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Tissue specific stem cells are functionally defined as cells that can self renew
and differentiate for the entire life of the organism. As an entry point to
understand whether a subset of regulatory pathways is responsible for the
functional properties of adult stem cells I analyzed the function on the skin of
the transcription factor Runx1, a master regulator of hematopoietic stem cell
emergence. I discovered that Runx1 is expressed in the hair follicle from the
beginning of its development, at the placode stage, and there on is expressed
throughout the life of the organism. Besides its follicular expression Runx1 is
highly expressed in the mesenchymal compartment of the skin during
morphogenesis but this expression decreases and is completely gone
postnatally. By employing tissue specific ablation, lineage tracing studies and
cell culture experiments I delineated Runx1 function in the skin at two
different stages hair morphogenesis and regeneration.

During embryonic hair morphogenesis I uncovered that two distinct
population of Runx1 expressing cells are becoming specified. One population
will contribute to the formation of the embryonic hair rudiment while the
second population will contribute to definitive compartment of the hair
follicle the ORS and bulge. This lineage tracing studies helped elucidating the
behavior of adult HFSCs during embryonic development.

Analysis of an epithelial conditional Runx1 knock out (cKO) during hair
morphogenesis showed that Runx1 is important during embryonic hair
morphogenesis to promote hair follicle induction, in vivo and in vitro cell
proliferation and, in vitro keratinocyte cell migration. This developmental role
of Runx1 is accomplished in part by modulating the activity of the canonical
Wnt signaling pathway, known to be necessary in the skin for normal hair
follicle morphogenesis and homeostasis. Furthermore, during adulthood,
Runx1 promotes HFSCs activation during normal tissue homeostasis but is
not necessary for the injury-triggered stem cell activation mechanism.
Collectively all these results demonstrated that besides the HSCs Runx1
function is necessary in a second population of hair follicle stem cell of the
bulge.
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CHAPTER1
TISSUE-SPECIFIC STEM CELLS AND THE SKIN

Introduction to stem cells

The development of an organism, including its tissue regeneration, relies on
the function of specialized cells called stem cells. A stem cell is unique in its
ability to both self-renew and differentiate. This happens through symetric
cell division, to generate two identical daughter cells, or to generate an
identical daughter cell and a more differentiated one through asymmetric cell
division. In vertebrates there are three different types of stem cells: the
fertilized zygote, embryonic stem cells, and tissue-specific stem cells. These
cells differ in their potential and time of occurrence during development. The
fertilized egg and the descendants of its first two divisions are totipotent in
that these are the only cells capable of forming the complete organism with its
extra-embryonic tissue. The embryonic stem cells, isolated from the inner cell
mass of the blastocyst stage embryo, can only give rise to the three germ
layers, endoderm, ectoderm and mesoderm. These pluripotent cells are only
transient in that they change character as soon as organogenesis begins.
Somatic and adult stem cells occur later in development in their respective
tissue of origin. Although these cells have a more restricted lineage potential
(unipotent, bipotent or multipotent), they are found throughout the lifetime of
the organism, replenishing tissues of constant cellular turnover and
contributing to tissue repair in case of injury.

Characteristics of tissue stem cells
Stem cells are only a small fraction of the total cell population of a particular
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tissue. Some adult tissue-specific stem cells are slow cycling in vivo. This slow
cycling activity allowed their identification by label retention “pulse-chase”
experiments: cells are exposed to either tritiated thymidine or a bromodeoxyuridine (BrdU), a DNA analog, during the pulse period and the tissues
are then analyzed at different time points (or chases) following the pulse.
Rapidly dividing cells or transient amplifying cells dilute the BrdU label,
while the slow-cycling cells retain the label. These label-retaining cells (LRCs)
have been identified as stem cells: not only do they exhibit the slow-cycling
behavior typical of stem cells, but transplantation assays show their ability to
reconstitute the differentiated cell lineages of a tissue. Using this method, slow
cycling cells have been identified in several tissues including the central
nervous system (CNS), blood, intestine, hair follicle, muscle, lung, and cornea
(Alison and Islam, 2009; Cotsarelis et al., 1990; Duan et al., 2008; Walker et al.,
2009). Not all adult tissue stem cells are slow cycling. In the intestine it was
recently shown by lineage tracing analysis that the crypt base cells, that
rapidly divide in vivo can generate all the lineages of intestine cell(Barker et
al., 2007; Fuchs, 2009). Regardless of whether they have slow cycling activity
in vivo, adult stem cells are highly clonogenic in vitro (Figure 1.1C).
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Figure 1.1. Tissue-specific stem cells
A.Two types of divisions undergone by tissue-specific stem cells 1.)
Symmetric cell division to produce two identical daughter cells (expansion of
the stem cell pool) or to produce two more differentiated daughter cells
(exhaustion of the stem cells). 2.)Asymmetric cell division to produce an
identical daughter cell and a differentiated daughter cell (maintenance of the
stem cell pool).
B. Tissue stem cells have different potentials: they can be unipotent (only
generating one type of lineage), bipotent (generating two lineages), or
multipotent (generating more than three lineages throughout the life of the
organism).
C. Functional properties of tissue-specific stem cells. In vivo the majority of
tissue stem cells are slow cycling while in vitro they are highly clonogenic.
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The stem cell niche
The concept of a stem cell “niche”was used to explain the clonogenic behavior
of stem cells in vitro. The stem cell niche is the anatomic location where stem
cells are found in any given tissue. Its main function is to regulate stem cell
behavior during homeostasis and injury. The niche often involves a
proliferative restrictive microenvironment that prevents the stem cells from
undergoing exhaustion or overproliferation. In Drosophila melanogaster the
germline stem cell niche is composed of a support cell, called the hub in the
testis and the cap cell in the ovary, surrounded by a cluster of somatic cells
(Alison and Islam, 2009; Li and Xie, 2005; Moore and Lemischka, 2006; Walker
et al., 2009). Though in mammalian tissues the stem cells niches are more
complicated and are under intensive investigation, their primary function
remains to provide anchorage and signaling cues that control the fate and the
number of the stem cells in a particular tissue.

In the blood, HSCs are physically attached to a group of spindle shape Ncadherin positive osteoblastic cells (SNO) in the trabecular bone. It was shown
that mice that have more SNOs (Zhang et al., 2003) or expressed high levels of
Jagged 1 (Calvi et al., 2003), a Notch signaling ligand, have an elevated
number of HSCs. In the brain, adult neural stem cells reside in the
subventricular (SVZ) and subgranular (SGZ) zones of the hippocampus. In the
subventricular zone the niche is composed of SVZ astrocytes, ependymal cells,
endothelial cells that will form the blood vessels , the neuroblast, and the
transitory amplifying progenitors cells (Conover and Notti, 2008; Duan et al.,
2008). Numb and Numblike are two factors known to regulate stem cells in the
SVZ niche by promoting survival of neuroblast cells (Alison and Islam, 2009).
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The subgranular zone niche is composed of the endothelial cells that form the
blood vessels, neurons, and SGZ astrocytes (Conover and Notti, 2008). In the
muscle, mechanical, electrical, and chemical signals from the myofiber
together with the interstitial cells and the basal lamina form the niche for their
stem cells called satellite cells (Kuang et al., 2008).

