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Abstract

The major goal of breast cancer prevention is to reduce the incidence of ductal carcinoma in situ
(DCIS), an early stage of breast cancer. However, the biology behind DCIS formation is not well
understood. It is suspected that cancer stem cells (CSCs) are already programmed in pre-malignant
DCIS lesions and that these tumor-initiating cells may determine the phenotype of DCIS.
MicroRNA (miRNA) profiling of paired DCIS tumors revealed that loss of miR-140 is a hallmark
of DCIS lesions. Previously, we have found that miR-140 regulates CSCs in luminal subtype
invasive ductal carcinoma. Here, we find that miR-140 has a critical role in regulating stem cell
signaling in normal breast epithelium and in DCIS. miRNA profiling of normal mammary stem
cells and cancer stem-like cells from DCIS tumors revealed that miR-140 is significantly
downregulated in cancer stem-like cells compared with normal stem cells, linking miR-140 and
dysregulated stem cell circuitry. Furthermore, we found that SOX9 and ALDH1, the most
significantly activated stem-cell factors in DCIS stem-like cells, are direct targets of miR-140.
Currently, targeted therapies (tamoxifen) are only able to reduce DCIS risk in patients with
estrogen receptor a (ERa)-positive disease. We examined a model of ERa-negative/basal-like
DCIS and found that restoration of miR-140 via a genetic approach or with the dietary compound
sulforaphane decreased SOX9 and ALDH1, and reduced tumor growth in vivo. These results
support that a miR-140/ALDH1/SOX9 axis is critical to basal CSC self-renewal and tumor
formation in vivo, suggesting that the miR-140 pathway may be a promising target for
preventative strategies in patients with basal-like DCIS.
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INTRODUCTION

Ductal carcinoma in situ (DCIS) is a noninvasive early breast cancer, totally confined to the
mammary duct.X DCIS currently accounts for 25% of new breast cancer cases in the United
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States.2 Prior to widespread mammography, DCIS detection was rare.3 Most DCIS is
detected by mammography as clustered microcalcifications.# DCIS is classified by nuclear
grade (low, intermediate and high), the presence of necrosis!® and genetic markers (for
example, ER or HER2 status). Left untreated, DCIS may progress to invasive disease, with
higher grade DCIS demonstrating greater risk of progression.>¢ Lumpectomy followed by
radiation therapy is the standard of care for DCIS.” Following treatment, ~15% of patients
show recurrent disease.8

Like invasive tumors, DCIS are heterogeneous lesions with differing malignant potential.®
The underlying biology of DCIS is poorly understood and clinicians cannot predict
recurrence or invasive progression. Adjuvant tamoxifen treatment is administered to
decrease the risk of disease recurrence, however, this is only beneficial to patients with
estrogen receptor a (ERa)-positive DCIS, whereas basal-like DCIS remains a therapeutic
challenge.10.11

Studies suggest that malignant precursor cells exist in DCIS lesions.12 Cancer stem cells
(CSCs) are suspected to have important roles in tumor formation, drug resistance and
disease recurrence.1314 |t has recently been shown that DCIS tumors may contain a
population of self-renewing CSCs.15 It is possible that DCIS CSCs may predetermine the
malignant potential of DCIS lesions.

MicroRNAs (miRNAs) are dysregulated in nearly every type of human cancer.16 For breast
tumors, miRNAs regulate nearly every hallmark of tumorigenesis.1’ Epigenetic mechanisms
are important in controlling tissue-specific miRNA expression, in particular, DNA and
histone methylation have critical roles in regulating miRNA expression during
mammogenesis.18 Not surprisingly, epigenetic mechanisms are frequently implicated in
miRNA dysregulation in breast tumors.

Genome-wide miRNA profiling has uncovered unique miRNA expression within DCIS
lesions.1 Deep sequencing technology identified 66 miRNAs that were dysregulated in
DCIS, compared with normal tissues.2? Among the few DCIS profiles that exist, there is
large variation and little consensus due to tumor heterogeneity and normal tissue selection.
In the present study, we conducted miRNA profiling analyses among different subtypes of
DCIS lesions and found that miR-140 is reproducibly altered in DCIS and invasive ductal
carcinoma, both here and in previous studies.2? However, the functional attributes of this
miRNA signature in DCIS lesions have not been examined. We delineate subtype-specific
miR-140 loss that may selectively contribute to the growth and survival of CSCs in basal-
like DCIS lesions.

miRNA profiling from DCIS lesions and matched normal breast tissues

To identify miRNAs that are significantly altered within DCIS lesions, we performed
genome-wide microarray analysis comparing miRNA expression in DCIS tumors to
matched normal tissue controls (Supplementary Figure S1A). We chose DCIS samples
covering both ERa-positive and -negative tumors from a wide range of ages and race. In our
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array studies, 68 miRNAs were significantly dysregulated (P<0.05) in DCIS tissue
compared with controls. We examined these 68 dysregulated miRNAs by tumor grade in
side-by-side comparisons (Figure 1). Next, we compared our results to those from published
studies.20 Our criteria for follow-up analysis included miRNAs that were (1) among the
most consistent markers of DCIS from independent studies, (2) were known to target stem
cell self-renewal regulators or (3) those miRNAs previously implicated in invasive breast
cancer. One of the most reproducible miRNA signatures we identified was miR-140
downregulation, which was consistent across independent profiles of DCIS lesions. We
found that expression of miR-140 in low-grade DCIS most resembled normal tissue.
Furthermore, we found that miR-140 showed progressive downregulation along increasing
DCIS grade, showing the greatest alterations in the high-grade DCIS. Based on analysis of
our results and those of others, we reasoned that this previously uncharacterized miRNA,
miR-140, should be selected for subsequent analysis, as it represents a potential tumor
suppressor in DCIS lesions.

