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The tumor microenvironment plays a critical role in regulating breast tumor progression. Signaling 

between preadipocytes and breast cancer cells has been found to promote breast tumor formation 

and metastasis. Exosomes secreted from preadipocytes are important components of the cancer 

stem cell niche. Mouse preadipocytes (3T3L1) are treated with the natural antitumor compound 

shikonin (SK) and exosomes derived from mouse preadipocytes are co-cultured with MCF10DCIS 

cells. We examine how preadipocyte-derived exosomes can regulate early-stage breast cancer via 

regulating stem cell renewal, cell migration, and tumor formation. We identify a critical miR-140/

SOX2/SOX9 axis that regulates differentiation, stemness, and migration in the tumor 

microenvironment. Next, we find that the natural antitumor compound SK can inhibit 

preadipocyte signaling inhibiting nearby ductal carcinoma in situ (DCIS) cells. Through co-culture 

experiments, we find that SK-treated preadipocytes secrete exosomes with high levels of miR-140, 

which can impact nearby DCIS cells through targeting SOX9 signaling. Finally, we find that 

preadipocyte-derived exosomes promote tumorigenesis in vivo, providing strong support for the 

importance of exosomal signaling in the tumor microenvironment. Our data also show that 

targeting the tumor microenvironment may assist in blocking tumor progression.
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Introduction

Ductal carcinoma in situ (DCIS) is the most common type of non-invasive early-stage breast 

cancer in women. DCIS is characterized by the abnormal growth of epithelial cells confined 

within the ductal area, maintenance of the basement membrane, and lack of stromal invasion 

[1]. Patients diagnosed with DCIS are treated with surgery, radiation, and hormonal therapy. 

However, they remain at risk to develop invasive ductal carcinoma (IDC) and 15 % of 

patients demonstrate recurrence and progression [2]. Thus, it is important to understand the 

mechanisms underlying the development of DCIS and to find novel therapeutics that may 

prevent DCIS formation.

The link between breast cancer and obesity has been well established and it is for the leading 

researchers to examine the potential involvement of adipose tissue in the tumor 

microenvironment. Adipose tissue consists of heterogeneous cells including adipocyte 

progenitors and adipocytes, which differentiate from mesenchymal stem cells (MSCs) in a 

process known as adipogenesis [3]. It has been suggested that adipose tissue provides a 

favorable microenvironment for tumor growth and metastasis through secretion of signaling 

molecules and acting as a source of energy for cancer cells [4].

Emerging evidence indicates that the tumor microenvironment plays a crucial role in cancer 

progression. The factors released to the tumor microenvironment from preadipocytes and 

adipocytes adjacent to the mammary epithelial cells might influence tumorigenesis. Breast 

cancer cells and adipocytes have been shown to interact and may influence each other’s 

behavior. Breast cancer cells affect adipocyte differentiation and likewise the adipocyte 

microenvironment is able to alter the gene expression in breast cancer cells [5]. Adipocytes 
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surrounding breast tumors have been shown to adopt altered phenotypes and promote tumor 

metastasis [6]. Previous studies from our laboratory and others showed that co-culturing 

breast cancer cells with adipocytes promotes phenotypic changes and enhances cancer cell 

migration and tumor formation [7, 8]. Moreover, we found that components of tumor 

microenvironment including MSCs and adipocytes can regulate breast cancer stem cells [7]. 

Thus, elucidating the mechanisms underlying the interactions of cancer stem cells with their 

microenvironment might provide novel targets for inhibiting tumor development and 

eliminating cancer stem cells.

Exosomal secretion is one of the mechanisms through which tumor cells can communicate 

with and reprogram their microenvironment [9]. Exosomes are small extracellular vesicles 

ranging from 30 to 100 nm formed by the endocytic component of the cells, and can be 

secreted by various types of cells including cancer cells. They contain mRNA, miRNA, 

proteins, and lipids [10]. Exosomes are involved in intra- and intercellular communications 

and have the ability to act as drug carriers [11, 12]. It has been suggested that exosomes are 

able to govern the function of remote cells by secreting their contents into cells distant from 

their site of origin [13]. Depending on the cells they are secreted from or the status of the 

cellular microenvironment, exosomes can either promote tumor growth or exert antitumor 

effects [14]. Recent research showed that exosomes play a major role in the circulation of 

miRNAs [13]. Exosomes from tumor cells are suggested to be involved in genetic transfer of 

specific miRNAs capable of signaling within nearby cells. It has been shown that miRNAs 

secreted from exosomes enhance the invasive potential of several breast cancer cell lines 

