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Abstract

The invasive and metastatic properties of many human tumors have been associated with
upregulation of the microRNA miR-10b, but its functional contributions in this setting have not
been fully unraveled. Here we report the generation of miR-10b-deficient mice in which miR-10b
is shown to be largely dispensable for normal development but critical to tumorigenesis. Loss of
miR-10b delays oncogene-induced mammary tumorigenesis and suppresses epithelial-
mesenchymal transition, intravasation, and metastasis in a mouse model of metastatic breast
cancer. Among the target genes of miR-10b, the tumor suppressor genes 7bx5and Ptenand the
metastasis suppressor gene Hoxd10are significantly upregulated by miR-10b deletion.
Mechanistically, miR-10b promotes breast cancer cell proliferation, migration, and invasion
through inhibition of the expression of the transcription factor TBX5, leading to repression of the
tumor suppressor genes DYRK1A and PTEN. In clinical specimens of breast cancer, the
expression of 7BX5, HOXD10, and DYRKI1A correlates with relapse-free survival and overall
survival outcomes in patients. Our results establish miR-10b as an oncomiR that drives metastasis,
termed a metastamiR, and define the set of critical tumor suppressor mechanisms it overcomes to
drive breast cancer progression.
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Introduction

MicroRNAs (miRNAs) are ~22-nucleotide non-coding RNAS that base-pair with messenger
RNAs (mRNAs), leading to degradation of target mMRNAS and/or inhibition of their
translation (1). Although growing numbers of miRNAs have been found to be involved in
breast cancer progression based on cell culture and xenograft models (2-4), their functions in
the metastasis of autochthonous mammary tumors have not been demonstrated by miRNA
knockout approaches. Elucidating the role of these miRNAs in normal development and in
the initiation and metastasis of autochthonous tumors will provide important insights into
the mechanisms of malignant progression.

It has been shown that certain miRNAs, such as miR-10b and miR-9, are upregulated in
metastatic cancer cells and promote metastasis (5, 6). The first metastasis-regulating
miRNA, miR-10b, was initially found to be expressed at elevated levels in metastatic cell
lines and primary tumors from patients with metastatic breast cancer (5, 7). A growing body
of evidence has demonstrated that miR-10b expression is also positively associated with
high-grade malignancy or metastasis in other cancer types, such as pancreatic cancer (8-10),
glioblastoma (11-14), bladder cancer (15), and liver cancer (16). In addition, lymph node
metastases express higher levels of miR-10b than paired primary tumors in multiple cancer
types (17).

When overexpressed, miR-10b can induce motility and invasiveness of various cancer cell
lines (5, 15, 16, 18-21) and promote metastasis in xenograft models (5, 15, 20) through
direct targeting of HOXD10, NF1, KLF4, PTEN, and likely other genes. Conversely,
silencing miR-10b expression suppresses cancer cell proliferation, migration, and invasion /n
vitro as well as tumor growth or metastasis /n vivo (14, 18, 19, 22), suggesting that miR-10b
is a potential target for anti-tumor or anti-metastatic therapy. Notably, combining
nanoparticle-encapsulated miR-10b inhibitors with low-dose doxorubicin achieved complete
durable regression of metastases in a xenograft model of breast cancer (23). Intriguingly,
miR-10b is secreted by metastatic breast cancer cells via exosomes and, upon uptake,
induces invasiveness of non-malignant mammary epithelial cells (24).

In this study, we generated miR-10b-deficient mice to determine the role of miR-10b in
normal development and tumor progression. Although genetic deletion of miR-10b does not
cause substantial developmental defects, it impedes mammary tumor initiation, progression,
and metastasis in a polyomavirus middle T (PyMT) model of breast cancer. We further
identified 7BX5 as a functional target of miR-10b and identified two tumor suppressor
genes, DYRK1A and PTEN, as target genes of the transcription factor TBX5.

Materials and Methods

For details, see Supplementary Materials and Methods.
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Generation of miR-10b knockout mice

miR-10b mutant mice were produced at Taconic Artemis. Mice with the conditional
knockout allele were generated after breeding to Flp-deleter mice for the removal of the
selection marker (PuroR). Mice with the constitutive knockout allele were generated after
breeding to Cre-deleter mice. Both conditional and constitutive miR-10b mutant mice were
maintained on a C57BL/6 background.

Tumor and metastasis studies

All animal studies were performed in accordance with a protocol approved by the
Institutional Animal Care and Use Committee of MD Anderson Cancer Center. Mammary
tumor-free survival was determined by daily palpation. MMTV-PyMT:miR-10b*/* and
MMTV-PyMT;miR-10b~/~ female mice were euthanized at 13, 16, and 19 weeks of age and
the end-point (18-26 weeks, when mice met the institutional euthanasia criteria for tumor
size and overall health condition); whole mammary glands or tumors and lung tissues were
collected, weighed, and prepared for histopathological analysis. The presence of metastasis
was determined by histopathological review of lung sections.

