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Background: Very little is known about cancer stem cells in ductal carcinoma in situ (DCIS).
Results: Basal-like DCIS contain CD49f�/CD24� ALDH1� stem-like subpopulations with enhanced migratory capacity,
unique exosomal microRNA signature, and sulforaphane sensitivity.
Conclusion: We characterized basal-like DCIS stem cells and demonstrate a potential chemopreventive strategy.
Significance: DCIS stem cells are important therapeutic targets for preventing recurrence or progression to invasive disease.

Previously, we found that basal-like ductal carcinoma in situ
(DCIS) contains cancer stem-like cells. Here, we characterize
stem-like subpopulations in a model of basal-like DCIS and
identify subpopulations of CD49f�/CD24� stem-like cells that
possess aldehyde dehydrogenase 1 activity. We found that these
cells show enhanced migration potential compared with non-
stem DCIS cells. We also found that the chemopreventive agent
sulforaphane can target these DCIS stem-like cells, reduce alde-
hyde dehydrogenase 1 (ALDH1) expression, and decrease mam-
mosphere and progenitor colony formation. Furthermore, we
characterized exosomal trafficking of microRNAs in DCIS and
found that several microRNAs (miRs) including miR-140, miR-
29a, and miR-21 are differentially expressed in exosomes from
DCIS stem-like cells. We found that SFN treatment could repro-
gram DCIS stem-like cells as evidenced by significant changes in
exosomal secretion more closely resembling that of non-stem
cancer cells. Finally, we demonstrated that exosomal secretion
of miR-140 might impact signaling in nearby breast cancer cells.

Ductal carcinoma in situ (DCIS)3 is an early stage, non-inva-
sive breast cancer. Therapeutic management of DCIS involves
surgery, radiation, and where appropriate, hormonal therapies
(1). Roughly 15% of patients with DCIS show recurrent disease
following therapy (2). Identifying which patients are at greatest
risk for disease recurrence and progression to invasive disease is
a critical issue facing clinicians.

Similar to invasive ductal carcinoma, DCIS is a heteroge-
neous disease consisting of multiple molecular subtypes
identified through gene expression profiling. For luminal
subtype DCIS, estrogen receptor �-positive (ER�) patients
benefit from adjuvant tamoxifen treatment (3, 4). However,

there are no available targeted therapies for patients with
basal-like DCIS malignancies.

Previous studies indicated that DCIS lesions are the precur-
sor of most invasive breast tumors (5). We recently published
evidence that cancer stem-like cells can be identified within
basal-like DCIS that might drive malignant progression. Fur-
thermore, we demonstrated that these DCIS stem-like cells
possessed self-renewal properties in vitro and in vivo (6).

Studies in invasive breast tumors have identified multiple
markers delineating cancer stem cells (CSCs) from non-stem
breast cancer cells. The first solid tumor stem cell markers were
identified in breast tumors where CD44-high/CD24-low breast
cancer cells were shown to be enriched in CSCs (7, 8). These
markers are sufficient for enriching for CSCs primarily in lumi-
nal type breast tumors, whereas basal-like or claudin-low breast
tumors consist primarily of CD44-high breast cancer cells
(9 –11). It may be possible to utilize additional markers such as
EpCAM� (ESA) to further enrich for CSCs in breast tumors
that are primarily CD44 high (9). Others have taken a different
approach, utilizing enzymatic activity of ALDH1 (aldefluor
assay) to identify stem-like cells in breast tumors, with basal-
like invasive ductal carcinoma possessing higher levels of
ALDH1� cells (12). Finally, some groups have identified breast
cancer stem cells by separating tumor cells that possess the
highest number of drug efflux pumps by using dye exclusion
assays (the side population) (13).

Many studies have examined the molecular profiles of vari-
ous stem-like cells in invasive ductal carcinoma tumors. How-
ever, the molecular characteristics of DCIS stem cells are less
clear. Here, we examine a model of basal-like DCIS and identify
stem like subpopulations involving ALDH1� and CD49f�/
CD24� cells. We demonstrate that these cells possess enhanced
migration capacity; this aggressive phenotype suggests these cells
may be malignant precursor cells. We find that these cells are sen-
sitive to the dietary chemopreventive compound SFN. Treatment
with SFN reduces mammosphere formation and decreases
ALDH1 expression in these DCIS stem-like cells.