In the intestine and the hair follicle the information about the cellular
components of the stem cell niche is less understood. In the intestine, the stem
cells are located in the lower region of a structure called the crypt of
Lieberkühn. Crypt Base Cells (CBCs) and cells in the +4 position (as measured
from the bottom of the crypt and above the specialized type of cell called the
Paneth cells) can self renew and differentiate into all the lineages of the cryptvillus unit. It has been proposed that the endothelial cells and the
myofibroblast cells surrounding the epithelial cells of the crypt are niche cells.
In the hair follicle it is accepted that the bulge is the residence for adult tissue
stem cells. However, the support cells in the bulge or in the surrounding
dermis still need to be elucidated.

Since all adult stem cells, irrespective of their tissue of origin, share the ability
to self-renew and to remain in a relatively undifferentiated state (Alison and
Islam, 2009; Alonso and Fuchs, 2003; Moore and Lemischka, 2006), it is
possible that a common subset of regulatory pathways are responsible for
maintaining cells in a stem cell state. In support of this notion are studies
showing transdifferentiation, wherein adult stem cells residing in one tissue
contributed to the replenishment of another tissue. Further, transcriptional
profiling studies have revealed an overlapping set of genes expressed by
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ESCs, HSCs, and NSCs, thus suggesting a potential “stemness” molecular
signature (Ivanova et al., 2002; Ramalho-Santos et al., 2002). A subsequent
cross comparison of these studies indicated that only a single gene, α6integrin, consistently overlapped all three populations (Cai et al., 2004;
Doherty et al., 2008; Evsikov and Solter, 2003; Fortunel et al., 2003; Ivanova et
al., 2002; Ramalho-Santos et al., 2002; Vogel, 2003). A more recent comparison
of 12 distinct adult stem cell populations revealed a broader notion of
stemness: tissue-specific stem cells were enriched for genes involved in
maintaining intracellular processes, while differentiated cells were enriched
for genes that aid in communicating with or modifying the extracellular
environment (Doherty et al., 2008). Nevertheless the concept of stemness is
still used to describe the common attributes and regulatory pathways shared
by tissue-specific stem cells (Alison and Islam, 2009; Cai et al., 2004; Fuchs,
2009; Mikkers and Frisen, 2005). Discovering the molecular regulators that
affect self renewal and differentiation in the distinct populations of stem cells
will help define stemness factors and the common attributes and regulatory
pathways shared by tissue-specific stem cells (Alison and Islam, 2009; Cai et
al., 2004; Fuchs, 2009; Mikkers and Frisen, 2005).

Tissue stem cells during embryonic development
Most of the knowledge about the behavior and interaction of tissue-specific
stem cells with their niche and about their proliferation and self renewal
capabilities comes from studies done on fully developed organs. Thus, little is
known about the behavior and ontogeny of tissue-specific stem cells during
development. When during development do adult tissue-specific stem cells
become specified? Are these cells molecularly distint from their progenitors?
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What are the mechanisms regulating self renewal in fetal and adult stem cells?
Are early tissue-specific stem cells more versatile or less restricted than their
adult counterparts? Do these cells also exist within a niche? If yes, when is the
niche established and what role does it have during organ development?
Answers to these questions might affect the development of cell
transplantation-based therapy where the cells from the host and recipient are
not always matched by age.

In the blood system, definitive HSCs (those defined by their ability to
reconstitute the blood sytem of a lethally irradiated mouse) appear in the
mouse at around E10.5 in the aorta gonad mesonephros area, in the placenta,
and in the umbilical and vitelline vessels (Dzierzak and Speck, 2008; Speck,
2002). After their emergence, HSCs migrate to the fetal liver and ndergo a
series of maturation and expansion processes that allow them to survive,
engraft, and self renew in their adult niche, the bone marrow (Mikkola and
Orkin, 2006). Besides their niche, fetal HSCs differ from adult HSCs in their
proliferative potential and in the expression of surface markers (Dzierzak and
Speck, 2008; Mikkola and Orkin, 2006; Speck, 2002). Gfi-1, Tel/Etv6, and Bmi1
are three transcriptional regulators that affect adult, but not fetal, HSCs (Hock
et al., 2004a; Hock et al., 2004b; Park et al., 2003). On the contrary Sox17 exerts
its effect only in the fetal, but not in the adult, HSCs. Furthermore
dissapearence of Sox17 expression in HSCs correlates with acquisition of a less
proliferative state (Kim et al., 2007).

In the CNS, neural stem cells arise from a primary pool of neuroepithelial
cells. Similar to HSCs, these neuropethial cells have a period of expansion that
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results in the thickening of the developing brain. At the onset of neurogenesis
(neuron formation) the neuroepithelial cells transform into radial glial cells
that persist in the neonatal brain and give rise to oligodendrocytes, neurons,
parenchymal astrocyctes, ependymal cells, and subventricular zone (SVZ)
astrocytes (Alvarez-Buylla et al., 2008; Kriegstein and Alvarez-Buylla, 2009;
Merkle and Alvarez-Buylla, 2006). The SVZ astrocytes functions as NSCs in
the adult brain suggesting that fetal and adult NSCs have a common origin
(Duan et al., 2008; Merkle and Alvarez-Buylla, 2006). Similar to HSCs, fetal
and adult NSCs rely on different mechanisms to control self renewal. One
example comes from studies done on the transriptional regulator Bmi1 that
affects the maintenance of adult, but not fetal, NSCs. More studies need to be
done in order to understand the regulators of both stem cell populations.

Skeletal muscle formation depends on two waves of myogenesis, respectively
known as embryonic and fetal myogenesis. Prior to their initiation a group of
cells in the dermamyotome, the epithelial sheath that gives rise to the dermis ,
trunk, and limb muscles, continue to proliferate in a undifferentiated state
throughout development until becoming enveloped into a myofiber and
acquiring satellite cell positions postanatally (Buckingham et al., 2003; Otto et
al., 2009). The survival and expansion of these satellite cell progenitors require
the function of the transcription factors Pax7 and Pax3 (Buckingham et al.,
2003; Otto et al., 2009). However, this is not true in the adult muscle, were
inactivation of Pax7 and Pax3 does not compromise muscle regeneration
(Lepper et al., 2009).