Histopathology and immunostaining

Mouse tissue samples were fixed in 10% buffered formalin overnight, washed with
phosphate-buffered saline (PBS), transferred to 70% ethanol, embedded in paraffin,
sectioned (5 pum thick), and stained with hematoxylin and eosin (H&E). Histopathological
examination was performed on all tissue sections by a pathologist (M. James You). Specific
tissue areas were quantitated by counting pixels with digital imaging software (Photoshop).
For immunohistochemical staining, paraffin-embedded sections were deparaffinized in
xylene and rehydrated in ethanol. Antigen was retrieved using citric acid (pH 6.0, Dako).
Endogenous peroxidase activity was blocked using 3% hydrogen peroxide in PBS. Sections
were blocked with 5% bovine serum albumin in PBS and incubated with the primary
antibody. The sections were then washed with PBS and incubated with a horseradish
peroxidase-conjugated secondary antibody, followed by incubation with diaminobenzidine
(DAB, Sigma).

Whole-mount staining of mammary glands

After euthanasia, the entire right #4 inguinal mammary gland was collected from wild-type
and miR-10b™/~ female mice, placed onto a glass slide, stretched out, and air-dried for a few
minutes. The tissues were fixed overnight in Carnoy’s solution, rinsed in PBS, and stained in
Carmine Alum solution overnight. The tissues were then dehydrated in ethanol and xylene
and mounted.

Blood collection and blood count

Peripheral blood was drawn by retro-orbital sampling from age- and sex-matched wild-type
and miR-10b™~ mice. Blood was collected in EDTA-coated tubes to prevent clotting and
subjected to complete blood counting performed by Department of \eterinary Medicine &
Surgery at MD Anderson Cancer Center.
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Isolation and staining of circulating tumor cells (CTCs) from mice

Peripheral blood was collected via facial vein or retro-orbital bleeding and red blood cells
were lysed with RBC lysing buffer (Gibco, A10492-01). Nucleated cells were spun onto the
slides using Cytospin and fixed in 10% formalin. For immunofluorescent staining of the
PyMT protein, cells were permeabilized with 0.25% Triton X-100. The PyMT-specific
primary antibody (Abcam, ab15085, 1:50) and anti-rat secondary antibody conjugated with
Fluorescein (Vector Laboratories, FI-4001, 1:100) were used. After staining, cells were
mounted using mounting medium with DAPI (Vector Laboratories, H-1200). For CTC
quantification, the ratio of PyMT+;DAPI+ cells to total DAPI+ cells was calculated in x200
fields.

Quantitative PCR (qPCR)

Total RNA from mouse tissues, MEFs, and human cells was isolated using the TRIzol
reagent (Invitrogen) according to the manufacturer’s protocol. Real-time PCR and data
collection were performed on a CFX96 instrument (Bio-Rad).

Plasmids and tissue culture

Transfection

Human 7B.X5cDNA was cloned into the pPCMV-Tag2B vector using restriction enzymes
BamHI and EcoRI. 293FT cells were from ThermoFisher Scientific in 2012 and the LM2
subline of MDA-MB-231 cells was from Xiang Zhang (Baylor College of Medicine) in
2014. Both cell lines were cultured in DMEM medium supplemented with 10% fetal bovine
serum. Cell lines were authenticated by short tandem repeat analysis at MD Anderson’s
Characterized Cell Line Core Facility.

For overexpression, the MDH control, MDH-miR-10b, pCMV-Tag2B control, and pCMV-
Tag2B-TBX5 plasmids were transfected into cells using Lipofectamine 2000 (Life
Technologies). For knockdown, the negative control inhibitor (AM Biotechnologies), anti-
miR-10b inhibitor (AM Biotechnologies), scrambled siRNA (Sigma), and 7BX5siRNA
(Sigma, SASI_Hs01_00193647 and SASI_Hs01 00193648) oligonucleotides were
transfected into cells using Oligofectamine (Life Technologies). The sequence and chemical
modifications of the miR-10b antisense inhibitor are: 5"-
CstAmCmAmAmAmUmUmCmeGmUmUmCmUmAmCmAmeGmeSZUfSZAm'3/ (m= 2’-
OMie, fs = 2’-F-3’-monothioate, fs2 = 2”-F-3’-dithioate).

Luciferase reporter assay

Firefly luciferase reporter constructs containing the DYRKIA promoter (D1A-Luc) and
PTEN promoter (PTEN-Luc) were from Walter Becker (RWTH Aachen University) and
Jonathan Kurie (MD Anderson Cancer Center), respectively, and are described previously
(25-27). In 24-well plates, pPCMV-Tag2B-TBX5 (+, 50 ng; ++, 400 ng) was transfected into
293FT cells along with the pRL-SV40 Renilla luciferase construct (0.5 ng) and the firefly
luciferase reporter construct (D1A-Luc or PTEN-Luc, 25 ng). Two days after transfection,
luciferase activity was measured using the Dual-Luciferase Reporter Assay System
(Promega). Firefly luciferase activity was normalized with Renilla luciferase activity.
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Cell proliferation assay

LM2 cells were transfected with the negative control inhibitor, miR-10b inhibitor, scrambled
SiRNA, and/or 7BX5siRNA,; and in separate experiments, transfected with the pPCMV-
Tag2B or pCMV-Tag2B-TBXS5 construct. Next day, 700 cells were plated in 96-well plates.
Onday 1, 2, 3, 4, and 5, cells were washed with PBS and stained with 0.05% crystal violet
solution. Excess staining solution was washed with water and the stained cells were air
dried. For quantitation, crystal violet was extracted with 10% acetic acid and optical density
was measured using a multi-well plate reader at 595 nm.