Signaling within the tumor microenvironment is considered
to play an important role in the progression from DCIS to inva-
sive disease (14). One mechanism through which tumor cells
signal within the tumor microenvironment is exosomal secre-

* This work was supported, in whole or in part, by grants from American
Cancer Society and NCI, National Institutes of Health R01 CA163820 and
R01 CA157779 (to Q. Z.).

1 These co-first authors contributed equally to this work.
2 To whom correspondence should be addressed: Dept. of Biochemistry and

Molecular Biology, University of Maryland School of Medicine, Baltimore,
MD 21201. Tel.: 410-706-1615; Fax: 410-706-8297; E-mail: qzhou@som.
umaryland.edu.

3 The abbreviations used are: DCIS, ductal carcinoma in situ; qRT-PCR, quanti-
tative RT-PCR; miR, microRNA; CSC, cancer stem cell.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 3, pp. 1303–1312, January 17, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

JANUARY 17, 2014 • VOLUME 289 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 1303



tion (15). Exosomes are small (�100 nm) vesicles secreted by
cells that contain cargo proteins and nucleic acids. It has been
shown that specific miRs are secreted by tumor cell exosomes
that can signal to nearby tumor, immune, or endothelial cells.
We characterized unique cell-cell signaling of these DCIS stem-
like cells involving exosomal trafficking of miRs, which we dem-
onstrate might regulate stem cell activity in nearby cells.

EXPERIMENTAL PROCEDURES

Cell Culture—MCF10DCIS were grown in DMEM/F12 sup-
plemented with 5% horse serum (Invitrogen) and 1% L-gluta-
mine (Invitrogen). MCF-7, MDA-MB-231, and HEK-293T cells
were grown in DMEM with 5% FBS (HyClone; Rockford, IL)
and 1% L-glutamine. SUM102PT cells were grown in Ham’s F12
with 10 ng/ml EGF, 5 �g/ml insulin, 1 �g/ml hydrocortisone, 5
mM ethanolamine, 10 mM HEPES, 5 �g/ml transferring, 10 nM

of triiodothyronine, and 0.1% BSA. Cells were incubated in 5%
CO2 at 37 °C. Sulforaphane (Sigma) was dissolved in EtOH.

Transwell Migration—Transwell migration assays were car-
ried out using Transwell migration chambers (8-�m pore size;
Costar; Cambridge, MA). Cells were grown in DMEM (0.5 �
105 cells/ml) in the upper chamber. The lower chamber con-
tained DMEM with 10% FBS. The cells were allowed to migrate
toward the 10% FBS gradient overnight. Non-migrated cells
were removed with cotton swabs. The migrated cells were
stained with 1% crystal violet in methanol/PBS and counted
using light microscopy. Five random fields were counted per
experiment.

Quantitative Real-time PCR and MicroRNA Array— qRT-
PCR analysis of mRNA/miR expression was performed as
described previously (16) with normalization to GAPDH
mRNA or U6 snRNA (GAPDH, GAAGGTGAAGG TCG-
GAGTC (forward) and GAAGATG GTGATGGGATTTC
(reverse)). Exosomal microRNA expression was screened for
an 88-miR panel, human miFinder array (SABioscience; Flat
Lake, MD).

Flow Cytometry, Immunofluorescence, and Western Blotting—
Flow cytometry was performed on cells stained with CD44-
APC, CD49f-APC, and CD24-PE antibodies (BD Pharmingen).
Immunostaining of breast cancer cells was performed using
anti-CK8/18 antibody (University of Iowa Developmental
Hybridoma Studies Bank, clone Troma-I) and anti-CK14
(Covance; San Diego, CA). Western blotting was performed as
described previously (16) using �-actin (Sigma) and ALDH1
(BD Pharminigen) antibodies. Immunofluorescent staining was
performed using Alexa Fluor 488/555-conjugated secondary
antibodies (Invitrogen) with DAPI counterstaining. Fluores-
cent staining was visualized using an Olympus IX81 spinning
disk confocal microscope.

