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Background: The Tbx3 transcription factor is over-expressed in breast cancer, where it has
been implicated in proliferation, migration and regulation of the cancer stem cell population. The
mechanisms which regulate Thx3 expression in cancer have not been fully explored. In this
study, we demonstrate that Tbx3 is repressed by the tumor suppressor miR-206 in breast
cancer cells.

Methods: Bioinformatics prediction programs and luciferase reporter assays were used to
demonstrate that miR-206 negatively regulates Tbx3. We examined the impact of miR-206 on
Tbx3 expression in breast cancer cells using miR-206 mimic and inhibitor. Gene/protein
expression was examined by quantitative reverse-transcription-PCR and immunoblotting. The
effects of miR-206 and Tbx3 on apoptosis, proliferation, invasion and cancer stem cell
population was investigated by Cell-death detection, colony formation, 3D-Matrigel and
tumorsphere assays.

Results: In this study, we examined the regulation of Tbx3 by miR-206. We demonstrate that
Tbx3 is directly repressed by miR-206; and that this repression of Tbx3 is necessary for miR-
206 to inhibit breast tumor cell proliferation and invasion, and decrease the cancer stem cell
population. Moreover, Tbx3 and miR-206 expression are inversely correlated in human breast
cancer. Kaplan—Meier analysis indicates that patients exhibiting a combination of high Tbx3 and
low miR-206 expression have a lower probability of survival when compared to patients with low
Tbx3 and high miR-206 expression. These studies uncover a novel mechanism of Tbx3
regulation and identify a new target of the tumor suppressor miR-206.

Conclusion: The present study identified Tbx3 as a novel target of tumor suppressor miR-206
and characterized the miR-206/Tbx3 signaling pathway, which is involved in proliferation,
invasion and maintenance of the cancer stem cell population in breast cancer cells. Our results
suggest that restoration of miR-206 in Tbx3-positive breast cancer could be exploited for

therapeutic benefit.

Keywords: Tbx3, miR-206, breast cancer
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In 2004, Tbx3 was characterized as an oncogene when it was found capable of immortalizing and
transforming mouse embryo fibroblasts (MEFs) and found to be significantly over-expressed in a
subset of human breast cancer cell lines (Fan et al, 2004). Subsequently, Tbx3 was found to be over-
expressed in the epithelium of primary human breast cancers (Yarosh et al, 2008), and analysis of
gene expression datasets confirmed that Tbx3 was significantly over-expressed in human breast
cancer (Fillmore et al, 2010). Transgenic over-expression of Tbx3 in the mouse mammary gland was
found to increase ductal branching, enhance mammary epithelial cell proliferation, promote
mammary stem cell expansion and induce focal hyperplasia (Liu et al, 2011). Of note, Tbx3 was
recently found to be required for estrogen-dependent survival of breast cancer stem cells and its over-
expression was shown both necessary and sufficient for breast cancer stem cell expansion (Fillmore

etal, 2010).

Tbx3’s oncogenic effects have historically been attributed to its ability to promote tumor cell
proliferation, in part through the transcriptional repression of the p21“"' and pl14**F growth
suppressors (Yarosh et al, 2008; Brummelkamp et al, 2002). However others have recently reported
that rather than promoting proliferation, Tbx3 functions largely in a pro-migratory capacity, both in
normal breast (Li et al, 2013) and breast cancer (Peres et al, 2010) cells and is essential for the anti-
proliferative/pro-migratory functions of TGF-B, a cytokine with prominent roles in mammary
development and tumorigenesis (Moses et al, 2011). Importantly, high Tbx3 levels are strongly

correlated with shorter metastasis-free survival in breast cancer (Fillmore €t al, 2010).

microRNAs (miRs) are small, noncoding single-stranded RNAs which bind to the 3’UTR
(untranslated region) of specific messenger RNAs (mRNAs) leading to either mRNA degradation or

translational inhibition. miRs are frequently deregulated in cancer and both gain and loss of function
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has been reported (Bader et al, 2010). miRs are functionally categorized as either tumor suppressors
or oncogenes (oncomiRs), determined by the balance of pathways they regulate. Tumor suppressor
miRs often target and down-regulate oncogenes, suppressing cancer formation; while oncomiRs
often target and down-regulate tumor suppressor mRNAs leading to cancer formation. The tumor
suppressor miR-206 is down-regulated in the majority (> 90%) of human breast cancers and low
miR-206 is an independent marker of poor survival (Li et al, 2013; Zhou et al, 2013; Kondo €t al,
2008). miR-206 acts downstream of ER-a and plays an important role in the regulation of genes
related to mammary gland development and breast cancer (Lee et al, 2013). Importantly, expression
of miR-206 in breast cancer cells decreases cell proliferation and colony formation (Zhou et al,
2013). However, only a handful of validated miR-206 targets are currently known, including
ANXA2 and KRAS (Keklikoglou et al, 2015), Cx43 (Fu et al, 2015), KLF4 (Lin et al, 2015),
MRTEF-A (Chen €t al, 2015), ER-o (Adams et al, 2007), c-Met (Yan et al, 2009), Notch-3 (Song et
al, 2009), the actin binding protein Coronin 1C (Wang et al, 2014), Cyclin D1 (Alteri et al, 2013;
Elliman et al, 2014) and Cyclin D2 (Zhou et al, 2013). miR target prediction tools suggest that the
3°’UTR of Tbx3 is subject to regulation by various miRs, but few, with the exception of miR-17-92
(Wang et al, 2014; Wang et al 2013), miR-106b-25 (Wang et al, 2014) and miR-137 (Jiang et al,
2013), have been validated. In this study, we demonstrate that Tbx3 is repressed by the tumor
suppressor miR-206 in breast cancer cells, and this repression abrogates the cancer phenotype. Given
the collective evidence that Tbx3 plays an important functional role in breast cancer, our study lays

the foundation for future therapeutic approaches for Tbx3-positive breast cancer.