Validation of miR-140 downregulation in different breast cancer tissues

To confirm our microarray data, we subjected miR-140 to subsequent validation in
additional patient samples. We examined 22 frozen DCIS tumors of various histological
grades (grade I, n=7; grade Il, n=7; grade 111, n = 8) for miR-140 expression by
quantitative real-time polymerase chain reaction (QRT-PCR). We observed miR-140 loss in
all the 22 DCIS samples (Figure 2a results representative of basal-like samples). These
results indicate that miR-140 loss is a common event in DCIS development.

Next, we used in situ hybridization staining of miR-140 to visualize expression in paraffin-
embedded breast tissues. We used miR-140 RNA probes labeled with 5’-digoxigenin. This
approach allows us to detect miR-140 levels within mammary epithelial cells in the context
of mammary architecture. We examined miR-140 across a broad selection of breast tumor
tissues to determine whether miR-140 was specific to DCIS. As shown in Figure 2b, we
found miR-140 downregulation across every type of breast malignancy. These results
confirmed miR-140 loss within DCIS cancer cells.

Epigenetic dysregulation of miR-140 in DCIS lesions

After successful validation of our microarray results, we next turned our attention to
examine the molecular mechanisms underlying miR-140 downregulation in DCIS. Studies
from ours and other laboratories have shown that miRNA expression in mammary
epithelium is frequently regulated epigenetically.21-23 For this reason, we tested whether
miRNA dysregulation in DCIS involves epigenetic reprogramming. miR-140 is a miRtron
encoded with an intronic region of WMWP2, an E3 ubiquitin ligase.2* We examined DNA
methylation of the WWP2/miR-140 locus. Using the CpG Island Searcher tool?> we
identified two CpG Islands within the WWP2 locus (Figure 3a). Using bisulfite sequencing
we examined CpG methylation status of these predicted CpG islands in breast cancer cell
lines and tumor tissues.

Basal-like DCIS is aggressive, at a high risk for invasion, is poorly differentiated and is
without molecularly targeted therapies.10:26.27 Based on these challenges we chose
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MCF10DCIS, a model cell line of poorly differentiated basal-like DCIS (lacking ERa
expression) for further study.28-30 When injected into the mammary glands of nude mice,
MCF10DCIS forms well recognizable DCIS lesions.28 MCF10DCIS cells were derived
from MCF-10A nontumorigenic mammary epithelial cells and demonstrate significant loss
of miR-140 expression compared with parental MCF-10A cells (Supplementary Figure
S1B).

We found that CpG Island 1 was always unmethylated in normal breast tissues and in breast
tumors. However, CpG Island 2 was found to be differentially methylated between normal
tissues and breast tumors. Fifty percent of the CpGs were methylated in CpG Island 2 in
nontumorigenic MCF-10A cells. Similar methylation levels were detected in other normal
mammary epithelial cell lines (HME, ERIN) and in primary human mammary epithelial
cells. However, in MCF10DCIS cells, 69.8% of the CpGs were methylated, roughly a 20%
increase. Similar results were observed in basal-like atypical ductal hyperplasia, DCIS and
invasive ductal carcinoma tumor tissues (n = 4, data not shown). To establish a link between
this differential CpG methylation and changes in miR-140 expression, we treated
MCF10DCIS cells with epigenetic therapy, either 5-aza-2-deoxycytidine (a DNA
methylatransferase inhibitor) or sulforaphane (demonstrates dual inhibition of histone
deacetylase activity and DNA methyltransferase expression31:32). We found that epigenetic
therapy was able to restore normal methylation levels in MCF10DCIS cells and activate
miR-140 expression (Figures 3b and c).

mMiR-140 is a tumor suppressor in a model of basal-like DCIS

Next, we investigated the potential biological impact of miR-140 loss on the tumorigenic
properties of DCIS and invasive breast cancer cell lines. We tested the impact of miR-140
overexpression in MCF10DCIS cells on anchorage-independent growth in soft agar.
miR-140 overexpression resulted in a statistically significant decrease in soft agar colony
formation in MCF10DCIS cells. We also included MCF-7 cells (invasive luminal breast
cancer) as a positive ‘transformed’ control for anchorage-independent growth (Figures 4a
and b; Supplementary Figure S2). These findings support a tumor-suppressive role of
miR-140 in DCIS.