Mammosphere, Aldefluor Assay, and Progenitor Differentia-
tion Assay—Single cells were obtained using cell dissociation
buffer (Millipore; Billerica, MA) and 40-�m cell strainers
(Fisher Scientific; Pittsburgh, PA) and counted. 20,000 cells/ml
were seeded in six-well plates coated with 2% polyhema (Sigma)
in DMEM/F12 containing 2% B27, 20 ng/ml EGF, 4 �g/ml insu-
lin, and 0.4% BSA. After 7 days, spheres �100 �m were quan-
tified by light microscopy. Aldefluor assay was performed
according to manufacturer’s instructions (StemCell Technolo-

gies, Durham, NC). Progenitor differentiation assays were per-
formed by culturing 103 breast cancer cells with 5 � 104 irradi-
ated NIH-3T3 fibroblasts in DMEM/F12 containing 2% B27, 20
ng/ml EGF, 4 �g/ml insulin, and 0.4% BSA. After 7 days, cells
were visualized by light microscopy or stained with fluorescent
antibodies.

Xenograft Formation—All studies were done in accordance
with federal guidelines and institutional policies of University
of Maryland Animal Care and Use Committee. Six-week-old
nude mice (Charles River Laboratories, Wilmington, MA) were
injected with DCIS cells resuspended in a 1:1 ratio of media/
Matrigel at the no. 5 mammary gland nipple. Tumor size was
monitored weekly using digital calipers. Paraffin embedding,
sectioning, and H&E staining were performed by University of
Maryland Histology Core.

Exosomal Isolation and Internalization Assay—Exosomes
were isolated using the Total Exosome Isolation kit (Invitro-
gen). Exosomal RNA was isolated using the Total Exosome
RNA and Protein Isolation kit (Invitrogen). HEK-293T cells
were co-transfected with miR-140 overexpression vector and
CD9-GFP vector using Lipofectamine 2000 (Invitrogen)
according to manufacturer’s instructions. After 3 days, exo-
somes were isolated and added to MCF10DCIS or MDA-MB-
231 cell medium. 24 h later, cells were washed, and RNA was
harvested. All exosomal experiments were performed in exo-
some-free media as obtained via ultracentrifugation.

Statistical Analysis—Statistical analysis was performed by
Student’s t test. p values of � 0.05 (*) were considered signifi-
cant. Data are presented as mean � S.E. Data were analyzed
using GraphPad Prism software (version 6.0).

RESULTS

Basal-like DCIS Lesions Contain a CD49f�/CD24� Stem-
like Subpopulation Enriched in ALDH1 Activity—In our previ-
ous studies, we have examined the underlying biology of several
models of basal-like DCIS (6). Here, we set out to better char-
acterize the stem cell compartment in these DCIS lesions. Pre-
vious studies of invasive ductal carcinoma have revealed that
ALDH1 activity is a marker of mammary stem cells and breast
cancer stem cells (12). Specifically, basal-like invasive ductal
carcinoma has been shown to contain a stem cell subpopulation
that possesses ALDH1 activity (11). We examined ALDH1
activity levels in MCF10DCIS cells, which are clonally derived
from H-Ras-transformed MCF10A cells (non-tumorigenic
mammary epithelial cells) (18), and in SUM102PT cells, a
breast cancer cell line derived from a patient with DCIS and
concomitant invasive ductal carcinoma lesions. We performed
the aldefluor fluorescent assay to measure ALDH1 activity and
found that compared with MCF-7 luminal invasive carcinoma
(known to show little to no ALDH1 activity), MCF10DCIS and
SUM102PT cells possess a stem-like subpopulation (roughly
3–5% of cells) with high ALDH1 activity (Fig. 1).

We have previously demonstrated that MCF10DCIS cells are
enriched in CD44-high/CD24-low cells (6), well known mark-
ers for breast cancer stem cells. We examined whether use of
these combined markers, CD44-high/CD24-low and ALDH1
activity might allow greater enrichment of highly tumorigenic
cells. However, as shown in Fig. 2A, we found that the CD44-
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high/CD24-low subpopulation of cells failed to show an enrich-
ment in ALDH1 activity as compared with the whole cell pop-
ulation (still roughly 3–5% of cells) in either MCF10DCIS cells
or SUM102PT cells (Fig. 2C).