MATERIALSAND METHODS

Antibodies and Reagents — For western blotting analysis, anti-Tbx3 antibody was purchased from

Novus Biologicals (H00006926-A01), anti-PTEN (9559), anti-Bcl2 (2876), anti-phospho-Akt (9271)
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were all purchased from Cell Signaling Biotechnology. Anti-flag tag antibody (F7425) and anti-beta-
actin (clone AC-15) were from Sigma-Aldrich (St. Louis, MO). Synthetic miR-206 mimic,
antagomiR-206 (amiR-206) and miR scrambled control (NC) were purchased from Qiagen. pMIR-
REPORT Luciferase vector and control vector were purchased from Applied Biological Materials
(ABM MT-h25249), SMART pool: ON-TARGETplus, Tbx3-siRNA (LU-012197-00-0005) and set
of 4 individual siRNA (LU-012197-000002) were purchased from Dharmacon. Human Tbx3 flag-

tagged cDNA (RC220990) was from OriGene Technologies, Inc.

Cell culture and treatment — The human immortalized mammary epithelial cell line MCF-10A and
human breast cancer cell lines MCF7, MDA-MB-231 and ZR75-1 were purchased from the
American Type Culture Collection (ATCC, Manassas, VA) and cultured according to ATCC
instructions. For transient transfections cells were plated onto 6-well plates one day before the
transfection and maintained in serum-containing medium without antibiotics. The following day,
cells were transfected with either 50nM of scrambled control (NC), 50nM miR-206 mimic, 50nM
siRNA-Tbx3 or 100nM of antagomiR-206 (amiR-206) using Lipofectamine 2000 (Invitrogen, Grand

Island, NY) according to manufacturer’s instructions.

Dual-luciferase reporter assay — For the validation of Tbx3 as a direct target of miR-206, wild-type
and mutant pMIR-REPORT luciferase vectors were purchased from Applied Biological Materials Inc
(ABM MT-h25249). The miR-206 wild-type binding sequence or its mutated form was inserted at
the C-terminal of the luciferase gene to generate pMIR-TBX3-3’UTR (containing the full-length
3’UTR segment of human Tbx3), or pMIR-TBX3-mut-3’UTR (deleting five nucleotides in the seed
region) respectively. Briefly, HEK-293T (2.5x10%) cells were seeded into 24-well plates, cultured

overnight in antibiotic free media and co-transfected with 250ng of pMIR-TBX3-3’UTR, pMIR-
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TBX3-mut-3’UTR or control plasmids, with 50nM miR scrambled control (NC) or 50nM miR-206
mimic using Lipofectamine 2000. 48 hours post-transfection cells were harvested in reporter lysis
buffer (Promega) and luciferase activity was measured using Dual-luciferase assay kit (Promega,
Madison, WI, USA) according to the manufacturer’s protocol and detected by Glomax 96 microplate
luminometer (Promega). B-galactosidase activity was used for normalization, and measured by beta-

glo® Luminescent Assay Kit (Promega, Madison, WI, USA).

RNA isolation and quantitative real-time RT-PCR — Total RNA including miRNAs was collected
using the miRNeasy Mini Kit (Qiagen, Valencia, CA, #217004) according to the manufacturer's
protocol. For Tbx3 qPCR, RNA was extracted from breast cancer cells ZR75-1, MCF7 and MDA-
MB-231, which had previously been transfected with 50nM miR scrambled control (NC) or 50nM
miR-206 mimic. Applied Biosystems High Capacity cDNA Reverse Transcription Kit (#4368814)
was used to convert 500ng of total RNA into cDNA. For miR-206 qPCR, RNA was extracted from
three breast cancer cell lines (ZR75-1, MCF7 and MDA-MB-231) and two normal cell lines (HMLE
and MCF10A). Applied Biosystems microRNA Reverse Transcription Kit (#4466596) was used to
convert 10 ng RNA into ¢cDNA. Quantitative PCR amplifications were conducted in a BioRad
CFX96 real-time PCR system using Applied Biosystems TagMan gene-specific primers and probes
for TBX3 and SsoAdvanced™ Universal Probe Supermix (BioRad, #1725281), and specific primers
and probes for miR-206 and TagMan Universal Master Mix II, (Applied Biosystems #4427983).
Message levels for TBX3 and miR-206 were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) levels and the U6 small nuclear RNA (RNU6B) control, respectively.
Analysis for Tbx3 was performed by the comparative threshold cycle (Ct) method under the
following cycling conditions: 3 min at 95°C; 40 cycles of 10 s at 95°C and 30 sec at 55°C. Analysis
for miR-206 was performed by the comparative threshold cycle (Ct) method under the following

cycling conditions: 2 min at 50°C; 10 min at 95°C; 40 cycles of 15 s at 95°C and 1 min at 60°C.
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Relative abundance was determined from the Ct values using the method after normalization to

GAPDH (for Tbx3) or RNU6B (for miR-206). All experiments were performed 2-4 times.