Next, we explored the phenotype of miR-140 loss in normal mammary epithelial cells using
three-dimensional (3D) cell culture. 3D cell culture can be used to recapitulate mammary
organogenesis in vitro. It has been previously shown that only mammary progenitors or
mammary stem cells can grow in 3D cell culture.33:34 3D cell culture can be used to
investigate the process of cellular differentiation, and to study the multicellular architecture
of the mammary gland. We investigated the impact of miR-140 knockdown and miR-140
overexpression on MCF-10A mammary epithelial cells in 3D cell culture. As shown in
Figures 4c and d, we found that miR-140 knockdown resulted in increased proliferation as
evidenced by staining for proliferative marker Ki67, whereas miR-140 overexpression
resulted in decreased proliferation (decreased Ki67). An important step in acini formation in
3D cell culture involves luminal formation via programmed cell death, *hollowing’ of the
lumen. We examined this phenomenon by staining for active Caspase-3 expression.
Knockdown of miR-140 resulted in decreased rates of luminal apoptosis, as evidenced by
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decreased activated-Caspase-3 staining (Figure 5a). Overexpression of miR-140 resulted in
increased active Caspase-3 staining, indicating an increase in luminal apoptosis. These
results indicate that the growth and maintenance of the mammary tree can be modified
through the manipulation of miR-140 levels.

miR-140 downregulation in DCIS stem cells

As miR-140 modulation was found to have an impact on acini formation, and as only
mammary progenitors or mammary stem cells can form organoid or acini structure in
Matrigel (Figures 4 and 5), these findings suggested that miR-140 might be a stem cell
regulator in breast tissue. We investigated what role miR-140 may have in regulating normal
mammary epithelial stem cells and DCIS stem-like cells. First, we performed a comparison
of miRNA expression in normal cells versus cancer stem-like cells. We separated normal
and breast CSCs using fluorescent-activated cell sorting for CD44 high/CD24 low
populations of cells, subpopulations previously associated with stemness in breast tumors
and normal breast tissues.3%:36 Previously, basal-like invasive breast cancers were found to
possess higher levels of CD44 high/CD24 low cells.37-38 |t was also shown that ALDH1
activity was highest in the basal-like breast cancer subtype.37:38 We found high levels of
ALDH1 expression in our isolated CD44 high/CD24 low MCF10DCIS cells, indicating that
our DCIS model contains a subpopulation of cancer cells with stem-like properties. We next
performed microarray analysis on these CSCs. As shown in Figure 6a, 72 miRNAs were
found to be differentially expressed between normal mammary epithelial stem cells isolated
from MCF-10A cells and stem-like cells isolated from MCF10DCIS cells. miR-140 was
among the most significantly downregulated miRNA in cancer stem-like cells, down —
13.55-fold compared with its (already low) expression in mammary stem cells. These
findings strongly suggest that the role of miR-140 in DCIS may be related to dysregulated
stem cell signaling and the emergence or maintenance of DCIS CSCs.

SOX9 and ALDH1 stem cell regulators are critical targets of miR-140 in DCIS stem cells

We next wanted to identify which pathways were regulated by miR-140 in DCIS stem-like
cells. We began by investigating breast cancer-related targets of miR-140 using the
TargetScan bioinformatic prediction algorithm. Among the predicted targets of miR-140 are
numerous mMRNAs associated with embryonic (SOX2, KLF4), adult (NOTCH2, WNT4) or
neoplastic (ALDH1, IL6R and ABCA1/10) stem cells. We constructed miR-140 expression
constructs and stably transfected MCF-10A cells using lentiviral infection. We collected
mRNA from pooled cell populations and then attempted the validation of these numerous
miR-140-related targets. Using gRT-PCR we examined the expression of these mMRNAs
following miR-140 overexpression (Figure 5b), finding that many of these stem cell-related
targets are regulated by miR-140 in mammary epithelial cells. These results suggest that
miR-140 involvement in DCIS may indeed be related to its regulation of stem cell circuitry.

Since we found that overexpression of miR-140 resulted in the targeting of numerous stem
cell signaling pathways in mammary epithelial cells, we further investigated if loss of
regulation of any of these pathways may contribute to CSC growth or maintenance in DCIS.
As we were particularly interested in which pathways contribute to the malignant properties
of CSCs compared with tightly regulated normal stem cells, we compared expression of
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several of these genes in MCF10DCIS stem-like cancer cells to stem cells isolated from
parental MCF-10A cells. Among these miR-140 targets, we found that SOX9, a
transcription factor previously associated with miR-140 expression24 and recently shown to
be a master regulator of mammary stem cell state,3° and ALDH1, an enzyme that oxidizes
aldehydes and is a marker of breast CSCs and poor prognosis,*? were both dramatically
upregulated in MCF10DCIS stem-like cells compared with MCF-10A normal mammary
stem cells (Figure 6b upper panel; Supplementary Figure S2). Furthermore, forced miR-140
expression did not result in dramatic downregulation of other prospective mRNA targets in
DCIS stem-like cells (Figure 6b lower panel, representative data shown), suggesting that
miR-140 may regulate specific pathways in DCIS CSCs. Furthermore, these results suggest
a potential mechanism behind CSC emergence in DCIS cells, miR-140 downregulation
resulting in overexpression of SOX9 and ALDHZ1, potentially representing loss of regulation
or hijacking of stemness circuitry from mammary stem cells.

To validate miR-140 targeting of SOX9 mRNA and ALDH1 mRNA 3’-untranslated regions
(UTRs), we cloned the SOX9 and ALDH1 3'-UTRs into luciferase constructs based on the
location of predicted miRNA response elements (Figures 6¢ and d). Overexpression of
miR-140 reduced the luciferase activity of SOX9 3’-UTR and ALDH1 3’-UTR reporter
constructs in 293T cells. Mutation of the miR-140 miRNA response elements in the SOX9
3’-UTR and ALDH1 3’-UTR effectively blocked miR-140 targeting, resulting in restored
luciferase activity and demonstrating specificity of miR-140 interactions with the predicted
targeting sites in the SOX9 and ALDH1 3’-UTRs. We examined the impact of forced
miR-140 expression on SOX9 and ALDHZ1 protein levels in MCF10DCIS cells and in
SUM102PT cells, a basal-like cancer cell line derived from a patient with apocrine invasive
ductal carcinoma and high levels of DCIS.41 We found that miR-140 overexpression
resulted in downregulation of SOX9 and ALDH1 protein levels in both cell lines
(Supplementary Figure S3).

