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Abstract
Background/Aims: Treatment of breast cancer remains a clinical challenge. This study aims
to validate exosomal microRNA-1246 (miR-1246) as a serum biomarker for breast cancer
and understand the underlying mechanism in breast cancer progression. Methods: The
expression levels of endogenous and exosomal miRNAs were examined by real time PCR, and
the expression level of the target protein was detected by western blot. Scanning electron
and confocal microscopy were used to characterize exosomes and to study their uptake and
transfer. Luciferase reporter plasmids and its mutant were used to confirm direct targeting.
Furthermore, the functional significance of exosomal miR-1246 was estimated by invasion
assay and cell viability assay. Results: In this study, we demonstrate that exosomes carrying
microRNA can be transferred among different cell lines through direct uptake. miR-1246 is
highly expressed in metastatic breast cancer MDA-MB-231 cells compared to non-metastatic
breast cancer cells or non-malignant breast cells. Moreover, miR-1246 can suppress the
expression level of its target gene, Cyclin-G2 (CCNG2), indicating its functional significance.
Finally, treatment with exosomes derived from MDA-MB-231 cells could enhance the viability,
migration and chemotherapy resistance of non-malignant HMLE cells. Conclusions: Together,
our results support an important role of exosomes and exosomal miRNAs in regulating
breast tumor progression, which highlights their potential for applications in miRNA-based
therapeutics.
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Introduction

Breast cancer is one of the most common malignant tumors among females. The five-
year survival rate decreases from 90% for early-stage breast cancer to 20% for metastatic
breast cancer. Metastasis is the major challenge in the treatment of breast cancer. The
molecular pathogenesis behind the development of such metastatic advances is an area
of intense research, and recent study of the role of extracellular vesicles, called exosomes,
has shown promise in explaining metastasis. Recent studies have confirmed the idea that
these exosomes can carry and deliver microRNAs to recipient cells [1]. Cancer-secreted
exosomal microRNAs are emerging as mediators of cancer progression and metastasis
[1-3]. Additionally, exosomal microRNAs may endow recipient cells with resistance to
chemotherapy. Among all miRNAs investigated, miR-1246 has drawn much attention and
has been found to function as a proto-oncogene in lung and other cancers [4, 5]. Recently,
it was reported that miR-1246 was strongly up-regulated in breast cancer [6]. Despite the
important role of miR-1246 in breast cancer, the detailed mechanism remains unclear.

There are 8 species of cyclins reported in mammals, cyclins A through H, which share
a conserved amino acid sequence of approximately 90 residues, called the cyclin box. The
amino acid sequence of cyclin G is well conserved among mammals. Cyclin G2 (CCNG2) is
tightly regulated through the cell cycle. CCNG2 functions as a tumor-suppressor gene [7] and
was down-regulated in thyroid [8), oral [9], and breast cancers [10].

Although, CCNG2 has been demonstrated to be associated with the development of
breast cancer [11], there remain numerous unanswered questions regarding the etiology of
this disease. However, the mechanism regulating CCNG2 expression in breast cancer is still
not understood. Herein, using breast cancer cells and clinical samples from breast cancer
patients, we found that miR-1246 is up-regulated in patients with breast cancer, especially
in those with metastatic breast cancer cell lines. We also confirmed that CCNG2 is down-
regulated in breast cancer. miR-1246 derived from MDA-MB-231 cells can be transferred to
non-malignant HMLE cells via exosomes. Moreover, the transferred miR-1246 can promote
invasion in HMLE cells in part by targeting a known miR-1246 target, CCNG2.

Materials and Methods

Cell culture

The human cells, MCF-7 and MDA-MB-231, were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA) and cultured in RPMI-1640 with 10% FBS (Sigma, St. Louis, MO). MCF-10A
and HMLE cells were cultured in DMEM/F12K supplemented with growth factor hEGF, hydrocortisone,
insulin and 100 units of penicillin/ml and 100 mg of streptomycin/ml. Cells were incubated at 37 C and
supplemented with 5% CO2 in a humidified chamber. Cells used for exosome isolation were cultured in
medium with exosome-depleted serum. Exosome-depleted serum was prepared by ultracentrifugation at
120, 000 x g for 16 hours at 4 C, followed by passage through a 0.22-um filter (Millipore) prior to use.

Exosome isolation and labeling

Exosomes were isolated from medium collected after 48 h by differential centrifugations. Briefly, the
collected culture mixture was centrifuged at 300 x g for 10 min, followed by 2000 x g for 25 min [12]. The
supernatant was further filtered by a 0.22-uM filter (Millipore). The obtained medium was centrifuged at 100,
000 x g for 60 min at 4 C to pellet exosomes. The supernatant was discarded, and then, the pellet was washed
with PBS, ultracentrifuged and finally resuspended again in PBS. Purified exosomes were fluorescently
labeled using PKH26, a red membrane dye (Sigma), according to the protocol. Cytofluorimetric analysis (BD
FACSCalibur, USA) was performed to detect surface molecules using a fluorescein isothiocyanate(FITC)-
conjugated antibody directed against Tsg101 and calnexin (DakoCytomation, Denmark).