[15]. The capability of exosomes to exert antitumor effects was shown in a recent study 

where exosomes derived from MSCs had protein and RNA profiles different than the MSCs 

themselves [16]. Mouse breast cancer cells (4T1) could internalize these exosomes and 

miR-16 released from exosomes downregulated VEGF expression in cancer cells, 

suppressing angiogenesis [16]. Previous studies from our laboratory linked cell–cell 

signaling in DCIS stem-like cells to the exosomal trafficking of miRNAs and identified that 

epigenetic therapy can alter exosomal miRNA content [17].

Shikonin (SK), the major bioactive component of the herbal plant shikon, is a potential 

chemopreventive agent for the treatment of many cancers including breast cancer [18]. We 

have previously shown that NRF2 antioxidant target gene NQO1, which protects against the 

toxicity and carcinogenicity of estrogen metabolites, is upregulated in MCF7 breast cancer 

cells following SK treatment, thus suggesting a strategy to prevent development of 

estrogendependent breast cancer. Additionally, we have shown that SK prevents 

tumorigenesis in vivo [19]. Moreover, several studies including research from our lab have 

shown that SK can act as an antitumor agent by targeting multiple signaling pathways 

rendering cancer cells less invasive and more sensitive to chemotherapy [19, 20]. Thus, it is 

crucial to elucidate the mechanisms through which SK may exert its antitumor effects.

In this study, using cells representing early-stage basallike breast cancer, we investigated the 

role of exosomes secreted from preadipocytes in regulating cancer cell behavior and tumor 

formation. We identified the miR-140/ SOX9 pathway as a key component of 

preadipocytederived exosomal signaling. Furthermore, we demonstrated that preadipocyte-

secreted exosomes enhance tumorigenesis in vivo. We found that the natural compound SK 
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dramatically alters preadipocyte signaling, which could impact nearby cancer cells. This 

study provides a molecular basis through which preadipocyte-derived exosomes exert their 

oncogenic effects and finds that SK can target tumor microenvironment signaling, a new 

mechanism of SK antitumor activity.

Materials and methods

Cell culture

MCF10DCIS (DCIS) cells (Asterand, Detroit, MI) were cultured in DMEM/F12 

supplemented with 5 % heat-inactivated horse serum (Invitrogen; Carlsbad, CA), 4 µg/ml 

insulin (Gibco, Grand Island, NY), 100 ng/ml cholera toxin, 0.5 µg/ml hydrocortisone 

(Sigma; St Louis, MO), and 20 ng/ml EGF (Life Technologies; Grand Island, NY). Mouse 

preadipocytes (3T3L1, MBA-1) cells were grown in DMEM supplemented with 5 % FBS 

(HyClone, Rockford, IL) and 1 % L-glutamine (Invitrogen; Carlsbad, CA). MBA- 1 cells 

were obtained from the laboratory of Dr. Da-wei Gong (Department of Medicine at 

University of Maryland School of Medicine, Baltimore, MD). Human breast preadipocytes 

(ZenBio, Research Triangle Park, NC) were grown in preadipocyte media (ZenBio, 

Research Triangle Park, NC). Cells were incubated in 5 % CO2 at 37°C.

Transwell migration and co-culture assays

Transwell migration assays were performed using transwell migration chambers with 8-µm 

pore size (Costar; Cambridge, MA). MCF10DCIS cells (0.5 × 105 cells/ml) were seeded in 

the upper chamber (1.5 ml). To facilitate migration, the lower chamber contained 1.5 ml 

DMEM with 10 % FBS. The cells were allowed to migrate toward the 10 % FBS gradient 

overnight. The migrated cells were stained with 1 % crystal violet in methanol/PBS and 

counted using light microscopy. Five random fields were selected and counted per 

experiment. For co-culture assays, MCF10DCIS cells (0.5 × 105 cells) plus 100 µl exosomes 

from 3T3L1 cells were seeded in the top chamber with inserts of 0.4 µn pore size and the 

lower chamber contains DMEM with 10 %FBS.