Although in the stem cell field it is accepted that the events that occur during
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development are recapitulated during tissue regeneration, it is becoming clear
that the genetic requirements for the regulation of stem cell and its progenitors
at both stages differ.

The skin: a model system to understand stem cell function during
development, homeostasis, and injury
The skin is the largest organ in the body and together with its appendages,
sebaceous gland (SG) , nail, teeth, and hair follicles (HFs), forms the
integumentary system. The main function of the skin is to protect the
organism against dehydration, mechanical insults, and microbial infections. In
order for these functions to be maintained, the upper most differentiated
layers of the skin are constantly being replaced by new cells. The skin, as in all
continually renewing tissue, relies on the activity of the stem cells for the
constant replacement of differentiated cells in the interfollicular epidermis
(IFE), SG, and hair follicle.

The skin itself is composed of two main compartments: the epidermis and the
dermis. The epidermis and its appendages, SG, hair follicle, and sweat glands
are derived from the ectoderm layer. The dermis is derived from the
mesoderm and neural crest cells in the embryo. The epidermis begins to form
at E9.5 when a single layer of ectodermal cells acquire epidermal fate. These
cells symmetrically divide to maintain the basal layer or asymmetrically
divide and differentiate into the suprabasal spinous, granular, and stratus
corneum layers of the skin. This process, called stratification, requires the
activation of different transcriptional processes and its end result is the
formation of the barrier function. In mice the barrier function is completed at
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embryonic (E) day E18.5 but needs to be constantly maintained throughout
life.

The epidermal stem cells (EpiSCs), thought to be located in the basal layer of
epidermis on top of the basement membrane, are responsible for replenishing
the pool of basal layer cells and also for continuing the stratification process.
Initially it was proposed that EpiSCs resided within domains called epidermis
proliferative units (EPU). These EPU consisted of one stem cell surrounded by
~10 progenitors or transient amplifying cells and overlaid by suprabasal cells.
Lineage tracing analysis in which epidermal keratinocytes were infected with
a LacZ-containing virus confirmed the organization of basal cells into these
discrete columnar EPU units (Blanpain and Fuchs, 2006; Ghazizadeh and
Taichman, 2001). This current model of stem cell organization was challenged
in 2007, when a mathematical model used to fit the data of the fate of
genetically labeled epidermal cells predicted that the maintenance of the basal
layer relied only on one type of cell (Clayton et al., 2007). It is still a matter of
debate whether epidermal stem cells do exist in the basal layer and if they do
exist where they reside.

Some of the factors that regulate the balance of proliferation and stratification
in the basal layer of the epidermis are well characterized. A homologue of the
p53 tumor suppressor gene, p63, is required for the maintenance of the
epidermis (Mills et al., 1999; Yang et al., 1999). Analyses of two different p63
null mouse strain showed severe abnormalities that included among others a
fragmented epidermis, lack of epidermal stratification, and a complete absence
of hair follicles (Mills et al., 1999; Yang et al., 1999). Besides p63, basal layer
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cells are regulated by miRNAs, methyltransferases like Ezh2 and transription
factors such as p21 and AP2 (Ezhkova et al., 2009; Fuchs, 2007; Koster and
Roop, 2007; Yi et al., 2008).

The hair follicle
The hair follicle is one of the epidermal appendages of the skin that together
with the sebaceous gland and the arrector pili muscle constitutes the
pilosebaceous unit. The hair follicle consists of an upper region, which is
permanent, and a lower region, which undergoes periodic cycles of growth
and degeneration throughout life (Figure1.2) (Muller-Rover et al., 2001;
Schneider et al., 2009). The permanent region consists of the infundibulum,
isthmus, sebaceous gland (SG), and bulge. The infundibulum is the region of
the follicle close to the epidermis that encloses the hair canal. The isthmus
comprises the middle part of the upper follicle that extends from the opening
of the sebaceous gland duct to the insertion of the arrector pili muscle. The
lower part of the permanent region contains the bulge, which is the niche for
hair follicle stem cells.

In the lower, non-permanent part of the hair follicle reside the early
progenitors of bulge cells, matrix cells. Once committed to a particular
lineage, matrix cells differentiate into the hair shaft or inner root sheath. The
hair shaft is composed of the medulla, cortex, and cuticle and is surrounded
by the inner root sheath (IRS). The main function of the IRS, composed of the
Henle, Huxley, and cuticle layers, is to provide support to hair formation. The
transcription factor Gata3 (Kaufman, et al., 2003) together with the activity of
Bmp and Notch signaling are essential for the proper specification of the IRS
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(Kobielak et al., 2003; Kulessa et al., 2000; Pan et al., 2004).The companion
layer separates the IRS from the outer most layer of the hair follicle, the outer
root sheath (ORS). Although the function of the companion layer is not
understood it has been proposed that it helps maintain the integrity of the IRS
and ORS (Poblet et al., 2005). The ORS, continuous to the basal layer of the
epidermis, is residence for the sebaceous gland and adult hair follicle stem
cells. The transcription factor Sox9 has been involved in the specification of
the ORS in the adult.

Hair follicle morphogenesis
An adult hair follicle is the end result of a series of reciprocal mesenchymalectodermal interactions that begins in the embryo (Millar, 2002; Muller-Rover
et al., 2001; Schmidt-Ullrich and Paus, 2005; Schneider et al., 2009). This
process initiates when epidermal keratinocytes respond to an inductive signal
from the underlying dermal cells and organize into a structure known as the
hair placode (Millar, 2002; Schmidt-Ullrich and Paus, 2005; Schneider et al.,
2009). Continuous down growth and proliferation of the placode cells give rise
sequentially to hair germ, peg, and bulbous peg. The bulbous peg continues
growing and differentiates into an adult hair follicle.

Four different types of hairs form the pelage of the mouse: guard, awl,
auchene, and zig zag. In order to produce all these hair types four successive
waves of induction, downgrowth, and differentiation happen in the skin
during embryogenesis. The first one starts at E14.5 and gives rise to the
primary hair follicles or guard hairs.
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Figure 1.2. The hair follicle.
Illustration of a mature hair follicle and its eight concentric layers of
differentiated keratinocytes.
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Guard hairs comprise 2-10% of the hair pelage and are unique in that they
have sensory function and two sebaceous gland. The second, third, and fourth
waves start from E16-postnatal day (PD)0 and give rise to the secondary hair
follicles or auchene, awls, and zig zag hair (Schneider et al., 2009). Overall four
major signaling pathways ,TNF, TGF-BMP, Wnt and Shh, are responsible for
controlling the epidermal-mesenchymal interactions in all hair morphogenetic
waves. Hair morphogenesis will continue postnatally until ~ PD17 when the
mice enter into the first stage of the adult hair cycle.