SOX9 is overexpressed in multiple breast cancer malignancies, including DCIS

Previous research has shown that SOX9 is a master regulator for mammary stemness.3°
Having found a link between miR-140 and SOX9 regulation, we wanted to further
investigate the role of SOX9 in breast malignancies. Using western blotting we found that
SOX9 was overexpressed in MCF10DCIS cells compared with nontumorigenic MCF-10A
mammary epithelial cells (Figure 7a). Next, we examined SOX9 expression across a tissue
array of multiple types of breast tumor tissues using immunohistochemistry. We found that
SOX9 was significantly overexpressed in tumor tissues from multiple breast malignancies
(Figures 7b and c). Interestingly, SOX9 shows progressively increased staining from low- to
high-grade DCIS corresponding with a progressive loss of miR-140 (Figure 1a).

The miR-140/SOX9 pathway critically regulates mammosphere formation in mammary
stem cells and DCIS stem cells

Having demonstrated a link between miR-140 and regulation of stem-cell factors in DCIS
cells, we next examined the functional impact of miR-140 modulation of DCIS stem-like
cells in vitro. Mammosphere formation is a surrogate for mammary stem cell and breast

CSC growth and expansion.*? We examined miR-140 overexpression and knockdown on
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mammosphere formation in MCF-10A mammary epithelial cells. MiR-140 overexpression
resulted in smaller and fewer mammospheres (Figures 7d and e), whereas miR-140
knockdown resulted in increased mammosphere formation (Supplementary Figure S4). In
MCF10DCIS cells, which express low levels of miR-140, re-expression of miR-140 resulted
in a significant decrease in mammosphere formation (Figures 7f and g).

In normal mammary tissue, low levels of SOX9 correlate with tightly controlled mammary
gland growth and differentiation. Mammary stem cells were found to express SOX9,
whereas differentiated mammary cells express low levels of SOX9. It was shown that SOX9
is a critical mammary stem cell regulator.3% We found that SOX9 was undetectable by
western blot in MCF-10A cells, whereas MCF10DCIS cells demonstrated significant SOX9
overexpression (Figure 7a). We next tested the effect of SOX9 modulation on
mammosphere formation. SOX9 knockdown resulted in decreased mammosphere formation
in MCF10DCIS cells, whereas SOX9 overexpression resulted in a significant increase in
sphere formation in MCF-10A cells (Figures 7d—g). This indicates that SOX9 is an
important stem cell regulator in our model, and that transformation is associated with the
disturbance of these normal stem cell pathways.

Together, these results offer support for the hypothesis that miR-140 loss and subsequent
SOX9 overexpression result in dysregulated stem cell signaling in DCIS CSCs.
Furthermore, we demonstrate that using genetic tools to activate miR-140 or target aberrant
SOX9 signaling can partially restore normal stem cell regulation in vitro.

Activation of miR-140 reduces stem cell renewal and tumor growth in vivo

We next set out to test our results from cell culture models regarding miR-140 and DCIS
cancer stem-like cells in vivo. 108 MCF10DCIS cells overexpressing control vector or
miR-140 expression vector in a 1:1 mixture of media and Matrigel were transplanted into
mammary glands of nude mice. Tumor volume was measured weekly. We found that
miR-140-overexpressing DCIS cells demonstrated significantly decreased tumor growth in
nude mice (Figure 8a).

The defining feature of CSCs is the enhanced xenograft-initiation capacity.13 To verify that
miR-140 overexpression reduced the xenograft-initiating capacity of DCIS stem-like cells,
we performed similar xenograft experiments, except this time we transplanted a limiting
number (10 000 cells) of mammosphere-cultured cells (enriched in DCIS CSCs).
Mammosphere cells resulted in much faster growing tumors than whole-cell populations,
demonstrating the high tumorigenicity expected from these CSC-enriched cells (Figure 8b).
Altogether 10 000 cells from whole-cell populations failed to result in any tumors, 10 000
control mammosphere cells resulted in tumors that by 4 weeks surpassed 200 mm?3, whereas
whole-cell population control tumors (10° cells) just surpassed 100 mm3. We found that
miR-140 overexpression nearly eliminated growth of DCIS tumors from mammosphere
cells.

Finally, we examined tumor growth of purified MCF10DCIS stem-like cells (CD44 high/
CD24 low). Injection of only 6000 DCIS stem-like cells resulted in fast-growing tumors that
by 4 weeks reached 400 mm3 volume. As we had previously shown that miR-140 could be
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activated by epigenetic therapy in vitro, we wanted to examine whether epigenetic treatment
could lead to re-expression of miR-140 and subsequently inhibit DCIS growth in vivo. It is
well known that epigenetic drugs have been shown to be able to specifically target CSCs for
elimination.43 However, many epigenetic drugs show high levels of toxicity in vivo.
Fortunately, some well-tolerated dietary compounds have been shown to be powerful
epigenetic activators including the isothiocyanate sulforaphane.3! We found that
sulforaphane treatment of MCF10DCIS stem-like cells significantly inhibited tumor growth
(Figure 8c). Furthermore, in isolated tumor cells we found that sulforaphane treatment
resulted in upregulation of miR-140, and downregulation of SOX9 and ALDH1 in vivo
(Figure 8d). Taken together, these results support that miR-140 regulates DCIS tumor
formation in vivo and that miR-140-targeted therapy might be an effective therapeutic
approach for DCIS prevention.

