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Abstract

Breast Cancer Stem Cells (BCSC) are competent to initiate tumor formation and growth,
refractory to conventional therapies, and consequently are implicated in tumor recurrence. Many
signaling cascades associated with BCSCs are critical for epithelial-to-mesenchymal transition
(EMT). We developed a model system to mechanistically examine BCSCs in basal-like breast
cancer using MCF10AT1 FACS sorted for CD24 (negative/low in BCSCs) and CD44 (positive/
high in BCSCs). Ingenuity Pathway Analysis comparing RNAseq on the CD2471°W versus
CD24*/Migh MCF10AT1 indicates that the top activated upstream regulators include TWIST1,
TGFB1, OCT4, and other factors known to be increased in BCSCs and during EMT. The top
inhibited upstream regulators include ESR1, TP63, and FAS. Consistent with our results, many
genes previously demonstrated to be regulated by RUNX factors are altered in BCSCs. The
RUNX2 interaction network is the top significant pathway altered between CD2471oW and
CD24*/Migh MCF10AT1. RUNX1 is higher in expression at the RNA level than RUNX2. RUNX3
is not expressed. While, human specific gPCR primers demonstrate that RUNX1 and CDH1
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decrease in human MCF10CA1a cells that have grown tumors within the murine mammary fat pad
microenvironment, RUNX2 and VIM increase. Treatment with an inhibitor of RUNX binding to
CBF for five days followed by a seven-day recovery period results in EMT suggesting that loss
of RUNXZ, rather than increase in RUNX2, is a driver of EMT in early stage breast cancer.
Increased understanding of RUNX regulation on BCSCs and EMT will provide novel insight into
therapeutic strategies to prevent recurrence.

Introduction

Among the heterogeneous population of cells within a tumor, Breast Cancer Stem Cells
(BCSCs) are posited to be a small fraction (Chaffer, San Juan, Lim, & Weinberg, 2016;
Ming, Michael, & Max, 2015) that are capable of self-renewal and reconstituting the original
cellular hierarchy within secondary tumors (Visvader & Lindeman, 2008) (Meacham &
Morrison, 2013). BCSCs are highly resistant to conventional therapies and have an increased
metastatic potential (Zhao, 2016) (Abdullah & Chow, 2013). The signaling cascades (Notch,
WNT, TGF, etc) and transcription factors (TWIST, OCT4, SNAI1, ZEB, etc) that regulate
stem-like properties in BCSCs control epithelial-to-mesenchymal transition (EMT)
(Hadjimichael et al., 2015; G. Li et al., 2018; Scheel & Weinberg, 2012; Shibue &
Weinberg, 2017; Singh & Settleman, 2010; Venkatesh et al., 2018). It has been suggested
that partial activation of the EMT promotes plasticity that allows reprogramming of the
epithelial cell to acquire both migratory and stem-like features (Grigore, Jolly, Jia, Farach-
Carson, & Levine, 2016). There is a compelling requirement to increase understanding of
the regulatory mechanisms contributing to BCSC physiology.

Recently, our lab and others have demonstrated the importance of the RUNX family of
transcription factors in pathways that regulate EMT and BCSCs (Fritz et al., 2019; Hong et
al., 2019; D. Hong et al., 2017; Kulkarni et al., 2018; Owens et al., 2014; Valenti et al.,
2016). The RUNX proteins consist of RUNX1, RUNX2 and RUNX3. Each of these factors
function as key lineage determinants in specific tissues(Y. Ito, S.-C. Bae, & L. S. H. Chuang,
2015). These factors control cell differentiation, proliferation, and the cell cycle during
normal development (C. Q. Wang, Jacob, Nah, & Osato, 2010). RUNX1 regulates
hematopoietic (Jacob et al., 2010; Yokomizo et al., 2001) (Chelsia Q. Wang et al., 2014),
hair follicle (Hoi et al., 2010; Osorio, Lilja, & Tumbar, 2011), gastric (Matsuo et al., 2017)
and oral epithelial stem cells (Scheitz, Lee, McDermitt, & Tumbar, 2012). RUNX2 regulates
epithelial differentiation by promoting CDH1 in adipose-derived stem cells (Q. Li et al.,
2018), and is a crucial regulator of osteogenesis of stem cells (Dalle Carbonare et al., 2019;
Javed et al., 2009; Zou et al., 2015).

