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Abstract

The RUNX1 transcription factor has recently been shown to be obligatory for normal 

development. RUNX1 controls expression of genes essential for proper development in many cell 

lineages and tissues including blood, bone, cartilage, hair follicles and mammary glands. 

Compromised RUNX1 regulation is associated with many cancers. We highlight in this review 

evidences for RUNX1 control in both invertebrate and mammalian development, and recent novel 

findings of perturbed RUNX1 control in breast cancer that has implications for other solid tumors. 

As RUNX1 is essential for definitive hematopoiesis, RUNX1 mutations in hematopoietic lineage 

cells have been implicated in the etiology of several leukemias. Studies of solid tumors have 

revealed context-dependent function for RUNX1 as either an oncogene or a tumor suppressor. 

These RUNX1 functions have been reported for breast, prostate, lung, and skin cancers that are 

related to cancer subtypes and/or different stages of tumor development. Growing evidence 

suggests that RUNX1 suppresses aggressiveness in most breast cancer subtypes particularly in the 

early stage of tumorigenesis. Several studies have identified RUNX1 suppression of the breast 

cancer epithelial to mesenchymal transition (EMT). Most recently, RUNX1 repression of cancer 

stem cells and tumorsphere formation was reported for breast cancer. It is anticipated that these 

new discoveries of the context-dependent diversity of RUNX1 functions will lead to innovative 

therapeutic strategies for intervention of cancer and other abnormalities of normal tissues.
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1. Introduction:

The RUNX family of transcription factors have essential regulatory functions in cell 

differentiation, proliferation and tissue growth (Reviewed in (Coffman, 2003)). RUNX1 was 

historically designated Acute Myeloid Leukemia 1 protein (AML1), Core-Binding Factor 

Subunit α2 (CBFA2) or Polyomavirus Enhancer-Binding Protein 2 Alpha B Subunit 

(PEBP2αB) (Y. Ito, 2004). In mammals, there are three members of the RUNX family 

(RUNX1, RUNX2 and RUNX3), and each factor displays distinct tissue-restricted 

expression and lineage-specific roles. RUNX1 is required for hematopoiesis (Yzaguirre, de 

Bruijn, & Speck, 2017); RUNX2 is essential for osteogenesis (Komori, 2017); and RUNX3 

is crucial for the development of dorsal root ganglia neurons and T-lymphocytes, as well as 

the gut system (Ebihara, Seo, & Taniuchi, 2017; Inoue et al., 2002). Deletion of any Runx 
gene is lethal in mice, underscoring their essential functions in development. For example, 

RUNX1 loss causes embryonic lethality in mice by embryonic day 12.5 (E12.5) due to 

major defects in the formation of the fetal liver and hemorrhaging in the central nervous 

system (Okuda, van Deursen, Hiebert, Grosveld, & Downing, 1996; Sood, Kamikubo, & 

Liu, 2017). Mice bearing a homozygous mutation in Runx2 are born without a mineralized 

skeleton and die just after birth due to an inability to breathe, presumably caused by 

complete lack of ossification (Otto et al., 1997).

It has been more than two decades since RUNX1 was first implicated in leukemia after it 

was cloned from Moloney murine leukemia virus and polyomavirus (Miyoshi et al., 1991; E. 

Ogawa et al., 1993; S. Wang et al., 1993). Since then, more than 50 RUNX1 mutations, 

including translocations and point mutations, have been identified as causative factors in 

multiple leukemias that include AML, Acute lymphoblastic leukemia (ALL), Familial 

platelet disorder with predisposition to myeloid leukemia (FPDMM) and Myelodysplastic 

syndrome (MDS) (Sood et al., 2017). Later, it was discovered that RUNX1 is required for 

definitive hematopoiesis and the formation of hematopoietic stem cells (HSCs) during 

embryogenesis (Okuda et al., 1996; Q. Wang et al., 1996). More recently it has become clear 

that intact RUNX1 is required for far more than hematopoiesis. Its importance in epithelial 

tissues such as the skin and mammary gland has been established (Osorio, Lilja, & Tumbar, 

2011; Rooney et al., 2017; van Bragt, Hu, Xie, & Li, 2014). Its perturbation results in 

abnormal activities that are associated with solid tumors including breast, prostate, ovarian 

and skin (Hong et al., 2018; Hong et al., 2017; Keita et al., 2013; Takayama et al., 2015; van 

Bragt et al., 2014).

In this review, we discuss the conserved function of RUNX1 homology in development of 

invertebrates and the involvement of RUNX1 in mammalian tissue development. We 

comprehensively describe the molecular properties of RUNX1 and its involvement in normal 

tissue development and cancer, with an emphasis on mammary gland development and 

breast cancer.
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2. Molecular properties of RUNX factors

In mammals, each of the Runx genes is transcribed from two promoters, a distal P1 

promoter and a proximal P2 promoter (Bangsow et al., 2001; Drissi et al., 2000; Fujiwara et 

al., 1999; Ghozi, Bernstein, Negreanu, Levanon, & Groner, 1996). RUNX proteins including 

Runx1 are defined by their shared, highly conserved, N-terminal Runt domain consisting of 

128 amino acids (E. Ogawa et al., 1993) (Fig 1). The Runt Homology Domain (RHD) binds 

to a consensus DNA sequence (PyGPyGGTPy;Py- cytosine or thymine) (Melnikova, Crute, 

