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Abstract

The Runx family genes play important roles in development and cancer, 
largely via their regulation of tissue stem cell behavior. Their involvement 
in two organs, blood and skin, is well documented. This review summa-
rizes currently known Runx functions in the stem cells of these tissues. 
The fundamental core mechanism(s) mediated by Runx proteins has been 
sought; however, it appears that there does not exist one single common 
machinery that governs both tissue stem cells. Instead, Runx family genes 
employ multiple spatiotemporal mechanisms in regulating individual tis-
sue stem cell populations. Such specific Runx requirements have been 
unveiled by a series of cell type-, developmental stage- or age-specific 
gene targeting studies in mice. Observations from these experiments 
revealed that the regulation of stem cells by Runx family genes turned out 
to be far more complex than previously thought. For instance, although it 
has been reported that Runx1 is required for the endothelial-to-
hematopoietic cell transition (EHT) but not thereafter, recent studies 
clearly demonstrated that Runx1 is also needed during the period subse-
quent to EHT, namely at perinatal stage. In addition, Runx1 ablation in the 
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embryonic skin mesenchyme eventually leads to complete loss of hair fol-
licle stem cells (HFSCs) in the adult epithelium, suggesting that Runx1 
facilitates the specification of skin epithelial stem cells in a cell extrinsic 
manner. Further in-depth investigation into how Runx family genes are 
involved in stem cell regulation is warranted.
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9.1	 �Introduction

In multicellular organisms, terminally differenti-
ated cells of most tissues are short-lived and 
therefore require constant replenishment from 
stem cells for homeostasis and tissue repair. Stem 
cells are functionally defined as cells that can 
self-renew and are multipotent. When required, 
stem cells undergo cell division to self-renew 
and/or provide for downstream progenitors and 
differentiated cells. Stem cells can also reside in 
a dormant state. Importantly, deregulation of the 
stem cell compartment often leads to organ fail-
ure or tumorigenesis.

It is well documented that the Runx family 
genes (Runx1, Runx2, Runx3, and Cbfb) play a 
fundamental role in controlling the stem cell pop-
ulations of various tissues (Table 9.1). They are 
central players in the fine-tuning of the balance 
among cell proliferation, differentiation, and cell 
cycle exit (summarized in Wang et al. 2010). In 
this review, the role of Runx and Cbfβ in two 

well characterized murine tissue stem cells, 
namely hematopoietic stem cells (HSCs) and hair 
follicle stem cells (HFSCs), will be discussed.

9.2	 �Hematopoietic Stem Cells 
in the Blood

The hematopoietic system performs multiple 
functions, including oxygen transportation, blood 
clotting and providing immunity. Blood cells 
have a high turnover rate and are continuously 
replenished by HSCs and long term progenitors. 
HSCs, defined as cells that are multipotent and 
capable of long-term repopulating activity when 
transplanted into irradiated adult recipient mice 
(Cumano and Godin 2007), are generated during 
embryonic development in vertebrates (Fig. 9.1) 
(see chapter by Yzaguirre et al.). At E10.5-E11.5 
of mouse development, the aorta-gonad-
mesonephros (AGM) region is the primary intra-
embryonic hemogenic territory of HSC 

Table 9.1  Summary of the various tissue stem cells in which Runx family genes play a regulatory role

Tissue stem cell

Runx family gene involved

ReferencesRunx1 Runx2 Runx3 Cbfb

Hematopoietic stem cell ✓ ✓ ✓ Yokomizo et al. (2001), Jacob et al. (2010). 
Wang et al. (2013), Wang et al. (2014), and 
Wang et al. (2015)

Hair follicle stem cell ✓ Osorio et al. (2011) and Hoi et al. (2010)

Skeletal stem cell ✓ Worthley et al. (2015)

Mammary stem cell ✓ ✓ van Bragt et al. (2014) and Ferrari et al. (2015)

Gastric stem cell ✓ Matsuo et al. (2016)

Intestinal stem cell ✓? Scheitz et al. (2012)

Neural crest stem cell ✓ Kanaykina et al. (2010)

Oral epithelial stem cell ✓? Scheitz et al. (2012)

C.Q. Wang et al.
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generation. Clusters of hematopoietic cells can 
be visualized emerging from the hemogenic 
endothelium into the lumen of the dorsal aorta—
a phase known as endothelial-to-hematopoietic 
cell transition (EHT) (Jaffredo et  al. 2005; 
Yokomizo and Dzierzak 2010; Kissa and 
Herbomel 2010). The HSC precursors, also 
known as pre-HSCs, that are generated from 
EHT must undergo maturation and acquire stem 
cell characteristics (Taoudi et al. 2008; Rybtsov 
et  al. 2011) before becoming bona fide HSCs. 
The placenta is also capable of de novo HSC gen-
eration (Rhodes et al. 2008) and in fact harbors 
more HSCs than the AGM at its peak at E12.5–
E13.5 (Gekas et  al. 2005; Ottersbach and 
Dzierzak 2005).

Regardless of their sites of generation, the 
HSCs colonize the fetal liver (Dzierzak and 
Speck 2008; Cumano and Godin 2007), which 
not only provides a conducive environment for 
further maturation (Kieusseian et  al. 2012), but 
which also serves as the predominant site for 
rapid HSC proliferation and differentiation to 
pools of various blood progenitors from E12 to 
E16 (Martinez-Agosto et al. 2007). Towards the 
end of the prenatal period, the HSCs proceed to 

colonize the bone marrow (Orkin and Zon 2008; 
Christensen et al. 2004), which will serve as the 
primary site of adult hematopoiesis throughout 
the postnatal life of the organism.

Interestingly, between 3 and 4 weeks after 
birth, most of the HSCs in the murine bone mar-
row abruptly transit from a predominantly prolif-
erative state to a quiescent state, after which the 
HSC population size remains constant under 
steady state conditions (Bowie et al. 2006). Long-
term progenitors, including classically defined 
short-term HSCs (ST-HSCs) and multipotent 
progenitors (MPPs), play a prime role in sustain-
ing hematopoiesis under unperturbed conditions 
(Sun et al. 2014; Busch et al. 2015), while HSCs 
remain largely dormant in the lifetime of the 
organism and serves as a backup reservoir for the 
recovery from stressed hematopoiesis such as 
infection, cytotoxic drug treatment, transplanta-
tion or perhaps even aging.

As the organism ages, HSCs undergo a func-
tional decline. Aged HSCs have a reduced self-
renewal capability and a poorer ability to 
contribute to hematopoiesis compared to younger 
HSCs (Dykstra et al. 2011). As a compensatory 
mechanism to overcome their impaired function, 

Fig. 9.1  Summary of the ontogeny of hematopoietic 
stem cells and requirement of Runx family genes. 
Timeline schematic diagram showing the key events which 
HSCs undergo and the main hematopoietic sites at which 
these events occur during ontogeny (top panel). Based on 
studies using knockout mouse models of Runx1, Runx3 and 
Cbfb, the time windows during which the Runx proteins are 
required have been established (bottom panel). Intensity of 
the blue boxes represent the mortality ratio observed. The 

HSC-associated phenotypes are also described in boxes. 
Note that the indicated information for the time period 
E12.5 to approximately 2 months and the period thereafter 
is derived from observations in Runx-deficient mice using 
the Vav1-iCre and Mx1-Cre system, respectively. Dotted 
lines delineate the times at which the Runx family gene is 
expressed. Abbreviations: HSC hematopoietic stem cell, 
EHT endothelial-to-hematopoietic transition, AGM aorta-
gonad-mesonephros, FL fetal liver, BM bone marrow

9  Runx Family Genes in Tissue Stem Cell Dynamics
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their numbers are increased (Morrison et  al. 
1996). Aged HSCs also exhibit a biased differen-
tiation potential towards the myeloid lineage 
(Dykstra et  al. 2011). Previous studies have 
shown that accumulation of DNA damage, tran-
scriptional changes, epigenetic modifications, 
and altered lineage contribution are factors which 
can contribute to the functional decline of HSCs 
(Geiger et al. 2013).