Western blot analysis — Total protein was extracted from cells 72-hours post-transfection using the
cell lysis buffer (Cell Signaling Technology) supplemented with proteinase and phosphatase
inhibitors. After 20 min of incubation on ice, lysates were vigorously vortexed and centrifuged at
13,000 x g for 15 min and protein concentrations in the supernatant were determined using BCA kit
(Pierce, Rockford, IL). 30ug of lysates were denatured in 2X SDS sample buffer [SO mmol/L Tris-
HCI (pH 6.8), 2% SDS, 10% glycerol, 0.25% B-mercaptoethanol, bromophenol blue (1 mg/mL)] at
100°C for 5 minutes, separated on 10% SDS-polyacrylamide gel (Bio-Rad, Hercules, CA), then
transferred to nitrocellulose membrane (Millipore, Billerica, MA). Membranes were blocked with
5% non-fat dry milk in Tris-buffered saline containing 0.05% Tween 20 (TBST), and incubated with
specific primary antibodies overnight at 4°C. After incubation, membranes were washed with TBST
and then incubated with horseradish peroxidase-conjugated secondary antibodies. Band signals were

visualized using ECL (Pierce) on an Alphalnnotech Imaging System.

Detection of apoptosis — The Cell Death Detection ELISA™"US assay (Roche) was used to detect
apoptosis following the manufacturer’s protocol. This assay determines apoptosis by measuring
mono- and oligonucleosomes in the lysates of apoptotic cells. Briefly, breast cancer cells MCF7,
ZR75-1 and MDA-MB-231 were seeded in 96-well plates and cultured overnight in antibiotic free
media. Cells were then transfected with either 50nM of miR scrambled control (NC), miR-206
mimic, sSiRNA-Tbx3 or 100nM of antagomiR-206 (amiR-206) using Lipofectamine 2000. Cells were
lysed 72 hours post-transfection. The lysates were placed into a streptavidin-coated microplate and
incubated with a mixture of anti-histone-biotin and anti-DNA-peroxidase. The amount of peroxidase
retained in the immunocomplex was photometrically determined with ABTS as the substrate.

Absorbance was measured at 405 nm. Assays were performed in quadruplicate in three independent
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experiments.

Colony-formation assay — MCF7, ZR75-1 and MDA-MB-231 cells were transfected with 50nM of
miR scrambled control (NC), miR-206 mimic, siRNA-Tbx3 or 100nM of antagomiR-206 (amiR-
206). At 72 hours post-transfection, untransfected and transfected cells were collected by using
HBSS (Hank's Balanced Salt Solution). 1000 cells/well were separately plated in 6-well cluster plates
in triplicates and incubated for 10-12 days. Media was replaced every three days with fresh media.
Following incubation, cells were washed with PBS, colonies were counted after fixing and staining
in 20% methanol and 0.1% crystal violet solution and analyzed for clonogenic survival. Percentage

cell survival was determined with untreated cells set at 100%.

3D Morphogenesis assay in Matrigel — MDA-MB-231 and MCF7 cells were cultured on growth
factor-reduced Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) using the overlay method with
modifications (Debnath et al, 2003). Briefly, a 96-well plate was coated with a thin layer of Matrigel
and incubated at 37°C for 30 min. After the Matrigel solidified, 3-5x10° cells, suspended in 100ul
assay medium containing 2% Matrigel, were added drop-wise on top of the Matrigel and allowed to
grow overnight. The next day cells were transfected with either 50nM of miR scrambled control
(NC), miR-206 mimic, siRNA-Tbx3 or 100nM antagomiR-206 (amiR-206) using Lipofectamine
2000 according to manufacturer’s instructions. For the rescue experiment, Tbx3 expression level was
determined by expressing flag-tagged TBX3 with either miR scrambled control (NC) or miR-206
mimic in HEK-293T cells and total cell lysates were blotted with anti-flag antibody. For the rescue
experiment in 3D cultures, MDA-MB-231 cells were co-transfected with miR scrambled control
(NC) or miR-206 mimic with 250ng of either vector control or TBX3 cDNA and allowed to grow for
5-7 days. Growth media was replaced every 2 days, without disturbing the cell/matrix layer, until the

experiment was completed. 3D structures of the cells were analyzed and images were taken using 4X
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and 10X magnification with a confocal microscope (Olympus IX71 microscope, Olympus, Tokyo).
Images were processed with ImageJ (U.S. National Institutes of Health, Bethesda, MD, USA) and
analyzed/quantified for the quantity of invasive colonies, number of branches in invasive cell stellate,
and the relative mean area covered by the cells. Quantification of colony area is analyzed measuring

the diameter of > 50 colonies.

Tumor sphere formation assay — MCF7 and MDA-MB-231 cells were reverse transfected with miR
scrambled control (NC), miR-206 mimic, or antagomiR-206 (amiR-206) or co-transfected with miR
scrambled control (NC) or miR-206 mimic with 25ng of either vector control or TBX3 cDNA (for the
rescue experiment) directly in ultra-low attachment (ULA) 24-well plates (Corning) in serum-free,
antibiotic-free MammoCult media (Stem Cell Technologies), at a confluency of 1.0x10* cells/well
and allowed to grow for 7 days. Seven days after the incubation, primary spheres (larger than 75um)
were counted and then dissociated into single cells. Cells from dissociated primary spheres were
reverse transfected again, and re-plated in ULA plates and allowed to grow for another 7 days. Seven

days after incubation, secondary spheres (larger than 75um) were quantified.