Adult hair cycle
The hair follicle undergoes cyclic periods of regression (catagen),
quiescence(telogen) and regeneration (anagen) known as the hair cycle. This
cyclic process of growth, regression and quiescence is a distinctive characteristic
of mature hair follicles that occurs throughout the lifetime of the organism.
During the catagen phase the lower part of the hair follicle fully regresses and the
dermal papilla (DP), a mesenchymal-derived structure, moves upward to
approach the adult stem cell compartment, the bulge. The first catagens last ~3
days in mouse and is followed by the entrance into the telogen phase of the hair
cycle. During this phase, the adult stem cells of the bulge complete maturation,
express CD34 and Keratin 15 (K15) (Blanpain and Fuchs, 2009; Trempus et al.,
2003), and are competent to receive and respond to proliferation cues from the DP
(Blanpain and Fuchs, 2009). A new anagen initiates when active stem cells
asymmetrically divide and migrate out of the bulge forming transient amplifying
matrix cells.
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The matrix cells continue to proliferate until they turn on their differentiation
programs and regenerate the inner layers of the hair follicle. Unlike in humans,
the first postnatal hair cycle after morphogenesis is synchronous in mouse back
skin. This feature allows monitoring the genes that affect the hair cycle.

Similarities in hair morphogenesis and cycling
The adult hair cycle, similar to hair morphogenesis, can be divided into three
main phases: induction, proliferation, and differentiation (Figure 1.4). In
morphogenesis the inductive phase results in a placode formation while in the
adult it results in the migration of cells from the bulge to the hair germ. Bmp
signaling from the underlying mesenchymal and Wnt signaling in the
epithelial compartment control the inductive phase in both the embryo hair
development as well as in the adult.

Following the induction phase comes the downgrowth phase characterized by
the proliferation and migration of hair progenitors into the dermis. In
embryonic hair morphogenesis placode cells rapidly proliferate and
invaginate into the dermis forming the hair germ and peg structures. In the
adult hair follicle the downgrowth phase occurs once the bulge cells migrate
out from the bulge and proliferate to make the hair matrix. These matrix cells
continue proliferating into the dermis to eventually enter the differentiation
program. Shh signaling is crucial for the downgrowth phase at both stages.
During hair morphogenesis Shh is expressed in the placode and during
regeneration its expression is polarized in the hair germ.

16

Figure 1.3. Hair morphogenesis and hair cycle
Embryonic hair development can be divided into eight morphological stages
(0-8) that represent the main events occuring during morphogenesis:
induction, downgrowth, and differentiation. At the pre-placode stage the cells
from the underlying mesenchyme organize beneath the ectodermal layer to
send the first inductive signal to the ectoderm. In response to the dermal
signal, ectodermal cells organize into the hair placode (stage 1). Placode cells
proliferate into the dermis forming the hair germ (stage 2). At these stages a
second signal coming from the ectoderm induces the formation of the dermal
condensate known as the dermal papilla. The Wnt and Shh signaling
pathways are crucial for this downgrowth phase. Besides the formation of the
dermal papilla, acquisition of hair polarity and orientation of the hair begins to
occur during this downgrowth phase at the hair peg (stages 3-5). The process
of terminal differentiation begins at the bulbous peg (stages 6-8), when the
different lineages of the hair follicle are being specified. At around PD8 the
majority of the hair follicles have reached stage 8 of morphogenesis and
continue growing hair until PD17 when they enter their first regression phase
(catagen). Catagen is characterized by cell degeneration of the lower part of
the hair follicle and is followed by a period of quiescence called telogen.
During telogen the bulge compartment is in close proximity to the dermal
papilla and will receive signals for a new hair formation phase or anagen. The
first telogen phase in mice usually two days, PD20-PD21, and is followed by
the anagen phase that lasts around two weeks. A non-active phase of the hair
cycle is called the exogen phase, when the old hair is shed out of the hair
follicle.
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Blocking Shh signaling during development does not inhibit placode
formation but does affect its expansion (Wang et al., 2000). Similarly blocking
Shh signaling during regeneration by adding either its inhibitor cyclopamine
or anti-Shh antibodies results in a blockage of anagen (Wang et al., 2000).
Finally the differentiation phase is when the activation of a combination of
signaling cascades will result in the lineage specification and formation of the
IRS and hair shaft. Notch and Bmp signaling are key regulators of
differentiation at both stages. While Shh, Wnt, Bmp, and Notch appear to be
essential for the inductive, downgrowth, and differentiation phases of both
hair morphogenesis and regeneration, their activators might be different.

The bulge, the niche of hair follicle stem cells
Several lines of evidence suggest that the bulge area serves as the niche for
hair follicle stem cells. In 1990, the bulge was identified as the area of the hair
follicle enriched for label retaining cells. Furthermore these LRCs disappeared
in response to TPA, a proliferation promoter, indicating that the cells retain
the ability to proliferate (Cotsarelis et al., 1990). Experiments in which rosa26labeled bulge cells transplanted into athymic mice contributed to all layers of
the hair follicle, including the ORS and SG, further supported the notion that
the bulge region was enriched for stem cells.
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Figure 1.4. Similarities between hair morphogenesis and hair cycle
Scheme showing the similarities between the induction, downgrowth and
differentiation phases of hair morphogenesis and adult hair cycling. Notice
how major pathways like BMP, Wnt and Shh signaling regulate in a similar
way the induction and downgrowth phase in both embryo and adult.
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The bitransgenic K5-TetOff;pTRE-H2BGFP mouse strain (Tumbar et al., 2004)
has made in vivo isolation of slow cycling bulge cells possible: in the presence
of doxycycline the tet repressor binds to the tetracycline response elements
and shuts down the transcription of H2B-GFP (Tumbar et al., 2004). In this
way slow cycling cells will retain the GFP label while rapidly proliferating
cells dilute the label below the detectable threshold. Using this approach the
slow cycling cells in the bulge were characterized at the molecular level. The
authors found that the bulge is enriched for the expression of: 1) extracellular
matrix/basement proteins known to participate in niche stem cell interaction,
2) Wnt signaling inhibitors and TgfB-induced factors, 3) cell cycle inhibitors,
and 4) a group of transcription factors, some of which are conserved in other
adult stem cell populations. The bulge compartment also showed
downregulation of genes involved in differentiation and hair fate acquisition.

The multipotency of these bulge cells was tested in vivo and in vitro by
expanding isolated bulge cells that were labeled with either GFP or LacZ in
vitro and transplanting the back skin of another mouse. Analysis of their
descendants showed contribution of labeled cells to all the different
compartments of the hair follicle including the sebaceous gland and the bulge.
Furthermore in response to a wounding stimulus labeled cells mobilized to
repair the wound (Claudinot et al., 2005).

