy: Oncolytics Vol. 25 June 2022 11
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MATERIALS AND METHODS
MCF-7 cell treatment and transfection

BC cell line MCF-7 was grown in MEM medium (SH30024.01B; Hy-
clone) supplemented with 10% FBS (10099-141; Gibco) in a humid-
ified atmosphere with 5% CO2 at 37�C. Three different small inter-
fering RNAs (siRNAs) targeting ARF6 (see Table S1), miR-760
mimics, inhibitor, and corresponding controls were synthesized by
RiboBio (Guangzhou, China). For chemokine treatment, MCF-7 cells
were exposed to 20 ng/mL CCL18 or CCL20 (both from R&D,
Shanghai, China) for 1 h. For ARF6 function, MCF-7 cells were trans-
fected with si-ARF6-1, si-ARF6-2, si-ARF6-3, or si-NC, followed by
CCL18 treatment. For Src/PI3K/Akt signaling, CCL18-treated
MCF-7 cells were treated with Src activator MCB-613 (8 mM), PI3K
activator 740 Y-P (10 mM), or SC for 2 h, followed by si-ARF6-2 trans-
fection. For miR-760 function, MCF-7 cells were transfected with
miR-760 mimics or inhibitor. All transfection protocols were con-
ducted according to the instructions provided by Lipofectamine
3000 (Invitrogen, USA) for 48 h.
Isolation and identification of exosomes derived from high

metastatic BC cells

Prior to CCL18 treatment, three high metastatic BC cell lines (MBA-
MB-231, MBA-MB-453, and MBA-MB-468) were cultured in serum-
free medium for 12 h. Conditioned media were harvested 2 h after
CCL18 treatment, and the supernatant was collected by centrifuging
at 3,000 � g for 30 min. Then, the supernatant was incubated with
ExoQuick exosome precipitation solution overnight at 4�C and gently
aspirated by centrifuging the ExoQuick mixture at 1,500 � g for
30 min. After further centrifugation at 1,500� g for 5 min, exosomes
were isolated from the remaining ExoQuick solution and re-sus-
pended in PBS. The morphology of exosomes derived from CCL18-
untreated and CCL18-treated high metastatic BC cells was observed
by transmission electron microscopy. The exosomes surface markers
(CD63, ALIX, and TSG101) and endoplasmic reticulum-specific pro-
tein Calnexin were detected by western blot analysis. The correspond-
ing size distribution of exosomes was measured using the NanoSight
NS300 instrument (Malvern Instruments, UK).
Uptake of PKH67-labeled exosomes

MDA-MB-468-derived exosomes (2 mg) were collected and labeled
with PKH67 Fluorescent Cell Linker kits (Sigma-Aldrich, St. Louis,
MO, USA) as per the manufacturer’s protocol. MCF-7 cells were
incubated with PKH67-labeled vesicles for 10 min, 1 h, 6 h, or 24
h, respectively. Next, cells were washed with PBS and fixed in 2%
paraformaldehyde. The percentage of cells positive for PKH67 + exo-
somes was analyzed by flow cytometry (BD Biosciences, San
Diego, CA).
Quantitative real-time PCR analysis

Total RNA was isolated using TRIzol reagent (Invitrogen) or a miR-
Neasy Mini Kit I (QIAGEN, Hilden, Germany), and reverse tran-
scription was performed by PrimeScript RT kit (Applied Biosystems)
according to the manufacturer’s instructions. qRT-PCR was under-
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taken using SYBR Premix Ex Taq II (TaKaRa, Shiga, Japan) on
Applied Biosystems 7500 Fast Real-Time PCR System. The sequences
of the primers used in this study were designed and synthesized by
Life Technologies (Table S2). The relative gene expression levels
were calculated with the 2�DDCT formula with GAPDH or U6 as
the internal reference.

Western blot analysis

Total protein was extracted using radioimmunoprecipitation assay
(RIPA) buffer (Sigma, USA), and the corresponding protein concen-
tration was determined with Pierce BCA Protein assay kit. Protein
samples were subjected to 12% SDS-PAGE and transferred onto a
polyvinylidene fluoride (PVDF) membrane. The membrane was
blocked with 5% skimmilk powder for 2 h at room temperature. After
being rinsed with PBS twice, the membrane was incubated with spe-
cific primary antibodies overnight at 4�C, followed by incubation with
appropriate horseradish peroxidase (HRP)-linked secondary anti-
body for 2 h at room temperature. Finally, the protein bands were
visualized using enhanced chemiluminescence (ECL; Millipore, Bed-
ford, MA, USA), and relative grayscale quantification was conducted
by ImageJ software.