Computational Analysis of Human Breast Cancer Data — The results of computational analysis
are in whole or part based upon data generated by The Cancer Genome Atlas (TCGA) Research
Network: http://cancergenome.nih.gov/. Sequencing read counts were used to determine levels of
Tbx3 mRNA expression and miR-206 expression, in adjacent normal versus breast tumor samples.
Welch Two Sample t-test was used to determine if the means of the two groups were statistically
different. The relationship between Tbx3 and miR-206 for breast tumor and adjacent normal samples
was determined using RSEM mRNASeq, RPM miRNASeq and read count data from TCGA. Tbx3
mRNA and miR-206 expression data were matched by patient sample, and correlation was computed

using the Spearman rank correlation coefficient method. Data was log2 transformed before plotting.
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799 patient samples had undetectable miR-206 expression and were thus excluded from the
correlation analysis. Kaplan-Meier survival plots were generated using the “survival” package in R.
Data for Kaplan-Meier plots consisted of Tbx3 mRNA read count, miR-206 miRNA RPM, and
patient information (death status, days to last contact). Patients were ranked based on the descending
level of Tbx3 and miR-206 expression they exhibited. For Tbx3, the bottom 2/5™ (40%) of patients
were placed into the “Low Tbx3” group. For miR-206, the top 1/4™ (25%) of patients were placed
into the “High miR-206” group. Tarone-Ware test (G-rho family of Harrington and Fleming survival
test) was used to determine if the difference in survival probability between groups was statistically
different. All graphical representation and statistical analysis of data was performed using the R
programming language. In all cases, differences were considered statistically significant when P <

0.05.

Statistical analysis — All data are presented as mean += SEM of at least three independent
experiments. The level of significance between groups was determined using one-way ANOVA with
a post-hoc Tukey HSD (Honestly Significant Difference) test (GraphPad Prism5). In all cases,

differences were considered statistically significant when P < 0.05.

RESULTS

Thx3 mRNA is inversely correlated with miR-206 expression in human breast cancer.
MicroRNAs repress their targets by translational repression and/or mRNA degradation. For the
latter, an inverse correlation is expected between the miRNAs and their target mRNA. To examine
the relationship between miR-206 and Tbx3 mRNA expression in human breast cancer, adjacent
normal and breast tumor samples from the TCGA were analyzed. Tbx3 mRNA expression in the
TCGA dataset is shown in Figure 1A and miR-206 expression is shown in Figure 1B. 573 of 1099

breast tumors (52%) have Tbx3 mRNA expression greater than the mean for normal samples, in
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agreement with prior reports that Tbx3 is over-expressed in breast cancer. miR-206 expression was
decreased in breast tumors, in agreement with prior reports of its down-regulation. Additionally, we
observed an inverse correlation between Tbx3 mRNA expression and miR-206 expression, both in
adjacent normal breast samples (Figure 1C) and breast tumors (Figure 1D) from the TCGA dataset,
suggesting that miR-206 represses Tbx3 expression, at least in part through promoting Tbx3 mRNA
degradation. Kaplan—Meier analysis of breast cancer patients was next examined to assess the impact
of Tbx3/miR-206 status on disease-free survival. Notably, patients with a combination of low Tbx3
and high miR-206 had a significantly increased survival time (mean survival = 5086 + 440 days),
compared to patients with a combination of high Tbx3 and low miR-206 expression (mean survival =
3429 £ 227 days) (Figure 1E), strongly suggesting that the Tbx3/miR-206 axis is relevant for breast

cancer outcomes.

miR-206 directly targets Thx3 and decreases Tbhx3 mMRNA and protein expression in breast
cancer cells. To examine whether Tbx3 may be a target of miR-206, we utilized the publicly
available databases to determine whether the 3’UTR of Tbx3 contains a putative binding site for
miR-206. The complementarity between Tbx3 mRNA and miR-206 is shown in Figure 2A. To
determine whether Tbx3 is a direct target of miR-206, a luciferase reporter assay was performed by
co-transfecting HEK-293T cells with miR scrambled control (NC) or miR-206 and vectors
containing either empty vector, the Tbx3 wild-type binding sequence (pMIR-TBX3-3’UTR) or its
mutated form (pMIR-TBX3-mut-3’UTR) in the C-terminus of the luciferase gene (Figure 2B).
Luciferase activity was significantly decreased only when miR-206 was expressed together with the
construct containing the wild-type Tbx3-3’UTR (WT). miR-206 showed no inhibitory effect on the
activity of the mutant Tbx3-3’UTR reporter (Mut) or empty vector (V), demonstrating direct
regulation of Tbx3 by miR-206 (Figure 2C). Of note, the predicted miR-206 binding site on Tbx3 is

highly conserved across species (Figure 2D). Next we examined whether miR-206 decreases Tbx3
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transcript levels in human breast cancer cells. miR-206 was expressed in three different breast cancer
cell lines which express endogenous Tbx3: MDA-MB-231, ZR75-1 and MCF7 cells. miR-206
expression in these cells is shown in Supplementary Figure 1. In all three cell lines, miR-206
expression led to a significant decrease in Tbx3 transcript levels (Figure 2E). To examine the impact
of miR-206 on Tbx3 protein expression, miR-206 mimic was expressed in MDA-MB-231 and MCF7
cells. Our result indicated that expression of miR-206 led to a significant decrease in Tbx3 protein

expression in both cell lines (Figure 2F).