Wang, & Speck, 1993; Eiko Ogawa et al., 1993). Although RUNX binding sites are frequent 

throughout the genome, the RUNX factors occupy only a fraction of these sites (Pencovich, 

Jaschek, Tanay, & Groner, 2011; H. Wu et al., 2017). The mechanism defining which RUNX 

binding sites are targeted for occupancy is not fully elucidated. Despite this, the subnuclear 

localization and binding of specific cofactors requires several specific domains within the 

protein. A nuclear localization signal at the C-terminal end of the RHD, is essential for 

localizing to the nucleus (Fig 1) (Kanno et al., 1998). All RUNX family members have a 

conserved C-terminal region, containing a nuclear matrix-targeting signal (NMTS) (S. 

Kaleem Zaidi et al., 2001; Zeng et al., 1998). The NMTS in RUNX proteins is a 30–35 

amino acid sequence, responsible for localization to distinct sub-nuclear sites for specific 

gene regulation (Stein et al., 2007; S. Kaleem Zaidi et al., 2001; Zeng et al., 1998; Zeng et 

al., 1997). The NMTS organizes multiple complexes of RUNX proteins with different 

classes of co-regulatory factors, including SMAD2 and SMAD3 (Fig 1) (Sayyed K. Zaidi et 

al., 2002). RUNX proteins also have a conserved C-terminal domain that contains motifs for 

protein-protein interactions with numerous classes of factors, such as P300, HDACs and P53 

(Aronson, Fisher, Blechman, Caudy, & Gergen, 1997; Chuang, Ito, & Ito, 2013; Javed et al., 

2000; Lian et al., 2004; Westendorf, 2006; Sayyed K. Zaidi et al., 2005). The VWRPY motif 

at the carboxy-terminus of RUNX factors binds to TLE, a critical transcriptional repressor 

that plays essential roles during development in multiple cellular pathways such as WNT 

(Fig 1) (G. Chen & Courey, 2000; Chodaparambil et al., 2014). These complex and dynamic 

interactions between RUNX and cofactors are highly dependent on the cellular-context 

(Aronson et al., 1997; Chuang et al., 2013; Coffman, 2003; Durst & Hiebert, 2004; Yoshiaki 

Ito, Bae, & Chuang, 2015; Javed et al., 2000), and support its engagement in the parameters 

of biological control that include epigenetic modification, chromatin remodeling, and 

hormone regulation (Coffman, 2003). In addition to the above-mentioned cofactors, RUNX 

protein function is dependent on binding to Core Binding Factor Beta (CBF-β) to the Runt 

Homology Domain (RHD), which facilitates the conformational changes of RUNX proteins 

and increases specificity and affinity of RUNX binding to target genes (Adya, Castilla, & 

Liu, 2000; Crute, Lewis, Wu, Bushweller, & Speck, 1996; Golling, Li, Pepling, Stebbins, & 

Gergen, 1996; Huang et al., 1998; Kagoshima et al., 2007; Y.-Y. Tang et al., 2000). Deletion 

of CBF-β in mice results in defects in hematopoietic and skeletal cells, reflecting the 

functional properties of RUNX proteins (Miller et al., 2002).

Together, the unique and conserved properties of the RUNX transcription factors support 

gene expression for normal development in a context-dependent manner and their 

dysregulation results in disease phenotypes which will be discussed in following sections.
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3. Conserved Functions of RUNX Factors in Development

Evolutionarily, Runx genes have been identified in all metazoans and unexpectedly in the 

unicellular amoeboid halozoan Capsaspora owczarzaki, suggesting the RUNX family is 

involved in fundamental biological processes (Sebé-Pedrós, de Mendoza, Lang, Degnan, & 

Ruiz-Trillo, 2011). The roles of Runx genes have been intensively studied in invertebrate 

animal models including Drosophila melanogaster (Dm), Strongylocentrotus purpuratus (Sp) 
and Caenorhabditis elegans (Ce). Because RUNX function is highly context-dependent and 

partially redundant in vertebrates, invertebrate animal models with simple genetic 

backgrounds have facilitated identification of ancestral functions for RUNX proteins. The 

mechanistic insights obtained from these models have informed RUNX functions that may 

be applicable in mammals, including humans.

In the fruit fly, Drosophila melanogaster, there are four Runx genes (Bao & Friedrich, 2008; 

Rennert, Coffman, Mushegian, & Robertson, 2003). The most extensively studied RUNX 

family member is runt, which was identified for its function in development. DmRunt is one 

of the five pair-rule genes that regulate the spatial expression of other pair-rule and segment 

polarity genes (J. Peter Gergen & Wieschaus, 1985; Nusslein-Volhard & Wieschaus, 1980). 

Deletion of DmRunt results in the loss of larval segments and consequently, smaller than 

wild-type flies (J. Peter Gergen & Wieschaus, 1985). In addition, DmRunt plays a role in sex 

determination and neurogenesis (Canon & Banerjee, 2000; Duffy & Gergen, 1991; Duffy, 

Kania, & Gergen, 1991; J. P. Gergen & Butler, 1988; Kania, Bonner, Duffy, & Gergen, 

1990). Another RUNX family member studied in Drosophila is lozenge (lz), which is 

required for eye development and hematopoiesis (Canon & Banerjee, 2000). The functions 

of two other Runx genes, CG34145 (RunxA) and CG42267 (RunxB) remain unclear. 