The use of this bitransgenic system also allowed studying the kinetics of cell
proliferation of bulge stem cells (1-5 divisions/per cycle) during a complete
hair cycle (Tumbar et al., 2004; Waghmare et al., 2008) and determination of
the global molecular changes that occur in the bulge compartment during the
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telogen to anagen transition (Zhang et al., 2009). Lastly using this bitransgenic
system in combination with lineage tracing analysis of single bulge cells
allowed determination of the dynamics of proliferation and fate of bulge cells
at distinct stages of the hair cycle. Prior to the initiation of a hair cycle, bulge
cells migrate away from the bulge without divisions asymmetrically divide,
acquire progenitor-like characteristics, and regenerate a new hair. However
during anagen bulge cells rely on symmetric cell division to replenish their
pool(Zhang et al., 2009). Still, it remains unresolved whether all the cells in the
bulge compartment have the same potential, why some cells in the bulge
divide only once during a complete hair cycle, whether these singly-divided
cells are stem cells or are equivalent to cells that undergoing multiple
divisions, and whether the bulge form is comprised of a homogeneous or
heterogeneous population of cells.

The sebaceous gland
The sebaceous gland is another appendage of the skin located just above the
bulge. The cells from the sebaceous gland (sebocytes) produce oil and sebum
that lubricates the hair and skin and inhibits the growth of bacteria. Like the
IFE, the sebaceous gland employs a pool of progenitors cells that continually
generate these sebum-producing cells.

The transcriptional repressor, Blimp1, is expressed during late embryonic
development E17.5 in the skin epithelium. By lineage tracing analysis and cell
culture experiments it was shown that Blimp1 marks a pool of progenitor cells
that, in vivo, can regenerate the whole sebaceous gland and, in vitro, form
sebocytes colonies that constantly self- renew. Furthermore it was shown that
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the absence of Blimp1 in the skin increases the levels of a potent protooncogene, c-myc. Mice that lack Blimp1 or over-expressed c-myc in the
epithelial compartment of the skin had both abnormalities in the number and
size of the sebaceous gland and over-activation of bulge stem cells. It still
remains unknown what mechanisms act upstream of Blimp1 to control this
population of unipotent progenitors in the SG. Recently another population of
bipotent progenitors was found in the upper isthmal region of the hair follicle.
These cells expressed Lrig1 and were shown to have high clonogenic potential
in vitro and to contribute to SG formation and epidermis during normal
homeostasis (Jensen et al., 2009). In conclusion the skin is an excellent model
system to study stem cell behavior during development homeostasis and
injury. Four different populations of epidermal stem cells residing in the skin
need to act in concert to become activated and differentiate into the right
lineage continuously. How the skin achieves this with a minimal amount of
error is a mystery.

Established and potential regulators of hair follicle stem cells
Currently, we are gaining insight into how differentially-regulated genes in
the bulge compartment affect hair follicle stem cell behavior. An example is
the potent proto-oncogene c-myc that leads to stem cell exhaustion in vivo and
in vitro when overexpressed and also promotes SG fate acquisition (Arnold
and Watt, 2001; Gandarillas and Watt, 1997; Waikel et al., 2001). Deletion of
epidermal Rac1, a rho guanosine triphosphatase that negatively regulates cmyc, also results in exhaustion of hair follicle stem cells and thus provides a
possible indication of how regulatory networks control stem cell behavior in
the adult hair follicle (Benitah et al., 2005). Smad4, a co-receptor of the TgfB
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signaling , also regulates stem cell behavior. Deletion of Smad4 in the epithelia
increases stem cell proliferation that eventually results in stem cell exhaustion
(Yang et al., 2009). Sox9 , a member of the SRY gene family characterized by
the presence of HMG box, is one of the adult bulge markers expressed during
hair morphogenesis. Sox9 function is not required for embryonic hair
development. However during postnatal morphogenesis Sox9 is required for
the formation of the SG and maintenance of the ORS (Nowak et al., 2008; Vidal
et al., 2005).

Stat3 and Lhx2 are two transcription factors involved in the stem cell
activation process. While Stat3 epithelial conditional knockout mice have a
prolonged telogen that can be reversed by any type of skin injury, Lhx2
knockouts precociously enter anagen suggesting an antagonistic relationship
(Rhee et al., 2006; Sano et al., 2000). With this genetic analysis we are
beginning to unravel the mechanisms that control hair follicle stem cell
activation and maintenance during homeostasis (Blanpain and Fuchs, 2006;
Cotsarelis, 2006; Fuchs and Horsley, 2008; Fuchs and Nowak, 2008).

Wnt Signaling promotes activation of stem cells and cell fate acquisition
Wnt proteins belong to a family of cysteine-rich secreted ligands that control a
variety of molecular processes including proliferation, differentiation, and cell
fate acquisition. In the canonical Wnt signaling pathway, a Wnt ligand
activates a series of events that ultimately allow the accumulation and
stabilization of B-catenin. B-catenin does not have transcriptional activity by
itself, but instead forms an active transcription factor complex with Lef/Tcf
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DNA binding proteins and to activate the transcription of its downstream
effectors genes.

In the brain, conditional ablation of B-catenin in the cerebral cortex and the
hippocampus severely impairs the proliferation of the neural stem cells. In the
blood, decreased Wnt activity induced by the overexpression of DKK1 in the
osteoblastic niche cells results in increased proliferation of HSCs. In the
intestine Wnt signaling is involved in maintaining crypt cells in a proliferative
Overall Wnt signaling is a major regulator of tissue-specific stem cells.
Many studies have been done to address the role of the Wnt signaling
pathway in the skin during embryonic development and homeostasis. In part
this progress has been facilitated by the availability of different genetic tools,
such as the BATGAL and TOPGAL (tcf-optimal promoter) reporter mouse
strains, that have allowed investigation of the cells and tissues affected by the
Wnt signaling. TOPGAL and BATGAL both have a promoter containing
multiple tcf/lef1 binding sites upstream of a lacZ gene (DasGupta and Fuchs,
1999; Maretto et al., 2003). Using these reporter mice Wnt activity has been
detected at the earliest timepoints of hair morphogenesis. In addition, Lef 1 is
first detected in the mesenchymal and epithelial compartments of the skin
during the placode stage of embryonic hair morphogenesis (Zhou et al., 1995)
and at later stages Lef1 expression is found in the leading edge of the
developing follicle (DasGupta and Fuchs, 1999). Mice lacking Lef1 showed
severe defects in tissues that require epithelial-mesenchymal interactions that
included reduction in total hair density and lack of whiskers in the skin (van
Genderen et al., 1994). Furthemore, mice lacking B-catenin in the skin showed
a reduction of hair follicle formation during morphogenesis, a lack of hair
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cycling in the adult, and a formation of cysts (Huelsken et al., 2001). However,
the phenotypes observed in the B-catenin epithelial knockout could be
attributed to a defect in both Wnt signaling and E-cadherin mediated cell
adhesion. To bypass this problem a stabilized form of B-catenin, which lack
the amino terminal domain, was engineered. No phenotype during initial hair
morphogenesis was observed in the mice, but at the beginning of a new hair
cycle de novo hair follicles formed from the previously developed follicles and
eventually turned into tumors (DasGupta et al., 2002; Gat et al., 1998).
Ovexpression of Lef1 or a mutated form of Lef1 that lacked its B-catenin
binding site under the keratin 14 promoter yielded mice with two distinct
phenotypes. With the former the density and orientation of hair follicles was
affected during development but not differentiation (Zhou et al., 1995), and
with the latter no obvious phenotype was observed during development but
during the initiation of a new hair cycle abnormal sebocyte cell fate acquisition
was acquired (Merrill et al., 2001). Another interesting fact about the epithelial
overexpression of Lef1 and B-catenin was that different phenotypes were
observed on different regions of the body indicating the involvement of
different interactors.