In the mammary gland, while RUNX2 is critical to maintain the mammary stem/progenitor
population (Ferrari et al., 2015), RUNX1 is implicated in luminal development (Sokol et al.,
2015). During mammary branching morphogenesis, the level of RUNX2 is increased and
accompanied by the upregulation of EMT activators such as SNAI2 (Cao et al., 2017;
Ferrari, McDonald, Morris, Cameron, & Blyth, 2013). Overexpressing RUNX2 in mammary
epithelial cells activates differentiation and induces EMT (N. O. Chimge et al., 2011; Owens
et al., 2014). In contrast, RUNX2 depletion in mouse mammary glands disrupted ductal
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outgrowth at puberty and progenitor cell differentiation during pregnancy (Ferrari et al.,
2015; Owens et al., 2014). These findings establish RUNX factors as obligatory components
of physiological control for EMT in biological contexts.

Beyond their impact on normal development, dysregulated RUNX functioning is implicated
in cancer (Ito) (Yoshiaki Ito et al., 2015). RUNX1 is frequently translocated (e.g., Runx1-
ETO (Hatlen, Wang, & Nimer, 2012), TEL-Runx1 (Fischer et al., 2005) and Runx1-EVI
(Mitani et al., 1994)) and mutated (Sood, Kamikubo, & Liu, 2017) in hematopoietic
malignancies. Recently, mutations in RUNX1 and CBFB, a critical coregulatory component
of RUNX transcription factor complexes, have been shown to be breast cancer drivers. In
breast cancer, RUNX1 regulates WNT signaling and crucial transcription factors including
ESR1 and ELF5 (Barutcu et al., 2016; N.-O. Chimge et al., 2016; Yoshiaki Ito et al., 2015;
van Bragt, Hu, Xie, & Li, 2015). Our group has demonstrated that RUNX1 exhibits tumor
suppressor activity and is required to maintain the epithelial phenotype and repress EMT
(Deli Hong et al., 2017) and breast cancer stemness (Hong et al., 2018). There is a necessity
to elucidate mechanisms underlying RUNX1 influence on BCSCs phenotypes including the
impact of compromised RUNX1 regulation for tumor growth /n vivo.

While RUNX1 demonstrates tumor suppressor activity, RUNX2 has been well documented
to function as an oncogene in breast cancer (Chuang, Ito, & Ito, 2017). Similarly, RUNX2
functions as an oncogene in lymphoma, where it is a frequent target for viral insertion
(Stewart et al., 1997). In osteosarcoma, increased RUNX2 expression is also associated with
tumorigenicity, metastasis, lower survival and poor prognosis by directly activating the
PI3K/AKT pathways (Cohen-Solal, Boregowda, & Lasfar, 2015; Martin, Zielenska, Stein,
van Wijnen, & Squire, 2011). Upregulation of RUNX2 has been linked to bone metastasis in
breast cancer (N. O. Chimge et al., 2011; Pratap et al., 2005) as well as in multiple epithelial
cancer types including colon, prostate, and thyroid cancer (Akech et al., 2010; Cohen-Solal
et al., 2015; Niu et al., 2012). RUNX2 contributes to metastatic events through regulation of
bone metastatic- related genes, that include osteopontin, bone sialoprotein, matrix
metalloproteinases, and activation of signaling pathways including WNT and TGFp (Pratap
et al., 2005).

To mechanistically investigate stemness in basal-like breast cancer, we FACS isolated CD24
(negative/low in BCSCs) and CD44 (positive/high in BCSCs) in MCF10AT1 cells. We
observed that many genes previously demonstrated to be regulated by RUNX factors are
altered in BCSCs. The RUNX2 interaction network is the top significant pathway altered
between CD2410W and CD24*/high MCF10AT1. While, RUNX1 and CDH1 decrease in
human MCF10CA1a cells that have grown tumors within the murine mammary fat pad
microenvironment, RUNX2 and VIM increase. Treatment with an inhibitor of RUNX
binding to CBFp for five days followed by a seven-day recovery period results in EMT
suggesting that loss of RUNX1, rather than increase in RUNX2, is a driver of EMT in early
stage breast cancer. Increased understanding of RUNX regulation on BCSCs and EMT will
provide novel insight into therapeutic strategies to prevent recurrence.
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Materials and methods

Cell culture:

MCF10AT1 were grown in DMEM: F12 (Hyclone: SH30271, Thermo Fisher Scientific,
Waltham, MA) with 5% (v/v) horse serum (Gibco: 16050, Thermo Fisher Scientific,
Waltham, MA, USA) + 10 pg/ml human insulin (Sigma Aldrich, St. Louis, MO: 1-1882) +
20 ng/ml recombinant hEGF (Peprotech, Rocky Hill, NJ, USA: AF-100-15) + 100 ng/ml
cholera toxin (Sigma Aldrich: C-8052) + 0.5 pug/ml hydrocortisone (Sigma Aldrich: H-0888)
50 1U/ml penicillin/50 pg/ml streptomycin and 2 mM glutamine (Life Technologies,
Carlsbad, CA, USA: 15140-122 and 25030-081, respectively). MCF10CA1a cells were
grown in DMEM: F with 12, 5% (v/v) horse serum with 50 1U/ml penicillin/50 pg/ml
streptomycin and 2 mM glutamine.

CD24/CDA44 flow cytometry

Flow cytometry for CD24 (PE-cy7, Biolegend 311120) and CD44 (APC, BD Pharmigen
559942) was performed using the optimal conditions as described previously (Fillmore &
Kuperwasser, 2008; Hong et al., 2018; Quan, 2013). Gating for negative signal was
determined using isotype controls.

RNAseq analysis

Total RNA was isolated using Trizol (Thermo Fisher Scientific, Waltham, MA); (Life
Technologies) and purified using the Direct-zol RNA kit (Zymo Research, Irvine, CA:
R2050). The quality and quantity of RNA was assessed using the RNA 6000 Nano Kit with
the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). RNA quantity was
further assessed using a Nanodrop2000 (Thermo Scientific, Lafayette, CO) and Qubit HS
RNA assay (Thermo Fisher Scientific). Total RNA was depleted of ribosomal RNA, reverse
transcribed using a random hexamer strategy, and strand-specific adapters were added
following manufacturer’s protocol (TruSeq Stranded Total RNA Library Prep kit with Ribo-
Zero Gold, Illumina, San Diego, CA) with the exception that the final cDNA libraries were
amplified using the Real-time Library Amplification Kit (Kapa Biosystems, Wilmington,
MA\) to reduce over-amplification of libraries. Generated cDNA libraries were assayed for
quality using the High Sensitivity DNA Kit on the Agilent 2100 Bioanalyzer (Agilent
Technologies) then sequenced as single-end 100 bp reads (IlluminaHiSeq1000, UVM
Advanced Genome Technologies Core). Sequencing base calls were generated on the HiSeq
1500 instrument in the UVM Advanced Genome Technologies Core Massively Parallel
Sequencing Facility. Fastq conversion and demultiplexing were done using bcl2fastq
(IMlumina, v1.8.4, San Diego, CA) and evaluated using Fastqc. Sequence files (fastq) were
mapped to the most recent assemblies of the human genome (hg38) using TopHat2 (Kim et
al., 2013). Expression counts were determined by HTSeq (Anders, Pyl, & Huber, 2015) with
recent gene annotations (Gencode v23/v24)(Harrow et al., 2012). Differential expression
was analyzed by DESeq?2 (Love, Huber, & Anders, 2014). Correlation between replicates
and differential gene expression between samples was assessed by principal component
analysis (PCA). RNA-Seq datasets have been deposited in the GEO under accession code
GSE141503.
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Western blotting

Cells were lysed in RIPA buffer and 2X SDS sample buffer supplemented with cOmplete,
EDTA-free protease inhibitors (Roche Diagnostics) and MG132 (EMD Millipore San Diego,
CA, USA). Lysates were fractionated in an 8.5% acrylamide gel and subjected to
immunoblotting. The gels are transferred to PVDF membranes (EMD Millipore) using a wet
transfer apparatus (Bio-Rad Laboratories, Hercules, CA, USA). Membranes were blocked
using 5% Blotting Grade Blocker Non-Fat Dry Milk (Bio-Rad Laboratories) and incubated
overnight at 4°C with the following primary antibodies: a rabbit polyclonal Runx1 (Cell
Signaling Technology, Danvers, MA, USA: #4334, 1:1000); a mouse monoclonal to E-
cadherin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA: sc21791, 1:1000); a mouse
monoclonal Vimentin (Santa-Cruz Biotechnology sc-6260, 1:1000); a mouse monoclonal to
B-Actin (Cell Signaling Technology #3700, 1:1000); a rabbit polyclonal Twistl (Santa Cruz
Biotechnology sc-15393, 1:2000); a rabbit polyclonal Zeb1 (Sigma-Aldrich HPA027524—
100UL, 1:1000). Secondary antibodies conjugated to HRP (Santa Cruz Biotechnology) were
used for immunodetection, along with the Clarity Western ECL Substrate (Bio-Rad
Laboratories) on a Chemidoc XRS+ imaging system (Bio-Rad Laboratories).