However, it has been shown that RunxB is involved in the control of cell survival (Boutros et 

al., 2004).

Caenorhabditis elegans only expresses a single RUNX homolog, termed rnt-1 which 

regulates the balance between proliferation/self-renewal and differentiation during 

development of the lateral neuroectodermal seam cells (Hughes & Woollard, 2017; 

Kagoshima et al., 2005; Nimmo, Antebi, & Woollard, 2005; Xia, Zhang, Huang, Sun, & 

Zhang, 2007). The seam cells are multi-potent stem-like cells formed during C. elegans 
embryogenesis (Sulston & Horvitz, 1977). Rnt-1 is expressed in seam cells during 

embryogenesis and throughout larval development and functions to regulate their division 

(Braun & Woollard, 2009). Consequently, in rnt-1 mutant worms, the number of seam cells 

is reduced from 16 to an average of 13 per worm (Kagoshima et al., 2005; Nimmo et al., 

2005). Importantly, overexpression of rnt-1 leads to hyper-proliferation and expansion of 

seam cells (Kagoshima et al., 2007; Kagoshima et al., 2005). As a result, worms with rnt-1 
overexpression develop massive hyperplasia leading to a tumor-like appearance of the seam 

cell tissue, which normally forms a straight line of cells at each side of the worm 

(Kagoshima et al., 2007).

There are two RUNX genes in sea urchin S. purpuratus, but only one, SpRunt-1, is 

expressed (Braun & Woollard, 2009). SpRunt-1 is expressed in various tissues during 

embryogenesis and transiently in adult coelomocytes upon presenting a challenge to their 
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immune system (Coffman, Kirchhamer, Harrington, & Davidson, 1996; Fernandez-Guerra et 

al., 2006; Pancer, Rast, & Davidson, 1999; Robertson, Dickey, McCarthy, & Coffman, 

2002). During embryogenesis, spRunt-1 regulates the expression of transcription factors and 

other markers of terminal differentiation in all major tissues (Robertson, Coluccio, 

Knowlton, Dickey-Sims, & Coffman, 2008). SpRunt-1 activates the WNT signaling pathway 

to positively regulate cell proliferation (Minokawa, Wikramanayake, & Davidson, 2005; 

Robertson et al., 2008).

The role of RUNX genes as master regulators that specify lineage was further studied in 

more complex vertebrate animal models. RUNX1 is expressed in hematopoietic progenitors 

in Zebrafish and Xenopus where it controls stem cell differentiation (Burns, Traver, Mayhall, 

Shepard, & Zon, 2005; Kalev-Zylinska et al., 2002; Tracey, Pepling, Horb, Thomsen, & 

Gergen, 1998). In Xenopus, RUNX1 is required for Rohon/Beard neuron development, 

which mediates touch response in the larval stage (Park, Hong, Weaver, Rosocha, & Saint-

Jeannet, 2012). And in Zebrafish, RUNX1 is essential for blood and vessel development 

(Kalev-Zylinska et al., 2002).

In summary, the key function of RUNX factors is fine-tuning the balance between 

proliferation and differentiation. This function is retained and conserved across the animal 

kingdom in species separated by millions of years of evolution, highlighting the significance 

of RUNX factors during development.

4. Functions of RUNX1 in Mammalian Development

In mammals, all RUNX proteins play essential roles in both normal developmental processes 

and disease. RUNX1 is essential for hematopoiesis (Okuda et al., 1996), RUNX2 is required 

for osteoblast maturation (Otto et al., 1997), and RUNX3 is involved in gastrointestinal 

development, neurogenesis of the dorsal root ganglia and T-cell differentiation (Inoue et al., 

2002; Levanon et al., 2002; Q.-L. Li et al., 2002). The concept of fundamental core 

mechanism(s) for RUNX protein function in development has been posited, however no 

single common mechanism that governs the development of different tissues has been 

identified (Yoshiaki Ito et al., 2015). Instead, RUNX proteins utilize multiple spatiotemporal 

processes to regulate development of different tissues depending on tissue type or stage.

Runx1 and Hematopoiesis

RUNX1 is widely considered the master regulator of developmental hematopoiesis (Okuda 

et al., 1996; Yzaguirre et al., 2017), which begins with primitive hematopoiesis. At this 

stage, a limited number of blood lineages (erythrocyte progenitors, erythrocyte/ 

megakaryocyte progenitors and primitive macrophages) that sustain early embryonic 

development are produced primarily from the yolk sac (Ferkowicz & Yoder, 2005; Palis, 

Robertson, Kennedy, Wall, & Keller, 1999; Tober et al., 2007; Tracey et al., 1998; Xu et al., 

2001). RUNX1 is expressed in the mesodermal masses in the yolk sac, and in the primitive 

hematopoietic cells, with the exception of primitive erythrocyte progenitors (Georges 

Lacaud et al., 2002; North et al., 1999). Although RUNX1 is not required for primitive 

hematopoiesis, all three primitive hematopoietic lineages are affected by its absence. 