In the skin, Wnt signaling also regulates hair fate determination during
embryonic hair development. In the adult hair cycle, Tcf3 resides in the bulge
and the lower ORS while Lef1 is found in the matrix cells (DasGupta and
Fuchs, 1999). Overexpressing Tcf3 in the epithelial compartment of the skin
suppressed barrier function and terminal differentiation. In addition
overexpression of a mutant form of Lef1 that lack the B-catenin binding site
promotes sebocyte formation at the expense of follicular formation (Merrill et
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al., 2001). All these phenotypic analyses demonstrate how a small
misregulation in Wnt signaling can affect hair development, hair cycling, and
hair differentiation.

TGF-B signaling: the role of Smads and Bmps in skin restricts activation of stem cell
Bone morphogenetic proteins (Bmps) are secreted proteins that belong to the
transforming growth factor-beta superfamily. When bound to their receptors
they can either activate the canonical or Smad-dependent signaling cascade or
the non-canonical MAPK signaling cascade. In the canonical Bmp pathway,
the activated receptor phosphorylates the receptor smads , Smad1, Smad5 and
Smad 8, that will interact with the common receptor smad (C-Smad). The Csmad/R-smad complex translocates to the nucleus and activates transcription
of the Bmp effector genes. Similar to Wnt signaling, Bmp is another key
regulator of proliferation and differentiation in different systems. In the
intestine, Bmp signaling inhibits crypt formation.

Analyses of different mouse mutant strains have revealed the role of the Bmp
signaling in hair development and homeostasis. During skin development
Bmp2 and BmpR1A are both expressed in the hair placode while Bmp4 and
Noggin (Botchkarev et al., 1999) are expressed in the mesenchymal
compartment. Noggin antagonizes BMP signaling during hair development
and when Noggin is ablated the skin shows a severe reduction of hair germ
formation accompanied by a reduction of Lef1, cytoplasmic accumulation of
B-catenin, and an increase in expression of Bmp2 and Bmp4 (Botchkarev et al.,
1999; Botchkarev et al., 2002; Jamora et al., 2003). Furthermore overexpression
of Noggin in the matrix cells or conditional ablation of BmpR1A in skin
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epithelia showed alteration in the hair follicles due to defects in differentiation
(Botchkarev, 2003; Kulessa et al., 2000). These results together demonstrate the
importance of Bmp signaling not only for hair follicle initiation but also for
differentiation.

The effect of Bmp signaling during tissue homeostasis comes from analysis
done on inducible loss of function and gain of function studies. Some of the
characteristics of adult HFSCs, such as slow cycling and expression of CD34,
are lost upon the conditional loss of BmpR1A. This activation did not result in
exhaustion of the stem cell pool suggesting that Bmp signaling is necessary to
maintain a quiescent bulge. This observation was supported by the analysis of
BmpRIA overexpression in the skin epithelia, which resulted in a blockage of
stem cell activation and promotion of hair follicle differentiation (Kobielak et
al., 2007).

The family of Runx genes
The Runx genes belong to the mammalian Runt-related family of transcription
factors that are highly conserved throughout evolution. These transcription
factors share homology in a 128 amino acid region, known as the runt domain
(RD), which in humans and mice is encoded by exons 3, 4, and 5. The runt
domain is required for their DNA binding activity and also for their
interaction with their binding partner, core binding factor B (CBFB).
In mammals there are three Runx genes, Runx1, Runx2, and Runx3, and
information about their function comes from analysis done on full knock out
mouse strains.
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Runx1 is required for the development of adult HSCs and its ablation causes
embryonic lethality at E12.5-E13.5 (Okuda et al., 1996; Wang et al., 1996). In
addition conditional ablation of this gene contributes to an understanding of
its function in different tissues. Runx1 activity is necessary for the
development of different subtypes of neurons in the peripheral and central
nervous system (Theriault et al., 2004). In the musculoskeletal system, Runx1
maintains muscle homeostasis by repressing genes responsible for muscle
atrophy and wasting (Wang et al., 2005). In the epithelial compartment of the
skin, Runx1 regulates hair shaft differentiation (Raveh et al., 2006). Runx2
function is essential for osteogenesis and its ablation causes lethality at birth
with no osteoblast differentiation (Komori et al., 1997). Runx3 regulates axonal
projection to dorsal root ganglia and its absence results in severe motor defects
(Inoue et al., 2002; Li et al., 2002). In addition Runx genes control the balance of
proliferation and differentiation in many tissues. In the dorsal root ganlia
Runx1 expression is required for the expression of different proteins that
regulate nociceptive function. Runx3 controls propioceptive differentiation
since its conditional ablation or overexpression resulted in a decrease or
increased population of TrkC neurons (Zhong et al., 2006).

Besides their function during development, misregulation in any of these
genes can lead to cancer formation. Ablation of Runx1 at later stages of
postnatal development affects the maturation and differentiation of platelets
and lymphocytes, respectively, as well as an expansion of the myeloid lineages
(Growney et al., 2005; Ichikawa et al., 2004). Furthermore, in humans, 30% of
acute myeloid leukemia cancer patients carry a mutation in Runx1 and it
appears to be highly overexpressed in patients with endometrial carcinoma
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(Blyth et al., 2005). Although less is known about the oncogenic role of Runx2,
its overexpression results in increase cell migration, survival, and angiogenesis
all characteristics of malignant transformations. Runx3 has been associated
with the formation of gastric cancer due to excessive proliferation and reduced
apoptosis in gastric epithelia (Appleford and Woollard, 2009; Blyth et al.,
2005). One characteristic of Runx genes complicating the interpretation of their
function is that in some situations they can behave as tumor suppressor while
in others they can behave as oncogenes. Their function will always be
dependent on the cellular context.