Animal studies

Female SCID mice 7 weeks of age were used for mammary fat pad injection. The mice were
randomly divided into two groups (seven for each group). In all, 1X106 MCF10CA1a cells
suspended in 0.1 ml of saline were mixed with 0.1 ml of Matrigel (BD) and were injected
under mammary fat pads. Bioluminescence images were acquired by using the IVIS
Imaging System (Xenogen) 5 min after injection 150 mg/kg of D-Luciferin (Gold BioTech,
St. Louis, MO) in PBS. All animals were housed in a pathogen-free environment and
handled according to protocol number 12-051 approved by the Institutional Animal Care
and Use Committee at the University of Vermont. In conducting using animals, the
investigators adhere to the laws of the United States and regulations of the Department of
Agriculture.

Quantitative PCR

RNA was isolated with Trizol (Life Technologies) and cleaned by DNase digestion (Zymo
Research, Irvine, CA, USA). RNA was reversed transcribed using SuperScript 1l and
random hexamers (Life Technologies). cDNA was then subjected to quantitative PCR using
SYBR Green technology (Applied Biosystems, Foster City, CA, USA).

Runx1 Forward: AACCCTCAGCCTCAGAGTCA,
Runx1 Reverse: CAATGGATCCCAGGTATTGG;
Runx2 Forward: CAGCCCCAACTTCCTGTG;
Runx2 Reverse: CCGGAGCTCAGCAGAATAAT,
FN1 Forward: CATGAAGGGGGTCAGTCCTA,;

FN1 Reverse: CTTCTCAGCTATGGGCTTGC,;
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VEGF Forward: CCTTGCTGCTCTACCTCCAC;
VEGF Reverse: CCATGAACTTCACCACTTCG;
CXCR4 Forward: TACACCGAGGAAATGGGCTCA,;
CXCR4 Reverse: TTCTTCACGGAAACAGGGTTC;
CXCL12 Forward: GTGGTCGTGCTGGTCCTC,;
CXCL12 Reverse: AGATGCTTGACGTTGGCTCT;
MMP13 Forward: ATGAGCCAGAGTGTCGGTTC;
MMP13 Reverse: GTTAGTAGCGACGAGCAGGAC,;
MMP9 Forward: ATAGACTACTACAGGCT;
MMP9 Reverse: TAGCACGGATAGACCA,
GAPDH Forward: TGTGGTCATGAGTCCTTCCA,
GAPDH Reverse: ATGTTCGTCATGGGTGTGAA,;
HPRT Forward: TGCTGACCTGCTGGATTACA,
HPRT Reverse: TCCCCTGTTGACTGGTCATT,;
a-Actin Forward: AGCACAGAGCCTCGCCTTT,

B-Actin Reverse: CGGCGATATCATCATCCAT.

Characterization of a breast cancer stem cell population within the MCF10AT1 cell line.

The distribution of CD24 and CD44 was determined by flow cytometry to evaluate the
percent of cells that are indicative of breast cancer stemness (CD2471oW/CD44+/high) while
all cells are positive for CD44, there is a population of cells that are CD24710W_ We
subsequently isolated CD2471oW and CD24*/igh subpopulations as demonstrated by the
gating in Figure 1A. RNAseq was performed on these two populations and principle
component analysis demonstrated that these two populations are distinct in their expression
profiles (Fig 1B). Well-known stemness and EMT related genes including CD24, CDH1,
VIM, FN1, TGFB1, SNAI1, TWIST1, TWIST2, ZEB1 and ZEB2 are among the
differentially expressed (DE) genes and are shown within a volcano plot (Fig 1C, Fig S1).
Furthermore, while HER2 and glucorticoid receptor (GR) do not change in expression at the
RNA level, ESR1 and THRB are downregulated and AR is upregulated (Fig 1C, Fig S1).
Together these results establish a model for investigating cancer stem cells in the basal breast
cancer phenotype.
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To elucidate key pathways that are integral to stemness within MCF10AT1, we performed
Ingenuity Pathway Analysis (IPA). This analysis demonstrated that annotations reflecting
pathways involved in cellular movement, invasion and migration are activated within the
CD247'oW sybpopulation. Pathways related to differentiation are altered, with those
associated with epithelial differentiation being inhibited and EMT being activated (Fig 2A).
IPA was used to cross-reference our geneset with genesets that are known to be associated
with upstream regulators that can be transcription factors, drugs, hormones, etc. Many of the
top upstream regulators that are activated among the DE genes in CD24710W ys CD24+/high
are well-known to increase stemness and EMT. For example, the top 5 activated upstream
regulators are TWISTL, TGFB1, SNAI1, OCT4, and TWIST2. Several of the top inhibited
upstream regulators are known to be decreased in EMT and stemness including ESR1,
ESR2, FAS, and TP63. Unexpectedly, a geneset associated with MYC-N is inhibited. Other
upstream regulators may mediate loss of cell-cell adhesion and/or increased migration and
invasion include PKD1, alpha catenin, VEGFA, and integrin beta-1 (ITGB1). Among these
top upstream regulators, seven are altered in their expression at the RNA level (TWIST1,
TGFB1, TWIST2, WNT5A, ZEBL are upregulated, while TP63 and ESR1 are
downregulated). Despite the other upstream regulators not being significantly altered in the
RNAseq, they may be altered at the protein level (Fig 2B).