Without normal RUNX1 function, primitive macrophages are absent (Georges Lacaud et al., 
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2002; Z. Li, Chen, Stacy, & Speck, 2005), the number of megakaryocytes is reduced (Potts 

et al., 2014), and primitive erythrocytes are abnormal in function with decreased expression 

of the erythroid marker Ter118 and the transcription factors Klf1 and Gata1 (Castilla et al., 

1996; Yokomizo et al., 2008). Taken together, these findings support a role for RUNX1 in 

the initial stages of hematopoiesis.

Following primitive hematopoiesis, endothelial cells undergo a process designated definitive 

hematopoiesis, which constitutes the second and third waves of blood development 

(Yzaguirre et al., 2017). During this stage, the earliest hematopoietic stem cells (HSCs) are 

formed at embryonic day E10.5 at the aorta–gonad–mesonephros (AGM) region (B. Chen et 

al., 2014). HSCs have capacity for long-term repopulation and can produce any of the 

hematopoietic lineages (Bryder, Rossi, & Weissman, 2006). They are derived from a subset 

of epithelial cells termed the hemogenic endothelium (HE), a component of the interior 

lining of blood vessels in embryos (Swiers, Rode, Azzoni, & de Bruijn, 2013). HE cells are 

a transitional population that undergoes endothelial-to-hematopoietic transition (EHT) to 

form hematopoietic progenitors and stem cells (Kissa & Herbomel, 2010). RUNX1 is 

indispensable for definitive hematopoiesis and a critical transcription factor regulating these 

processes by suppressing the endothelial transcriptional program and initiating the 

hematopoietic program (M. J. Chen, Yokomizo, Zeigler, Dzierzak, & Speck, 2009; de Bruijn 

& Dzierzak, 2017; Lancrin et al., 2012; North et al., 1999; Yokomizo et al., 2001). In the 

absence of RUNX1, no definitive HSCs are formed (Okuda et al., 1996; Q. Wang et al., 

1996). In Runx1 heterozygous mutant embryos, definitive hematopoiesis is suppressed and 

the spatial and temporal development of HSCs is altered (Cai et al., 2000; Mukouyama et al., 

2000; Q. Wang et al., 1996). For example, in Runx1+/− embryos, HSCs are abundant in the 

AGM region and prematurely active in yolk sacs at E10 (Cai et al., 2000). Depletion of 

RUNX1 in specific tissues or developmental stages in mice demonstrated that RUNX1 

expression is required specifically in endothelial cells for de novo generation of HSCs, but is 

not essential for their renewal or survival thereafter (M. J. Chen et al., 2009; Yzaguirre et al., 

2017). Even so, RUNX1 is required for lineage-specific differentiation and homeostasis; for 

example, RUNX1 is necessary for megakaryocytic maturation and differentiation of B-cells 

and T-cells in mouse bone marrow (Ichikawa et al., 2004; Niebuhr et al., 2013; Seo, Ikawa, 

Kawamoto, & Taniuchi, 2012). A C-terminal truncation of the RUNX1 ablating the nuclear 

matrix targeting signal (NMTS) and activation and inhibitory cofactor binding domains of 

RUNX1 resulted in a lack of HSC function and deregulation of various hematopoietic 

markers (Dowdy et al., 2010). Strikingly, a single point mutation in the NMTS of RUNX1 

did not appear to affect HSC emergence, but resulted in defects in multiple differentiated 

hematopoietic lineages.

Runx1 and development of tissues

Runx1 may function in embryogenesis at an even earlier stage than hematopoiesis. In human 

embryonic stem cells (hESCs), RUNX1 is transiently expressed during early mesendodermal 

differentiation, which starts at E5.5 (Lu Wang & Chen, 2016). In fact, RUNX1 is the first 

RUNX member that is expressed upon retinoic acid-induced differentiation of hESCs and 

promotes an epithelial to mesenchymal transition in a transforming growth factor beta (TGF-

β)- dependent manner (J. J. VanOudenhove et al., 2017; Jennifer J. VanOudenhove et al., 
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2016). In addition to its role in defining hematopoietic lineages, Runx1 is involved in the 

development of other tissues including hair follicles, bone, cartilage, the nervous system, 

mammary glands and muscles (Hoi et al., 2010; Kanaykina et al., 2010; Lian et al., 2003; 

Osorio et al., 2008; Sokol et al., 2015; Umansky et al., 2015; van Bragt et al., 2014; 

Yamashiro, Åberg, Levanon, Groner, & Thesleff, 2002).

It has been well documented that RUNX1 modulates the developmental activation and 

proliferation of hair follicle cells (Osorio et al., 2008). The formation of hair follicle stem 

cells requires constant interaction between epithelial and mesenchymal cells, both of which 

require RUNX1 expression (Osorio et al., 2008; Raveh et al., 2006; Sennett & Rendl, 2012). 

In epithelial cells, depletion of RUNX1 delays the formation of hair follicles due to lack of 

hair follicle stem cell emergence (Osorio et al., 2008; Osorio et al., 2011). However, the 

function of RUNX1 in this cell type appears dispensable, as the defects are overcome with 

time (Osorio et al., 2011). In RUNX1-deficient mice, mesenchymal cells still mature into 

hair follicles, but are not functional and form enormous sebaceous cysts that do not contain 

the bulb and bulge region at the first hair cycle (Osorio et al., 2011). RUNX1 is also crucial 

for regulating the hair cycle at the transition into adult skin homeostasis.