Mammosphere assays

MCF10DCIS single cells were obtained using 40-µm cell strainers (Fisher Scientific; 

Pittsburgh, PA) and counted. For mammosphere formation, 10,000 cells/ml were seeded in 

six-well plates coated with 2 % polyhema (Sigma; St Louis, MO) in DMEM/F12 containing 

2 % B27, 20 ng/ml EGF, 4 µg/ml insulin, and 0.4 % BSA. After 7 days of culture, spheres 

larger than 100 µm were quantified by light microscopy.

Quantitative real-time PCR (qRT-PCR)

qRT-PCR analysis of mRNA/miRNA expression was performed as described previously 

with normalization to either GAPDH or β-actin for mRNAs and to U6 small nuclear RNA 

for miRNAs [21].
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Oil-Red-O and BODIPY staining

Differentiated preadipocytes were rinsed twice with PBS and fixed in 10 % formalin at room 

temperature for 30 min. The working solution of Oil-Red-O was prepared fresh before 

staining and after complete drying of the plate, cells were stained for 30 min at room 

temperature. Lipid droplets were also visualized by fluorescent BODIPY (493/503) staining 

as described previously [22]. After staining, cells were washed twice with distilled water and 

images were captured using a Nikon Eclipse fluorescent microscope.

Western blotting and immunofluorescent staining

Total cell lysates (50–100 µg) were separated by SDS-PAGE and blotted onto 

polyvinylidene difluoride membrane. The membrane was incubated with specific primary 

antibody overnight at 4 °C, followed by the horseradish peroxidase (HRP)-conjugated 

secondary antibody, and visualized by the ECL Western blotting detection system (Thermo 

Scientific; Rockford, IL). β-Actin (Sigma; St Louis, MO, USA) was used as loading control 

with a 1:5000 dilution. SOX9 (Millipore; Billerica, MA), SOX2 (Santa Cruz Biotechnology; 

Dallas, TX), and DLK1 (Santa Cruz Biotechnology; Dallas, TX) were used with 1:500, 

1:250, and 1:100 dilutions, respectively.

Exosome purification, labeling, and antibody arrays

Exosomes were prepared and purified by the traditional ultracentrifugation method as 

described [23]. Protein content in the exosomes was measured using a Pierce Protein Assay 

Kit (Thermo Scientific, Rockford, IL, USA). The average exosome yield was 80–85 µg from 

100 ml (1–1.2 × 107 cells) of cell culture supernatant. For in vitro experiments, exosomes 

were labeled with a fluorescent linker PKH-26 (Cat#MINI26-1KT, Sigma, St. Louis, MO). 

The Exo-Check antibody array (System Biosciences, Mountain View, CA) was used to 

detect known exosome markers. Briefly, exosome protein lysates were prepared by adding 

600 µl of exosome lysis buffer to 300 µg of exosome protein. The antibody membrane array 

was placed in distilled water at room temperature for 2 min. Exosome lysate/binding 

mixture was added to the antibody membrane and then incubated overnight on shaker at 4 

°C. After washing with array wash buffer, detection buffer was added to the membrane and 

incubated at room temperature for 2 h. The membrane was washed twice with wash buffer, 

developed, and exposed for the final signal analysis.

Exosomes were also screened for growth factors and cytokines using Human Membrane 

Antibody arrays (Cat#ab169819, Abcam, Cambridge, MA.) according to the manufacturer’s 

instructions. Briefly, exosome proteins (170 µg) were incubated with array membranes 

overnight. The array membranes were then incubated with biotin-conjugated anti-adipokines 

and detected by HRP-conjugated streptavidin. Signals were quantified using imageJ 

software (http://rsbweb.nih.gov/ij/download.html).

Xenograft studies

In vivo studies were conducted using animal protocols approved by the Institutional Animal 

Care and Use Committee (IACUC) of University of Maryland School of Medicine in 

compliance with federal guidelines. Five- to six-week-old immunodeficient Nu/Nu female 

mice were randomized into two groups of five. Cells were resuspended in matrigel/media 
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suspension (1:1 ratio) and injected to the 5th mammary gland nipple. DCIS cells were 

injected with or without exosomes derived from preadipocytes. Tumor growth was 

monitored weekly using digital calipers. The formula ‘(length × width2)/2’ was used to 

assess the tumor size. Six weeks after injection the mice were sacrificed, tumors were 

harvested, and fixed in formalin.