Among the top significant pathways that were altered in the RNAseq, were expected
including EMT and hESC pluripotency, but additional pathways were also identified as
significantly altered in BCSCs and EMT (e.g., p53, ILK, and PI3K/AKT, Fig 2C, Fig S2).
The extent to which these pathways share genes is demonstrated in figure 2D, with thicker
lines indicating more genes in common. Of potential importance, the most significant
pathway that was altered was a RUNX2 associated geneset (Fig 2C).

RUNX is integral to BCSC biology

Given our previous results that RUNX1 suppresses EMT and breast cancer stemness (Hong
et al., 2018), and the significant association with RUNX2 revealed by gene expression
profiling, we investigated the involvement of RUNX factors in breast cancer stemness. We
determined that RUNX1 is the predominantly expressed RUNX gene, with RUNX2 being
lower in expression, and RUNX3 not expressed in MCF10A or MCF10AT1. While RUNX1
was not significantly altered, RUNX2 was increased at the RNA level in CD2410W ys
CD24*/high MCF10AT1 cells (Fig 3A). Western blot analysis on sorted CD24710W ys
CD24*/Migh MCF10AT1 demonstrated that RUNX2 is increased within the CD241ow
subpopulation (Fig 3B). As we previously demonstrated, RUNX1 is decreased within this
subpopulation, and these cells are more mesenchymal as reflected by their expression of
VIM, CDH1, and ZEB1 (Fig 3C). A heatmap of the RUNX2 interaction network is
displayed in figure 3D. These CD2471°W cells demonstrated greater long-term self-renewal
capacity as measured by tumorsphere formation assays (Hong et al., 2018). Collectively,
these data provide evidence that cell populations with BCSC properties express higher levels
of RUNX2 compared to cells with high levels of CD24.
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RUNX2 increases in human tumor cells within the murine mammary fat pad
microenvironment

BCSCs are a more tumorigenic subpopulation of cells. Consequently, we investigated
whether RUNX2 increases during breast tumor growth /n vivo. We utilized a mouse
xenograft model to examine RUNX2 expression during tumor progression. MCF10CAla
cells, which are aggressive breast cancer cells, were injected into the mammary fat pad of
immunocompromised SCID mice and tumor growth was monitored weekly. One month after
injection, mice were euthanized and tumors were removed and analyzed for RUNX2 and
other factors at both the protein and mRNA levels. Tumors had a 3.3-fold higher level of
RUNX2 protein than the parental MCF10CA1a, as quantified by western blot analysis (Fig
4A). Quantification of western replicates demonstrated that the epithelial marker CDH1 was
decreased in tumor samples, while the mesenchymal marker VIM was increased (Fig 4A;
(Hong et al., 2018)). Given the potential that infiltrating mouse cells may have increased
expression of RUNX2, human-specific gPCR primers were used to determine RUNX2
transcript levels. gPCR analysis in mouse embryonic fibroblasts validated the human
specificity of these primers. This finding demonstrated that RUNX2 mRNA is increased
specifically within the human MCF10CA1la cancer cells within the tumor environment (Fig.
4B). The human-specific mMRNA levels of several cancer-related genes such as VEGF, FN1,
MMP13, MMP9, CXCR4, CXCL12 are upregulated in the tumor samples (Hong et al.,
2018). These results indicate that the human breast cancer cells that have formed a tumor in
the mouse mammary fat pad acquire a more aggressive phenotype.