In addition to intrinsic changes through devel-
opment and aging, HSCs are also subjected to 
external cues from the extracellular microenvi-
ronment. Although much still remains unknown 
about HSC niches during the developmental 
stage, two cell types that support HSC prolifera-
tion in the fetal liver are the Nestin+NG2+ peri-
cytes located close to portal vessels (Khan et al. 
2016) and lymphatic vessel endothelial receptor 
1 (Lyve-1)+ sinusoidal endothelial cells (Iwasaki 
et al. 2010). The vascular network in the placen-
tal labyrinth may provide external cues for HSC 
proliferation (Rhodes et al. 2008). In the exten-
sively studied bone marrow niche, HSCs receives 
appropriate signals for their maintenance and dif-
ferentiation from multiple niche-constituting 
cells (summarized in Birbrair and Frenette 2016). 
Such cells include osteolineage cells, Nestin+ 
pericyte cells, CXCL12-abundant reticular 
(CAR) cells, leptin receptor (Lepr)+ perivascular 
stromal cells, endothelial cells, glial fibrillary 
acidic protein (GFAP)+ Schwann cells, sympa-
thetic nerves, and even hematopoietic cells like 
CD169+ macrophages and megakaryocytes. 
CXCR4-CXCL12, Tie2-angiopoietin1 (Ang1), 
CD44-osteopontin (OPN), integrin α2 (or 
CD49b)-collagen, integrin α4β1-Vcam1, and 
Robo4-Slit2 have been found to be important for 
HSC-niche interactions. It is increasingly appar-
ent that changes in the HSC niche affects the age-
related changes in HSCs (Arora et al. 2014).

Differential control of HSC behavior by genes 
at different stages of development has been 
described. For example, Sox17 (Kim et al. 2007) 
and Scl (Lecuyer and Hoang 2004) are required 
for HSC generation or maintenance during early 
embryonic development but dispensable for adult 
HSCs, while Bmi1 (Park et al. 2003), Gfi1 (Hock 
et al. 2004), Tie2 (Puri and Bernstein 2003) and 

C/ebpα (Ye et  al. 2013) are critical for self-
renewal in adult HSCs but not in fetal HSCs. 
Knowledge about the intrinsic molecular mecha-
nisms and important signals supplied by the 
niche to regulate HSC behavior may provide 
clues into establishing successful protocols for 
de  novo HSC generation in vitro, ex vivo HSC 
expansion and HSC rejuvenation.

9.2.1	 �Runx During the Endothelial-
to-Hematopoietic Cell 
Transition (EHT)

During early development of mouse embryos, 
Runx1 and Cbfb are indispensable for the gener-
ation of HSCs, specifically at EHT. While Runx1-
positive cells are found in hemogenic endothelial 
cells and hematopoietic cell clusters in the dorsal 
aorta of the AGM region at E9.5–E11.5 in wild-
type embryos (Yokomizo and Dzierzak 2010; 
Yokomizo et al. 2001; Ng et al. 2010; North et al. 
1999), Runx1−/− embryos showed lack of such 
hematopoietic cell clusters budding from the ves-
sel wall (Yokomizo et al. 2001; North et al. 1999). 
As a consequence of the lack of EHT and thus the 
complete failure in generating HSCs and defini-
tive hematopoiesis, both Runx1−/− and Cbfb−/− 
mice die between E11.5 and E12.5 (Okada et al. 
1998; Niki et  al. 1997; Ng et  al. 2010; Okuda 
et  al. 1996; Wang et  al. 1996a; b; Sasaki et  al. 
1996) (Fig. 9.1).

Employing different developmental stage- or 
tissue-specific Cre system to ablate Runx1 in 
mice, it was shown that the essential requirement 
for Runx1 function at this early developmental 
stage occurs within a specific time window. When 
Runx1 is abrogated in endothelial cells by vascu-
lar endothelial cadherin (VEC) promoter-driven 
Cre, the knockout mice showed embryonic lethal-
ity due to the lack of intra-aortic hematopoietic 
cell clusters and HSCs (Chen et  al. 2009). 
However, embryonic lethality was not observed 
when Cre driven by the promoter of a pan-hema-
topoietic Vav1 gene, active starting from E10.5, 
was used to delete Runx1. Using temporal knock-
outs of Runx1f/f;Actb-CreERT and Runx1f/f;VEC-
CreERT mice based on the tamoxifen-activated 
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Cre recombinase system, it was established that 
during the early developmental stage, Runx1 is 
required at least up to E11.5, after which removal 
of both Runx1 alleles does not eliminate HSCs 
(Tober et al. 2013). These results appear to indi-
cate that Runx1 is specifically required for HSC 
generation during EHT, but not thereafter.

In Runx2−/− and Runx3−/− mice, there are no 
inherent hematopoietic phenotypes at the early 
development stage including EHT.  Yet, Runx2 
was reported to be expressed in the AGM region, 
although Runx3 was not (Okada et  al. 1998; 
Levanon et  al. 2001). However, it is not clear 
whether the methods used for the examination of 
expression are sensitive and specific for individ-
ual Runx family genes. As such, the involvement 
of these genes during early development remains 
to be investigated. The roles of Runx1  in HSC 
generation during early development are 
described in detail elsewhere in this book (see 
chapter by Yzaguirre et al.).

9.2.2	 �Runx in Hematopoietic Stem 
Cells at the Peri-Natal Stage

Even after EHT is complete, it was reported that 
fetal livers from E14.5 Runx1f/f;Vav1-Cre 
embryos contained fourfold fewer functional 
HSCs than control fetal livers in a limiting dilu-
tion transplantation assay (Cai et  al. 2011) and 
Cbfbf/f;Vav1-Cre fetal livers were completely 
unable to reconstitute recipient mice (Tober et al. 
2013). Therefore, it seems likely that the Runx-
deficient fetal HSCs are compromised. Probably 
due to such defects, Cbfbf/f;Vav1-iCre+ mice were 
not born at Mendelian ratios (Wang et al. 2015), 
although Runx1f/f;Vav1-iCre+ and Runx3f/f;Vav1-
iCre+ mice were (data not shown). Interestingly, 
Runx1f/f;Runx3f/f;Vav1-iCre+ mice could not be 
obtained from crosses of Runx1f/+;Runx3f/f;Vav1-
iCre+ with Runx1f/f;Runx3f/f;Vav1-iCre− mice (0 
out of 73 mice genotyped) (Fig. 9.2). After birth, 
Runx1f/f;Vav1-iCre+ and Cbfbf/f;Vav1-iCre+ mice 
exhibit poorer survival than Runx1f/f;Mx1-Cre+ 
and Cbfbf/f;Mx1-Cre+ mice, respectively 
(Fig. 9.2a, d). Although the survival data do not 
directly translate to HSC defects, the most critical 

data supporting that the pronounced phenotypes 
in Runx-deficient Vav1-iCre+ mice are due to 
functional HSC defects is derived from trans-
plantation experiments. The ability of Cbfbf/f; 
Vav1-iCre+ adult HSCs to reconstitute recipient 
mice was severely impaired (Wang et al. 2015). 
Taken together, these results suggest that the 
perinatal absence of Runx family genes causes 
dysfunctional HSCs, even after EHT (Fig. 9.1).