As there was little overlap between CD44-high/CD24-low
and ALDH1� subpopulations, we examined other potential
stem cell markers that might further enrich for DCIS stem-like
cells. We examined CD49f (�6 integrin) expression, a marker
of mouse mammary stem cells (19), in MCF10DCIS and
SUM102PT cells (Fig. 2B). We found that CD49f- high/CD24-
low subpopulation of cells were enriched in ALDH1� popula-
tions (10 –18% of cells) (Fig. 2D). This result suggests that these
overlapping markers might allow greater enrichment of DCIS
stem-like cells for further study.

Next, we were also interested in potential stem cell activity in
MCF10DCIS cells grown in attachment-free mammosphere con-
ditions. We found that CD49f�/CD24� DCIS stem-like cells
formed more mammospheres than MCF10DCIS control cells
(Fig. 3A), indicating enrichment in self-renewal capability.

DCIS Stem-like Cells Are Highly Tumorigenic in Vivo—Next,
we examined the tumorigenicity of these cells in vivo to fur-
ther assess their stem cell properties. We performed xeno-
graft experiments by injecting mammary glands of nude
mice with CD49f�/CD24� MCF10DCIS stem-like cells. We
found that MCF10DCIS stem-like cells could form fast
growing tumors in nude mice (Fig. 3B, left) when compared
with MCF10DCIS control cells. We observed very low
tumorigenic formation in mice injected with MCF10DCIS

FIGURE 1. Basal-like DCIS cell lines possess high levels of ALDH1 activity. We examined ALDH1 activity levels in DCIS and SUM102PT cells using the
aldefluor assay. The percentage of ALDH1� cells minus the amount detected in the presence of diethylaminobenzaldehyde (DEAB) inhibitor is graphed below.
Invasive MCF-7 (luminal) cell lines are used as a control as they are known to possess very little ALDH1 activity.
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control cells. Furthermore, we observed DCIS structures in
mice injected with MCF10DCIS stem cells, which were con-
firmed by paraffin embedding, tissue sectioning, and H&E
staining of tumors (Fig. 3B, right). Dissociated cells from the
MCF10DCIS tumors demonstrated increased mammo-
sphere formation compared with MCF10DCIS control cells,

providing further evidence for the self-renewal capacity of
these MCF10DCIS stem cells (Fig. 3C).

Next, we used immunofluorescence to examine ALDH1
expression in mammospheres and in tumor tissues. We found
that a majority of mammospheres from MCF10DCIS stem-like
cells contained ALDH1-bright cells (Fig. 3D) as compared with

FIGURE 2. There is no overlap of CD44-high/CD24-low and ALDH1� cells in basal-like DCIS. A, CD44-high/CD24-low cells do not overlap with ALDH1�
cells in basal-like DCIS. Cells were stained with CD44-APC/CD24-PE antibodies and ALDH1 activity was measured using the aldefluor kit. B, CD49f-high/CD24-
low cells are enriched in ALDH1� cells. Cells were stained with CD49f-APC/CD24-PE antibodies, and ALDH1 activity was measured using the aldefluor kit. C and
D, quantification of ALDH1� cells (minus diethylaminobenzaldehyde (DEAB) control).
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FIGURE 3. DCIS stem cells can form mammospheres and are enriched in ALDH1 staining in vivo. A, mammosphere formation of CD49f�/CD24�
MCF10DCIS cells and MCF10DCIS control cells. B, DCIS stem-like cells are highly tumorigenic in vivo. Nude mice were injected with CD49f�/CD24�
MCF10DCIS stem-like cells or MCF10DCIS control cells, and tumor growth was monitored weekly using digital calipers (left). Only one of five mice
injected with MCF10DCIS control cells showed DCIS. However, four of five mice injected with MCF10DCIS stem cells showed DCIS. H&E staining of
MCF10DCIS stem cell xenograft tumor showing DCIS structure (right). C, tumor cells were harvested and dissociated and then grown in attachment free
mammosphere culture. D, DCIS stem-like cells were grown as mammosphere for 7 days after which cells were harvested and allowed to attach to
coverslips for 24 h before performing immunofluorescence for ALDH1 and cytokeratin 14 (K14) and counterstained for DAPI. E, tissue from xenograft
tumors (DCIS stem-like cells or DCIS non-stem cells) were examined by immunofluorescence for ALDH1 and cytokeratin 14.
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whole population cells, which had variable intensity ALDH1
staining. We analyzed tumor tissues of xenograft tumors from
MCF10DCIS stem-like cells and from MCF10DCIS whole pop-
ulations and found that tumor cells from MCF10DCIS stem-
like cells had much higher expression of ALDH1 stem cell
marker and intense staining of the basal lineage marker cytok-
erratin 14 (Fig. 3E). This corresponds with our earlier observa-
tion that CD49f�/CD24� stem-like cells were enriched in
ALDH1 activity (Fig. 2, B and D).