Finally, we also examined MDA-MB-231 cells, a model of triple negative, basal-like
invasive breast cancer to confirm our results in an additional breast cancer xenograft model.
We found that miR-140 levels were very low in MDA-MB-231 cells compared with normal
mammary epithelial cells (HME) (Supplementary Figure S5A). Furthermore, treatment with
the epigenetic modulator sulforaphane resulted in miR-140 upregulation and decreased
stem-like cell frequency (as defined by CD44 high/CD24 low) in MDA-MB-231 cells
(Supplementary Figures S5A and S5B). Finally, we examined the effect of sulforaphane
treatment on tumor xenografts of MDA-MB-231 cancer stem-like cells. Sulforaphane
treatment resulted in decreased tumor growth (Supplementary Figure S5C). These results
provide additional support regarding the importance of miR-140 regulation of breast CSCs
in basal-like breast tumors.

DISCUSSION

Previous studies have shown that miRNAs can regulate both mammary stem cells and breast
CSCs.36 For example, miR-200 has been previously found to regulate both normal and
neoplastic breast stem cells.36:44 When comparing miRNA expression of mammary stem
cells and DCIS stem cells, miR-140 was among the most significantly downregulated
miRNAs. This indicates that miR-140 may regulate tightly controlled mammary stem cell
circuitry, and that miR-140 dysregulation may contribute to DCIS CSC formation.

It is likely that miR-140 has stage-specific and subtype-specific roles in breast tumors. As
with all miRNAs, the impact of miR-140 dysregulation is dependent on its cumulative
effects, and depends on the types of targets present in a given tissue or tumor. We attempted
to identify the most critical stem cell-related targets of miR-140 by examining only targets
that were dysregulated in DCIS stem cells compared with normal mammary stem cells. We
found that SOX9 and ALDH1 were significantly dysregulated in DCIS stem-like cells and
we confirmed that both are direct targets of miR-140 regulation in DCIS stem-like cells.
Recently, Weinberg and colleagues3® has shown that differentiated mammary epithelial cells
can be reprogrammed to multipotent mammary stem cells through forced expression of stem
cell transcription factors. One part of mammary reprogramming involved an epithelial to
mesenchymal transition (EMT) step (introduction of Slug) and the other involved forced
expression of a master regulator of mammary stemness, SOX9. Discovering that miR-140
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can directly target SOX9 in DCIS stem cells suggests that miR-140 loss can subvert an
absolutely critical regulator of breast tissue differentiation potential, which might lead to de
novo CSC formation by hijacking mammary stem cell transcriptional programs.

Our profiling of DCIS stem-like cells also revealed downregulation of miR-200 family
(regulators of EMT and polycomb3644), let-7 (regulators of Ras and polycomb?°:46) and
miR-30a (regulator of Snail147), suggesting that EMT-like transformation, embryonic
epigenetic programs and mammary stem cell circuitry are all also activated in DCIS stem
cells.

Finally, we were able to show in vivo that miR-140 activation through genetic approaches or
epigenetic drugs reduced the tumorigenic potential of DCIS stem-like cells. The primary
goal of breast cancer chemoprevention is preventing DCIS formation. Taken together, our
results suggest that DCIS CSCs and, more specifically, loss of miRNA regulation of stem
cell circuitry may contribute to DCIS formation.

Targeting DCIS CSCs may eliminate the malignant/invasive component of DCIS lesions
and prevent recurrence or disease progression.12 Our results suggest a potential targetable
pathway for eliminating DCIS, the miR-140/SOX9 pathway. As the only currently available
preventative therapy used in treating patients with DCIS is tamoxifen, our findings suggest
potential chemoprevention targets and therapeutic strategies for patients with ERa-negative
disease, the miR-140/SOX9 pathway.

MATERIALS AND METHODS

Cell culture

MCF10DCIS, SUM225CWN, SUM102PT were grown in Dulbecco’s modified Eagle
medium/F-12 +5% horse serum (Invitrogen, Carlsbad, CA, USA) and 1% L-Glut. MCF-10A
were grown in Dulbecco’s modified Eagle medium/F-12 medium supplemented with 10
ug/ml insulin, 100 ng/ml cholera toxin, 0.5 ug/ml hydrocortisone (Sigma, St Louis, MO,
USA), 20 ng/ml EGF and 5% horse serum (Invitrogen). Cells were incubated in 5% CO, at
37 °C.

Quantitative real-time PCR

gRT-PCR analysis of mMRNA/mMiRNA expression was performed as previously described
with normalization to GAPDH mRNA or U6 small nuclear RNA.2! Primer sequences are
listed in the supplemental materials.

Immunohistochemistry and western blotting

Immunostaining of paraffin-embedded breast tumor tissues was performed as previously
described?! using polyclonal rabbit anti-sox9 antibody (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA). Western blotting was performed as previously described?! using
SOX2 (Neuromics, Edina, MN, USA), SOX9 (Millipore, Billerica, MA, USA), B-Actin
(Sigma) and ALDH1 (BD Pharmingen, San Diego, CA, USA) antibodies.
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Mammosphere assay

Cells were separated using cell dissociation buffer (Millipore) and 40-um strainers (Fisher
Scientific, Pittsburgh, PA, USA). A total of 20 000 cells/ml were seeded in six-well plates
coated with 2% polyhema (Sigma). After 7 days, spheres >100 pm were quantified.