Statistical analysis

Statistical analysis was performed using Graph Pad Prism software and data were assessed 

by the 2-tailed Student t test. Results were considered significant when p < 0.05 (*) and data 

are presented as mean ± SEM.

Results

Shikonin treatment inhibits preadipocyte differentiation by targeting the SOX9/miR-140 
signaling pathway

Tumor microenvironment plays a critical role in the development and progression of breast 

cancer. Furthermore, it has been reported that signaling between adipocytes and breast 

cancer cells can promote breast tumor aggressiveness and invasion [24]. A more complete 

understanding of the mechanisms underlying the role of the tumor microenvironment may 

prove critical to future therapeutic strategies. We have previously reported that the natural 

compound SK inhibits tumor growth of estrogen receptor α-positive breast cancer cells and 

co-treatment with SK increases the sensitivity of breast cancer cells to endocrine therapy 

[18]. We began our current study by investigating the potential for SK to target the tumor 

microenvironment and impact cell–cell signaling between preadipocytes and breast cancer 

cells.

We first investigated the effect of SK on preadipocyte differentiation using the murine 

preadipocyte cell line 3T3L1. These cells have MSC-like functions and differentiate into 

mature adipocytes upon stimulation with differentiation cocktail (D-biotin, dexamethasone, 

insulin, and IBMX) [7]. 3T3L1 cells were stimulated with the differentiation cocktail plus 2 

µM SK, and at the 8th day the number of mature adipocytes was visualized using lipid 

accumulation staining Oil-Red-O (Fig. 1a, left panel), as well as BODIPY, a cell permeable 

lipophilic fluorescent dye (Fig. 1a, right panel). SK treatment resulted in remarkably lower 

lipid accumulation and lipophilic fluorescent staining, suggesting that SK treatment can 

reduce preadipocyte differentiation (Fig. 1a). To further confirm the inhibitory effect of SK 

in regard to preadipocyte differentiation, we also examined an additional murine 

preadipocyte cell line MBA-1. MBA-1 cells were similarly stimulated with the adipocyte 

differentiation cocktail plus SK. Following the 8th day, MBA-1 cells were stained with Oil-

Red-O. SK treatment also decreased preadipocyte differentiation of MBA-1 cells further 

supporting the ability of SK to inhibit preadipocyte differentiation (Fig. 1b).

We confirmed SK inhibition of preadipocyte differentiation at a molecular level using qRT-

PCR to examine PPARγ and C/EBPα expression, two well-known transcription factors that 

are activated in terminal adipocyte differentiation. mRNA levels of both transcription factors 

were significantly reduced in SK-treated 3T3L1 cells (Fig. 1c, top panel).
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The transcription factor SOX9 has been reported to promote preadipocyte differentiation by 

binding to promoter regions of C/EBP [25]. Our published studies demonstrate that SOX9 is 

activated in DCIS stem-like cells where it is regulated via miR-140, which is frequently 

silenced in DCIS [26]. miR-140 is also a key regulator of stromal cell differentiation [27]. 

Furthermore, we have found that miR-140 can be activated in breast cancer cells following 

treatment with chemopreventive compounds [7]. Thus, we tested if the SOX9/miR-140 

pathway is involved in SKs ability to repress preadipocyte differentiation. qRT-PCR data 

showed that upon SK treatment of 3T3L1 cells mRNA levels of SOX9 significantly 

decreased, while miR-140 level significantly increased (Fig. 1c, bottom panel). Since our 

previous studies already demonstrated that miR-140 can inhibit SOX9 expression in breast 

cancer cells through targeting the 3′UTR of SOX9 mRNA [28], we decided to investigate if 

miR-140 also targets SOX9 in preadipocytes. We transfected mouse miR-140 expression 

plasmids into 3T3L1 preadipocytes and observed that overexpression of miR-140 leads to a 

decreased SOX9 protein level but has no effect on the protein level of DLK1, a preadipocyte 

marker, indicating that miR-140 specifically targets SOX9 in preadipocytes (Fig. 1d). Taken 

together, these results show that SK inhibits preadipocyte differentiation in part by targeting 

SOX9/miR-140 signaling pathway.