DCIS Stem-like Cells Possess Enhanced Migratory Capacity—
Malignant precursor cells are predicted to exist within DCIS
lesions that predetermine invasive progression and recurrence.
DCIS stem-like cells are a likely candidate to contain this malig-
nant program and therefore might be an important therapeutic
target for prevention of disease progression. As such, we sought
to functionally characterize the invasive potential of DCIS
stem-like cells. We isolated ALDH1� and ALDH� popula-
tions from MCF10DCIS cells and performed cell invasion
assays on Transwell inserts (8-�m pore) using serum as a che-
moattractant. As expected, a majority of cells (ALDH�) dem-
onstrated low migratory potential. However, ALDH1� stem-
like cells demonstrated a significantly enriched migratory
capacity (Fig. 4). This suggests that these cells might be primed
to become invasive.

Characterization of DCIS Progenitor Cells—Stem cells are
defined by their potential for self-renewal and multi-lineage
differentiation. Mimicking normal tissue hierarchy, cancer
stem cells possess aberrant self-renewal and a capacity to dif-
ferentiate into non-stem cancer cells that make up the bulk of
the tumor. To examine the differentiation capacity of our DCIS
model, we performed co-culture colony formation assays that
promote progenitor proliferation and differentiation. We

grew MCF10DCIS and SUM102PT cells in clonal conditions
atop a feeder layer of irradiated NIH-3T3 fibroblasts. We
examined colony formation by morphologic analysis and the
expression of lineage-associated cytokeratins denoting basal
(cytokeratin 14) or luminal (cytokeratin 8/18) lineage (20).
As expected, MCF-7 control cells formed only CK18�/
CK14� luminal colonies with visible luminal epithelial mor-
phology and cell-cell contacts (Fig. 5). SUM102PT cells, pre-
viously characterized as basal-like, were found to form only
CK14�/CK18� basal-like colonies with fewer visible cell-
cell junctions. Finally, MCF10DCIS cells demonstrated
strong CK14� staining with weak CK18 staining resembling
cells of primarily basal lineage. Their morphology, however,
more closely resembled that of luminal lineage MCF-7 breast
cancer cells. These results suggest that MCF10DCIS cells may
possess mixed lineages of progenitor cells or could contain
bipotent progenitors.

Targeting DCIS Stem-like Cells with Chemopreventive Agent
Sulforaphane—We previously demonstrated that treatment
with the isothiocyanate SFN could inhibit DCIS stem-like cells
in vitro and in vivo (6). Because our current studies further
characterized these basal-like DCIS contain CD49f�/CD24�
ALDH1� stem-like subpopulations, we next decided to test
whether treatment with SFN can impact DCIS stem-like charac-
teristics, including progenitor proliferation, migratory capacity,
and unique exosomal microRNA signature.

Here, we examined the impact of the SFN on colony forma-
tion of MCF10DCIS progenitor cells. We observed a decrease
in colony formation upon SFN treatment possibly due to
decreased progenitor proliferation (Fig. 6A). Next, we exam-
ined the impact of SFN on self-renewal of DCIS stem-like cells
in mammosphere culture conditions. We observed a decrease

FIGURE 4. DCIS stem cells possess enhanced migratory capacity. We isolated CD49f�/CD24� stem-like cells, which were enriched in ALDH1 activity, from
MCF10DCIS cells, and we performed transwell migration assays. After 24 h of migrating toward a chemoattractant (10% FBS), we stained migrated cells with 1%
crystal violet and visualized with light microscopy. Five random fields were counted (n � 3).
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in mammosphere formation upon SFN treatment indicating
that SFN can inhibit the self-renewal of DCIS stem-like cells
(Fig. 6B). Finally, we observed a decrease in ALDH1 expression
following SFN treatment via Western blotting, indicating that
SFN treatment could block stem cell signaling in DCIS stem-
like cells (Fig. 6C).