mMiR-206 expression impacts Tbx3 targets. Since Tbx3 has been reported to repress PTEN
expression in head and neck cancer cells (Burgucu €t al, 2012), we next examined the impact of miR-
206 on PTEN expression in breast cancer cells. In both MDA-MB-231 and MCF7 cells, miR-206
expression led to a down-regulation of Tbx3 and a concomitant up-regulation of PTEN (Figure 3A).
This increase in PTEN expression was accompanied by a decrease in phosphorylation of Akt and a
decrease in the expression of the pro-survival protein, Bcl-2, suggesting that miR-206-mediated
repression of Tbx3 leads to significant changes in Tbx3-regulated pathways. To investigate this
further, we examined the impact of Tbx3 depletion, with siRNA, in MDA-MB-231 and ZR75-1 cells.
Depletion of Tbx3 led to up-regulation of PTEN and a down-regulation of phosphorylated Akt and
Bcl-2, recapitulating the effects of miR-206 (Figure 3B). Similar results of Tbx3 depletion were
observed in HEK-293T cells treated with four individual Tbx3 siRNAs (Supplementary Figure 2A).
Since the PTEN/Akt/Bcl-2 pathway is involved in survival signaling, we next examined the impact
of miR-206 on breast cancer cell proliferation and apoptosis. We observed that miR-206 expression
and Tbx3 depletion with siRNA resulted in a similar decrease in colony forming ability in MDA-
MB-231, ZR75-1 and MCF7 cells (Figure 3C, Supplemental Figure 2B). Additionally, both miR-206
expression and Tbx3 depletion led to an increase in apoptosis in MDA-MB-231, ZR75-1 and MCF7

cells, suggesting that Tbx3 is a functionally relevant target of miR-206 (Figure 3D). The impact of
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miR-206 and siRNA on Tbx3 expression was in all cases, confirmed by western blot analysis. A
representative blot is shown in Figure 3E. We acknowledge that regulation of targets in addition to
Tbx3 may contribute to miR-206’s effects on proliferation and apoptosis. As reported by Lim et al
2005, microRNAs have the capacity to regulate a large number of targets simultaneously. However,
our rescue experiment (see below) suggests that repression of Tbx3 is required for the full anti-

oncogenic activity of miR-206.

miR-206 expression and Thx3 depletion yield similar phenotypesin breast cancer cells. We next
examined the growth and morphology of MDA-MB-231 cells in three-dimensional (3D) culture
(Figure 4A). MDA-MB-231 cells are highly invasive and grow as stellate structures in 3D-Matrigel
culture (Kenny et al, 2007). As expected, untreated cells (UT), cells transfected with miR scrambled
control (NC), or cells treated with antagomiR-206 (amiR-206) formed stellate structures in Matrigel.
Conversely, cells treated with miR-206 mimic or siRNA-Tbx3 (si-Tbx3) showed a striking loss of
invasive colony forming ability, branching morphology, and decreased colony area (Figure 4A-B).
With respect to colony area, similar results were observed in MCF7 (top panel) and ZR75-1 (bottom

panel) cells grown in 3D culture (Supplementary Figure 3).

Re-expression of Thx3 reverses the effects of miR-206. Our results suggest that Tbx3 is a
functionally relevant target of miR-206. To further explore the interaction between Tbx3 and miR-
206, we performed a “rescue” experiment. We first examined whether the expression of Tbx3, driven
by a cDNA lacking the 3’UTR, was down-regulated by miR-206. Flag-tagged TBX3 was expressed
with either miR scramble control (NC) or miR-206 mimic in MDA-MB-231 cells and total cell
lysates were blotted with anti-flag and anti-Tbx3 antibodies. Beta actin was used as a loading control
(Figure 4C). As expected, miR-206 had no effect on the expression of Tbx3 lacking a 3’UTR/miR-

206 binding site (Flag-Tbx3, compare lanes 3 and 4). However, endogenous Tbx3 expression was
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suppressed by miR-206, as expected (Tbx3, compare lanes 1 and 2). Importantly, ectopic expression
of TBX3 rescued Tbx3 expression in the face of miR-206, allowing us to address whether Tbx3
repression is necessary for miR-206-mediated effects on MDA-MB-231 cell morphology (Figure
4D). As expected, MDA-MB-231 cells transfected with miR scramble control and vector control
(NC + V) formed stellate structures in 3D Matrigel culture (Figure 4D, upper left). MDA-MB-231
cells transfected with miR scramble control and ectopic TBX3 (Figure 4D, NC + TBX3, upper right)
also formed stellate structures. Additionally, colony invasion, branching and area were augmented by
ectopic TBX3 expression (all results for this figure are quantified in Figure 4E). Conversely, cells
transfected with miR-206 mimic and vector control (miR-206 + V) demonstrated a loss of invasive
morphology, as well as decreased branching and colony area (Figure 4D, bottom left). However,
cells expressing miR-206 in the face of ectopic TBX3 (no Tbx3 repression) retained the
characteristics of control cells (Figure 4D, miR-206 + TBX3, lower right) and formed stellate
structures with robust invasion. These results demonstrate that Thx3 repression is an essential
mechanism by which miR-206 inhibits the colony size, stellate branching, and invasiveness of breast
cancer cells. With respect to colony area, similar results were observed in a rescue experiment

performed in non-invasive MCF7 cells (Supplementary Figure 4).