Importantly, Runx1 contributes to skeletal development by regulating mesenchymal stem 

cell (MSC) that differentiate into chondrocytes (Lian et al., 2003) and bone lineage cells. 

Because a global knockout of Runx1 in mice results in embryonic lethality (Okuda et al., 

1996; Sood et al., 2017), other types of mouse models revealed a critical role for RUNX1 in 

early development of the skeleton. For example, characterizing mice expressing Runx1-lacZ 
identified that RUNX1 is robustly expressed in periosteum, perichondrium, calvarial sutures, 

trachea, lung, thyroid and skin, implicating Runx1 in organ development (Lian et al., 2003; 

Miller et al., 2002). A mesenchymal cell-specific conditional knockout (Dermo1-Cre) mouse 

deleting CBFβ had underdeveloped larynx, tracheal cartilage, and severe skeletal 

deformities. These mice exhibited defective intramembranous and endochondral bone with 

delayed growth plate maturation of chondrocytes and impaired osteoblast differentiation (M. 

Wu et al., 2014). In a different model, conditional ablation of RUNX1 in MSCs using Prx1-

Cre delayed chondrogenesis during fracture healing (Soung et al., 2012).

5. Abnormal RUNX1 Activities and Cancer

As discussed, RUNX1 is involved in the development of multiple tissues, and the precise 

regulation and integrity of RUNX1 is necessary for normal function. Deregulation of 

RUNX1 is a major contributing factor in many types of cancers.

RUNX1 (AML1) was first cloned in 1991 based on its location at a breakpoint on 

chromosome 21 in leukemia (Miyoshi et al., 1991). Later it was discovered that a RUNX1 

fusion protein, RUNX1-ETO (AML1-ETO), is encoded by a translocation between 

chromosomes 8 and 21 (t8:21) (Erickson et al., 1992; Miyoshi et al., 1993; Miyoshi et al., 

1991). This aberration is the most common genetic alteration in acute myeloid leukemia 

(AML) (Lin, Mulloy, & Goyama, 2017; Sood et al., 2017), which has a younger onset and 

relatively good prognosis (Lin et al., 2017). The RUNX1-ETO fusion protein contains the N-

terminal 177 amino acids of RUNX1, including the entire Runt Homology DNA-binding 
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domain, fused in frame with almost the entire ETO protein. ETO contains four 

evolutionarily conserved domains termed nervy homology regions (NHR) that mediate 

homodimerization of RUNX1-ETO (Davis, McGhee, & Meyers, 2003; Kwok, Zeisig, Qiu, 

Dong, & So, 2009; Liu et al., 2006; Yan, Ahn, Hiebert, & Zhang, 2009). Like RUNX1, 

RUNX1-ETO regulates gene expression by forming complexes with diverse coregulatory 

proteins but gains the ability to interact with aberrant partners. For example, RUNX1-ETO 

forms a repressive complex with nuclear receptor co-repressor (NCOR1), histone 

deacetylase (HDAC1), and SIN3A/HDAC at the ETO NHR domain (Amann et al., 2001; 

Davis et al., 2003; Gelmetti et al., 1998; Lin et al., 2017; Lutterbach et al., 1998; J. Wang, 

Hoshino, Redner, Kajigaya, & Liu, 1998). RUNX1-ETO also interacts with E proteins 

through the NHR domain to inhibit E-protein-induced transcriptional activation (Zhang, 

Kalkum, Yamamura, Chait, & Roeder, 2004). Oligomerization of RUNX1-ETO is now 

considered to be the dominant mechanism by which RUNX1-ETO interferes with the 

RUNX1 transcriptome (Minucci et al., 2000). Dominant-negative inhibition of the native 

RUNX1 function may therefore be the central mechanism for RUNX1-ETO induced 

leukemogenesis (Goyama & Mulloy, 2011).

In addition to the 8;21 translocation, more than 50 other chromosomal translocations affect 

RUNX1. Most of them are related to leukemia, but only about half of the partner genes have 

been identified among these translocations (Etienne De Braekeleer 2011). Other common 

translocations include t(12;21) in pediatric acute lymphoblastic leukemia (ALL), known as 

TEL-RUNX1 (Jamil, Theil, Kahwash, Ruymann, & Klopfenstein, 2000); and t(3:21) in 

therapy-related AML and myelodysplastic syndrome (MDS), known as RUNX1-MECOM 

(Yang et al., 2012). RUNX1 somatic point mutations are detected in approximately 3% of 

pediatric and 15% of adult AML patients (Sood et al., 2017). RUNX1 is also one of the most 

frequently mutated genes in MDS and ALL, about 10% and 25% respectively (Bejar et al., 

2011; Grossmann et al., 2011; Haferlach et al., 2014; Mullighan, 2012; Papaemmanuil et al., 

2013; Speck & Gilliland, 2002). In adult AML, RUNX1 mutations are associated with older 

age and worse prognosis (Gaidzik et al., 2016). These leukemic cells, with defects in 

differentiation due to mutated RUNX1, generally have a growth advantage over 

hematopoietic progenitor cells (Greif et al., 2012; Mendler et al., 2012; Schuback, Arceci, & 

Meshinchi, 2013; Skokowa et al., 2014; J.-L. Tang et al., 2009). Since RUNX1 is a key 

regulator of hematopoiesis by maintaining a proper balance between proliferation and 

differentiation, the well-known mutations in RUNX1 in some populations of AML, MDS, 

and ALL patients are therefore a major factor resulting in leukemogenesis. The high 

frequency loss-of-function somatic point mutations or translocations in hematologic 

malignancies has led several companies including Invitae and NEO Genomics to provide 

screening for RUNX1 mutations in leukemia patients to evaluate prognosis and select 

therapeutic strategies.