Migration and invasion assays

Cell migration and invasion were measured using Boyden Chambers (Corning, 3422 and
354480, respectively). LM2 cells were transfected with the negative control inhibitor,
miR-10b inhibitor, scrambled siRNA, and/or 7BX5siRNA,; and in separate experiments,
transfected with the pPCMV-Tag2B or pCMV-Tag2B-TBX5 construct. Next day, cells were
trypsinized, counted, and washed with PBS to remove serum and growth factors. 15,000 and
70,000 cells were re-suspended in serum-free medium and added to the upper chamber for
migration and invasion assays, respectively. Serum-containing growth medium was added to
the bottom chamber. 20 hours later, cells on the upper surface of the membrane were
removed with a cotton swab, and cells on the lower surface of the membrane were stained
and counted.

Western blot analysis

Immunoblotting was performed with precast gradient gels (Bio-Rad) using standard
methods. Briefly, mouse tissues were mechanically homogenized using an electric tissue
homogenizer. Homogenized mouse tissues and human cells were lysed in the RIPA buffer
(Cell Signaling Technology) containing protease inhibitors (Roche) and phosphatase
inhibitors (ThermoFisher Scientific). Proteins were separated by SDS-PAGE and blotted
onto a PVDF membrane (Bio-Rad). Membranes were probed with the specific primary
antibodies followed by horseradish peroxidase-conjugated secondary antibodies. The bands
were visualized by chemiluminescence (Denville Scientific).

TCGA and computational analysis

To assess genomic alterations of 7BX5, HOXD10, and DYRKIA genes, we used TCGA
breast cancer somatic mutation data and copy number alteration data to determine the
alteration rates. To compare the mRNA expression levels of 7BX5, HOXD10, or DYRKIA
between normal and tumor tissues, we used TCGA breast cancer RNA-Seq data and
performed #tests on the log2-transformed expression values (i.e., RNA-Seq by Expectation
Maximization, RSEM). To assess the correlation of 7BX5, HOXD10, or DYRKIA
expression with clinical outcomes, we used the KM plotter (28) and performed a log-rank
test to compare high and low expression groups.

Statistical analysis

We used a log-rank test for survival analysis and Wilcoxon sum rank test for tumor grade
analysis. For other analyses, Student’s ftest (two-tailed) was used to compare two groups for
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independent samples. Data are presented as mean + s.e.m. £< 0.05 was considered
statistically significant.

Generation and characterization of miR-10b knockout mice

To investigate the role of miR-10b in mammalian development, we generated mice with
conditional and constitutive deletion of miR-10b on a C57BL/6 background by homologous
recombination and subsequent breeding to Flp- and Cre-deleter mice, which bear a
ubiquitously expressed Flp or Cre recombinase transgene (Fig. 1A and 1B). Using a probe
specifically detecting mature miR-10b as opposed to mature miR-10a in Northern blot
analysis (Supplementary Fig. S1A and S1B), we confirmed that miR-10b expression was
deficient in miR-10b-null embryos and in multiple organs of adult miR-10b™~ mice (Fig.
1C). Mouse miR-10b is embedded in intron 4 of Hoxd4 and intron 1 of Hoxd3 (Fig. 1A).
Deletion of miR-10b did not alter the expression of Hoxd4and Hoxd3 (Supplementary Fig.
S1C and S1D).

From the intercrosses between miR-10b heterozygotes (miR-10b*/~, Fig. 1B), we found that
mice homozygous for miR-10b deletion (miR-10b~/~) were born at the expected Mendelian
ratio (Supplementary Fig. S2A). Compared with age- and sex-matched wild-type mice,
miR-10b-null animals did not display significant abnormalities in total body weight
(Supplementary Fig. S2B), the weight of most organs (Supplementary Fig. S2C), overall
survival (Supplementary Fig. S3A), fertility (Supplementary Fig. S3B), and complete blood
cell count (Supplementary Fig. S4). A comprehensive histopathological examination did not
detect significant aberrations in the majority of organs in miR-10b~/~ mice (Supplementary
Fig. S5A). In addition, whole-mount staining of the mammary gland revealed no differences
in ductal growth, ductal branching, and terminal bud formation (Supplementary Fig. S5B).
However, a moderate but significant change in the weight of the spleen (P=0.0216), ovary
(P=0.02645), and uterus (P= 0.0334) was observed in miR-10b™/~ mice (Fig. 1D and
Supplementary Fig. S2C). Consistent with the increase in spleen size, spleens of miR-10b-
deficient animals displayed expansion of germinal centers compared with those of age- and
sex-matched wild-type mice (Fig. 1E and 1F), although no lymphoma was found in a 118-
week follow-up.