Interestingly, a study involving reexpression 
of Runx1 in a reversible Runx1 knockout mouse 
model using Tie2-Cre supports such a notion 
(Liakhovitskaia et al. 2009). Although restoration 
of Runx1 expression rescues the ability of the 
mice to generate HSCs as fetal liver cells isolated 
from such mice were able to reconstitute irradi-
ated recipient mice, the mice still exhibit lethality 
at birth. Possible causes of lethality was attrib-
uted to the abnormal development of sternum 
(Liakhovitskaia et al. 2010), but defects in HSC 
migration from fetal liver to the bone marrow 
cannot be ruled out. Furthermore, a recent study 
investigating the involvement of Runx1 during 
early development revealed that Runx1 is 
required for the maturation of pre-HSCs 
(Liakhovitskaia et al. 2014).

Notably, the reconstitution ability of E14.5 
Cbfbf/f;Vav1-Cre fetal livers (Tober et  al. 2013) 
was much worse than Runx1f/f;Vav1-Cre fetal 
livers (Cai et  al. 2011), indicating a possibility 
that Runx2 and Runx3 may be required after EHT. 
Supporting this possibility, it has been reported 
that there is a prominent increase in Runx2 levels 
when the intermediary pre-HSCs transit to 
become nascent HSCs (Zhou et  al. 2016), sug-
gesting that at least Runx2 may play a role at this 
transition stage. Furthermore, Runx3f/f;Vav1-iCre+ 
mice exhibited increased HSC compartment 
accompanied by leukocytosis, which was only 
observed in aged Runx3f/f;Mx1-Cre+ mice, but not 
the young ones (Fig. 9.2e, f). Surprisingly, 
Runx3f/f;Vav1-iCre+ mice showed poorer survival 
(Fig. 9.2b), which was not observed in Runx3f/f; 
Mx1-Cre+ mice (Wang et al. 2014).

The differences in phenotypes of Runx-
deficient mice using the Vav1-iCre system versus 
Mx1-Cre system can be explained by the distinct 
requirement of a gene in developmental versus 

9  Runx Family Genes in Tissue Stem Cell Dynamics
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Fig. 9.2  Comparison of phenotypes of Runx1, Runx3, 
Runx1; Runx3 and Cbfb conditional KO mice using dif-
ferent Cre-inducible systems. (a–d) Kaplan-Meier sur-
vival curves of (a) Runx1f/f;Mx1-Cre+ (black line,  
n = 27) versus Runx1f/f;Vav1-iCre+ (red line, n = 22), 

(b) Runx3f/f;Mx1-Cre+ (black line, n = 11) versus Runx3f/f; 
Vav1-iCre+ (red line, n = 12), (c) Runx1f/f;Runx3f/f;Mx1-
Cre+ (black line, n = 27) versus Runx1f/f;Runx3f/f;Vav1-iCre+, 
and (d) Cbfbf/f;Mx1-Cre+ (black line, n = 35) versus Cbfbf/f; 
Vav1-iCre+ (red line, n = 6) mice. Hundred percent and 
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adult hematopoiesis (discussed in Koh et  al. 
2015): Vav1 promoter is activated at E10.5 
onwards in all hematopoietic cells, including 
those during the maturation of pre-HSCs to 
nascent HSCs and the critical period of rapid 
HSC expansion, while Mx1 promoter is induced 
by polyinosinic–polycytidylic acid (pIpC) at the 
adult stage when HSCs are largely in quiescence 
(Fig. 9.2g). It is important to note that there are at 
least four distinct Vav1 promoter-driven Cre 
strains which could potentially delete in distinct 
but overlapping cell populations (Georgiades 
et al. 2002; Croker et al. 2004; Stadtfeld and Graf 
2005; de Boer et  al. 2003), and differences in 
phenotypes might be observed even amongst 
these four strains. Noteworthy is the enhanced 
expression of iCre (improved Cre) in the Vav1-
iCre strain compared to the original Cre in the 
other Vav1-Cre strains (Shimshek et al. 2002; de 
Boer et al. 2003), which may cause some level of 
toxicity (Loonstra et  al. 2001; Silver and 
Livingston 2001) and poorer survival.

Taken together, Runx may be required for one 
or more of the following processes during the 
perinatal stage: (1) maturation of pre-HSCs to 
nascent HSCs, (2) HSC expansion in the placenta, 
fetal liver or bone marrow, (3) migration of HSCs 
from placenta to fetal liver and/or from fetal liver 
to bone marrow, and/or (4) the tightly controlled 
transition when the abrupt change from prolifera-
tive status to quiescence in HSC occurs.

9.2.3	 �Runx in Hematopoietic Stem 
Cells of Young Adults

The Runx family genes are also important for the 
maintenance of HSCs in adults. In contrast to the 
complete lack of HSCs in Runx1−/− and Cbfb−/− 
mice, HSCs are still present in adult Runx1 or 
Cbfb conditional knockout mice using the Mx1-
Cre system, but showed disrupted regulation 
(Ichikawa et al. 2004; Growney et al. 2005; Wang 
et  al. 2015). Phenotypic HSCs in Runx1f/f;Mx1-
Cre+ mice exhibited a twofold expansion (Jacob 
et  al. 2010). Recently, it has also been demon-
strated that Cbfbf/f;Mx1-Cre+ show an even more 
pronounced expansion in the immunophenotypic 
HSC compartment (Wang et al. 2015), similar to 
the extent of expansion in Runx1f/f;Runx3f/f;Mx1-
Cre+ mice (Wang et al. 2014). These results sug-
gest that both Runx1 and Runx3 serve to inhibit 
cell proliferation in HSCs, perhaps mediated by 
the following two molecular mechanisms.