MiRNA microarray
Total RNA was extracted using the MirVana miRNA Isolation Kit (Ambion, AM1560). The RNA was
labeled using the FlashTag RNA Labeling Kit (Genishere), according to the manufacturer’s recommendations.
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Hybridization and washing were performed using the Affymetrix Fluidics Station 450 and Hybridization
Oven 640 under standard conditions. The Affymetrix GeneChip miRNA 2.0 Array contains 15, 644 probe
sets, including 1105 human mature miRNAs. The raw data were treated using the miRNA QC tool software
(Affymetrix).

Quantitative RT-PCR (qRT-PCR)

Total RNA from cells was extracted using TRIzol reagent (Invitrogen), and total RNA from exosomes
was extracted using a Total Exosome RNA and Protein Isolation kit (Thermo Fisher Scientific) according to
the protocol recommended by the manufacturer. Quantitative RT-PCR (qRT-PCR) was performed using an
ABI7500 instrument (Applied Biosystems) using primers purchased from Applied Biosystems. The miRNA
concentration was normalized to the endogenous control RNU6B. The following primers were used for the
Tagman assay: human miR-1246 (custom order) and RNU6B(001093).

Cell growth, migration and invasion assay

For the viability assay, cells were seeded in 96-well plates, and 10 pl of Cell Count Kit-8 (CCK-8; Sigma)
solution was added into each well. Then, cells were incubated for 4 hours, and the absorption value at
450 nm was measured. Transwell migration and invasion assays were conducted in 24-well chambers pre-
coated without (migration) or with (invasion) Matrigel (BD BioCoat). In brief, exosomes from MDA-MB-231-
miR-1246 cells were added to the upper chamber and were incubated for 24 hours to allow cell migration
through the membrane. Finally, migrated cells were fixed and counted.

Western blotting

Exosomes were directly used for protein analysis. The protein concentration of cells and exosomes was
determined using a protein assay kit (Bio-Rad), and samples were separated on SDS polyacrylamide gels for
western blotting analysis. An anti-CCNG2 antibody was purchased from Abcam (Cambridge, UK), and anti-
(3-actin antibody was purchased from Sigma-Aldrich.

Vector constructs and lentiviral production

The lentiviral pLenti-III-miR-1246 vector and its empty pLenti-III vector (Applied Biological) were co-
transfected with pCAG-HIVgp and pCMV-VSV-G-RSV-Rev into MDA-MB-231 cells (Gene Copoeia). Cells were
infected with lentivirus and selected using 1 pg ml-*puromycin for 4 weeks, to establish stable miR-1246
and control transfectants. The CCNG2 coding sequences lacking miR1246 target sites in their 3'UTR were
transfected into the stable miR-1246 transfectants using FuGENE 6 Reagent (Promega).

Statistical analysis

Differences between subgroups were
analyzed using Student’s t-test and were
considered significant at a threshold of P <0.01. A B

exa cell

Results

- - B=actin

Characterization of exosomes released
from cancer cells

To determine whether microRNA- Dy
carrying exosomes can be released from b Sl Y — tsgl01
breast cancer cells, we incubated four cell o & |