Simultaneous inhibition of RUNX1 and RUNX2 results in EMT

The concurrent decrease in RUNX1 and increase in RUNX2 within the CD2471ow
subpopulation suggests an interplay between these factors within BCSCs and EMT. We
therefore utilized an inhibitor of the interaction between RUNX factors and CBF, to
decrease the genomic occupancy of both RUNX1 and RUNX2 (Fig 5A). Treatment of
MCF10AT1 cells with this inhibitor for 5 days resulted in cell death, decreased cell growth
and a more mesenchymal-like morphology (Fig 5B). The resulting cell population
demonstrated decreased RUNX1 and CDH1, and increased RUNX2 and VIM. STR analysis
confirmed that this population of cells is not a result of a cross contamination with a cell
type that is RUNX-independent. These findings suggest that a general loss of RUNX
regulation drives EMT associated with breast cancer and potentially supports the concept
that loss of RUNX1, rather than increased RUNX2, is a driver of EMT in early stage breast
cancer.

Discussion

We provide multiple lines of evidence that RUNX factors play critical roles in BCSCs and
during EMT, with RUNX1 suppressing and RUNX2 activating mesenchymal and stemness
traits. Basal-like premalignant breast cancer MCF10AT1 cells sorted for the level of CD24, a
negative marker for BCSCs, demonstrated altered expression for many genesets associated
with upstream regulators that are well-known to be aberrantly expressed during EMT and/or
in breast cancer stemness (Hadjimichael et al., 2015; G. Li et al., 2018; Lindsay, McDade,
Pickard, McCloskey, & McCance, 2011; Scheel & Weinberg, 2012; Shibue & Weinberg,
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2017; Singh & Settleman, 2010; Venkatesh et al., 2018). RUNX factors are critical
components of the pathways downstream of these many of these regulators (Y. Ito, S. C.
Bae, & L. S. Chuang, 2015; Masse et al., 2012). For example, the genesets associated with
TGFB1 and SNAI1 are statistically activated within the MCF10AT1 CD24/1ow
subpopulation relative to the CD24*/Migh cells, and ESR1 and TP63 associated genesets are
inhibited. Some of these genesets associated with upstream regulators are altered while the
expression of the upstream regulator itself is not changed. For example, OCT4 does not
change in expression at the RNA level according to our RNAseq. This could be a result of it
not being detected at statistical significance or it might be regulated at the post-
transcriptional level. Together these findings support the key role for RUNX factor
involvement in breast cancer stemness.

Within our RNAseq dataset, the RUNX2 interaction network was the most significantly
altered pathway. While our previous results indicate that RUNX1, CD24, and CDH1 are
lower and VIM and ZEBL1 are higher in the BCSC subpopulation, here we show by FACS
followed by western analysis that RUNX2 is increased within these stem-like cells.
Consistent with tumor promoter activity, RUNX2 increases within human tumor cells in the
murine mammary fat pad microenvironment. Finally, since RUNX1 decreases and RUNX2
increases within the BCSC subpopulation, we addressed the effect that inhibiting both
factors simultaneously would have on EMT. These experiments demonstrated that loss of
RUNX1, rather than a gain of RUNX2, within early stage basal breast cancer cells is a driver
of EMT.

Breast cancer is a leading cause of cancer death in women second only to lung cancer
(Siegel, Miller, & Jemal, 2017; Torre et al., 2015). While there have been significant
advances in early detection and treatment of breast cancer, further study is required to
elucidate the mechanisms of breast cancer progression and metastasis. Accumulating
evidence indicates that perturbed RUNX factor regulation is associated with progression of
breast cancer (N.-O. Chimge et al., 2016; Deli Hong et al., 2017; van Bragt et al., 2015).
Reduced RUNX1 and increased RUNX2 levels in tumors correlate with poor survival for
breast cancer patients. Moreover, the expression of RUNX1 is lower in higher histological
grade tumors relative to low-to mid-grade tumors (Kadota et al., 2010). RUNX1 and its
obligatory cofactor CBFp loss-of-function somatic mutations have been detected in several
breast cancer subtypes (Banerji et al., 2012; Ellis et al., 2012; Network, 2012; Pereira et al.,
2016). In ER+ breast cancer, RUNX1 depletion activates WNT signaling and increases
ELF5 levels (N.-O. Chimge et al., 2016; van Bragt et al., 2015). In basal-like ER low
MCF10AT1 RUNX1 knockdown results in increased ZEB1 (Hong et al., 2018), and in
MCF10A its loss results in increased NOTCH3 expression (Malik et al., 2019). Together
these findings suggest that a deeper understanding of the role(s) that RUNX factors play
within breast cancer will provide novel insight into therapeutic strategies.