To further examine the impact of miR-140 modulation on adipogenesis, we transfected 

human breast preadipocytes with a miR-140 inhibitor sponge or with a miR-140 expression 

vector (Fig. 1e). Whereas inhibition of miR-140 did not affect adipocyte differentiation, 

miR-140 overexpression significantly inhibited differentiation as evidenced by decreased 

Oil-Red-O staining. Together these results suggest that SK activation of miR-140 is one 

mechanism through which SK can inhibit preadipocyte differentiation.

Shikonin inhibits preadipocyte-derived exosomal signaling pathway

Our observations on the effect of SK on adipogenesis led us to examine the impact of SK on 

preadipocyte-derived exosomal signaling pathway. As exosomes secreted from 

preadipocytes can alter the tumor microenvironment and promote tumor invasiveness [29], 

we postulated that SK treatment of preadipocytes may impact exosomal signaling and could 

alter breast tumor cell phenotype. To test our hypothesis, we first purified exosomes from 

preadipocytes using ultracentrifugation [23]. The purity of these exosomes was confirmed 

using an exosomal antibody array. This array includes well-characterized exosomal protein 

markers and allows for the confirmation of exosomal recovery.

The array revealed positive signals for CD81, ICAM, CD63, ALIX, TSG101, and FLOT-1 

all frequently observed exosomal proteins, indicating successful exosome isolation. The 

isolated exosomes were free of cell debris and other contaminants, as demonstrated by the 

negative staining for GM130, a cis-Golgi matrix protein. Pre-adipocyte-derived exosomes 

were strongly positive for flotillin-1 (FLOT-1), a caveolae-associated integral membrane 

protein of unknown function (Fig. 2a). After confirming exosome purity, we isolated 

exosomes from 3T3L1 treated with or without SK and compared exosomal protein 

expression. Figure 2b shows that exosomes derived from 3T3L1 cells are highly enriched in 

SOX9 proteins. We observed a significant decrease in exosomal SOX9 expression in 

addition to several exosomal marker proteins (FLOT1 and CD81) in exosomes derived from 
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SK-treated 3T3L1 cells (gel staining was used to control for total protein content). Since 

exosomes often contain growth factors and cytokines that can be transferred into recipient 

cells and modulate their functions, we performed a protein array to examine the impact of 

SK on exosomal secretion of growth factors and cytokines (Fig. 2c, d). We observed that 

treatment with SK leads to a dramatic decrease in exosomal secretion of many growth 

factors and cytokines (Fig. 2d) directly related to tumor growth, angio-genesis, and invasion.

Shikonin inhibits preadipocyte-derived exosomal signaling that supports DCIS stem cell 
formation

Exosomes express surface makers that recognize recipient cells and facilitate intercellular 

transfer of miRNAs and proteins [11]. To study the role of preadipocyte-derived exosomes 

in cancer stem cell signaling, MCF10DCIS (DCIS) cells, representing early-stage breast 

cancer cells [28], were treated with preadipocyte-derived exosomes in mammosphere 

cultures, where stem-like cells remain viable and grow as non-adherent spheres. We have 

previously shown that mammosphere culture of DCIS cells enriches for cancer stem cells 

with an enhanced migratory phenotype [28]. Exosomes were isolated from 3T3L1 cells 

treated with or without SK, and these exosomes were labeled with PKH26, a red fluorescent 

dye, to confirm that they indeed were taken up by the mammosphere cells (Fig. 3a). In the 

presence of exosomes isolated from 3T3L1 cells, DCIS cells showed significant increases in 

mammosphere formation, suggesting exosomes promote cancer stem cell renewal. In 

contrast, exosomes derived from SK-treated 3T3L1 cells failed to promote cancer stem cell 

renewal as evidenced by a decrease in mammosphere formation.