lines, i.e, MCF-10A, HMLE, MCF-7 and

MDA-MB-231, in exosome-free medium.
The exosomes in the conditioned media
were isolated by serial centrifugations and
filtration. The harvested exosomes were
then resuspended in PBS and examined
by scanning electron microscopy (SEM).
ShowninFig. 1 https://www.ncbinlm.nih.
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Fig. 1. Characterization of exosomes. A, Electron
micrograph of exosomes isolated from MDA-MB-231
conditioned medium, revealing the typical morphology
and size (20-100 nm).B, Western blot showing
presence of tsg101 protein in exosome fraction, but not
in whole cell lysate; presence of calnexin protein in cell
lysate, but not in exosome fraction.
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Quantitative RT-  Fig. 2. Up-regulation of miR-1246 in MDA-MB-231 cells. Hierarchical cluster
PCR  profiling analysis of exosomal miRNA expression profiles in MDA-MB-231, MCF-7,
for exosomal and MCF-10A compared with HMLE cells (A); expression of exosomal miR-
microRNAs 1246 was validated by qRT-PCR (B). Detection of differential expression of
H a v i n g intracellular (C) and extracellular (D) miR-1246 in tumor tissue of breast cancer
demonstrated patientsand normal donors as determined by qRT-PCR. **P<0.01.
that exosomes
are released
from breast cancer cells and then taken up by various types of cells, we determined what
microRNAs are secreted via exosomes. We chose MCF-10A, HMLE, MCF-7 and MDA-MB-231
cells for comparison. We profiled the microRNAs secreted in the media in these 4 cell lines
(Fig. 2A). Importantly, exosomal miR-1246 was highly expressed in MDA-MB-231 cells,
whereas its expression was extremely low in HMLE and MCF-10A cells. Next, we determined
the extracellular levels of miR-1246 in different breast cancer cells ranging from epithelial
to metastatic by real time PCR (Fig. 2B). Since miR-1246 has significantly high expression at
the extracellular level in MDA-MB-231 cells compared to HMLE cells and has been shown
to play a vital role in breast cancer invasion and metastasis [13], we focused on miR-1246
in the following experiments. Furthermore, we analyzed the expression levels of miR-1246
in breast cancer and normal breast tissues by qRT-PCR. We observed a highly significant
expression of miR-1246 in tumor samples(n=56), relative to normal tissues (n = 19) (Fig. 2C).
Considering the role of exosomes as a vehicle for miR-1246, we also isolated cell-free serum
from breast cancer patients (n = 56) and normal patients (n = 19). Our results confirmed that
the expression of miR-1246 was also up-regulated in the serum from breast cancer patients
(Fig. 2D).

Transfer of miR-1246 through exosomes

To determine whether miR-1246 could be taken up by various types of cells, we isolated
exosomes from MDA-MB-231 cells and incubated them with HMLE cells. The uptake of
miR-1246 by HMLE cells was then determined by qRT-PCR. We found a 5-fold increase of
intracellular miR-1246 in HMLE cells incubated with exosomes derived from MDA-MB-231
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Fig. 3. Uptake of miR-1246 by HMLE cells and exosomal miR-1246 promotes cell invasion, cell growth, and
chemotherapy resistance. A, Exosomal miR-1246 was isolated from MDA-MB-231 cells and then added to
HMLE cell culture. The control received the exosome-free medium. U6 RNA levels were used as an internal
control. B, Detection of FAM-miR-1246 in the exosome-treated HMLE cells. HMLE cells were co-cultured
with MDA-MB-231 cells that had been transfected with FAM-labeled-miR-1246 using a transwell, without
direct contact. C, We cloned miR-1246 in a lentiviral vector and generated cells stably expressing miR-1246
in MDA-MB-231, and the secretory level of miR-1246 by real time PCR was performed. D, Cell invasion was
assessed by transwell invasion assay with HMLE cells treated with either PBS or MDA-MB-231-exosomes.
Cell growth was determined using an in vitro CCK-8 assay at the indicated times (E). Cells were treated with
gem, doc, and epi, and cell apoptosis was analyzed by flow cytometry after 48 hrs(F). **P<0.01.

cells compared to controls (Fig. 3A). In addition, to confirm that transfer of miR-1246 from
donor cells to the recipient cells was through exosomes, we isolated the exosomes from
the culture medium of MDA-MB-231 cells transfected with FAM-labeled miR-1246. The
isolated exosomes were then added to HMLE cells. Next, the miR-1246 signal was detected
by confocal microscopy 24 h later (Fig. 3B). These results suggested that extracellular miR-
1246 from MDA-MB-231 cells can be transferred to HMLE cells through exosomes among
various types of cells.

Up-regulation of endogenous miR-1246 promotes exosome-enhanced cell proliferation,

migration and chemotherapy resistance

To test the functions of miR-1246 inrecipient cells, MDA-MB-231 cells were transfected
with miR-1246, or the control (miR-NC) and cultured with the exosomes isolated from the
media of HMLE cells. We next checked the expression of miR-1246 by real time PCR, which
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Fig. 4. miR-1246 directly targets and inhibits CCNG2 expression. (A), Putative seed-matching sites between
miR-1246 and 3'-UTR of CCNG2. (B), Luciferase reporter assay was performed to detect the relative
luciferase activities of WT and mut CCNG2 reporters. Renilla luciferase vector was used as an internal
control. (C,D), Suppression of CCNG2 in HMLE cells by exosomal miR-1246. Data represent means.d. of
three experiments; **P<0.01.