Previously, we determined that RUNX1 depletion stimulates EMT in both normal and breast
cancer cells (Deli Hong et al., 2017) and that the level of RUNX1 is decreased during tumor
growth (Hong et al., 2018). Moreover, forced expression of RUNX1 suppresses tumor
growth post injection of MCF10CAla in the mouse xenografts (Hong et al., 2018). RUNX1
or CBFp knockout in MCF10A normal-like mammary epithelial cells resulted in
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tumorigenicity in murine mammary fat pads (Malik et al., 2019). Taken together, these
studies strongly support the concept that RUNX1 is a tumor suppressor of breast cancer /in
vivo. However, the possibility that RUNX1 has other functions in breast cancer, particularly
in later stages cannot be excluded. Contrary to the increased tumorigenicity upon RUNX1
knockout in MCF10A and upon its depletion in MCF10CAla, in the MMTV-PyMT mouse
model, RUNX1 expression is positively correlated with tumor progression (Browne et al.,
2015). Furthermore, RUNX1 promotes expression of genes involved in tumor growth in late-
stage triple negative MDA-MB-231 breast cancer cells (Recouvreux et al., 2016). These
contradictory findings suggest a context dependent dual role for RUNX1 in late stage breast
cancer.

While we have identified RUNX1 as a suppressor of EMT in normal and early stage breast
cancer cells, RUNX2 has been identified to be involved within a regulatory network that
controls EMT (N. O. Chimge et al., 2011; Cohen-Solal et al., 2015; Valenti et al., 2016).
Ectopic expression of RUNX2 induces EMT by regulating key pathways such as TGFf and
Whnt. Furthermore, RUNX2 promotes invasiveness in luminal ER+ MCF7 breast cancer cells
(N. O. Chimge et al., 2011). This increased invasiveness is consistent with the positive
regulation of matrix metalloproteinases by RUNX2 in MCF7 and MDA-MB-231 breast
cancer cells (Pratap et al., 2005). Consistent with this result, overexpression of RUNX2
mutated in a critical subnuclear matrix targeting signal domain in MDA-MB-231 breast
cancer cells resulted in reduced invasiveness (Javed et al., 2005). The impact of RUNX2 on
invasiveness is consistent with our finding that RUNX2 enriched cancer stem cells have
activated pathways that are associated with increased cellular movement, invasiveness, and
migration (Fig 2). Clinically, increased RUNX2 results in an osteomimetic phenotype for
cancer cells, an increased metastasis to bone (Akech et al., 2010; Baniwal et al., 2010;
Leong et al., 2010), and chemoresistance (Ozaki et al., 2015; Ozaki et al., 2018). The
increased level of RUNX2 in BCSCs may be a critical mechanism by which BCSC resist
chemotherapies and cause recurrence.

Given the shared binding motif for the RUNX factors, one fundamental question is whether
the loss of RUNX1 in breast cancer results in a switch to RUNX2 thereby inducing EMT. In
order to address this question, we utilized an inhibitor for the interaction between RUNX
factors and CBFp (lllendula et al., 2016). Upon inhibition, RUNX factors dramatically
decrease their affinity with chromatin. We determined that simultaneous inhibition of both
RUNX1 and RUNX2 for five days resulted in EMT, with post treatment cells exhibiting an
increase in RUNX2 and a decrease in RUNX1. These results suggest that in early stage
breast cancer the loss of RUNX1, rather than the gain of RUNX2, is a critical driver of EMT.

Together, our findings support the concept that RUNX factors are critical components within
the signaling cascades that regulate EMT and stemness. The resulting BCSCs may be
responsible for metastasis, resistance to therapeutics, and tumor recurrence in breast cancer.
A deeper understanding of the mechanistic interplay between RUNX1 and RUNX2 in breast
cancer will provide novel insight into therapeutic strategies.
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Figure 1.