We have shown that exosomes derived from 3T3L1 cells contain detectable levels of SOX9 

protein (Fig. 2b). In order to elucidate the mechanism through which exosomes derived from 

SK-treated 3T3L1 cells inhibit DCIS mammosphere formation, we checked the mRNA 

levels of SOX2 and SOX9 in DCIS mammospheres following addition of exosomes derived 

from SK-treated 3T3L1 cells. We have previously demonstrated that the pluripotency factor 

SOX2 is also directly targeted via miR-140 and can regulate stem cell signaling in breast 

cancer cells [26]. mRNA levels of SOX2 but not SOX9 (data not shown) were significantly 

reduced in DCIS mammospheres following incubation with exosomes isolated from SK-

treated 3T3L1 cells (Fig. 3b). We then examined the effect of SK-treated exosomes on 

SOX2 and SOX9 protein levels in DCIS mammospheres. The protein levels of both SOX2 

and SOX9 in DCIS mammospheres reduced in a dose-dependent manner upon incubation 

with SK-treated exosomes derived from 3T3L1 cells (Fig. 3c). Moreover, qRT-PCR of 

isolated exosomal RNA showed that exosomes from SK-treated 3T3 L1 cells have 

significantly higher levels of miR-140 (Fig. 3d), mirroring the effect that was seen in SK-

treated 3T3L1 cells (Fig. 1c). These results suggest that treatment of tumor 

microenvironment with SK could inhibit cancer stem cell function via preadipocyte-derived 

exosomal miR-140 targeting SOX2/SOX9 in breast cancer stem cells.

We further investigated the potential for exosomal miR-140 to impact stem cell signaling in 

breast cancer cells. DCIS cells labeled with PKH26 were mixed with 3T3L1 cells 

transfected with GFP-miR-140 expression vector at a 1:1 ratio and seeded for mammosphere 

formation. DCIS cells mixed with miR-140-transfected 3T3L1 cells formed a significantly 
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lower number of mammospheres compared to DCIS + 3T3L1 control cells (Fig. 4a, b). 

Next, 3T3L1 cells were transfected with miR-140 and exosomes were collected. The 

exosomes were then labeled with PKH26 and mixed with DCIS cells and mammosphere 

formation was examined. DCIS cells treated with exosomes from miR-140-transfected 

3T3L1 cells formed significantly fewer and smaller mammospheres compared to control 

exosomes (Fig. 4c). These data suggest that activation of miR-140 in preadipocyte-derived 

exosomes could inhibit breast cancer stem cell renewal.

Shikonin-dependent inhibition of cell migration can be mediated by exosomes

Preadipocytes play a significant role in breast tumor progression mediated through cytokine 

and growth factor secretion, and exosomal signaling [6, 7]. We next investigated whether 

SK could inhibit preadipocyte-mediated increases in tumor cell invasion. We first cultured 

DCIS cells alone and checked their migration ability upon SK treatment. SK treatment 

significantly reduced the number of migrating DCIS cells (Fig. 4d). We then cocultured 

DCIS cells with exosomes from 3T3L1 cells for 48 h prior to seeding them for migration 

assay. Cell migration was significantly enhanced following co-culture with exosomes 

derived from preadipocytes. We then cocultured DCIS with exosomes from SK-pretreated 

3T3L1 cells and observed a significant decrease in tumor cell migration. These data suggest 

that SK treatment inhibits breast cancer cell migration through targeting breast cancer cells 

as well as exosomes derived from preadipocytes.

Exosomes promotes tumor formation in vivo

In vitro studies showed that exosomes from 3T3L1 preadipocytes contribute significantly to 

the aggressive behavior of DCIS cells (Fig. 4d). To validate these results in vivo, DCIS cells 

with or without exosomes isolated from 3T3L1 cells were injected into the mammary gland 

of 5–6-week-old immunodeficient Nu/Nu mice. Six weeks after the injection, the mice were 

sacrificed and tumor growth was compared to the tumors of the mice injected with DCIS 

cells only. The tumor volume of the mice injected with DCIS with exosomes from 3T3L1 

cells was significantly larger than the tumor volume of mice injected with DCIS cells alone 

(Fig. 4e). When the mice were injected with DCIS cells along with exosomes isolated from 

SK-treated 3T3L1 cells, the tumor volume was observed to be significantly smaller than 

tumors derived from DCIS and control exosomes. These data demonstrate that preadipocyte-

derived exosomes within the tumor microenvironment are essential for tumor formation. 

Our data also confirm that SK inhibition of tumor formation can be mediated through 

preadipocyte-secreted exosomes in vivo.