Transfections and luciferase assays

Cells were infected with miR-140 expression vector, SOX9 expression vector or control
vectors using lentiviral infection as previously described.?! Dual luciferase assays were
performed as previously described.?!

The 3’-UTR of ALDH1A3 and SOX9 was amplified by PCR and cloned into Nhel and Xhol
sites of pSGG vector. Control reporter plasmids were used to generate a mutant miRNA
response element for miR-140-3p using the Generate site-directed mutagenesis system
(Invitrogen). The resulting ALDH1A3 mutant contains three point mutations CCCC(T-to-
A)G (T-to-A)G(G-to-C)TGT GGTTT, and the SOX9 mutant contains two point mutations
GATCAGC(C-to-G)C(A-to-T)CTGACA, as confirmed by sequencing.

Bisulfite mapping

Microarray

A genomic DNA segment (Chromosome 16: 68350775-68533144) encompassing WWP2
gene (NM_007014.3) and upstream sequence (3 kb) was analyzed with CpG Island searcher
software (http://cpgislands.usc.edu/cpg.aspx). Bisulfite sequencing was performed as
previously described?! using wwp2L (5'-GTTTTTTGTGGGAGGGGTTTG-3") and
wwp2R (5'-CTAAAAA CCTAAACTCCTCTCCCCTTC-3") primers.

A total of 200 ng total RNA from fresh tumor tissues was hybridized to GeneChip miRNA
Array v3.0 (Affymetrix, Santa Clara, CA, USA). Flow cytometry was performed on cells
co-stained with CD44-APC and CD24-PE antibodies (BD Pharmingen). Total RNA was
isolated from stem cells (CD44 high/CD24 low) using miRNeasy Mini Kit (Qiagen,
Valencia, CA, USA). Hybridization and measurements were performed by the University of
Maryland Biopolymer-Genomics Core. We normalized and preprocessed gene expression
with quantile normalization, and identified top miRNAs based on both statistical
significance (Student’s t-test, P<0.05) and more than two-fold expression changes. Heatmap
and hierarchical clusters for selected miRNAs were based on city-block distance. The
distance was computed from average miRNA expressions in normal, grade I, grade Il and
grade I11 groups, respectively.

Soft agar assays and 3D cell culture

Soft agar assays were performed as previously described.?! For 3D cell culture, MCF-10A
cells were dissociated into single cells and cultured with Dulbecco’s modified Eagle
medium/F-12 containing 5% Matrigel, 5% heat-inactivated FBS, 0.5 pg/ml hydrocortisone,
100 ng/ml cholera toxin, 10 pg/ml insulin, 10 ng/ml EGF and 5 pM Y-27632. Cells were
embedded into Matrigel-coated chamber slides and grown for 7-14 days, with replacement
of fresh assay medium every 4 days. Fluorescence was visualized using an Olympus 1X81
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spinning disk confocal microscope (Olympus, Tokyo, Japan). The images presented are
representative of three independent experiments.

Human tissue arrays and locked nucleic acid-based in situ hybridization

Paraffin sections containing 43 breast tumor samples and 5 normal breast tissue samples
(BR480, US Biomax, Rockville, MD, USA) were incubated with miR-140 probe to
visualize miR-140 expression in tissues. In situ hybridization for miR-140 has been
published using 5’-digoxigenin-tagged probe.#8 Five-micrometer-thin sections of breast
tissues adhered to glass slides were deparaffinized in three consecutive xylene baths for 5
min each, followed by 3 min each in serial dilutions of ethanol (100, 95, 80, 70 and 50%)
and three changes of diethyl pyrocarbonate (DEPC)-treated water. Slides were digested with
5 ug/ml proteinase K, incubated with 95% ethanol and air-dried. Slides were hybridized with
locked nucleic acid-modified miR-140 probe and incubated with anti-5’-digoxigenin
antibodies (1:200 in PBS + 10% FBS). Colorimetric detection reaction was performed using
NBT/BCIP Ready Mix (Roche) for 3 days. The slides were stained with Nuclear Fast Red
(Sigma) and mounted in Prolong Gold. The nucleic acid-based in situ hybridization results
were scored based on the percentage of positive cells.

Xenograft studies

Animal studies complied with federal guidelines and institutional policies by the University
of Maryland Animal Care and Use Committee. Immunodeficient nude female mice were
purchased from Charles River Laboratories (Wilmington, MA, USA). Mice aged 5-6 weeks
were randomized into two groups, with total number of mice in each group being five. DCIS
cells (whole cells or mammaosphere cells) stably expressing nontargeted control and
miR-140-overexpressing cells were washed twice with cold PBS and trypsinized.
Immediately before injection, cells (whole cells, mammosphere cells or CD44 high/CD24
low stem cells) were resuspended with 100 ul of media/Matrigel (1:1). The cells were
injected near each no. 5 mammary gland nipple. Tumor growth was monitored weekly by
digital caliper measurements (tumor size = (length x width2)/2). At the end of the
experiment, tumors were fixed in formalin.