Characterization of DCIS Exosomal Trafficking—We next
examined how DCIS stem-like cells might signal between other

cancer cells and/or tumor microenvironment to influence dis-
ease progression. Previous studies have found that invasive
breast cancers secrete tumor-derived exosomes, small mem-
brane bound vesicles of endosomal origin that contain proteins
and RNAs that can provide active protumor signals to recipient
cells within the tumor and surrounding stroma (15). We first
isolated exosomes from MCF10DCIS stem-like cells and
MCF10DCIS whole cell populations and then extracted exo-

FIGURE 5. Progenitor colony formation of DCIS cell models. Immunofluorescent staining for luminal (cytokeratin 8/18 (CK8/18)) and myoepithelial/basal
(cytokeratin 14 (CK14)) lineage-associated markers. 1,000 DCIS cells were co-cultured with 50,000 irradiated NIH-3T3 fibroblasts. Staining was performed using
Alexa Fluor 488/555 conjugated secondary antibodies. DAPI counterstaining was used to visualize cell nuclei.

FIGURE 6. SFN treatment targets DCIS stem-like cells. A, SFN treatment (10 �M) reduces progenitor colony formation. Colonies were stained with crystal
violet, and colonies were quantified by light microscopy. B, SFN treatment reduced mammosphere formation of DCIS stem-like cells. Isolated CD44-high/
CD24-low stem-like cells were culture in mammosphere conditions with or without SFN treatment (0, 10, 20 �M), and after 7 days, spheres � 100 �m were
quantified by light microscopy. C, SFN treatment reduces ALDH1 expression. Western blotting was used to quantify ALDH1 expression following SFN treatment
(10 �M). �-Actin was used as a loading control.
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somal RNA content. We performed array-based analysis of miR
species present in the exosomes from MCF10DCIS stem-like
cells. Compared with exosomes isolated from DCIS whole-cell
populations, exosomes from DCIS stem-like cells contained
altered miR content (Fig. 7A). miR array analysis revealed dif-
ferential expression of 38 miRs (nine down-regulated and 29
up-regulated) in DCIS stem-like cell exosomes, among them
miR-140 was found to be down-regulated in DCIS stem-like
exosomes. This matches what we previously observed regard-
ing cellular expression of miR-140 in DCIS stem-like cells
(where miR-140 is down-regulated compared with non-stem
like cells).

We also tested whether expression of exosomal miRs from
DCIS stem cells reflected a stem cell program in common with that
of parental non-tumorigenic MCF10A stem cells. We isolated
exosomal miRs from MCF10A stem cells and MCF10DCIS stem
cells and compared expression of candidate miRs identified by our
array. Interestingly, we observed an inverse trend regarding
exosomal miR expression in normal stem cells compared with
DCIS stem cells (Fig. 7B). MCF10A stem cells secreted higher
levels of miR-140 than MCF10A non-stem cells, whereas
MCF10DCIS stem cells secreted lower levels of miR-140 than
MCF10DCIS non-stem cells. A dramatic inverse trend was also
observed for miR-21 and miR-29 in which DCIS stem-like cells
secreted higher levels of these miRs, whereas normal stem cells
secreted lower levels of these miRs. This extracellular signaling
may serve as a differentiation signal that is missing in DCIS
stem cells.

We further examined whether SFN treatment might impact
secretion of candidate miRs from DCIS stem-like cells. We
found that sulforaphane treatment resulted in increased exo-
somal miR-140 and decreased exosomal miR-21 and miR-29
(Fig. 7C). This provides further evidence that SFN can inhibit
DCIS stem cell signaling which may promote differentiation in
recipient cells.