First, Runx can directly inhibit cell cycle pro-
gression. Gene expression profiling of Runx1f/f; 
Runx3f/f;Mx1-Cre+ HSC-enriched c-Kit+Sca-1+ 

Lineage− (KSL) cells showed significantly ele-
vated levels of high-mobility group AT-hook 2 
(Hmga2), a non-histone chromatin-interacting 
factor, which could have contributed to increased 
HSC self-renewal (Fig. 9.3). It has been shown 
that Runx1 plays a direct role in repressing the 
transcription of Hmga2 (Lam et  al. 2014). The 

Fig.  9.2  (continued) forty percent embryonic/perinatal 
lethality observed in Runx1f/f;Runx3f/f;Vav1-iCre+ and 
Cbfbf/f;Vav1-iCre+, respectively, are marked in red crosses 
(†). The p-value from Mantel-Cox test is shown. Vertical 
ticks represent censored cases. Survival curves of wild-
type controls are not shown for clarity purpose. (e) 
Frequency of hematopoietic stem/progenitor cell popula-
tions of Runx3f/f;Vav1-iCre− (n = 6) and Runx3f/f;Vav1-
iCre+ mice (n = 6) at 2 months old. Mean ± SEM of 
percentages in whole BM are shown. (f) White blood cell 
counts of Runx3f/f;Mx1-Cre− (n = 12) and Runx3f/f;Mx1-
Cre+ (n = 9) at 2 months post-induction, and Runx3f/f;Vav1-

iCre− (n = 20) and Runx3f/f;Vav1-iCre+ mice (n = 23) at 2 
months old. Mean ± SEM of leukocyte counts are shown. 
(g) Diagram showing the time window of differential HSC 
properties (top) and the time when Vav1-iCre or Mx1-Cre 
are expressed in hematopoietic tissues (bottom). 
Abbreviations: KSL c-Kit+Sca-1+Lineage−, LT-HSC long-
term hematopoietic stem cell (c-Kit+Sca-
1+Lineage−CD34−Flt3−), ST-HSC short-term hematopoietic 
stem cell (c-Kit+Sca-1+Lineage−CD34+Flt3−), MPP multi-
potent progenitor (c-Kit+Sca-1+Lineage−CD34+Flt3+). 
Asterisk(s) represents significant difference (*p < 0.05, 
***p < 0.001 and ****p < 0.0001, Student’s t-test)

9  Runx Family Genes in Tissue Stem Cell Dynamics
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transcriptional regulation of cell cycle regulatory 
proteins (such as D-type cyclins (Strom et  al. 
2000; Bernardin-Fried et  al. 2004) and p21 
(Strom et al. 2000; Galindo et al. 2005) by Runx 
family genes may also affect the cell cycle status 
of HSCs. For example, downregulation of 
Cdkn1a (p21) in Runx1f/f;Runx3f/f;Mx1-Cre+ KSL 
cells observed in gene expression profiling analy-
sis may contribute to the expanded HSC 
population.

Additionally, Runx1 and Runx3 help to main-
tain stem cells in their quiescent state by regula-
tion of the G0/G1 transition in a HSC 
niche-dependent manner, thereby controlling the 
HSC population size. Analysis of a panel of 
niche-related factors in Runx1f/f;Mx1-Cre+ mice 
revealed that CXCR4 was downregulated. A 
luciferase reporter assay using the CXCR4 pro-
moter, containing two Runx binding sites, 
showed that RUNX1 transactivates CXCR4 in a 

DNA-binding dependent manner, suggesting the 
direct transcriptional regulation of CXCR4 
expression by RUNX1 (Jacob et al. 2010; Chin 
et al. 2016). Along with CXCR4, another niche-
interacting factor, integrin α2 (CD49b), was also 
downregulated in Runx1f/f;Mx1-Cre+ HSCs. In 
the case of Runx1f/f;Runx3f/f;Mx1-Cre+ mice, the 
KSL population showed downregulation of sev-
eral critical niche-related factors: Vcam-1, Cxcr4 
and Robo4 (Wang et al. 2014). Such inadequate 
expression of niche-related factors in Runx-
deficient HSCs led to a weakened niche interac-
tion and, as a result, less quiescence and 
expansion of HSCs could be induced.

Although the numbers of HSCs are increased 
in Runx1 and Cbfb conditional knockout mice, 
the HSCs are functionally impaired in the ability 
to repopulate hematopoiesis in recipient mice. 
While Runx1f/f;Mx1-Cre+ HSCs can reconstitute 
recipient mice in a bone marrow transplantation 

Fig. 9.3  Schematic diagram depicting the Runx-
Hmga2 axis in controlling HSC behavior during aging. 
Runx has been shown to inhibit transcription of Hmga2, 
which in turn regulates transcription of age-related play-
ers, p16INK4a and p19ARF indirectly, possibly via JunB. 

p16INK4a and p19ARF inhibits HSC self-renewal during 
aging. Hence, increased Runx1 expression in aged HSCs 
culminates in reduced self-renewal and the absence of 
Runx causes increased HSC self-renewal, albeit transient, 
via this Runx-Hmga2 axis

C.Q. Wang et al.
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experiment, the chimerism in Runx1f/f;Mx1-Cre+ 
recipient mice decreased with time, unlike in 
control recipient mice (Growney et  al. 2005). 
Furthermore, young adult Runx1f/f;Runx3f/f;Mx1-
Cre+, Cbfbf/f;Mx1-Cre+ and surviving Cbfbf/f; 
Vav1-iCre+ mice exhibit a phenomenon called 
stem cell exhaustion (Wang et al. 2014). This is 
thought to be the result of the interplay of at least 
two mechanisms described below.

First, Runx proteins control DNA damage 
repair pathway(s) (Wang et al. 2014) (see chapter 
by Krishnan and Ito). In the absence of Runx1 
and Runx3, KSL cells showed impairment in 
DNA damage repair, accentuated by an inter-
strand crosslinking agent. The increased DNA 
damage in Runx-deficient cells, coupled by the 
increased proliferation described earlier, renders 
high levels of replication stress to the cells, con-
tributing to decreased HSC integrity and subse-
quent exhaustion of the stem cell pool. Second, 
Runx proteins regulate the transcription of sev-
eral aforementioned niche-interacting factors. In 
Runx-deficient HSCs, there is compromised 
HSC-niche interactions important for maintain-
ing HSC quiescence, which in turn causes the 
detachment of HSCs from the niche. 
Subsequently, the inability to maintain quies-
cence would result in the loss of long-term self-
renewal capacity of Runx-deficient HSCs, 
eventually leading to stem cell exhaustion, 
despite the initial transient increase of HSCs.

The role of Runx2  in adult HSCs per se has 
yet to be studied, but Runx2 most probably 
affects HSC quiescence by generating the HSC 
niche components, namely the osteoblasts. 
Runx2 has been shown to be the principal tran-
scriptional regulator of osteoblastic differentia-
tion (Otto et  al. 1997; Komori et  al. 1997; 
Deguchi et al. 1999). This implies that the main-
tenance or replenishment of available HSC-niche 
sites during homeostatic bone turnover by Runx2 
could potentially support stem cell quiescence, 
although more conclusive data is required. 
Additionally, Runx2 activates the transcription of 
OPN, an important factor for HSC quiescence, in 
osteoblasts (Sato et  al. 1998). Contradictory, it 
has been recently demonstrated that Runx2 
highly expressing immature osteoblasts were bet-

ter than osteoblasts expressing lower levels of 
Runx2 for supporting proliferation and colony-
forming capability of KSL population (Chitteti 
et al. 2010). Whether Runx2 is inhibitory or pro-
moting for HSC quiescence remains to be further 
investigated.