miR-10b deficiency impedes mammary tumor formation and progression in a PyMT mouse
model of breast cancer

The mouse mammary tumor virus (MMTV)-PyMT transgenic mice on an FVB/N
background develop palpable mammary tumors as early as 5 weeks of age and eventually
show 100% tumor penetrance, and pulmonary metastases are observed in 94% of tumor-
bearing female mice (29). In MMTV-PyMT mice on a C57BL/6 strain, tumor onset is
delayed, although eventually all transgenic females develop mammary tumors (30). Because
MMTV-PyMT mice recapitulate the tumor stages, pathology, metastasis, and biomarkers of
patients with metastatic breast cancer (31), this model is widely used to dissect the
molecular events at early and late stages of breast cancer progression.
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Since the miR-10b knockout mice were generated on a C57BL/6 background, we bred these
animals to MMTV-PyMT mice on a C57BL/6 strain. Both mature miR-10b and its precursor
were depleted in the mammary tumors of MMTV-PyMT;miR-10b~/~ animals (Fig. 2A)
without compensatory increase of miR-10a (Fig. 2B). In MMTV-PyMT;miR-10b*/* mice,
palpable mammary tumors appeared as early as 40 days of age, with a median onset at 52
days; by 120 days of age, all females had palpable tumors (7= 17, Fig. 2C). In contrast,
MMTV-PyMT;miR-10b~/~ mice developed palpable tumors starting at 73 days of age, with
50% of mice showing tumors by 103 days and 100% of mice showing tumors by 127 days of
age (n= 15, Fig. 2C). Thus, deletion of miR-10b significantly delayed the onset of PyMT-
induced mammary tumors (£=0.0001).

In addition to the effect on primary tumor onset, the weight of mammary tumors in MMTV-
PyMT:miR-10b~/~ mice was reduced by 32% (0.8052 g vs. 0.5478 g, = 0.0079) and 40.1%
(1.273 g vs. 0.7622 g, P=0.0167) at 13 weeks and 16 weeks of age, respectively, compared
with MMTV-PyMT:miR-10b*/* mice (Fig. 2D). However, at the late stage, there was no
significant difference in tumor weight (2.109 + 0.3049 g in MMTV-PyMT:miR-10b~/~ mice
and 2.032g + 0.3341 g MMTV-PyMT;miR-10b*"* mice at 19 weeks of age; 2= 0.869). We
performed histopathological analysis of mammary tissues. At 13 weeks of age, 10 of 16
(62.5%) MMTV-PyMT:;miR-10b** mice had full-blown adenocarcinoma of the mammary
gland, whereas MMTV-PyMT;miR-10b™/~ mice displayed lesions ranging from focal
hyperplasia to focal adenocarcinoma, with only 6 of 20 (30%, 2= 0.0209) animals showing
full-blown adenocarcinoma (Fig. 2E-G). At 19 weeks of age, the percentages of full-blown
adenocarcinoma were 100% (10 of 10) for MMTV-PyMT;miR-10b™* mice and 64% (7 of
11) for MMTV-PyMT;miR-10b™~ mice, respectively (P= 0.04373, Fig. 2G). Consistent
with inhibition of tumor growth, miR-10b-deficient mammary tumors exhibited a 71.3%
decrease (£ =0.0205) in cell proliferation without significant changes in apoptotic cell death
(P=0.701), as gauged by phosphorylated histone H3 (Supplementary Fig. S6A and S6B)
and cleaved caspase 3 (Supplementary Fig. S6C and S6D) staining, respectively.

miR-10b deficiency reduces metastasis of PyMT-induced mammary tumors

In orthotopic implantation models, overexpression of miR-10b in otherwise non-metastatic
breast cancer cells induced lung metastasis (5), and treatment with miR-10b antagomirs
reduced metastasis formation by otherwise highly malignant mammary tumor cells (22). In
the PyMT-driven mammary tumor model, miR-10b deficiency did not completely abolish
metastasis; instead, it moderately but significantly prolonged metastasis-free survival
(median metastasis-free survival: 160 days vs. 175 days, 2= 0.0044, Fig. 3A). To quantitate
the effect on metastasis, we assessed metastatic lesions in H&E-stained sections of lungs
from mice at 24-26 weeks of age. Compared with MMTV-PyMT;miR-10b*/* animals,
MMTV-PyMT;miR-10b~/~ mice showed 68.3% and 90.3% reduction in the number (10.4
foci vs. 3.3 foci, 2= 0.0283) and area (158.0 x 103 pixels vs. 15.27 x 103 pixels, 2= 0.0384)
of pulmonary metastatic foci, respectively (Fig. 3B and 3C). Similar to primary tumors,
metastatic tumor cells in the lungs of MMTV-PyMT:miR-10b~/~ mice were also less
proliferative than those in MMTV-PyMT:miR-10b™"* mice without an increase in apoptosis
(Supplementary Fig. S6E-G).
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miR-10b deficiency suppresses the mesenchymal phenotype and intravasation of
mammary tumor cells