Discussion

Many studies have reported on the strong antitumor activity of SK in breast tumor cells [18–

20]. For the first time, here, we report on the potential for SK to inhibit tumor growth by 

targeting preadipocyte signaling in the tumor microenvironment. We found that SK 

treatment could inhibit preadipocyte differentiation via a miR-140/SOX9 mechanism. As 

preadipocyte cells can promote breast tumor progression, this suggests that SK may be a 

potent chemopreventive compound able to target both tumor cells and activated tumor 

microenvironment.
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Signaling within the tumor microenvironment has been reported to occur via secreted 

cytokines and growth factors [24]. Recent reports indicate that exosomal secretion by both 

tumor and stromal cells may also play an important role in cell–cell signaling in the tumor 

microenvironment [14, 17]. We first observed that SK could dramatically alter exosomal 

protein content including SOX9 and numerous pro-tumorigenic growth factors and 

cytokines. Next, we observed altered miR-140 expression in exosomes derived from SK-

treated preadipocytes. We found that incubation with exosomes derived from SK-treated 

preadipocytes could dramatically alter DCIS mammosphere formation. This suggests that 

preadipocyte-derived exosomes may impact breast tumorigenesis via signaling with cancer 

stem cells.

Previously, we have reported that miR-140 is a powerful regulator of DCIS stem cells [28]. 

In addition, we found that treatment with the chemopreventive compound sulforaphane 

altered exosomal secretion of miR-140 from DCIS cells. Here we have found that co-culture 

with miR-140 overexpressing preadipocytes can impact mammosphere formation of DCIS 

cells. Furthermore, we found that this response was dependent on expression of the miR-140 

target gene SOX9 in DCIS cells. These results suggest that exosomal secretion of miR-140 

from preadipocytes can impact DCIS stem cells via targeting SOX9 transcript in target cells.

It has been previously reported that co-culture of adipocytes and breast cancer cells results 

in a more aggressive phenotype, enhanced invasiveness, and increased tumor growth in vivo 

[7]. We further observed a significant increase in migration of DCIS cells following co-

culture with exosomes secreted from preadipocytes. We also observed a significant decrease 

in tumor cell migration of DCIS cells co-cultured with exosomes derived from SK-

pretreated preadipocytes. Finally, preadipocyte-derived exosomes dramatically increase 

tumor growth of DCIS cells in vivo. This is powerful evidence that the intercellular 

signaling mediated by exosomes plays an important part in regulating breast tumorigenesis.

Taken together, these results provide further demonstration of the importance of tumor 

microenvironmental signaling to tumor progression. We find that exosomal signaling 

between preadipocytes and breast cancer cells can regulate tumor stem cell formation and 

tumor cell migration. Finally, our results suggest a new potential strategy for inhibiting 

breast tumorigenesis, by targeting preadipocyte signaling within the tumor 

microenvironment.
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Fig. 1. 
Shikonin (SK) treatment inhibits preadipocyte differentiation by targeting SOX9/miR-140 

signaling pathway, a Shikonin (2µM) resulted in a dramatic decrease in differentiation as 

evidenced by decrease in lipid droplet accumulation. 3T3L1 cells following differentiation 

(8th day after stimulation with D-biotin, dexamethasone, insulin, and IBMX cocktail) were 

stained with Oil-Red-O (Fig. 1a, left panel), as well as BODIPY, a cell permeable lipophilic 

fluorescent dye (Fig. 1a, right panel). b MBA-1 cells were differentiated following 

adipocyte differentiation cocktail. Oil-Red-O staining again indicated that the shikonin 
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treatment (2 µM) blocked adipocyte differentiation. c Treatment with shikonin altered 

molecular markers of adipocyte differentiation. (top panel) qRT-PCR measuring CEBPα 

and PPARγ mRNA levels following 3T3L1 differentiation with or without shikonin 

treatment (2 µM). Results were normalized to β-actin levels. (bottom panel) qRT-PCR 

examining SOX9 and miR-140 levels following 3T3L1 differentiation with or without 

shikonin treatment (2 µM). Results were normalized to β-actin or U6 snRNA, respectively. d 
3T3L1 cells were transfected with mouse miR-140 expression plasmids for 48 h. Whole-cell 

lysates were collected for Western blot analysis using antibodies against DLK1 and SOX9. 