Beyond its impact on leukemia, RUNX1 is either over- or under-expressed in many solid 

tumors, implying that RUNX1 either promotes or represses epithelial cancers depending on 

the cellular context (Scheitz & Tumbar, 2013). For example, RUNX1 is identified as a tumor 

promoter in ovarian and skin cancers and exhibits tumor suppressor activity in lung and 

prostate cancers (Keita et al., 2013; Ramsey et al., 2017; Scheitz, Lee, McDermitt, & 

Tumbar, 2012; Takayama et al., 2015). Notably, RUNX1 was reported to promote an 
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epithelial to mesenchymal transition (EMT) in renal carcinoma (Zhou et al., 2018) and is 

elevated upon EMT in endometrial cancer (Alonso-Alconada et al., 2014). However RUNX1 

is clearly a suppressor of breast cancer EMT (see section 7). Together, these examples 

highlight the context-dependent functions of RUNX1 related to specific tumor tissues. The 

involvement of RUNX1 in skin cancer was first discovered in a chemically-induced mouse 

model. Loss of RUNX1 significantly decreases the number of skin tumors formed (Hoi et 

al., 2010). Using lineage tracing, it has been shown that the RUNX1-expressing hair follicle 

stem cells are the origin of these chemically induced skin tumors (Scheitz et al., 2012). 

Mechanistically, RUNX1 maintains an active/phosphorylated form of the oncogene STAT3 

by repression of Suppressor of cytokine signaling 3/4 (SOCS3/4) in skin cancer and thus 

increases cell survival, proliferation and invasion (Scheitz et al., 2012).

6. RUNX1 in Mammary Gland development

The mammalian mammary gland is a highly dynamic organ that undergoes profound 

physiological changes in structure and function during the reproductive cycle and pregnancy 

(Hennighausen & Robinson, 2005; Richert, Schwertfeger, Ryder, & Anderson, 2000; 

Watson & Khaled, 2008). The development of the mouse mammary gland starts at puberty 

when the embryonic epithelial placode transforms into a branched network of collecting 

ducts and tubes, which consist of two distinct types of cell lineages: the inner layer of the 

luminal lineage (including ductal and alveolar luminal cells) and the outer layer of the basal 

lineage (myoepithelial cells) (Muschler & Streuli, 2010). During pregnancy, increased 

progesterone and prolactin levels result in greater branching and formation of mature 

lobuloalveolar units that contain terminally differentiated cells for milk production 

(Hennighausen, Robinson, Wagner, & Liu, 1997). Post-partum milk is released by 

contraction of ductal and lobular myoepithelial cells (Haaksma, Schwartz, & Tomasek, 

2011). Following lactation, the mammary gland returns to a virgin-like state through 

involution, with the death of epithelial cells and extensive tissue remodeling (Inman, 

Robertson, Mott, & Bissell, 2015; Richert et al., 2000; Watson & Khaled, 2008).

RUNX1 is differentially expressed during physiological stages of mammary gland 

development, and exhibits a spatiotemporal expression pattern. The highest levels are 

observed in virgin and early-pregnant glands and decrease in late pregnancy and during 

lactation (McDonald et al., 2014; Rooney et al., 2017; van Bragt et al., 2014). Compared 

with cells of the luminal lineage, RUNX1 is expressed at higher levels in basal progenitor 

cells (McDonald et al., 2014; van Bragt et al., 2014). As RUNX1 expression is lost from 

differentiated alveolar luminal cells, it has been speculated that a reduction in RUNX1 

expression is necessary for milk production and secretion (van Bragt et al., 2014). Other 

than its expression pattern, the role of RUNX1 in the regulation of mammary development 

and in the normal mammary gland is minimally understood.

The following studies offer insight into functional activities of RUNX1 in specific cell 

populations. In normal-like basal MCF10A cells, RUNX1 is essential for three-dimensional 

growth in Matrigel (Lixin Wang, Brugge, & Janes, 2011). Furthermore, without RUNX1, 

mammary stem cells cannot exit the bipotent state and differentiate into mature lobules and 

ducts (Sokol et al., 2015). In vivo, deletion of Runx1 specifically in the mouse mammary 
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gland reduces the proportion of luminal cells; in particular, loss of Runx1 results in a deficit 

in mature estrogen receptor (ER) positive luminal cells (van Bragt et al., 2014). There are 

relatively few studies devoted to determining the role of RUNX1 in the basal lineage of 

myoepithelial cells, even though RUNX1 is expressed at a higher level in this subpopulation 

compared with luminal cells (van Bragt et al., 2014). Interestingly, Runx1 conditional 

knockout mice have defects in myoepithelial cell contraction and milk ejection, which is 

released by contraction of ductal and lobular myoepithelial cells (Haaksma et al., 2011). 