Statistical analysis

Statistical analysis was performed by Student’s t-test. P-values of <0.05 (*) were considered
significant. Data are presented as meanzs.e.m. Data were analyzed using GraphPad Prism
4.0 (Graphpad Software, San Diego, CA, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
miRNA profiling from DCIS lesions and matched normal breast tissues. (2) Genome-wide

microarray analysis of miRNA expression in DCIS (low grade (1), intermediate grade (11),
high grade (111), n = 6) and matched normal control tissues. Hybridizations and
measurements were performed, and 68 miRs are shown that demonstrated more than two-
fold change, with P<0.05 between average DCIS and matched normal samples. Heatmap
showing hierarchical clusters of miRNAs and distance from average expression in normal,
grade I, grade 11 and grade 111 DCIS lesions.

Oncogene. Author manuscript; available in PMC 2014 May 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lietal.

Page 16

HE miR-140
100 i :

2
=
o
o
®
= _
[
2 £
3 504 2
>
o
o
<
x
E 0_ _' |
HC DI D2 D3 D4 D5 D6 _
2]
[&]
bg 120 Q
€ 100{2=2
T
w
o 801
i
¢ 60
£ 20 B 8 g |=
n= =
2 n=4 n=9 |2
3 20 = 8
o n=4 (a]
5]
o

(=]

Normal
LCIS
DCIS |

Figure 2.
Downregulation of miR-140 in breast tumor tissues. (&) gRT-PCR analysis of miR-140

expression in normal breast tissue and fresh tumor tissue from patients with DCIS (n = 22,
results from six basal-like lesions), normalizing to U6 small nuclear (SnRNA). (b)
Validation of miR-140 downregulation in different breast cancer tissues. In situ
hybridization of miR-140 probe (5’ -digoxigenin, DIG-tagged) in 43 breast tumor samples
and five normal human breast tissue samples (BR480 Breast Tissue Array, US Biomax).
Staining with anti-DIG antibodies was visualized through colorimetric NBT/BCIP reaction
(blue staining). Quantification is shown as percentage of positively staining cells. LH =
atypical lobular hyperplasia, LCIS = lobular carcinoma in situ, DCIS | = ductal carcinoma in
situ nuclear grade I, DCIS Il = comedo ductal carcinoma in situ (grade I11), IDC = invasive
ductal carcinoma, ILC = invasive lobular carcinoma.
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Epigenetic dysregulation of miR-140 in DCIS lesions. (a) Identification of two CpG islands
within the WWP2 locus (chromosome 16: 68350775-68533144). Bisulfite sequencing of
CpG islands was performed on normal tissue/cell lines and breast tumor tissue/cell lines.
Differential methylation of CpG island 2 is shown in diagram. % methylation is shown for
parental MCF-10A cells and MCF10DCIS cells. (b) Treatment with epigenetic therapy (5-
Aza-2’-deoxycytidine (AZA) and sulforaphane (SFN)) restores normal-like methylation
levels. (c) Treatment with epigenetic therapy (AZA or SFN) restores miR-140 expression, as
determined by gRT-PCR, normalizing to U6 snRNA levels. n = 3ts.e.
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Figure 4.

miR-140 is a tumor suppressor in a model of basal-like DCIS. (a) miR-140 overexpression
results in decreased anchorage-independent growth in soft agar. MCF10DCIS cells were
transfected with miR-140 expression vector or control vector and were grown in agarose
(0.3%) for 3 weeks. Colonies were stained with crystal violet and visualized, and counted by
light microscopy. n = 3%s.e. (b) MCF-7 (positive control for “transformed’ cells) were
transfected with miR-140 expression vector or control vector and were grown in agarose for
3 weeks, stained with crystal violet and quantified by light microscopy. (c) 3-D cell culture
of MCF-10A cells transfected with miR-140 expression vector, miR-140-3p/5p ‘sponge’
inhibitor or control vectors. Cells were stained with anti-Ki67 antibody and anti-rabit Alexa
488 or 555-conjugated secondary antibody. Nuclei were DAPI (4”,6-diamidino-2-
phenylindole)-counterstained. (d) Quantification of percent Ki67-positive cells from three
independent experiments (*P<0.01).

Oncogene. Author manuscript; available in PMC 2014 May 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lietal.

a Days DAPI Caspase-3 Merge

control

100 +

Page 19

-ﬂ- -.Contr0|
S 80+ miR-140 3p5p sponge
oo -
° 5 u miR-140
S © C
Qc 9w 60
Ig % *
x 2 £o =
E§ T o
& Z o 404
£3 T *
O n
< @ T
O 20
g J
4 0-
£ day 8
b 120
;\: 1004— 0O MCF10A
- ® MCF10A miR-140
Q 807
K
<
Z 60
x
€
Q 40
©
[0)
o 20
U N = < < < ~ . o < © N (a2} N e o v (o] o =
X I kL O O kB £ E o o - < < < O =
338<¢2853£2223888886%
w g O IIwZ; mmw<<<$£

Figure 5.

The tumor suppressor miR-140 regulates numerous stem-cell factors in mammary epithelial
cells. (a) 3-D cell culture of MCF-10A cells transfected with miR-140 expression vector,
miR-140-3p/5p ‘sponge’ inhibitor or control vectors. Cells were stained with anti-caspase-3

(activated) antibody and anti-rabbit Alexa 488 or 555-conjugated se

condary antibody.