9.2.4	 �Runx in Aging Hematopoietic 
Stem Cells

The phenotypes that distinguish aged HSCs from 
young HSCs include increased phenotypically 
defined HSC numbers, reduced self-renewal 
capacity, myeloid-biased differentiation, 
impaired homing to and enhanced mobilization 
from the bone marrow. Altered HSC-niche inter-
actions can also play a role in HSC aging (Arora 
et al. 2014). Notably, the phenotypes commonly 
observed in various Runx-deficient mice seem to 
exhibit similarities to aging phenotypes (Fig. 
9.1). When Runx family genes are ablated in the 
hematopoietic system, the HSC population as 
defined immunophenotypically is increased and 
there is a myeloid-biased differentiation. The 
motility of Runx-deficient HSCs is also increased. 
Hence, these features in Runx-deficient mice sug-
gest a possibility that Runx family genes are 
essential to slow down the aging phenomenon.

Initial expansion and subsequent exhaustion 
of HSCs from Runx1f/f;Mx1-Cre+ mice (Jacob 
et al. 2010) and earlier death of these mice than 
the control mice may be attributable to progeria, 
or premature aging. Similarly, expansion of 
HSCs in aged Runx3f/f;Mx1-Cre+ mice may be 
caused by accelerated aging, although occurring 
to a lesser extent compared to Runx1f/f;Mx1-Cre+ 
mice (Wang et  al. 2013). Runx deficiency may 
thus promote aging of HSCs and plausible mech-
anisms are discussed below.

Hmga2 was identified to be the only gene 
whose expression not only progressively declines 
with age in HSCs, but is preferentially expressed 
in HSCs but not in differentiated cells (Nishino 
et al. 2008). Hmga2 regulates the Ink4a/Arf locus 
via JunB, mediating its effects on aging via 
p16Ink4a and p19Arf (Fig. 9.3). It is well docu-
mented that p16Ink4a induction contributes to the 
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decline of HSC function in aged mice, whereas 
its absence in HSCs rescues their compromised 
self-renewal capacity in transplantation assays 
(Janzen et  al. 2006). Lin28b-let-7 has been 
reported to regulate Hmga2 (Copley et al. 2013). 
As discussed earlier, Runx1 transcriptionally 
represses Hmga2  in HSCs and is thus another 
regulator of Hmga2. Alternatively, Runx1 can 
induce the expression of p19Arf directly (Linggi 
et al. 2002).

Notably, Ink4a/Arf deletion in Hmga2 mutant 
mice does not completely rescue the stem cell 
defects, suggesting that there are other mecha-
nisms mediated by Hmga2, in addition to its 
effects on HSC self-renewal via p16Ink4a and 
p19Arf. Hmga2 is reported to be directly involved 
in DNA repair and aging-related DNA damage 
accumulation in HSCs might be due to the 
decrease of Hmga2 with age (Yu et  al. 2014). 
Age-dependent accumulation of DNA damage in 
HSCs results in impaired self-renewal and thus 
decreased regenerative capacity of aged HSCs. As 
mentioned earlier, Runx proteins are also impli-
cated in DNA repair and their roles in maintaining 
HSC genomic integrity could be via the regula-
tion of Hmga2 (Wang et al. 2014). Taken together, 
it is imperative to determine if Runx family genes 
are indeed regulators of HSC ageing.

An alternative possibility for the ageing phe-
notype is that cytoplasmic sequestration of the 
IKK complex by Runx1 results in diminished 
NF-κB signaling (Nakagawa et  al. 2011). In 
Runx-deficient cells, the derepression of NF-κB 
transcriptional targets can lead to increased 
senescence, and possibly the senescence-
associated secretory phenotype (SASP) (Chien 
et al. 2011), resulting in a premature aging pheno-
type. Interestingly, the secretion of SASP factors 
can affect the cellular microenvironment, which 
may implicate Runx1 as having a role in influenc-
ing the HSCs and/or HSC niche via SASP.

FOXO3a is one of the few confirmed longev-
ity genes (Flachsbart et al. 2009). SIRT1, a mem-
ber of the sirtuin family of nicotinamide adenine 
dinucleotide (NAD+)-dependent deacetylases, is 
another anti-aging gene that triggers FOXO3a 
transcription via its deacetylation activity (Brunet 
et  al. 2004). SIRT1 is thought to contribute to 

increased longevity by acting as a guardian 
against cellular oxidative stress and DNA dam-
age (Haigis and Guarente 2006). Intriguingly, 
Runx2 physically interacts with Sirt1 (Shakibaei 
et al. 2012) and RUNX3 physically interacts with 
FOXO3a (Yamamura et  al. 2006). In addition, 
the transcription of Runx2 was found to be co-
mediated by SIRT1 and FOXO3a (Tseng et  al. 
2011). Interestingly, Runx2 is reported to be 
downregulated in aged HSCs (Chambers et  al. 
2007), and this decrease may be linked to the 
downregulation of SIRT1 and FOXO3a during 
aging. The close relationship between Runx fam-
ily genes with longevity factors, FOXO3a and 
SIRT1, warrants further study into the role of 
Runx in HSC aging.

Based on the discussion above, one would then 
expect Runx1 to be expressed at low levels in aged 
HSCs which are increased in number and have a 
myeloid-biased differentiation phenotype. 
Paradoxically, Runx1, a myeloid-related gene, is 
upregulated in aged HSCs (Rossi et  al. 2005; 
Chambers et al. 2007). Such discrepancy could be 
due to differential expression of the Runx1 iso-
forms in young versus aged mice. Runx1bEx6e, 
functionally similar to RUNX1a in human, 
enhances expansion of HSCs (Komeno et al. 2014; 
Osato 2014) and may be upregulated in aged 
HSCs, while Runx1bEx6+ inhibits HSC prolifera-
tion and could be downregulated in aged HSCs.

As the heterodimerization partner of the Runx 
proteins, the significance of Cbfβ upregulation 
(Rossi et al. 2005; Chambers et al. 2007) in aged 
HSCs remains to be further investigated. In gen-
eral, the role of Runx family genes in aging is not 
well studied and stands as the important theme 
for future research.

9.2.5	 �Runx and Leukemia

In general, myeloid related hematopoietic malig-
nancies are more predominant at old age, whereas 
lymphoid related ones occur at younger age. 
However, human RUNX-related myeloid leuke-
mia such as inv(16) and t(8;21) are prevalent in 
childhood, as well as adolescents and younger 
adults (AYAs) (Mrozek et  al. 2012). As men-
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tioned above, results obtained from the mouse 
model studies clearly demonstrated that Runx 
family genes play a development- and age-
dependent requirement in HSCs. Hence, the 
importance of Runx at the perinatal stage may 
underlie the aforementioned young onset of Runx 
leukemias.

RUNX1 point mutations are more frequently 
found in elderly acute myeloid leukemia (AML) 
patients. Recurrent mutations in genes such as 
DNMT3a, TET2 and ASXL1 are detected singly in 
aged individuals of the general population who do 
not exhibit hematological disorders and result in 
clonal expansion of HSCs harbouring these muta-
tions (Jaiswal et al. 2014; Genovese et al. 2014). 
Based on the genetic landscape of mutations 
found in elderly healthy individuals and AML 
patients, it is thought that Runx1 point mutations 
occur secondary to such preceding mutations 
found in pre-leukemic HSCs to cause progression 
to leukemia (Xie et  al. 2014). Runx deficiency 
leading to stem cell exhaustion is counterintuitive 
to leukemogenesis. Yet, RUNX1 mutations pre-
dispose cells to leukemogenesis by promoting a 
myeloid-biased cell status. This conundrum can 
be explained by the ability of the driver mutations 
to overcome the exhaustion conferred by RUNX1 
mutations. For this reason, the advantageous state 
of pre-leukemic HSCs in aged individuals could 
explain why RUNX1 point mutations commonly 
occur in leukemias of older patients.