Despite all the knowledge about the Runx family of transcription factors in
development, differentiation, proliferation, and cancer formation, their
function in stem cells behavior is not well understood. The following chapters
describe the function of the transcription Runx1 in the skin and hair follicle
stem cells.
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CHAPTER21
RUNX1 MODULATES DEVELOPMENTAL BUT NOT INJURY DRIVEN
HAIR FOLLICLE STEM CELLS ACTIVATION

Introduction

Adult stem cells (SCs) of regenerative tissue, such as blood, hair, and
epidermis are essential for homeostasis and injury repair. They are kept
quiescent in specialized microenvironments called niches, which are critical in
providing control of proliferation and preventing disease (Fuchs et al., 2004).
Major developmental pathways are shared by many tissue SCs, but a common
core of specialized “stemness” genes remains largely unknown (Fuchs et al.,
2004; Mikkers and Frisen, 2005). In this study, we test the role of a master
regulator of hematopoietic stem cells (HSCs) and blood development, the
transcription factor Runx1 (Speck and Gilliland, 2002), in hair follicle stem
cells (HFSCs).

Runx1 is required for definitive blood formation (Speck and Gilliland, 2002;
Speck, 2002), while its disruption in adulthood leads to an apparent increase
of the HSCs pool, as defined by cell surface markers (Growney et al., 2005;
Ichikawa et al., 2004).
__________________________________
1

This chapter has been published in Development (Osorio, KM., Lee, SE., McDermitt, D.J.,
Waghmare, S.K., Zhang, Y.V., Woo, H.N. and Tumbar, T. Development; 135, 1059-1068.) and
is reprinted with permission. The following is the contribution of each individual author to
the manuscript: 1. Karen Osorio all figures (2.1-2.13) 2. Song Eun Lee contributed data for
figure 2.9 panel C and D. 3. Dave McDermitt helped in the wounding experiments and cell
culture experiments 4.) Sanjeev Waghmare provided data for figure 2.2 A and B 5.) Ying
Zhang and Sanjeev Waghmare together with Karen worked on the preparation of figure 2.10
and 2.11. All mouse handling, tissue preparation, genotyping for immunofluorescence and
skin preparation for cell sorting were done by Karen. Cell Sorting and analysis was done by
Sanjeev Waghmare and immunostaining for BrDU /CD34 and caspase was done by Ying
Zhang.
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Runx1 is mutated in 20-30% of acute myeloid leukemia and myelodisplastic
syndrome patients, and affects cell survival, proliferation, and differentiation
(Blyth et al., 2005; Mikhail et al., 2006; Speck and Gilliland, 2002). Runx1 also
plays roles in muscle (Wang et al., 2005), nervous system (Theriault et al.,
2005), and skin, where it affects hair follicle (HF) shaft structure (Raveh et al.,
2006). The role of Runx1 in HFSCs is unknown. embedded deep into the
dermis (Cotsarelis, 2006). It is composed of concentric layers or sheaths of
mainly epithelial cells (keratinocytes) surrounding the hair shaft. The outer
root sheath contains the HFSCs in the bulge region below the sebaceous gland.
Bulge cells regenerate the rapidly proliferating matrix progenitor cells that
further differentiate into the inner layers of the HF and the hair shaft (Figure
2.1A). As with blood development, the HF life can also be divided into
primitive and definitive waves, known as morphogenesis and adult hair
cycling, respectively. Morphogenesis is the initial temporary phase of hair
shaft production, which provides the cellular architecture that will eventually
enclose a powerful SC niche: the bulge (Cotsarelis, 2006; (Cotsarelis et al.,
1990; Oshima et al., 2001). At the end of morphogenesis, adult HFSCs
complete maturation and enter quiescence. The transition from
morphogenesis into the adult stage of hair regeneration is initiated by
activation and proliferation of bulge HFSCs.

The adult HF undergoes periodic phases of growth and proliferation (anagen),
regression and apoptosis (catagen), and quiescence (telogen) that are
synchronously orchestrated in mouse skin during youth and take ~3 weeks to
complete (Muller-Rover et al., 2001) (Figure 2.1B). A mesenchymal structure
(dermal papillae) functions as a signaling center and contacts the hair germ
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structure right beneath the bulge SC niche. The dermal papillae sends signals
that are thought to synergize with those from the bulge environment, to
activate bulge HFSCs proliferation and hair growth (anagen) (Cotsarelis, 2006;
Fuchs et al., 2004; Panteleyev et al., 2001). These activating signals antagonize
the inhibitory microenvironment of the bulge, thought to be set up in part by
the outer root sheath cells including the bulge and germ themselves (Fuchs et
al., 2004; Spradling et al., 2001; Watt and Hogan, 2000), and in part by other
cell types surrounding the bulge. Single cell assays and transplantations
suggest that bulge SCs contribute to making de novo functional niches
(Blanpain et al., 2004). However, it is currently unclear whether all bulge and
germ cells are stem and/or early progenitor cells, or some perform specialized
niche cell roles.

To address the role of Runx1 in adult HFSCs, we targeted its gene locus in
skin epithelial cells (keratinocytes). We show that Runx1 modulates HFSCs
activation and suggest an overlap in the transcriptional control of SC function
at an analogous developmental stage for hair and blood.
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Figure 2.1. Schematics of hair follicle organization (A) and hair cycle (B).
The follicle cell layers are depicted in color with appropriate protein marker
shown in black-boxed area. SCs are in the bulge and progenitor cells are in
the matrix. Differentiated hair lineages: (Cp) companion cell layer; (IRS) inner
root sheath; (He) Henle’s layer; (Hu) Huxley’s layer; (Ci) cuticle of IRS; (Ch)
cuticle of hair shaft; (Co) cortex of hair shaft; (Me) medulla. In, infundibulum.
Exogen is hair shaft loss.
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Materials and Methods

Mice
To generate K14-Cre/Runx1∆4/∆4mice, we mated hemizygous K14-Cre (CD1)
and homozygous Runx1Fl/Fl (C57Bl6) mice; F1 K14-Cre/Runx1Fl/+(CD1C57Bl6)
progeny were bred subsequently with Runx1Fl/Fl mice. Runx1+/LacZ mice were
maintained on C57Bl6 background. Genotyping was as described (Growney et
al., 2005; North et al., 1999; Vasioukhin et al., 1999). We used littermates wild
type (WT) controls housed in cages with knockouts of same sex post weaning
at PD (postnatal day) 21. Skin color of animals at PD28 was assessed by visual
inspection of the entire back skin, on >24 litters and >129 mice. Mice with any
gray patches on the back were scored in anagen.