Since Tbx3 has been implicated in regulation of the breast cancer stem cell populations (Fillmore et
al, 2010), we next examined the impact of Tbx3 manipulation on tumorsphere formation. Sphere
formation is a well-accepted functional assay for the quantification of tumor initiating cells, also
known as cancer stem cells (Liu et al, 2007; Liao et al, 2007; Dontu €t al, 2003; Cicalese €t al, 2009;
Mani et al, 2008 and Kondratyev et al, 2012). Both miR-206 and siRNA-Tbx3 (si-Tbx3) led to a
decrease in tumorsphere formation in MCF7 (Figure 5A-5B) and MDA-MB-231 cells (Figure 5D-
5E). However, cells expressing miR-206 in the face of ectopic TBX3 (Flag-TBX3 cDNA, as described

for Figure 4) retain the sphere forming ability of control cells. Furthermore, western blot analysis of
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MCF7 and MDA-MB-231 cells indicated that endogenous Tbx3 expression is decreased upon miR-
206 expression, but ectopic expression of TBX3 restores Tbx3 expression, in the face of miR-206
expression (Figure 5C, 5F). These results demonstrate that Tbx3 repression is an essential
mechanism by which miR-206 limits the breast cancer stem cell population.

DISCUSSION

Despite their profound role in influencing cellular fate, transcription factors have historically been
overlooked as “druggable” targets because they lack enzymatic activity (Kondratyev et al, 2013).
Recent strategies under development for targeting oncogenic transcription factors include complex
decoy oligodeoxynucleotides (Yan et al, 2013), “stapled” peptides and siRNA delivery (Wang et al,
2013). MicroRNA-based strategies are especially promising since microRNA mimics and
antagomiRs are not thought to have insurmountable delivery hurdles. Furthermore, microRNAs are
known to target entire pathways rather than single components of a pathway, providing the advantage
of simultaneous regulation of multiple key players in a pathway. While the exquisite selectivity of
targeted therapies was once considered a strength, this selectivity also enables rapid adaptation and
the emergence of therapeutic resistance (Bader et al, 2010). Of note, microRNA-based therapies are

rapidly entering clinical translation (Redmond et al, 2009; clinicaltrials.gov).

Although microRNA-based therapies hold great promise, genetic alterations in cancer may enable
tumors to evade such therapies. For example, single nucleotide polymorphisms (SNPs) and both
somatic and germline mutations have been identified in microRNAs and their targets, altering their
functional interaction (Hydbring et al, 2013; Mulrane et al, 2013; Ziebarth et al, 2012). There are 97
annotated SNPs (60  validated) which occur in the 3’UTR of TBX3
(http://www.ncbi.nlm.nih.gov/snp). Using the miRNASNP database (Gong et al, 2015), we
identified a SNP (rs141350926A->U) in the 3’UTR of TBX3 which is predicted to disrupt miR-206

binding (Supplemental Figure 5). The functional consequences of that SNP will require further
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study. Besides SNPs/mutations, other mechanisms which disrupt regulation by microRNAs are
known. For example, selective loss of the 3’UTR has been reported for the Cyclin D1 mRNA in
prostate cancer cells, rendering it insensitive to miR-206-mediated regulation (Elliman et al, 2014).
Alterations in the machinery responsible for processing miRs have also been reported in cancer, with
loss of Dicer expression linked to breast cancer recurrence (Sun et al, 2009; Yan et al, 2012; Dedes
et al, 2011). Competing endogenous RNAs (ceRNAs, Khoshnaw et al, 2012) may also factor into the
efficacy of miR-based therapies, adding another layer of complexity to RNA crosstalk (Mulrane et
al, 2013). ceRNAs contain multiple binding sites for microRNAs and act as “endogenous decoys” for
microRNAs (Salmena et al, 2011). A well-known example is found in the tumor suppressor PTEN.
PTEN expression was shown to be modulated by protein-coding mRNAs which were revealed to

have the unexpected ability to sequester PTEN-regulating microRNAs (Tay et al, 2011).

In this study, we demonstrate that the Tbx3 oncogene is directly regulated by the tumor suppressor
microRNA miR-206. Tbx3 is known to be over-expressed in breast cancer (Yarosh et al, 2008) while
miR-206 is down-regulated in breast cancer (Li et al, 2013; Zhou et al, 2013; Kondo et al, 2008).
Recent reports have indicated that overexpression of Tbx3 is correlated with epithelial to
mesenchymal transition in colorectal cancer (Wang et al, 2015) and is a predictor of poor prognosis
in colorectal and pancreatic carcinoma (Wang et al, 2015; Shan et al, 2014). Our work demonstrates
an important functional relationship between Tbx3 and miR-206. Our findings also suggest that miR-
206 dysregulation may contribute to Tbx3 over-expression. We demonstrate that miR-206 directly
targets Tbx3, that miR-206 and Tbx3 mRNA are inversely correlated in human breast cancer, and
that Tbx3 repression is necessary to elicit a significant functional effect of miR-206 in breast cancer