Nuclei were DAPI-counterstained. Quantification of percent caspase-3-positive cells from
three independent experiments. (b) MCF10A cells were infected with lentiviral miR-140
vectors, and mRNA from pooled cells was analyzed by gRT-PCR. Numerous stem-cell
factors that are predicted miR-140 targets were downregulated in stably miR-140-
overexpressing MCF-10A cells compared with control cells (Student’s t-test, *P<0.01).
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miR-140 downregulation correlates with SOX9 and ALDH1 activation in DCIS cancer
stem-like cells. (a) Comparisons of mammary stem cells and DCIS cancer stem-like cells
revealed dysregulation of 72 miRNAs in DCIS cancer stem-like cells. miR-140 was
downregulated —13.55-fold in DCIS stem-like cells. Normal stem cells from parental
MCF-10A cells (CD44 high/CD24 low) and cancer stem-like cells from MCF10DCIS
(CD44 high/CD24 low) were isolated by fluorescent-activated cell sorting (FACS). miRNA
profiling was performed on extracted RNA using GeneChip miRNA Array v3.0
(Affymetrix). miRNA" indicates miRNA star sequence. (b—d) SOX9 and ALDH1 stem cell
regulators are critical targets of miR-140 in DCIS stem cells (b), (upper) SOX9 and ALDH1
are dramatically upregulated in DCIS stem-like cells compared with MCF-10A mammary
stem cells. mRNA expression was compared using gRT-PCR normalizing to GAPDH.
(lower) DCIS stem cells and DCIS stem cell overexpressing miR-140. Forced expression of
miR-140 reduced SOX9 and ALDH1 expression in DCIS stem-like cells. (¢) HEK-293T
cells were transfected with pGL3 luciferase reporter containing wild-type SOX9-3"-UTR or
mutant SOX9-3"-UTR (abolishing miR-140 response element) along with miR-140
expression vector. After 48 h, cells were lysed and luciferase activity was measured with a
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luminometer. Predicted miR-140 targeting site in SOX9-3’-UTR is shown along with the
bases, which were mutated in the seeding site. (d) HEK-293T cells were transfected with
pGL3 luciferase reporter, containing wild-type ALDH1-3’-UTR or mutant ALDH1-3’-UTR
(abolishing miR-140 response element) along with miR-140 expression vector. After 48 h,
cells were lysed and luciferase activity was measured with a luminometer. Predicted
miR-140 targeting site in ALDH1-3’-UTR is shown along with the bases, which were
mutated in the seeding site. n = 3, *P<0.05.
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Figure 7.

SOXQ is overexpressed in multiple breast cancer malignancies including DCIS. (a) Western
blotting showing SOX9 upregulation in MCF10DCIS cells compared with parental
MCF-10A cells. SOX2 is shown for comparison. p-actin was used as a loading control. (b)
Quantification of SOX9 staining from breast tumor tissue array (BR480 Breast Tissue
Array, US Biomax). FFPE human breast tumors and normal breast tissue samples were
stained with rabbit anti-SOX9 antibodies. Brown precipitate was developed using avidin-
biotin peroxidase substrate kit (Vector Laboratories, Burlingame, CA, USA). Nuclei were
counterstained with hematoxylin. Quantitative analysis was done to determine percentage of
positively nuclear stained mammary epithelial cells. LH = atypical lobular hyperplasia,
LCIS = lobular carcinoma in situ, DCIS | = ductal carcinoma in situ nuclear grade 1, DCIS
111 = comedo ductal carcinoma in situ (grade I11), IDC = invasive ductal carcinoma, ILC =
invasive lobular carcinoma. (c) Representative SOX9 staining of DCIS grade I, DCIS grade
Il and IDC. SOXQ is visualized via brown precipitate. (d, €) MCF-10A cells were
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transfected with miR-140 overexpression vector or SOX9 overexpression vector.
Transfected MCF-10A cells were collected via nonenzymatic dissociation buffer, separated
with 40-pm cell strainers and were seeded at 20 000 cells/ml on attachment-free six-well
plates. Mammospheres were analyzed and photographed after 7 days and mammospheres
>100 um in size were quantified. (f, g) DCIS.COM cells were transfected with miR-140
overexpression vector or SOX9 shRNA vector. Transfected MCF10DCIS cells were
collected via nonenzymatic dissociation buffer, separated with 40-pm cell strainers and were
seeded at 20 000 cells/ml on attachment-free six-well plates. Mammospheres were analyzed
and photographed after 7 days and mammospheres >100 um in size were quantified. n =
3s.e. for e *P<0.001, for g *P<0.002.
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Figure 8.

Activation of miR-140 reduces stem cell renewal and tumor growth in vivo. (a) 108 stable
(lentiviral) miR-140-overexpressing (n = 5) or nontargeted control overexpressing (n = 5)
MCF10DCIS cells (whole-cell populations) were injected into the mammary gland of nude
mice. Tumor growth was analyzed weekly using digital calipers to calculate tumor volume
(mm?3). (Right) photographs of mammary ducts and DCIS lesions. (b) A total of 10 000
mammosphere cells stably overexpressing miR-140 (n = 5) or control (n = 5) were injected
into mammary gland of nude mice. Tumor volume was analyzed weekly using digital
calipers. (Right) photographs of mammary ducts and DCIS lesions. (c) FACS-isolated CD44
high/CD24 low DCIS stem-like cells (n = 8) and sulforaphane-pretreated DCIS stem-like
cells were injected into mammary glands. Tumor volume measured weekly is shown. (d)
RNA was extracted from isolated tumor tissue and analyzed by gRT-PCR, normalizing to
GAPDH (for SOX9 and ALDHZ1) or U6 snRNA (for miR-140) for a,b,c *P<0.01,
**P<0.05, d *P<0.05.
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