Drug resistance experiment

Doxorubicin, paclitaxel, and tamoxifen were purchased from Sigma
Chemical (St. Louis, MO, USA). MCF-7 cells in different groups
were plated in 96-well plates at an initial density of 3,000 cells per
well and treated with increasing concentrations of doxorubicin (0,
5, 10, and 20 mg/mL), paclitaxel (0, 50, 100, and 200 nM), and tamox-
ifen (0, 0.5, 1.0, and 5 mM), respectively. Afterward, CCK-8 assay and
apoptosis assay were performed to assess the drug resistance of
MCF-7 cells under different conditions.

Colony formation assay

MCF-7 cells at an initial density of 1,000 cells per well were seeded in
six-well plates after specific transfection or treatment and cultured in
complete medium for 2 weeks. Cell colonies were fixed with 4% para-
formaldehyde for 30 min and stained with 0.5% crystal violet for
30 min at room temperature. The number of colonies (R50 cells/col-
ony) was counted and averaged in three independent experiments.

CCK-8 assay

For cell growth curve assay, MCF-7 cells at a density of 3,000 cells per
well were seeded in 96-well plates and cultured in complete medium
overnight. At 24, 48, and 72 h, cells in each well were incubated for 2 h
with CCK-8 solution (Dojindo, Japan) at 37 �C. Finally, the optical
density (OD) value at 450 nm was measured using a microplate
reader. For a drug-resistant experiment, MCF-7 cells in different
groups were treated with doxorubicin, paclitaxel, and tamoxifen at
an increasing concentration. After 48 h, cell viability was analyzed.

Apoptosis assessment

Cell apoptosis was determined using the Annexin V-fluorescein iso-
thiocyanate (FITC)/propidium iodide (PI) apoptosis kit (KeyGen
Biotechnology, Nanjing, China) according to the manufacturer’s
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instructions. In brief, MCF-7 cells in different groups were seeded
onto six-well plates with 40,000 cells per well and cultured overnight.
The next day, cells were trypsinized, washed with ice-cold PBS, and
fixed with 75% ethanol. The fixed cells were incubated with 5 mL An-
nexin V-FITC and 5 mL PI for 48 h. All samples were harvested, and
the apoptotic rate was assessed by flow cytometry (BD Biosciences,
USA). This experiment was performed three times independently.

5-Ethynyl-20deoxyuridine staining

MCF-7 cells in different groups were incubated with medium con-
taining Edu solution (RiboBio, Guangzhou, China) for 2 h and rinsed
with PBS. Afterward, cells were fixed with 4% paraformaldehyde for
30 min and rinsed with PBS containing 0.5% Triton X-100. The cells
were finally incubated with Hoechst 33342 staining solution for
30 min at room temperature in darkness. The stained cells were
observed under a fluorescence microscope, and cells with a red nu-
cleus were regarded as positive cells.

Wound healing assay

Approximately 2� 106 MCF-7 cells were seeded into each well of six-
well plates and cultured for 24 h. Then a straight scratch was carefully
created with a 200-mL sterilized pipette tip. The wound area was
examined at 0 and 48 h, respectively, under a light microscope (Leica,
Germany) and analyzed by ImageJ software.

Transwell assay

Transwell assay was performed with MCF-7 cells using a 24-well
transwell chamber (Corning, USA) pre-coated withMatrigel for inva-
sion or withoutMatrigel (BD Bioscience, USA) for migration assay. In
brief, MCF-7 cells re-suspended in serum-free medium were seeded
onto the upper chamber, while the medium containing 10% FBS
was added into the lower chamber. After 24-h incubation, the cells
that adhered to the lower chamber were fixed with 4% paraformalde-
hyde and stained with 0.1% crystal violet for 20 min. The number of
migratory or invasive cells was quantified in five randomly selected
fields under a light microscope.

Luciferase reporter assay

Based on the predicted binding sequences of miR-760 in the 50UTR of
ARF6 mRNA, ARF6 wild-type (WT) and five different mutant lucif-
erase reporter vectors (MUT-P1-P5; see Table S3) targeting the miR-
760 binding site were constructed using PmirGLO Dual-Luciferase
miRNA Target Expression Vector (Promega, Madison, WI, USA).
Subsequently, these vectors were transfected into MCF-7 cells
together with miR-760 mimics or miR-NC by Lipofectamine 3000
(Invitrogen, USA). After 48 h, luciferase activities were determined
using the dual-luciferase reporter system (Promega, USA) with Re-
nilla luciferase activity as a standardized control.