Exosomal Secretion and Internalization of miR-140—Finally,
we examined what impact these altered exosomal miRs might
have on breast cancer cell signaling. As we have previously
reported on its significance in stem cell signaling in DCIS
lesions, we decided to focus on miR-140 exosomal secretion (6).
We constructed an artificial system to study miR-140 secretion
and internalization. We overexpressed GFP-tagged CD9, a pro-
tein marker of exosomes (21), along with miR-140 expression
vector in HEK293T cells cultured in exosome free media
(obtained via ultracentrifugation). We isolated exosomes con-
taining miR-140. We verified successful isolation of exosomes
from cell culture medium using Western blot for CD9 (data not
shown). We treated MDA-MB-231 (invasive basal-like breast
cancer cells) and MCF10DCIS cells with purified exosomes and
examined uptake of exosomal miR-140 using qRT-PCR. We
found that exosomal transfer of miR-140 into breast cancer
cells resulted in a small but detectable increase in cellular miR-
140 levels in both cell lines (Fig. 8). This suggests that exosomal

secretion of miR-140 has the potential to impact miR-140 sig-
naling in nearby tumor and stromal cells. Furthermore, this
suggests that in addition to directly targeting DCIS stem cells,
SFN treatment may be able to also block stem cell signaling in
nearby cells by increasing exosomal miR-140 secretion in the
tumor microenvironment.

DISCUSSION

Here, we have shown that basal-like DCIS contain subpopula-
tions of cells with stem-like markers CD49f�/CD44�/CD24�.
Furthermore, we found that these cells are enriched in ALDH1�
activity. These DCIS stem-like cells possess enhanced mobility rel-
ative to non-stem like DCIS cells. This enhanced migratory phe-
notype further supports that stem-like cells are the malignant pre-
cursors in DCIS lesions responsible for disease recurrence and
disease progression.

Next, we also demonstrated that the dietary compound SFN
can target these DCIS stem like cells. We show that SFN is able
to decrease ALDH1 expression in DCIS stem-like cells and that
this corresponds with decreased mammosphere and colony
formation capacity of DCIS stem-like cells. This provides fur-
ther support for the chemopreventive potential for the dietary
compound SFN.

Finally, we identified unique exosomal secretion of miRs by
DCIS stem-like cells. We found that SFN was able to dramati-

FIGURE 7. Differential expression of exosomal miRs in DCIS stem-like cells. A, miR qRT-PCR array, comparing exosomal expression of 88 miRs in MCF10DCIS
stem-like cell exosomes (CD44-high/CD-24 low) and DCIS whole cell population exosomes. Results that met a 2-fold cutoff are listed in the table. B, follow-up
qRT-PCR validation of array results for miR-140 –3p, miR-21, and miR-29a. Results are normalized to U6 snRNA. M10, MCF10A; DCIS, MCF10DCIS. C, qRT-PCR
examining miR-140, miR-21, and mi-29a levels following 10 �M SFN treatment.

FIGURE 8. Artificial model of exosomal miR-140 secretion and internaliza-
tion. HEK-293T cells were transfected with miR-140 and the exosomal marker
CD9-GFP. Exosomes were harvested from the media following 3 days. MDA-
MB-231 and MCF10DCIS cells were treated with purified exosomes, and after
24 h, cells were harvested for RNA. miR-140 levels were examined by qRT-PCR,
normalizing to U6 snRNA.
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cally alter exosomal levels of miR-21, miR-140, and miR-29a in
culture of DCIS stem-like cells. Previously, we have shown that
miR-140 plays an important role in regulating stemness in
DCIS stem-like cells by targeting SOX9 and ALDH1 (6). It is
possible that exosomal miR-140 may then regulate stem cell
signaling in recipient cells. A recent study has shown that in
lung cancer, miR-21 and miR-29a are frequently up-regulated
in tumor-derived exosomes (22). This study found that these
miRs actually signaled through nearby immune cells via inter-
action with toll-like receptors to up-regulate secretion of TNF�
and IL-6 secretion, which promotes tumor invasion and metas-
tases. IL-6 is known to promote invasion and metastasis in
breast cancer cells (17), and it is possible that these exosomal
miRs may also promote DCIS progression by targeting nearby
immune cells in breast cancer.
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