Actin was used as a loading control. Densitometry for Western blot was performed using 

UN-SCAN IT Gel program. e Human breast preadipocytes were differentiated following 

transfection with miR- 140 sponge or miR-140 expression vector or control vector. Oil-Red- 

O staining was performed and absorbance measurements were taken with spectrophotometer 

at 492 nm. *p < 0.05 versus control. Data represent the mean ± SE (n = 4)
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Fig. 2. 
Shikonin treatment inhibits exosomal secretion of growth factors and cytokines. a Exosomes 

from 3T3L1(L1) cells were collected and exosome protein array was used for detection of 

exosome markers commonly associated with normal and tumor-derived exosomes including 

negative control antibody to control for cellular debris (GM130). b Western blot was 

performed for exosomes from L1 cells treated with or without 2 µM shikonin (SK) for 48 h. 

FLOT1, SOX9, and CD81 were expressed in L1-derived exosomes, whereas SK treatment 

significantly reduced FLOT1, SOX9, and CD81 in Ll-derived exosomes. Colloidal blue-

stained gel was used as a loading control. c Exosomes from L1 cells treated with or without 
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2 µM SK for 48 h were collected and exosome proteins were incubated with array 

membrane to detect cytokines. Signals were quantified using imageJ and alterations of 

exosome proteins were summarized in d
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Fig. 3. 
Preadipocyte-derived exosomes can modify DCIS stem cell renewal and shikonin treatment 

can alter exosomal signaling inhibiting DCIS stem cells, a MCF10DCIS (DCIS) 

mammosphere cultured with exosomes from preadipocytes (L1 cells) with or without 2 µM 

shikonin treatment for 48 h. Exosomes were stained with PKH26, a red fluorescent dye to 

visualize uptake into DCIS cells. b At the end of the experiment in a, DCIS mammospheres 

were collected and SOX2 mRNAs were measured via qRT-PCR, normalizing to β-actin 

levels. In parallel, proteins were collected and Western blotting was performed for SOX2 

and SOX9 normalizing to β-actin (c). d qRT-PCR was conducted on exosomal RNA extracts 

from preadipocytes with or without shikonin treatment (2 µM) for 48 h. miR-140 levels were 

measured and normalized to U6 snRNA. Data represent the mean ± SE (n = 3). *p < 0.05, 

**p < 0.01
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Fig. 4. 
Preadipocyte-derived exosomal miR-140 can target DCIS stem cells via inhibiting SOX9 

expression. a MCF10DCIS (DCIS) cells labeled with PKH26 red fluorescent dye were 

cultured in mammosphere conditions with control 3T3L1 (L1, no GFP) cells or L1 cells 

transfected with miR-140 vector containing GFP. b Mam-mospheres were quantified using 

light microscopy (spheres >100 µrn were counted) from 5 random fields. c Exosomes 

derived from L1 cells treated with or without shikonin treatment (2 µM) for 48 h were added 

to mammosphere cultures of DCIS cells. c Exosomes were isolated from L1 control or 

miR-140 overexpressing L1 cells and labeled with PKH26 red fluorescent dye. Exosomes 

were then added to DCIS mammosphere cultures and mammospheres were quantified 

(spheres >100 µm) after 8 days. Data represent the mean ± SE (n = 3). Preadipocyte-derived 

exosomes can regulate cell migration and tumor formation. d Cell migration assay was 
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performed on DCIS cells with or without shikonin treatment (2 µM) for 48 h. DCIS cells 

were also grown for 48 h in co-culture conditions with exosomes from preadipocytes (±2 

µM shikonin for 48 h) and then cell migration assays were performed. Cells were plated in a 

transwell insert with 8 lm pore size in serum-free media. 10 % serum was added to the 

bottom chamber as a chemoattractant. Cells were stained with crystal violet and visualized 

by light microscopy, and 5 random fields were quantified. e Xenografts of 1 × 106 DCIS 

cells alone, DCIS + exosomes (100 µl) isolated from L1 cells, or DCIS + exosomes derived 

from L1 cells treated with shikonin (2 µM) for 48 h were injected into mammary glands of 

nude mice and tumor size was measured using digital calipers (length × width2)/2. Data 

represent the mean ± SE (n = 7). *p < 0.05. **p < 0.01
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