Most of the Runx1 conditional null pups die within 24 hours after birth with no observed 

milk spots (van Bragt et al., 2014). It is noteworthy that smooth muscle contraction is among 

the top down-regulated pathways in embryonic stem cells with Runx1 depletion (Jennifer J. 

VanOudenhove et al., 2016). These data reveal a potential role for RUNX1 in maintaining 

the normal phenotype of basal myoepithelial cells.

7. RUNX1 and Breast Cancer

In recent years, growing evidence has indicated that RUNX1 is involved in breast cancer. 

RUNX1 was initially identified as a potential tumor suppressor, as it was down-regulated 

among a 17-gene signature associated with metastasis in adenocarcinomas including breast 

cancer (Ramaswamy, Ross, Lander, & Golub, 2003). The expression of RUNX1 was later 

shown to decrease when comparing normal mammary tissue to breast cancer, with a greater 

decrease in higher-grade tumors (Kadota et al., 2010). In a tissue microarray study, RUNX1 

intensity was decreased in breast cancer tumors compared with normal mammary tissues 

(Browne et al., 2015). Moreover, sequencing of breast cancer patient samples then identified 

that 6% of all invasive breast cancers and 10% of invasive lobular breast cancers have an 

alteration in the RUNX1 gene (Ciriello et al., 2015; Rooney et al., 2017). Both whole 

genome and whole exome sequencing have identified point mutations and deletions of 

RUNX1 in luminal and basal breast cancers (Banerji et al., 2012; Ellis et al., 2012; Network, 

2012). In these studies, RUNX1 is a frequently mutated gene along with other well-known 

tumor suppressors and oncogenes (including PTEN, CDH1, TP53, PIK3CA) which have 

been extensively investigated in breast cancer (Bertheau et al.; Kechagioglou et al., 2014; 

Maeirah Afzal & Ezharul Hoque, 2016; Mukohara, 2015). Interestingly, many of RUNX1 
mutations, including point mutations, frame-shift mutations, and deletions, are located at the 

interface between the Runt Homology Domain (DNA-binding domain) and DNA, 

suggesting that the mutants cannot bind properly to RUNX1 target genes (Fig 2). Mutations 

were also identified in the RUNX1 binding partner CBF-β (Network, 2012). Thus, it is 

possible that loss of RUNX1 function(s) by disrupting RUNX1-DNA binding or through 

loss of RUNX1/CBF-β interaction promotes tumorigenesis in the mammary gland. Recently, 

two studies independently identified RUNX1 mutations as driver mutations in breast cancer, 

thus strongly suggesting that RUNX1 loss promotes breast cancer progression (Kas et al., 

2017; Pereira et al., 2016).

Molecular mechanisms underlying RUNX1 tumor suppressor activity remain unclear and 

require further investigation in cell lines, mouse models, and human patient samples. 

Multiple studies using cell lines and mouse models have been carried out to identify RUNX1 

function in breast cancer. In normal mammary epithelial cells, loss of RUNX1 in a 3D 

Matrigel assay resulted in hyper-proliferation and abnormal morphogenesis, which required 
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normal FOXO1 function (Lixin Wang et al., 2011). In another study, conditional knockout of 

Runx1 in mouse mammary epithelial cells reduced the proportion of ER+ luminal cells, but 

did not result in mammary tumors (van Bragt et al., 2014). However, loss of TP53 or RB1 

rescued this phenotype and resulted in hyper-proliferation of Runx1-deficient ER+ luminal 

cells. It has been suggested that Mice harboring a double mutation (Runx1/TP53 or Runx1/

RB1) could eventually develop breast cancer (van Bragt et al., 2014). Further exploration 

using double-knockout mice to examine whether these mice develop abnormal mammary 

hyperplasias or tumors will be necessary to understand the role of RUNX1 in breast cancer 

initiation and progression. Recent work from the Frenkel lab has demonstrated that loss of 

RUNX1 in Luminal A breast cancer cells facilitates estrogen-induced WNT signaling by 

suppressing the scaffold protein AXIN1 (Chimge et al., 2016). Therefore, along with genetic 

data, growing evidence in cell lines and mouse models establishes the concept that RUNX1 

has tumor suppressor activity in breast cancer, especially in the luminal subtype.

Recently, we have reported that loss of RUNX1 in both mammary epithelial and breast 

cancer cells causes activation of an epithelial-to-mesenchymal transition (EMT) and cancer 

stem cell (CSC) phenotypes (Hong et al., 2018; Hong et al., 2017). In normal mammary 

epithelial MCF10A cells, depletion of RUNX1 changes the morphology of cells from 

epithelial-like to mesenchymal-like, and loss of RUNX1 initiates EMT in both normal 

epithelial and breast cancer cells (Hong et al., 2017) . RUNX1 expression was lost upon 

induction of EMT by two different methods, suggesting that reduction of RUNX1 

expression is essential for initiation of EMT in these cells. Mechanistically, RUNX1 

functions through both exogenous TGF-β-dependent and -independent signaling cascades. 