Previous studies demonstrated the activation of epithelial-mesenchymal transition (EMT) in
the MMTV-PyMT model (32, 33). Therefore, we examined the mesenchymal markers
Vimentin and N-cadherin and the epithelial marker E-cadherin in mouse mammary tumors.
In MMTV-PYMT:;miR-10b~/~ tumors, Vimentin and N-cadherin levels were reduced and E-
cadherin expression was increased (Fig. 3D and 3E). To determine the impact of miR-10b
depletion on tumor cell intravasation, we compared the number of circulating tumor cells
(CTCs) in the peripheral blood collected from MMTV-PyMT:;miR-10b*"* and MTV-
PyMT:miR-10b~/~ mice, by using an antibody that could specifically detect PyMT-positive
mammary tumor cells that metastasized to the lung (Supplementary Fig. S7). In peripheral
blood samples, the percentages of CTCs in MMTV-PyMT:;miR-10b~~ mice were 0.59%,
1.6%, and 3.7% at 13, 16, and 19 weeks of age, respectively, which was significantly less
than those in MMTV-PyMT;miR-10b*/* mice (2.4%, 4.1%, and 6.3% at 13, 16, and 19
weeks of age, respectively, Fig. 3F and 3G). These results suggest that loss of miR-10b
inhibits the ability of mammary tumor cells to disseminate, which is not simply due to the
effect on the primary tumor considering similar primary tumor sizes at 19 weeks.

miR-10b regulates the expression of Thx5, Hoxd10, and Pten in vivo

To identify miR-10b target genes whose expression is upregulated upon genetic deletion of
miR-10b, we performed quantitative PCR (qPCR) analysis of approximately 100 genes
which were predicted computationally to be miR-10b targets (TargetScan, mouse; version
6.0). In this initial screen, 10 genes showed a more than 1.5-fold increase in their expression
levels in miR-10b-null mouse embryonic fibroblasts (MEFs), compared with wild-type
MEFs (Supplementary Fig. S8). These 10 genes were tested again to confirm their
upregulation by miR-10b depletion. Among the eight confirmed targets ( 76x5, Myt1l,
Ppargclb, Tnrc6b, Mycbp, Amt, Prtg, and Gpcpdl), Thx5 (T-box 5) stood out as the most
significantly upregulated gene (Fig. 4A). In addition, Hoxd10 (homeobox D10), a metastasis
suppressor gene previously reported by many groups to be targeted by miR-10b (5, 15, 16,
22-24, 34-37), was upregulated in miR-10b-deficient MEFs by 1.4 fold (Supplementary Fig.
$8) and in mammary tumors from MMTV-PyMT;miR-10b~/~ mice by 2 fold (Fig. 4B and
4C).

miR-10a and miR-10b have been reported to directly target the 3’ -untranslated region of
TBX5 (38). Consistent with the MEF analysis, 76x5 mRNA levels were upregulated by 4.8
fold in miR-10b-deficient PyMT tumors relative to tumors from MMTV-PyMT;miR-10b*/*
mice (Fig. 4D). This upregulation was also observed at the protein level (Fig. 4B and 4E). In
addition, two recent studies reported that miR-10b directly targets PTEN (21, 39). Indeed,
compared with MMTV-PyMT;miR-10b*/* mice, MMTV-PyMT;miR-10b~/~ mice displayed
upregulation of Pten and downregulation of phospho-Akt in both primary mammary tumors
(Fig. 4B and Supplementary Fig. S9A) and lung metastases (Supplementary Fig. S9B).

DYRK1A and PTEN are TBX5 target genes and are upregulated by miR-10b deletion

PTEN is a well-established dose-dependent tumor suppressor in breast cancer (40), and loss
of PTEN expression has been found in human mammary tumors (41, 42). TBX5 expression
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is downregulated in colon cancer, and restored expression of TBX5 in colon tumor cells
inhibited proliferation and migration (43), suggesting that TBX5 is a potential tumor
suppressor. HOXD10 expression is progressively lost in mammary tumors with increasing
degrees of malignancy (44, 45), and re-expression of HOXD10 in breast cancer cells
suppressed migration and invasion /n vitro as well as tumor progression /in vivo (45),
presumably by repressing genes involved in cell movement and extracellular matrix
remodelling (46). However, the role of the transcription factor TBXS5 in breast cancer is
unknown.

To identify TBX5-regulated genes in breast cancer, we analyzed eight publicly available
transcriptome profiling datasets from human breast cancer specimens and identified five
genes (ADCY1, FAM134B, DYRKIA, FGFRZ2, and PTEN) whose expression positively
correlated with 7BX5. Among them, the genomic loci of DYRKIA, FGFRZ, and PTEN
were found to be occupied by TBX5 based on a previous ChlP-Seq study (47)
(Supplementary Fig. S9C). To validate whether the expression of these three genes is indeed
activated by TBX5, we overexpressed TBX5 in 293FT cells and observed upregulation of
DYRK1A and PTEN mRNA levels (Supplementary Fig. S9D).