cells.
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Notably, miR-206 is unable to restrict the cancer stem cell population and inhibit the invasive growth
of breast cancer cells in the face of ectopic Tbx3 expression. miR-206 was first identified as a
skeletal muscle-specific microRNA (McCarthy et al, 2008) and its re-expression in
rhabdomyosarcoma cells was shown to promote myogenic differentiation and inhibit tumor growth
(Yan et al, 2009; Taulli et al, 2009; Mishra et al, 2009). miR-206 has also been shown to have
growth inhibitory properties in other tumor types, such as lung cancer (Wang et al, 2011; Chen et al,
2015), endometroid adenocarcinoma (Chen et al, 2012), gastric cancer (Zhang et al, 2013; Yang et
al, 2013; Ren et al, 2014), melanoma (Georgantas et al, 2014), ovarian cancer (Li et al 2014)
laryngeal squamous cell carcinoma (Zhang et al, 2011), oral squamous cell carcinoma (Lin et al,
2014), and thyroid cancer (Zhang et al, 2015) demonstrating its potentially wide utility as a cancer
therapeutic. Of note, we report that patients exhibiting a combination of high Tbx3 and low miR-206
expression have a lower probability of disease-free survival, indicating that the Tbx3/miR-206 axis
plays an important role in breast cancer recurrence and patient survival. It is well established that
recurrence and relapse is a major obstacle in effective breast cancer treatment as early failure results
in worse outcomes and fewer therapeutic options. Identification of miR-206/Tbx3 status may have
prognostic potential. Essential to moving miR-206 from “bench to bedside” is a comprehensive
understanding of its targets. Our work identifies Tbx3 as a functionally important target of miR-206

in breast cancer.
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TITLES AND LEGENDS TO FIGURES

Figure 1. Tbx3 mRNA and miR-206 in human breast cancer. (A) Tbx3 mRNA expression in
adjacent (Adj.) normal (n = 104) and breast tumor (n = 1,100) samples. Box plot depicting
MRNA expression levels for Tbx3 in human breast invasive carcinoma and adjacent normal
breast tissue. (B) miR-206 expression in adjacent (Adj.) normal (n = 103) and breast tumor (n =
1,101) samples. Box plot depicting expression levels for miR-206 in human breast invasive
carcinoma and adjacent normal breast tissue. Correlation between Tbx3 mRNA and miR-206
expression levels in (C) adjacent normal breast samples (n = 75) and (D) breast tumors (n =
330), in which each dot corresponds to one patient sample. Spearman score shows significant
inverse correlation between Tbx3 and miR-206 levels in both normal breast tissue and breast
cancer. (E) The combination of Tbx3 and miR-206 expression is significantly associated with
patient survival. Kaplan-Meier graph (n = 1,182) showing patients exhibiting a combination of
high Tbx3 and low miR-206 expression had lower probability of survival when compared to
patients exhibiting a combination of low Tbx3 and high miR-206 expression. * P < 0.05; ** P <

0.01; *** P < 0.001 between indicated groups was calculated by Welch Two Sample t-test.

Figure 2. Tbx3 is a direct target of miR-206 in breast cancer cells, and restoration of miR-
206 decreases Thx3 mRNA and protein expression in breast cancer cells. (A) Putative
miR-206 target site within the human Tbx3 3'UTR as predicted by TargetScan and PicTar
algorithms. (B) The miR-206 wild-type binding sequence or its mutated form was inserted into
C-terminal of the luciferase gene to generate pMIR-TBX3-3'UTR or pMIR-TBX3-mut-3’'UTR,
respectively. (C) Bar plots showing relative luciferase activity in HEK-293T cells co-transfected
with a luciferase reporter construct containing a fragment of the human Tbx3 3'UTR
encompassing the miR-206 binding site (Tbx3 3’'UTR) or empty vector (V), along with miR
scrambled control (NC) or miR-206 for 48 hr. Relative luciferase units were normalized to

control B-gal reporter vector for transfection efficiency. (D) Sequence alignment showing the
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evolutionary conservation of the 3’UTR of Tbx3 target site across different species. (E) Bar plots
showing relative Tbx3 mRNA expression levels—in ZR75-1, MCF7 and MDA-MB-231 cells
transfected with miR scrambled control (NC) or miR-206. Analysis for the Tbx3 message levels
was performed by the comparative threshold cycle (Ct) method. Relative abundance was

274C method after normalization to GAPDH. Results

determined from the Ct values using the
are representative of at least 3 independent experiments. (F) Western blot analysis of MDA-MB-
231 and MCF7 cells transfected with miR scrambled control (NC), miR-206 or amiR-206 for 72
hr. Beta-actin served as a loading control. Results are representative of three to five

independent experiments. Means with error bars representing + SEM. * P < 0.05; ** P < 0.01;

*** P <0.001.

Figure 3. miR-206 mediated downregulation of Tbx3 impacts its targets, inhibits
proliferation and promotes apoptosis. (A) Western blot analysis of MCF7 and MDA-MB-231
cells transfected with miR scrambled (NC), miR-206, or amiR-206 for 72 hours. Beta-actin was
used as a protein loading control. (B) Western blot analysis of ZR75-1 and MDA-MB-231 cells
transfected with miR scrambled control (NC) or siRNA-Tbx3 (si-Tbx3). Beta-actin was used as a
loading control. (C) Bar plots showing percent colony formation of MDA-MB-231, ZR75-1 and
MCF7 cells transfected with miR scrambled control (NC), miR-206, amiR-206, siRNA-Tbx3 (si-
Tbx3) or left untreated (UT). Percent colony formation was determined with untreated set at
100%. (D) Bar plots showing relative DNA fragmentation in MDA-MB-231, ZR75-1 and MCF7
cells transfected with miR scrambled control (NC), miR-206, amiR-206, siRNA-Tbx3 (si-Tbx3) or
left untreated (UT). Untreated (UT) cells and miR scrambled control (NC) were used as controls.
The results are representative of 3 independent experiment performed in triplicates. Means with