Notably, overexpression of Hmga2, repeat-
edly discussed in this chapter (Fig. 9.3), has been 
reported in leukemias (Fusco and Fedele 2007; 
Tan et  al. 2016). As such, the pronounced 
increased Hmga2 levels in the absence of Runx 
family genes may be relevant to leukemogenesis 
in Runx-deficient status, perhaps by increasing 
the stem cell pool in which cooperative muta-
tions may occur.

9.3	 �Hair Follicle Stem Cells 
in the Skin

The skin epidermis is important for protection 
against external environmental insults and pre-
vention against dehydration. The skin epidermis 
is constantly renewing and consists of different 

compartments, including the hair follicle, its sur-
rounding interfollicular epidermis and sebaceous 
glands. At least three stem cell populations have 
been documented to maintain the epidermis, one 
of which is the HFSC located in the outermost 
layer of the follicle known as the outer root 
sheath. While the HFSCs contributes perma-
nently only to the hair follicle, the HFSCs can 
temporarily regenerate all types of cells in the 
epidermal layer upon injury.

The hair follicle is an accessory structure of 
the epidermis embedded deep in the dermis of the 
mammalian skin. Of the four different types of 
hair present in the mouse pelage, the guard hair is 
the well studied and the timelines provided in this 
chapter are representative of this particular hair 
type. The formation of hair follicles require con-
stant molecular interactions between the mesen-
chymal and epithelial cells. The morphogenesis, 
or development, of the hair follicle occurs 
beneath the skin surface and begins at approxi-
mately E14.5 in the mouse (Fig. 9.4a). The hair 
follicles develop through a series of intermediate 
structures that starts with budding from the epi-
dermis and is fully mature when it extends into 
the dermis with an inner root sheath and hair 
shaft. The emergence and maturation of HFSCs 
takes place concurrent with the development of 
the hair follicle (reviewed in Sennett and Rendl 
2012; Forni et al. 2012). Induction of early HFSC 
precursors begins at about E12.5, and HFSCs 
with slow cycling properties emerge in hair plac-
odes, an intermediate hair follicle structure, sev-
eral days later (Nowak et al. 2008). By the end of 
the hair follicle morphogenesis, the adult HFSCs 
reside in a niche known as the bulge region, 
where they are kept in a quiescent state. The 
bulge is a hair follicle structure that is part of the 
upper outer root sheath and located below the 
sebaceous gland. Adult HFSCs in the bulge can 
be identified by CD34 expression concurrent 
with either keratin 14 (K14)-expressing cells 
(Malanchi et  al. 2008) or integrin α6 (Trempus 
et al. 2003).

At about 17 days after birth, development of 
the hair follicle is complete and morphogenesis 
ends with the first catagen stage when destruction 
of the hair bulb occurs. The first adult hair cycle 
is initiated around postnatal day 21 by activation 
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and proliferation of HFSCs in the bulge. 
Structurally, each hair follicle is composed of an 
upper non-cycling region and a cycling region 
(Zhang et  al. 2009). The structure of the non-
cycling region includes the stem cell-containing 
bulge (Morris et  al. 2004), oil-producing seba-
ceous gland and the infundibulum through which 
the hair shaft passes. To continuously produce 
new hair shafts during homeostasis, the cycling 

portion of each hair follicle, the bulb, repeatedly 
undergoes a 3-week long hair cycle that com-
prises anagen (growth phase), catagen (degenera-
tion phase) and telogen (quiescent phase) (Alonso 
and Fuchs 2006). During anagen, HFSCs undergo 
self-renewal and then some of these HFSCs leave 
the bulge only at the next telogen-anagen transi-
tion. Once outside the niche, these cells then 
undergo further differentiation into transit ampli-

Fig. 9.4  Summary of the morphogenesis and cycling of 
hair follicle and requirement of Runx1 in hair follicle 
stem cells. (a) Timeline schematic diagram showing the 
key events of HFSCs/hair follicles during ontogeny. (b) 
Phenotypes exhibited by the Runx1 conditional knockout 
mouse models used to decipher the Runx1 role in HFSC 

are summarized. Colored boxes indicate the tissue type in 
which Runx1 is ablated (blue, epithelium; pink, mesen-
chyme). Note that the absence of “Runx1” in mesenchy-
mal tissue represents undetectable expression of Runx1 in 
this tissue at the adult stage. Abbreviations: HFSC hair 
follicle stem cell, HF hair follicle, SG sebaceous gland
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fying progenitor cells, known as the matrix, 
throughout anagen (Zhang et  al. 2009). The 
matrix encloses a group of mesenchymal cells, 
called the dermal papillae, which integrates sig-
nals from the bulge and elicits instructions to the 
epidermis to activate HFSC proliferation and 
induce differentiation for hair follicle 
regeneration.

The skin undergoes significant changes in 
terms of structure and function with age. Aged 
HFSCs maintain their numbers and gene signa-
tures. However, the period of quiescence becomes 
progressively longer with age, suggesting that 
quiescent HFSCs become increasingly resistant 
to activation (Keyes et al. 2013).

9.3.1	 �Runx in Hair Follicle Stem 
Cells at the Developmental 
Stage

Runx1 is expressed in both epithelial and mesen-
chymal regions in the area around the hair follicle 
during morphogenesis (Raveh et al. 2006; Osorio 
et al. 2011). At placode stage, Runx1 is expressed 
in cells of the single layer of ectoderm fated to 
become adult HFSCs, and the Runx1-expressing 
cells ultimately contribute to all layers of hair fol-
licle during morphogenesis (Osorio et al. 2011). 
Such early specification of stem cells is impor-
tant for hair follicle morphogenesis (Nowak et al. 
2008). Close examination of epithelial-specific 
Runx1 knockout mice using Runx1f/f;K14-Cre+ 
mice revealed that there was a delay in the forma-
tion of mature hair follicles due to delayed HFSC 
emergence (Fig. 9.4b), which could be explained 
by reduced Lef1 levels and reduced Wnt signal-
ing in the epidermis and the adjacent dermis cells 
(Osorio et  al. 2011). However, this defect was 
overcome with time, suggesting that Runx1 is 
crucial for the timely emergence of HFSCs dur-
ing embryogenesis, but is dispensable for this 
process (Osorio et al. 2011).

Runx1-expressing cells are also detected in 
the dermal layer just beneath the epidermis at 
E14.5. This dermal population increases by 
E17.5 (Raveh et  al. 2006; Osorio et  al. 2011). 
Deletion of Runx1 by tamoxifen injections at 

E12.5, E13.5 and E14.5  in Runx1CreER/f mice 
resulted in very efficient deletion in the dermis, 
but not epidermis, generating a knockout mouse 
model with Runx1 specifically ablated in mesen-
chymal tissue. In this mesenchymal knockout 
mouse model, the deletion of Runx1 led to forma-
tion of hair follicles throughout development, but 
they are converted into enormous sebaceous 
cysts that lacked the bulb and bulge regions at the 
first hair cycle (Osorio et  al. 2011) (Fig. 9.4b). 
This phenotype is due to defective maturation of 
the early HFSC precursors, leading to preferen-
tial differentiation towards sebaceous glands 
over hair bulb lineages. Hence, it is evident that 
mesenchymal loss of Runx1 during embryogen-
esis affects hair follicle integrity much more than 
the epithelial loss of Runx1 does. Contrary to 
Runx1 deletion in the epithelium, Runx1 defi-
ciency in the dermis resulted in upregulated Lef1 
and Wnt signaling in both mesenchyme layer and 
epithelium, suggesting there are molecular inter-
actions between the two compartments (Osorio 
et al. 2011).