The protein kinase DYRK1A (Dual-Specificity Tyrosine-(Y)-Phosphorylation Regulated
Kinase 1A) has recently been shown to promote quiescence and senescence (48), inhibit
tumor growth and stemness (49), and increase chemosensitivity (50). To determine whether
TBXS5 activates the transcription of DYRK1A and PTEN, we performed luciferase reporter
assays and found that the activity of the DYRK1A (Fig. 5A and Supplementary Fig. S9E)
and PTEN (Fig. 5B and Supplementary Fig. S9E) promoters was increased by TBX5 in a
dose-dependent manner. We then examined DyrkIaand Pfen mRNA levels in mouse tumors
and observed upregulation of both genes in miR-10b-deficient PyMT mammary tumors
(Fig. 5C and 5D). Similar to the increase in Pten protein levels (Fig. 4B; Supplementary Fig.
S9A and S9B), MMTV-PyMT:miR-10b™~ mice exhibited upregulation of the percentage of
Dyrk1la-positive cells and Dyrkla protein levels in both primary mammary tumors (Fig. 5E-
G) and lung metastases (Fig. 5H and 5I).

TBX5 is a functional target of miR-10b

To determine whether miR-10b downregulates DYRKIA and PTEN expression through
TBXS5, we transfected 293FT cells with miR-10b in the absence or presence of ectopic
TBX5 expression. Overexpression of miR-10b decreased mMRNA levels of 7BX5, DYRKIA,
and PTEN, and ectopic expression TBX5 in miR-10b-overexpressing cells restored
DYRK1A and PTEN expression (Fig. 6A). Conversely, we transfected 293FT cells with
miR-10b antisense inhibitors in the absence or presence of 7BX5siRNA. Consistent with
our observations in miR-10b knockout mice, antisense inhibitors of miR-10b upregulated
TBX5, DYRKI1A, and PTEN expression, which could be reversed by knockdown of 7BX5
(Fig. 6B). Similarly, we observed the same effects in the LM2 lung-metastatic subline of the
MDA-MB-231 human breast cancer cells (51) (Fig. 6C and 6D). Therefore, gain- and loss-
of-function analyses demonstrated that miR-10b suppresses TBX5 expression, leading to
downregulation of DYRK1A and PTEN.
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We asked whether TBX5 mediates the functions of miR-10b in breast cancer cells.
Consistent with the phenotypes of MMTV-PyMT:miR-10b™~ mice, transfecting the LM2
metastatic breast cancer cells with miR-10b antisense inhibitors suppressed cell
proliferation, migration, and invasion, which could be reversed by 7BX5siRNA (Fig. 6E
and 6F). Moreover, overexpression of TBX5 markedly inhibited the proliferation, migration,
and invasion of LM2 cells (Supplementary Fig. SL0A-C). Collectively, these results suggest
that TBX5 is a functional target of miR-10b.

TBX5, HOX10, and DYRK1A are downregulated in human breast cancer and correlate with
clinical outcomes

Using miR-10b knockout mice and human cell lines, we identified 76x5, Hoxd10, and Pten
as the targets of miR-10b, and DYRK1A and PTEN as the target genes of TBX5. Compared
with PTEN, the relevance of 7BX5, HOXD10, and DYRKI1A in human breast cancer is less
defined. We analyzed the breast cancer data from The Cancer Genome Atlas (TCGA) (52).
Although genomic alterations of 7BX5, HOXD10, and DYRK1A genes in human breast
cancer were rare (7BX5: 0.83%; HOXD10. 0.93%; DYRKI1A: 2.0%), their mRNA levels
were significantly downregulated in breast tumors relative to normal mammary tissues (Fig.
7A-C). We then performed Kaplan-Meier (KM) plotter (28) analyses. Compared with
patients with high 7BX5 expression in their breast tumors, patients with low 7BX5
expression had worse relapse-free survival (Fig. 7D) and overall survival (Supplementary
Fig. S11A). Similarly, the expression of HOXD10and DYRK1A also correlated with
relapse-free survival (Fig. 7E and 7F) and overall survival (Supplementary Fig. S11B and
S11C) of breast cancer patients. These data suggest that miR-10b-regulated genes are human
breast cancer-relevant tumor suppressors or metastasis suppressors (Supplementary Fig.
S11D).

Discussion

In mammals, the miR-10 family consists of miR-10a and miR-10b. Their coding genes are
located within two different HOX gene clusters whose protein products play important roles
in development. Moreover, miR-10a and miR-10b target specific HOX mMRNAs, leading to
the speculation that these two miRNAs might be developmental regulators (53, 54).
Surprisingly, however, extensive analyses did not reveal substantial phenotypic differences
in miR-10b-deficient mice except germinal center expansion in the spleen. Similarly,
miR-10a-null mice were indistinguishable from littermate controls in terms of development,
growth, overall survival, and incidence of spontaneous tumorigenesis (55).