error bars representing + SEM * P < 0.05; ** P < 0.01; ** P < 0.001.
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Figure 4. miR-206 expression and Tbx3 knock-down inhibits the 3D growth of breast
cancer cells in Matrigel. Tbx3 lacking the 3'UTR is not repressed by miR-206. (A) Phase-
contrast images of MDA-MB-231 cells in 3D culture treated with miR-206, amiR-206 or siRNA-
Tbx3 (si-Tbx3). Untreated (UT) and miR scrambled control (NC) treated cells were used as
controls. (B) Bar plots represent the quantification of the number of invasive colonies, mean
colony area, and number of branching stellate cells. (C) Western blot analysis of MDA-MB-231
cells co-transfected with miR scrambled control with either empty vector (NC + V) or with flag-
tagged TBX3 expression vector (NC + TBX3) and with miR-206 with empty vector (miR-206+V)
or with flag-tagged TBX3 expression vector (miR-206 + TBX3). Beta-actin was used as a
loading control. (D) Phase contrast images of MDA-MB-231 cells in 3D cultures and co-
transfected with miR scrambled control (NC) or miR-206 with either empty vector (V) control or
TBX3 expression vector (TBX3). (E) Bar plots showing the reduction in invasive phenotype of
MDA-MB-231 cells as quantified by counting invasive colonies, mean colony area, and the
number of branching stellate cells. The results are representatives of 3 independent
experiments. Scale bar: 4X images: 200um; 10X images: 50um. Means with error bars

representing + SEM. * P < 0.05; ** P < 0.01; ** P < 0.001.

Figure 5. miR-206 exerts a tumor suppressive function and inhibits tumorsphere
formation of breast cancer cells. Phase-contrast 4X images of tumorspheres of (A) MCF7
and (B) MDA-MB-231 cells reverse-transfected with miR scrambled control (NC), miR-206,
amiR-206, siRNA-Tbx3 (si-Tbx3), miR-206 plus empty vector (miR-206 + V), or miR-206 plus
TBX3 expression vector (miR-206 + TBX3). Bar plots showing the relative sphere number of (B)
MCF7 and (E) MDA-MB-231 cells corresponding to Figures (A) and (B). Relative sphere
number was normalized to miR scrambled control (NC). Images are representative of spheres
under the mentioned treatments at the secondary sphere stage. Western blot analysis of (C)

MCF7 and (F) MDA-MB-231 cells co-transfected with miR scrambled control (NC), miR-206,
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amiR-206, siRNA-Tbx3 (si-Tbx3), miR-206 plus empty vector (miR-206 + V), or miR-206 plus
TBX3 expression vector (miR-206 + TBX3). Beta-actin was used a loading control. Scale bar:

200um. Means with error bars representing + SEM. * P < 0.05; ** P < 0.01; *** P < 0.001.

Supplementary Figure 1. miR-206 expression in breast cancer cell lines. miR-
206 expression levels were normalized toU6 small nuclear RNA (RNUG6B) levels.
Analysis for miR-206 was performed by the comparative threshold cycle (Ct) method. Relative
abundance was determined from the Ct values using the 27*““*method after normalization
to RNUGB. Results are representative of two independent experiments and follows the trend of

publicly available data (GSE40059).

Supplementary Figure 2. Efficiency of si-Tbx3 and images of Colony Formation assay. (A)
Western blot analysis of HEK-293T cells transfected with 4 individual siRNAs targeting Tbx3.
(B) Representative images of colony formation assay for MDA-MB-231, ZR75-1 and MCF7 cells

transfected with miR scrambled control (NC), miR-206, amiR-206 or siRNA-Tbx3 (si-Tbx3).

Supplementary Figure 3. Treatment of breast cancer cells with miR-206 inhibits growth of
breast cancer cells in 3D Matrigel culture. Phase-contrast images of breast cancer cells (A)
MCF7 and (B) ZR75-1 in 3D cultures and treated with miR scrambled (NC), miR-206, amiR-206
and siRNA-Tbx3 (si-Tbx3). Bar plots showing quantification of colony area of (C) MCF7 and (D)
ZR75-1 cells transfected with miR scrambled control (NC), miR-206, amiR-206 and siRNA-Tbx3
(si-Tbx3). Data represent 3 independent experiments. Scale bar: 4X images: 200pm; 10X
images: 50um. Means with error bars representing £+ SEM. * P < 0.05; ** P < 0.01; *** P <

0.001.
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Supplementary Figure 4. Re-expression of Tbx3 rescues phenotypes induced by miR-206
in 3D cultures in Matrigel. (A) Phase-contrast images of MCF7 cells co-transfected with miR
scrambled control with either empty vector control (NC + V) or Tbx3 expression vector (NC +
TBX3), or miR-206 with either vector control (miR-206 + V) or Tbx3 expression vector (miR-206
+ TBX3). (B) Bar plot showing quantification of colony area of MCF7 cells transfected with miR
scrambled control with either empty vector control (NC + V) or Tbx3 expression vector (NC +
TBX3), or miR-206 with either vector control (miR-206 + V) or Tbx3 expression vector (miR-206
+ TBX3). The experiment was independently repeated three times. Scale bar: 4X images:
200um; 10X images: 50um. Means with error bars representing £ SEM. * P < 0.05; ** P < 0.01;

*** P <0.001.

Supplementary Figure 5: SNP in 3'UTR of Tbhx3 disrupts miR-206 binding. Image of miR-
206 binding site in Tbx3 3'UTR. SNP rs141350926 causes a single base change (A->U) in the
3'UTR of Tbx3 which disrupts the miR-206 binding site (denoted by X). Mutation was identified

using miRNASNP V2 database.
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Figure 2
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Figure 5
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