Analysis of differentially expressed genes in CD24710W/CD44*/igh BCSCs versus
CD24*/high/cp44high premalignant basal MCF10AT1 breast cancer cells. (a) FACS was
performed on MCF10AT1 using CD24 (PE-cy7) and CD44 (APC) antibodies to isolate
BCSCs (CD24~/lowjcD44+/igh yellow) and bulk non-BCSC (CD24*/Migh/CD44*, pink). r1,
r2, r3 refer to different replicates of FACS. (b) Principle component analysis demonstrated
clustering of these two populations from each other. Parental cells were not subjected to
FACS therefore suggesting an affect of FACS on gene expression. (c) A volcano plot
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demonstrating differentially expressed genes highlighting several genes that are well known
to be altered in BCSCs including RUNX2, AR, ESR1, POSTN (Morra & Moch, 2011),
CDH1, ESRP1, VIM, ZEB1, ZEB2, LTBP1, VCAN, WNT5A, and S1PR3 (Milara et al.,
2012). BCSC, breast cancer stem cell; FACS, fluorescence-activated cell sorting; PCA,
principal component analysis
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Figure 2.
Pathway analysis of differentially expressed genes in BCSCs. (a) Ingenuity pathway analysis

on differentially expressed genes in BCSC (CD24~/'oW/CD44+/igh) versus bulk non-BCSC
(CD24*/Migh/CD44*) demonstrates increased cellular movement, invasion, migration, and
EMT in BCSCs and decreased epithelial differentiation. (b) The activation score of the top
15 activated and top 15 inhibited upstream regulators are presented. The log2 fold change
for these upstream regulators is also shown. (c) Some of the top most significant pathways
are displayed (color scale represents the most significant being green and the least being red)
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as is their activation scores when IPA was able to calculate them (blue being inhibited and
red being activated). The top 30 significant pathways that are altered are displayed in Figure
S2. (d) The number of genes that are shared between these pathways is depicted with thicker
lines indicating more genes in common between them. The circles are colored to indicate the
degree of inhibition (blue) and activation (red). BCSC, breast cancer stem cell; EMT,
epithelial-to-mesenchymal transition; IPA, Ingenuity Pathway Analysis
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Figure 3.

RUNX regulation within BCSCs. (a) Normalized counts within the RNAseq demonstrate
that RUNX1 is the predominant RUNX factor expressed within MCF10AT1, while RUNX2
is differentially expressed between BCSC (CD24~/1°W/CD44*/Migh yellow) and bulk non-
BCSC (CD24*igh/cD44*, pink). RUNX3 is not expressed. (b) FACS for these
subpopulations followed by western blot analysis demonstrated an increase of RUNX2
within BCSCs. (c) Densitometry of westerns previously published (Hong et al., 2018)
demonstrate a decrease in RUNX1, CD24, and CDH1 and an increase in RUNX2, ZEB1,
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and VIM. (d) A heatmap of the RUNX2 interaction network is displayed. BCSC, breast
cancer stem cell; FACS, fluorescence-activated cell sorting; RUNX, Runt-related
transcription factor
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Figure 4.

RUNX2 increases within MCF10CA1a in the murine mammary fat pad tumor
microenvironment. (a) Western blot analysis of four replicates of parental MCF10CAla and
four tumor samples post-injection within the mammary fat pad demonstrate an increase in

RUNX2 within the tumor sample. (b) Since RUNX2 may be higher in expression

specifically within infiltrating mouse cells within the tumor, human-specific primers for
RUNX2 were used to establish that RUNX2 increases specifically within the human

MCF10CA1a in the tumor microenvironment. A control gPCR using these primers on

mouse embryonic fibroblasts cells resulted in no detectable expression. qPCR, quantitative

polymerase chain reaction; RUNX, Runt-related transcription factor
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Figureb.
Simultaneous RUNX1 and RUNX2 inhibition results in epithelial to mesenchymal

transition. (a) MCF10AT1 were treated for 5 days with DMSQO, an inhibitor that interferes
with the interaction between CBF and RUNX factors, or an inactive version of this
inhibitor that is chemically similar but does not interfere with these interactions. These were
then allowed to recover for 7 days in fresh media and passaged as normal. (b) This treatment
regimen results in slowed cell growth, cell death, and a more mesenchymal-like morphology.
Bar in the upper left panel indicates 20 um. (c) Western blot analysis demonstrates that the
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resulting cells are higher in RUNX2 and lower in RUNX1 and are more mesenchymal in
their expression of CDH1 and VIM. CBF, core binding factor §; DMSO, dimethyl
sulfoxide; RUNX, Runt-related transcription factor
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