Whereas the functional redundancy of miR-10a and miR-10b remains to be determined, a
number of previous knockout studies demonstrated that many conserved miRNAs are
dispensable for animal development and viability; however, some of these miRNAs play
critical roles in stress responses or pathologic processes, including cardiac stress, vascular
injuries, intestinal injuries, and oncogenic stress, and thus mice deficient in these miRNAS
exhibit notable phenotypes in response to external or internal perturbations (56). In the
present study, genetic deletion of miR-10b in a PyMT-driven mouse model of breast cancer
significantly impeded mammary tumor initiation, growth, progression, and lung metastasis.
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The observed delay in oncogene-induced mammary tumor formation has likely been masked
in previous xenograft models in which highly aggressive and late-stage tumor cells were
used (5); this underscores the importance of using autochthonous tumor models to track the
early changes during tumor initiation. Moreover, despite a dramatic reduction in the number
and area of metastatic foci in the lung, metastasis was not completely abrogated by miR-10b
deletion, suggesting that other metastasis genes and pathways are operational in this model.
In addition, despite no compensatory increase of miR-10a expression, miR-10a might
partially compensate for the loss of miR-10b at the functional level.

Among the target genes of miR-10b, the tumor suppressor genes 7bx5 and Pfenand the
metastasis suppressor gene Hoxd10 are significantly upregulated by miR-10b deletion in
mice, suggesting that these genes are physiologically relevant bona fide miR-10b targets. In
addition, we found that P7EN and another tumor suppressor, DYRKIA, are target genes of
the transcription factor TBX5, and that both genes are downregulated by miR-10b in a
TBX5-dependent manner. Furthermore, 7BX5, HOXD10, and DYRK1A are underexpressed
in human breast tumors and are associated with overall survival and relapse-free survival
outcomes. Taken together with the well-established tumor-suppressing role of PTEN in
breast cancer, these data suggest that miR-10b may downregulate multiple tumor
suppressors or metastasis suppressors, ultimately contributing to malignant progression.
Inhibition of miR-10b may provide therapeutic opportunities by reactivating downstream
tumor-suppressing and metastasis-suppressing pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Targeted deletion of miR-10b in mice
(A) The targeting strategy used to generate miR-10b knockout alleles.

(B) PCR-based genotyping of wild-type (+), floxed (f), and deleted (-) alleles of miR-10b.
(C) Northern blot analysis demonstrates miR-10b deletion in the kidney, testis, ovary, and
embryo of age- and sex-matched wild-type (WT) and miR-10b™/~ (KO) mice.

(D) Spleen weight (relative to body weight) of age- and sex-matched wild-type (WT) and
miR-10b~~ (KO) mice. 7= 8 mice per group.

(E) Gross examination (top) and H&E staining (bottom) of spleens of wild-type (WT) and
miR-10b~/~ (KO) mice. Scale bars, 200 pm.

(F) Germinal center areas were quantitated by pixel counts. 7= 4 mice per group.
Pvalues in (D) and (F) were from a two-tailed, unpaired £test.
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Figure 2. Deletion of miR-10b impedes mammary tumor initiation, growth, and progression
(A, B) gPCR of mature miR-10b (A, left panel), the miR-10b precursor (A, right panel), and

mature miR-10a (B) in mammary tumors of age-matched MMTV-PyMT;miR-10b WT and
MMTV-PyMT;miR-10b KO mice. 7= 3 mice per group.

(C) Mammary tumor-free survival of MMTV-PyMT;miR-10b WT (7= 17) and MMTV-
PyMT;miR-10b KO (= 15) mice. The Pvalue was from a log-rank test.

(D) Mammary tumor weight of MMTV-PyMT;miR-10b WT and MMTV-PyMT;miR-10b
KO mice at 13 and 16 weeks of age. 7= 8 mice per group.

(E, F) H&E staining (E) and tumor area quantification (F) of mammary tissue sections from
13-week-old MMTV-PyMT;miR-10b WT and MMTV-PyMT;miR-10b KO mice. Scale bars
in (E), 100 pm. 7= 3 mice per group in (F).

(G) Histopathological examination of mammary glands (/7= 16, 20, 10, and 11 mice per
group, from left to right). Pvalues were from Wilcoxon rank-sum test.

Pvalues in (A), (B), (D), and (F) were from a two-tailed, unpaired #test.
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Figure 3. Deletion of miR-10b inhibits EMT, intravasation, and metastasis
(A) Metastasis-free survival of MMTV-PyMT;miR-10b WT (n7=67) and MMTV-

PyMT;miR-10b KO (n=53) mice. The Pvalue was from a log-rank test.

(B) H&E staining of lungs of MMTV-PyMT;miR-10b WT and MMTV-PyMT;miR-10b KO
mice at 24-26 weeks of age. The bottom panels are high-magnification images of the boxed
areas in the top panels. Arrows indicate metastatic foci. Scale bars, 1 mm (top) and 200 pm
(bottom).

(C) Quantitation of the number (top) and area (bottom) of metastatic foci in the lungs of
MMTV-PyMT;miR-10b WT and MMTV-PyMT;miR-10b KO mice at 24-26 weeks of age. n
=7 mice per group.