Patient samples

Primary tumor tissue and adjacent normal tissue samples were ob-
tained from BC patients after surgical resection at the Sixth Affili-
ated Hospital of Sun Yat-sen University. For histological examina-
tions, all tissues were fixed in 10% buffered formalin and
embedded in paraffin for sectioning. In addition, peripheral blood
specimens were obtained from tumor patients and healthy controls,
which were stored in 1-mL aliquots at �80�C and were thawed
immediately prior to exosome isolation. All patients signed written
informed consents, and this study was performed in accordance
with the Declaration of Helsinki principles under the approval pro-
vided by the Ethics Committee of the Sixth Affiliated Hospital of
Sun Yat-sen University.

Fluorescence in situ hybridization

The paraffin-embedded block was cut into 4-mmpathology slides, and
FISH for miR-760 was performed on these frozen slices. In brief, the
slices were dewaxed in xylene, rehydrated in citrate buffer, and di-
gested with proteinase K digestion. Next, slices were hydrated with
a graded series of alcohol and air dried. Afterward, the slides were
incubated with hybridization buffer supplemented with denatured
50 CY3-labeled locked nucleic acid (LNA) probes directed against
miR-760 (GenePharma, China) at 37�C overnight. After being
washed twice with saline sodium citrate buffer, the slices were coun-
terstained with DAPI for 20 min and visualized through a fluores-
cence microscope (Olympus, Tokyo, Japan).

IHC

IHC was performed according to standard procedures as previously
described.41 In brief, the paraffin-embedded tissues were cut into
5 mm thick and dried out for 2 h at 65�C. Samples were deparaffinized
in xylene and hydrated through a graded series of alcohol. After an-
tigen retrieval, the sections were blocked with 3% hydrogen peroxide
for 15 min and incubated with the primary antibodies against
ARF6, AMAP1, and p-AMAP1 overnight at 4�C, followed by
incubation with universal secondary antibody for 15 min at room
temperature. Then, the immunoreactivity was visualized using 3,
3-diaminobenzidine tetrahydrochloride (DAB), and staining
intensities were evaluated by two independent double-blinded
investigators.

Immunofluorescence

MCF-7 cells were inoculated on sterilized coverslips and fixed with
4% formaldehyde for 15 min. Then, cells were permeabilized with
0.2% Triton X-100, blocked with 3% BSA, and incubated with
ARF6 primary antibody (1:500) overnight at 4�C. For BC tissues,
the sections (5 mm thick) were blocked with 10% goat serum for
1 h and incubated overnight with rabbit anti-ARF6, AMAP1, and
p-AMAP1 at 4�C. Following incubation with the corresponding sec-
ondary antibody at 4�C, the sections were counterstained with DAPI
(Sigma-Aldrich). Stained images were acquired under a fluorescence
microscope (Olympus, Tokyo, Japan) and analyzed with ImageJ
software.

Tumor xenograft model

Five-week-old female BALB/c nude mice weighing 25 ± 4 g were pur-
chased from Shanghai Laboratory Animals Center of Chinese Acad-
emy of Sciences and fed under the standard environment with free ac-
cess to food or water. Subsequently, five groups of MCF-7 cells were
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prepared: mock cells (5 mg Exo-NC), exosome-treated cells (5 mg Exo-
CCL18), miR-760 mimics-transfected cells, CCL18-treated cells
(20 ng/mL), and CCL18 + shARF6-transfected cells. Next, 2 � 107

MCF-7 cells from different groups were suspended in 1 mL physio-
logical saline solution and subcutaneously inoculated into the lower
right flank of each mouse (n = 5 in each group) to establish tumors.
After that, Exo-NC (5 mg), Exo-CCL18 (5 mg), miR-760 mimics, or
CCL18 (20 ng/mL) was injected every other day until the mice
were sacrificed. At 0, 3, 7, 14, and 28 days, tumor volumes in each
group were determined by digital caliper and calculated by the for-
mula: length � width2/2. After 28 days, mice were sacrificed, and
excised tumor tissues were collected for IHC analysis of ARF6, p-
AMAP1, E-cadherin, Vimentin, p-Src, p-PI3K, and p-AKT expres-
sion following the previously described method.42 All the in vivo pro-
cedures were approved by the Institutional Committee for Animal
Research and in accordance with the Care and Use of Laboratory An-
imals of the Sixth Affiliated Hospital of Sun Yat-sen University.

Statistical analysis

Statistical analyses were performed using the SPSS 21.0 software
(IBM, Armonk, NY, USA). Quantitative data were expressed as
mean ± standard deviation (SD) of three independent experiments.
One-way analysis of variance (ANOVA), followed by Tukey’s post
hoc test, was applied to evaluate differences among multiple groups,
and statistical significance was accepted when p < 0.05.
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