As EMT is associated with CSC, which are an important component of tumor growth, 

cancer stem cell properties were examined upon altering RUNX1 expression (Hong et al., 

2018). The results demonstrated that RUNX1 suppresses tumorsphere formation efficiency 

and the cancer stem cell subpopulation. These RUNX1 activities are likely partially through 

the negative regulation of ZEB1, an oncogene promoting EMT and CSC. Furthermore, 

ectopic RUNX1 expression reduces migration and invasion in vitro and tumor growth in 
vivo. Independently, the Ito laboratory determined that RUNX1 suppresses tumorigenicity, 

stemness, and migration properties through a different mechanism by inhibiting YAP-

mediated signaling. In breast cancer patient samples, high expression of YAP correlated with 

EMT and stemness gene signatures. In contrast, when RUNX1/RUNX3 were also highly 

expressed, EMT and CSC gene signatures were less enriched(Kulkarni et al., 2018). Thus 

studies from the two laboratories are consistent with the concept that RUNX1 is a potent 

suppressor of EMT and CSC in normal mammary epithelial. These studies also show that 

RUNX1 has the capability of exerting its inhibitory function through multiple downstream 

targets. RUNX1 inhibition of the cancer stem cell phenotype highlights the potential of 

RUNX1 for intervention of aggressive breast cancer.

In contrast, a few studies indicate that RUNX1 functions as an oncogene in breast cancer. In 

particular, triple negative breast cancer was correlated with high RUNX1 expression and 

poor prognostic outcome (Ferrari et al., 2014). Although studies of the relationship between 

RUNX1 and hormones are minimal, it is apparent that RUNX1 is integral for estrogen 

signaling (Chimge et al., 2016; Stender et al., 2010; van Bragt et al., 2014). RUNX1 

inhibition in the triple negative MDA-MB-231 late stage breast cancer cell line, showed a 
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less aggressive phenotype with decreased proliferation, migration and invasion in vitro 

(Recouvreux et al., 2016). Furthermore, in the MMTV-PyMT mouse model, RUNX1 

expression is positively correlated with advanced disease (Browne et al., 2015). The 

discrepancy between the protective effects of RUNX1 in normal mammary epithelial 

MCF10A cells compared to the oncogenic activity of RUNX1 in late-stage triple negative 

breast cancer cells may be due to the lack of the hormone control and/or the cellular 

heterogeneities in breast cancer, which encompasses a diverse group of subtypes. These 

subtypes have different cellular origins (luminal versus basal) and molecular alterations 

(e.g., hormonal status including ER, PR, and HER2) (Eroles, Bosch, Alejandro Pérez-

Fidalgo, & Lluch, 2012). In the luminal subtype of breast cancer, it has been well-accepted 

that RUNX1 has tumor suppressor activities (Chimge et al., 2016; van Bragt et al., 2014). 

On the other hand, in the basal-like subtype, RUNX1 may have a dual function depending 

on the stage of breast cancer. In normal mammary myoepithelial cells, loss of RUNX1 

disrupts the normal function (i.e., ability to contract and eject milk (van Bragt et al., 2014)). 

However, in late-stage triple-negative breast cancer, RUNX1 is linked to fast proliferation 

and a more aggressive phenotype (Recouvreux et al., 2016). The molecular signatures of 

normal basal cells, early stage basal cancer and late stage basal cancer cells are significantly 

different (Toft & Cryns, 2011). Due to the distinct cellular context and gene expression 

patterns, RUNX1 may form complexes with different co-activator or co-repressor proteins. 

This differential binding of co-regulatory factors may differentially regulate the same subset 

of genes and convert its activity from being anti-aggressive to tumor promoting. 

Alternatively, these RUNX1 complexes may be targeted to entirely new subsets of genes.

8. Conclusion:

Although RUNX1 has long been identified for its major impact on hematologic 

malignancies, advances in NGS approaches have revealed its role in solid tumors. The 

importance of RUNX1 in breast cancer progression is highlighted by its inclusion among 

breast cancer driver mutations in several such studies. Despite this progress, knowledge 

regarding the function of RUNX1 in cancers, especially in breast cancer, is far from 

complete. The context-dependent role of RUNX1 as either an oncogene or a tumor 

suppressor indicates the complexity of signaling cascades that intersect with RUNX1 

pathway. Furthermore, it remains a challenge to integrate the genomic data obtained from 

patients with molecular data from cell lines and animal models. Future investigation into 

complex mechanisms by which RUNX1 functions at different stages of breast cancer onset 

and progression can potentially translate into targeted therapies with great benefit for 

prevention and screening.
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Figure 1. Protein domains within RUNX factors.
The protein domains within RUNX1 are diagrammed including the Runt Homology Domain 

(RHD, DNA and CBF-β binding), Nuclear Localization Signal (NLS), Nuclear Matrix 

Targeting Signal (NMTS), Activation Domain (AD), Inhibitory Domain (ID), and VWRPY 

domains. The exons of RUNX1 that correspond to these domains are also shown. Diagrams 

of the three RUNX factors are displayed. RUNX2 also contains a polyglutamate-alanine rich 

QA domain.
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Figure 2. Mutations in the Runt Homology Domain of RUNX1 in breast cancer.
Ribbon representation showing CBF-β in purple, DNA binding Runt Homology Domain in 

green, and DNA in blue. RUNX1 mutations identified in breast cancer patients are shown in 

red. For clarity, the structure is shown in two different orientations (front and side), rotated 

90 degrees relative to one another. The image was rendered from the Public Data Base 

(PDB) code 1H9D (Bravo, Li, Speck, & Warren, 2001). The locations of the mutations are 

in the DNA binding domain suggesting RUNX1 loses its putative function in breast tumors.
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