Unlike Runx1 expression, the expression of 
Runx2 and Runx3 is much less pronounced in the 
epithelial layer of hair follicles. Runx2 is 
expressed in dermal papillae and bulb epithelium 
during hair follicle development, but is not 
expressed in other regions of the skin outside the 
hair follicles (Glotzer et al. 2008). Allografts of 
Runx2 null skin at E18.5, compared to those of 
wild-type controls, showed that Runx2 is dis-
pensable for normal hair follicle morphogenesis 
and cycling (Glotzer et al. 2008). However, there 
was a delay in hair follicle development as E18.5 
Runx2 null embryos had fewer follicles than the 
control embryos. This defect was shown to be 
due to decreased Sonic hedgehog expression.

Runx3 is expressed in the dermal layer just 
beneath the epidermal layer in placode and hair 
germ stages (Raveh et al. 2005). This is the region 
where the Runx3-expressing cells will form the 
dermal papillae. By birth, Runx3 is expressed in 
a cluster of cells that consisted of most, if not all, 
of the dermal papillae. The significance of this 
expression is worth further investigating as the 
involvement of Runx3 in HFSCs may act via its 
effects on the dermal papillae. Runx3−/− mice 
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bred on heterogeneous ICR, MF1 background are 
able to survive until adulthood and these mice did 
not show major changes in the overall morphol-
ogy of the skin and its appendages. This may be 
due to compensation by Runx2 as Runx2 is also 
expressed in the dermal papillae (Glotzer et  al. 
2008). A population of stem cells termed skin-
derived precursors (SKPs) has been discovered 
in the dermal papillae (Toma et  al. 2001). 
Whether Runx2 and Runx3 plays a role in speci-
fication of these SKPs remains to be studied.

9.3.2	 �Runx in Hair Follicle Stem 
Cells of Young Adults

Runx1 has a dynamic expression in the murine 
hair follicle throughout the hair cycle and when 
expressed, it is found only in specific hair follicle 
compartments. Runx1 marks adult HFSCs in the 
lower bulge during telogen (Scheitz et al. 2012) 
and is detected throughout the bulge during ana-
gen when HFSCs self-renew. Dermal expression 
of Runx1 is undetected at the onset of the first 
hair cycle (Raveh et  al. 2006). Consistent with 
the absence of Runx1 expression in the adult 
mesenchyme, dermal excision of Runx1 by the 
induction of Runx1CreER/f mice with tamoxifen at 
PD21 resulted in normal skin (Fig. 9.4b). The 
overall expression patterns of Runx1  in human 
and mouse skin are largely similar (Hoi et  al. 
2010), suggesting that the functions of Runx in 
both organisms are also conserved.

Interestingly, Runx1 is dispensable during 
hair follicle development but is crucial for nor-
mal regulation of the hair cycle at the transition 
into adult skin homeostasis. Gene targeting of 
Runx1 in the epithelial compartment in mice 
using K14-Cre system led to a delay in telogen-
to-anagen transition of the first hair cycle (Osorio 
et  al. 2008) (Fig. 9.4b). Immunofluorescence 
staining of epithelial Runx1-deficient hair folli-
cles revealed the absence of specific hair lineage 
markers and progenitor matrix cell marker 
(Ephrin B1) characteristic of anagen phase at a 
time when wild-type hair follicles are in anagen. 
Using Runx1f/f;β-actin-CreER mice injected with 
tamoxifen at various stages in the hair cycle, the 

requirement for Runx1 was found to be at the 
onset of anagen (Hoi et  al. 2010). Clonogenic 
assays testing for skin stem cells resulted in cul-
tured keratinocytes from Runx1∆4/∆4;K14-Cre 
mice having fewer and smaller colonies that are 
unable to survive long term (Osorio et al. 2008). 
BrdU labeling experiment demonstrated that the 
loss of Runx1 at anagen onset impaired the pro-
liferation of CD34+ bulge cells in vivo (Hoi et al. 
2010). Taken together, loss of Runx1 impairs 
proliferation of HFSCs and leads to delayed 
HFSC activation into cell cycle. Notably, the 
telogen block is spontaneously overcome with 
age (Hoi et  al. 2010) or injury (Osorio et  al. 
2008), suggesting that Runx1 is not completely 
indispensable for HFSCs to exit quiescence and 
that Runx1 loss did not affect the differentiation 
potential and fate decision of HFSCs. Runx1 may 
work, at least partly, by downregulating Cdkn1a 
(p21) (Hoi et  al. 2010) and keeping HFSCs 
poised for receiving proliferation signals (Lee 
et  al. 2014). However, whereas deletion of 
Cdkn1a rescued the proliferation defects in 
Runx1 knockout keratinocytes in vitro, loss of 
Cdkn1a had the opposite effect in hair follicle 
cycling in vivo. Runx1;p21 double knockout 
mice showed an even more prolonged telogen 
phase, thought to be due to the upregulation of 
compensatory CDK inhibitor expression, such as 
p15 (Lee et al. 2013).

As in the case of HSCs, Hmga2 was found to 
be an important factor in the maintenance of 
long-term self-renewal capability of HFSCs 
(Chen et al. 2012). An in vitro RNA interference 
screen coupled with serial passages of HFSCs led 
to the identification of Hmga2, and this hit was 
validated by shRNA transduction experiment. 
Intriguingly, Runx1 was also identified as the top 
hit—absence of Runx1 reduces the self-renewal 
ability of HFSCs. As such, the Runx1-Hmga2 
axis that is apparent in HSCs may operate in 
HFSCs as well. In this case, however, Runx1 
may act as a positive regulator of Hmga2 expres-
sion. The exact mechanism remains to be further 
studied.

Runx3 expression in the dermal papillae per-
sists throughout all stages of the hair cycle 
(Raveh et al. 2005). Durations of hair cycle stages 
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were found to be unaffected in Runx3−/− mice 
bred on heterogeneous ICR, MF1 background. 
As mesenchymal-epithelial interactions are 
important in the signals from dermal papillae to 
epidermis, it is possible that signals from Runx3-
expressing cells in the dermal papillae may regu-
late HFSC function or numbers. Further 
investigation is warranted.

The expression of Runx2 during cycling is 
largely similar to that during development: 
Runx2 is expressed in dermal papillae and exhib-
its increasing asymmetric expression in bulb epi-
thelium through anagen (Glotzer et  al. 2008). 
Although Runx2 expression was detected at very 
low levels in freshly isolated CD34+integrin α6

+ 
bulge cells (Hoi et al. 2010), its expression has 
not been detected in the bulge in vivo (Glotzer 
et al. 2008). Since there is some degree of over-
lap of expression of all three Runx genes, func-
tional redundancy may operate in certain 
locations, such as the dermal papillae where both 
Runx2 and Runx3 are expressed. Hence, further 
in-depth analyses, such as analyses of 
Runx2;Runx3 double knockout mice are required 
to clarify the role of Runx in HFSCs.