(D, E) Immunoblotting (D) and immunofluorescent staining (E) of EMT markers in
mammary tumors of MMTV-PyMT;miR-10b WT and MMTV-PyMT;miR-10b KO mice.
Scale bars in (E), 200 um.

(F, G) Circulating tumor cells (CTCs) were immunostained with a PyMT-specific antibody
(green) and nuclei were stained with DAPI (blue) (F). The percentages of CTCs were
quantitated (G). Scale bars in (F), 20 um. 7= 4 mice per group in (G).

Pvalues in (C) and (G) were from a two-tailed, unpaired £test.
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Figure 4. Thx5, Hoxd10, and Pten are upregulated by miR-10b deletion in mice
(A) qPCR of miR-10b targets in miR-10b-null MEFs.

(B) Immunoblotting of Thx5, Hoxd10, Pten, phospho-Akt, Akt, and Hsp90 in mammary
tumors of MMTV-PyMT;miR-10b WT and MMTV-PyMT;miR-10b KO mice at 24-26
weeks of age. /7= 4 mice per group.

(C) Quantification of Hoxd10 protein levels in (B).

(D) gPCR of Tbx5in mammary tumors of MMTV-PyMT;miR-10b WT and MMTV-
PyMT;miR-10b KO mice at 24-26 weeks of age. 7= 7 mice per group.

(E) Quantification of Thx5 protein levels in (B).

Pvalues in (C) — (E) were from a two-tailed, unpaired #test.
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Figure 5. DYRK1A and PTEN are TBXS5 target genes and are upregulated in mammary tumors
and lung metastases of MMTV—PyMT;miR-lOb_/_ mice

(A, B) Luciferase reporter assays show that the promoters of DYRKIA (A) and PTEN (B)
are activated by TBX5 in a dose-dependent manner. D1A-Luc and PTEN-Luc are reporter
constructs containing the human DYRKIA (1,497 bp) and PTEN (black bars, 1,064 bp;
white bars, 1,978 bp) promoter regions, respectively.

(C, D) gPCR of Dyrkla(C) and Pren (D) in mammary tumors of MMTV-PyMT;miR-10b
WT and MMTV-PyMT;miR-10b KO mice.

(E, F) Immunofluorescent staining of Dyrkla (E) and the percentages of Dyrkla-positive
cells (F) in mammary tumors of age-matched MMTV-PyMT;miR-10b WT and MMTV-
PyMT;miR-10b KO mice. Scale bars in (E), 50 um. 7= 4 mice per group in (F).

(G) Immunoblotting of Dyrkla and Hsp90 in mammary tumors of MMTV-PyMT;miR-10b
WT and MMTV-PyMT;miR-10b KO mice 24-26 weeks of age. 7= 4 mice per group.

(H, 1) Immunofluorescent staining of Dyrkla (H) and the percentages of Dyrkla-positive
cells (1) in lung metastases of age-matched MMTV-PyMT;miR-10b WT and MMTV-
PyMT;miR-10b KO mice. Scale bars in (H), 50 pm. 7= 4 mice per group in (I).

Pvalues in (A) — (D), (F), and (I) were from a two-tailed, unpaired £test.
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Figure 6. TBXS5 is a functional target of miR-10b

(A) qPCR of miR-10b, 7BX5, DYRKI1A, and PTEN in 293FT cells transfected with

miR-10b and TBX5, alone or in combination.

(B) gPCR of miR-10b, 7BX5, DYRKI1A, and PTEN in 293FT cells transfected with

4 4 miR-10b
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miR-10b antisense inhibitors and 7BX5siRNA, alone or in combination.
(C) gPCR of miR-10b in LM2 cells transfected with miR-10b antisense inhibitors and 7BX5

siRNA, alone or in combination.
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(D) Immunoblotting of TBX5, DYRK1A, PTEN, phospho-AKT, AKT, and HSP90 in LM2

cells transfected with miR-10b antisense inhibitors and 7BX5siRNA, alone or in

combination.

(E, F) Growth curves (E) and migration and invasion assays (F) of LM2 cells transfected
with miR-10b antisense inhibitors and 7BX5siRNA, alone or in combination. n=4 and 3
wells per group in (E) and (F), respectively. Pvalues were from a two-tailed, unpaired #test.
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Figure 7. TBX5, HOXD10, and DYRK1A are downregulated in human breast cancer and are
associated with relapse-free survival

(A-C) Box plots comparing 7BX5 (A), HOXD10 (B), or DYRK1A (C) expression in

normal breast tissues and breast tumors, based on the RNA-Seq data from TCGA. The boxes

show the median and the interquartile range. The whiskers show the minimum and

maximum. Pvalues were from a two-tailed, unpaired #test.
(D-F) Kaplan-Meier curves of relapse-free survival of breast cancer patients stratified by
TBX5 (D), HOXD10(E), or DYRK1A (F) expression levels. n= 1,660 patients. P values
were from a log-rank test.
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