confirmed the overexpression of exosomal miR-1246 by over 40-fold compared to the control
vector (Fig. 3C). After 24 h incubation of HMLE cells with the enriched exosomes derived from
miR-1246 and control vector, there was significant increased invasion ability compared to
the control vector (Fig. 3D). Similarly. adding exosomes from MDA-MB-231 cells transfected
with miR-1246 enhanced cell growth compared with the control vector (Fig. 3E). To evaluate
the effect of miR-1246-containing exosomes on drug resistance, HMLE cells were treated
with docetaxel (doc), epirubicin (epi) or gemcitabine (gem), and then, their cell proliferation
and cell apoptosis rates were analyzed. The CCK8 assay demonstrated that HMLE cells
incubated with exosomes from MDA-MB-231 cells transfected with miR-1246 resulted in
resistance to doc, epi and gem. Cell apoptosis was analyzed by flow cytometry, and the result
showed that apoptosis rates of HMLE cells were significantly decreased after treatment with
exosomes from MDA-MB-231 cells transfected with miR-1246 (Fig. 3F).Taken together,
these data confirmed that miR-1246-containing exosomes show a tumor-promoting role in
breast cancer, and up-regulation of miR-1246 can promote cell proliferation, migration and
drug resistance.

MiR-1246 directly targets CCNG2

To understand the tumor-promoting role of miR-1246 in breast cancer, we selected one
target gene of miR-1246 based on previously described roles as a tumor suppressor through
the TargetScan program (www.targetscan.org), and we found that seed-matching sites exist
between miR-1246 and the 3'-UTR of CCNG2 (Fig. 4A). These seed-matching sites are absent
in the mutant CCNG2 gene (CCNG2-MUT). Furthermore, dual-luciferase reporter assay was
performed to determine whether CCNG2 is a direct target of miR-1246. As shown in Fig. 4B,
miR-1246 transfection decreased the luciferase activity of wild-type CCNG2, but not that
of mutant CCNG2, suggesting that miR-1246 can inhibit the expression of CCNG2 by direct
binding to the 3'UTR. In addition, western blotting analysis and real time PCR analysis also
demonstrated that exosomes from MDA-MB-231 transfected with miR-1246 both reduced
CCNG2 mRNA and protein expression. (Fig. 4C and D).
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Discussion

In the present study, we identified functional oncogenic miRNAs that can be delivered
from the metastatic breast cancer cell line MDA-MB-231 to the normal breast cell line
through exosomes. Notably, exosomal miR-1246 induced a tumor-promoting phenotype,
including increased cell proliferation, migration and drug resistance. In addition, miR-
1246 directly targets CCNG2 expression by binding to its 3'UTR. Many studies have evaluated
the importance of exosomes in cancer progression [14, 15]; for instance, exosomes secreted
by highly metastatic cells contribute significantly to cancer progression of poorly metastatic
cells, which is consistent with the idea that cancer cells interact with each other through
exosomes. We found that exosomes isolated from MDA-MB-231 cells could induce malignant
features in HMLE cells by increasing their cell growth and cell invasion. One recent study
reported that exosomal miR-10b from metastatic MDA-MB-231 cells was capable of inducing
invasion ability upon uptake in normal breast epithelial HMLE cells [16]. Thus, the exosomes
play a role in the establishment of the metastatic niche by communication between cancer
cellsand normal cells [17]. Increasing evidence indicates that extracellular miRNAs can have a
significantrole in tumor progression [18, 19].In the present study, the oncomiR miR-1246 was
significantly enriched in exosomes and was responsible for the promotion of the metastatic
potential of MDA-MB-231 cells. Thus, migration and invasion abilities of MDA-MB-231
cells were increased upon overexpression of miR-1246. Similarly, extracellular miR-1246
promoted breast cancer proliferation and enhanced chemoresistance. Further development
of exosomal miR-1246 in serum as a predictor of chemotherapy resistance could improve
treatment planning. New advances in gene therapy, such as potential delivery vehicles for
miRNAs, could facilitate development of anti-miR-1246 therapeutic strategies. On the other
hand, we found that CCNG2 is a direct target of miR-1246. Our results show for the first time
that CCNG2 is also regulated by miRNAs and can be directly targeted and downregulated by
miR-1246. In this regard, CCNG2 could be another therapeutic target that directly regulates
the tumor-promoting function of miR-1246. Overall, our study demonstrates a crucial role
for cancer cell-derived exosomes and exosomal miRNAs in cancer progression. Oncogenic
microRNAs such as miR-1246, secreted by breast cancer cells, can influence the adjacent
and distant normal cells, which can lead to outcomes in favor of tumor progression. Based
on these results, we envision that targeting exosomal microRNAs may provide an alternative
approach for breast cancer intervention.

Triple-negative breast cancer is characterized by the behavior of high invasive growth.
Therefore, we chose MDA-MB-231 cells as our research focus. We aimed to elucidate the
potential mechanism of tumor progression. However, “estimating the impact of estrogen
receptor on the connection between miR-1246 and CCNG2” will be our future research
direction.
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