In general, the expression of Runx1 seems to 
be non-overlapping with those of Runx2 and 
Runx3. Runx1 seems to play a role in both epi-
thelial and mesenchymal compartments, thus 
regulating HFSC in both cell intrinsic and extrin-
sic manner, whereas the roles of Runx2 and 
Runx3  in potentially regulating HFSCs seem 
confined to cell extrinsic mechanisms.

9.3.3	 �Runx in Aging Hair Follicle 
Stem Cells

Even after repeated stimulation of skin wounding 
over a period of 1 year, Runx1∆4/∆4;K14-Cre hair 
follicles were able to continuously regenerate 
and result in new hair growth, suggesting that 
Runx1-deficient HFSCs maintained their long-
term potential and did not result in the exhaustion 
of the stem cell pool (Osorio et al. 2008).

Although Runx proteins are not significantly 
differentially expressed with age in HFSCs, the 
transcription factor Nfatc1, implicated in hair fol-

licle aging, was found to bind to the intronic 
regions of Runx1 (Keyes et al. 2013). In another 
study, the expression of type XVII collagen 
(COL17A1) decreased and/or its degradation or 
shedding by ELANE/elastase-2 (ELA2) 
increased with age in the HFSCs (Matsumura 
et al. 2016). As Runx1 has been demonstrated to 
transcriptionally activate ELA2 (Li et  al. 2004; 
Lausen et al. 2006), Runx1 may function in aged 
HFSCs to promote aging. Since Runx1 poises 
HFSCs to respond rapidly to proliferation signals 
in young adult HFSCs, it will be interesting to 
find out if Runx is implicated in the prolonged 
telogen phase of aged HFSCs.

9.3.4	 �Runx and Skin Cancer

As HFSCs are a well appreciated source of skin 
appendage tumors such as basal cell carcinomas, 
Runx may be directly implicated in skin cancers 
(Lorz et  al. 2009). Moreover, p21 encoded by 
Cdkn1a acts as a tumor suppressor in HFSCs 
(Topley et al. 1999) and Runx1 was found to neg-
atively regulate Cdkn1a expression. As deletion 
of Cdkn1a only partially rescued the tumour 
impairment phenotype exhibited by Runx1 KO 
mice, other Runx1 targets are required for full 
tumour growth (Lee et al. 2013). Runx1 is also 
shown to be a downstream factor of p63 (Ortt 
et al. 2008), which is expressed at a high level in 
skin squamous cell carcinomas (Wrone et  al. 
2004). The p63 protein is a member of the p53 
family and an essential factor for proper develop-
ment of stratified epithelium (Mills et  al. 1999; 
Yang et al. 1999). Unlike p53 (TP53) which acts 
as a tumor suppressor and is frequently mutated 
in cancers, p63 (TP63) is typically associated 
with gene amplification in cancers (Romano and 
Sinha 2014). It was shown that p63 binds to a 
Runx1 intronic enhancer and positively regulates 
its expression (Ortt et  al. 2008). For the above 
reasons, it is plausible that Runx1 can act as an 
oncogene in skin tumorigenesis.

Indeed, Runx1 is highly expressed in mouse 
skin papilloma and squamous cell carcinomas 
(Hoi et al. 2010). The conditional loss of Runx1 
in mouse epidermis impairs mouse skin tumori-
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genesis as mice in which Runx1 is deleted using 
K14-Cre showed drastically delayed and reduced 
skin papilloma and squamous cell carcinoma for-
mation in response to skin DMBA/TPA carcino-
genic treatment (Hoi et  al. 2010). The Runx1 
knockout bulge cells proliferated less than con-
trol cells even in response to stimulation by TPA, 
a strong proliferative-promoting agent (Hoi et al. 
2010). Using timed deletion of Runx1 at different 
stages of tumorigenesis (initiation, promotion 
and maintenance), Scheitz et  al. nicely demon-
strated that Runx1 is specifically required at the 
initiation stage and its expression in HFSCs is 
responsible for initiating squamous cell carcino-
mas in mice (Scheitz et al. 2012). In the absence 
of proliferative agents, however, Runx1 is also 
crucial for the maintenance of CD34-expressing 
papilloma cancer stem cells (Scheitz et al. 2012). 
Absence of Runx1 under such circumstances 
causes tumour regression, leading to shrinkage of 
tumor size. In addition, knockdown of RUNX1 in 
the human skin cancer cell line, SCC13, renders 
the cells unable to grow (Scheitz et  al. 2012). 
Further investigation revealed that RUNX1 acts 
to promote skin tumour growth by upregulating 
Stat3 activity via transcriptional repression of 
SOCS4 and potentially SOCS3 (Scheitz et  al. 
2012).

Overexpression of non-mutated RUNX3 has 
been reported in human basal cell carcinomas 
(Salto-Tellez et al. 2006). Whether the expression 
of RUNX3 is specifically required in the stem 
cell compartment for the development of this 
skin cancer subtype remains to be further 
investigated.

9.4	 �Future Perspectives

At least in HSCs and HFSCs, Runx seems to play 
converging roles, yet contrasting mechanisms 
operate. First, Runx1-expressing cells during 
early development mark stem cell precursors. 
Lack of Runx1 in the hematopoietic system led to 
complete failure in generating the blood system 
while lack of Runx1 in the skin led to impairment 
in generation of the mature hair follicle. Notably, 

the exact mechanism by which Runx1 affects 
blood and hair stem cells differs: Runx1 defi-
ciency impairs stem cell emergence in the hema-
topoietic system in a cell intrinsic manner, 
whereas Runx1 ablation affects hair follicle 
development only via a cell extrinsic mechanism, 
indicating spatially different roles of Runx. 
Secondly, Runx1 works at the stem cell level to 
initiate adult stage of hematopoiesis and hair 
growth. Again, the mechanism differs: in young 
adults, Runx1 serves to promote proliferation in 
HFSCs, while it maintains quiescence in HSCs.

Such contrasting mechanisms in two different 
tissues, yet controlled by the same family of pro-
teins, confound a proper understanding of funda-
mental core Runx functions. For example, while 
Hmga2 expression is upregulated in Runx-
deficient HSCs, Runx seems to act in an opposite 
manner in HFSCs. In a similar scenario, p21 
expression is positively regulated by Runx in 
HSCs but negatively in HFSCs. Possibly, intri-
cate controls of the same pathway may be 
affected by other cell-type specific molecules, 
resulting in opposing effects.

In addition to HSCs and HFSCs, Runx func-
tion has also been detected in skeletal and mam-
mary stem cells (Table 9.1). Our preliminary data 
suggest that Runx1 could be involved in stem 
cells of a wide spectrum of tissues, thus implying 
that Runx could potentially act as a global “mas-
ter stem cell regulator”. Hence, it will be impera-
tive to examine how Runx functions globally in 
the various tissue stem cells. By extending our 
knowledge of Runx roles in other tissue stem 
cells, we may be able to stratify their roles based 
on common machinery in regulating the stem cell 
compartment.
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