BrdU labeling
BrdU (5-bromo-3-deoxy-uridine) (Sigma-Aldrich) was injected
intraperitoneally at 25µg/g body weight in saline buffer (PBS) at PD20. This
was followed by administration of 0.3 mg/ml BrdU in the drinking water.
Animals were sacrificed after 3-4 days (N=11 Runx1Δ4/Δ4 and 6 WT). Staining
of skin sections was described (Tumbar, 2006)

Skin injury
Mouse work was approved by the Cornell University IACUC, and was
described (Tumbar et al., 2004). Close shaving of Runx1Δ4/Δ4 skin could result
in hair growth, but using scissors avoided this problem. Hair pluck was done
with human facial hair removing wax. All wounds were performed lateral of
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the midline using a dissection scalpel, and control skin was from the opposite
equivalent side of the torso.

Histology, immunofluorescence, and X-Gal staining
Staining of skin tissue for immunofluorescence and hematoxylin and eosin
(H&E) were described (Tumbar, 2006; Tumbar et al., 2004). MOM Basic Kit
(Vector Laboratories) was used for mouse antibodies. Nuclei were labeled by
4',6'-diamidino-2-phenylindole (DAPI). For 5-Bromo-4-chloro-3-indoxyl-betaD-galactopyranoside (X-Gal) staining, 10µm skin sections were fixed for 1 min
in 0.1% glutaraldehyde and washed in PBS. Incubation in X-gal solution
(North et al., 1999) was at 37°C for 12-16 hrs. Antibodies were from (1) rat:
a6& ß4-integrins (1:100), CD34 (1:150) (BD Pharmingen), BrdU (1:300, Abcam);
(2) rabbit: β-Gal (1:2000, Cappel), K5&K14 (1:1000, Covance), K6 (1:1000), LEF1
(1:250) E. Fuchs, Rockefeller U.), Runx1 (1:8000, Jessel T., Columbia U.), Sox9
(rabbit, 1:100, M. Wegner, Erlangen-Nuernberg U., Germany) (Stolt, et al.,
2003), active capase-3 (1:500; R&D Systems), Ki67 (1:100; Novocastra), S100A6
(1:100, Lab Vision), Tenascin C (1:500, Chemicon); (3) guinea pig: K15 (1:5000,
E. Fuchs), (4) mouse: AE13 (1:50, Immunoquest), and AE15 (1:10; T.T. Sun,
NYU), GATA3 (1:100, Santa Cruz). Secondary Abs were coupled to the
following fluorophores: FITC, Texas-Red or Cy5 (Jackson Laboratories).

Microscopy and image processing
Images were acquired using the IP-Lab software (MVI) on a light fluorescence
microscope (Nikon) equipped with a CCD 12 bit digital camera (Retiga EXi,
QImaging), and motorized Z-stage.To eliminate the out of focus blur, we
deconvolved Z-stacks using AutoQuant X software (MVI). Single images and
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projections through stacks were assembled and enhanced for brightness,
contrast, and levels using Adobe Photoshop and assembled in Illustrator.

Primary cell culture, flow cytometry, and RT-PCR
Skin cells were cultured using low Ca2+ keratinocyte E media (Barrandon and
Green, 1987), by plating in triplicate 100,000 and 200,000 live (not staining with
Trypan Blue) cells on irradiated mouse embryonic fibroblast (passage 4).
Keratinocyte colonies and cells were counted using phase contrast microscopy
or H&E staining. For flow cytometry cells were stained with biotin-labeled
CD34 antibody (eBioscence) followed by Streptavidin-APC (BD-Pharmigen)
and with phycoerithrin-labeled α6-integrin (CD49f) antibody (BD
Pharmingen), as described (Tumbar, 2006; Tumbar et al., 2004). Live cells were
those excluding propidium iodide (PI, Sigma). Fluorescence activated cell
sorting (FACS) was performed using BD-Biosciences Aria at Cornell. RNA
isolation from sorted cells and RT-PCR of cDNAs were described (Tumbar,
2006; Tumbar et al., 2004).

Western blot
Protein extracts were from skin tissue snap-frozen in liquid N2 and dissolved
in RIPA buffer (1% Triton X-100 in PBS with 10 mM EDTA, 150 mN NaCl, 1%
sodium deoxycholate, and 0.1% SDS), protease inhibitors (Protease Inhibitor
Cocktail Set III, Calbiochem) and PMSF. Runx1 immunoblotting described in
the SuperSignal chemiluminescence kit (Pierce) was done with anti-distal
Runx1 (1:1000) (J. Telfer, University of Massachusetts Amherst).

38

Statistical Analyses
Data are shown as averages and standard deviations. Chi Square test was
used for skin color assay (PD29), T-Tests (done with Excel 2003) for colony
formation analyses and for FACS of α6+/CD34+ bulge cells. For the growth
curve analysis, we used one-factor ANOVA with repeated measures done
with MINITAB.
Results
Runx1 expression in hair follicles during stem cell activation
Previously we labeled infrequently dividing putative HFSCs, in transgenic
mice that expressed histone H2B-GFP under control of Keratin 5 (K5) driven
tetracycline inducible system (Diamond et al., 2000; Tumbar et al., 2004).
Microarray analyses of bulge expression profiles revealed Runx1 as a
potentially HFSC-increased factor (Tumbar et. al., 2004, and unpublished
data). Here we confirmed the up-regulation of Runx1b isoform (Fujita et al.,
2001) by RT-PCR of bulge SC populations relative to outside the bulge
population (Figure 2.2B). We used H2B-GFPhigh, and cell surface expression of
CD34 and α6-integrin, to define the bulge populations, while H2B-GFP+/α6integrin+/CD34- cells defined the outside the bulge cells in the basal layer of
the epidermis and hair outer root sheath (Trempus et al., 2003; Tumbar et al.,
2004) (Figure 2.2A). We isolated skin cells at the telogen-anagen transition
(PD49& PD56; Figure 2.2 C, a), 4 weeks after H2B-GFP repression. Since
Runx1 was known to be a master regulator of blood stem cells (Speck and
Gilliland, 2002; Speck, 2002), we hypothesized that it might also play a
regulatory role in hair follicle stem cells.
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Figure 2.2 Runx1 expression in HF during SC activation. (A) FACS of skin
cells after 4 weeks of H2B-GFP repression shows GFP epifluorescence, and
surface CD34 and 6-integrin expression. (B) RT-PCR for Runx1b in the HFSC
pool (CD34+/6+/GFPhigh) relative to other epithelial skin cells (CD34/6+/GFP+). (C) Skin at second telogen-anagen transition (a) from mice in A.
Skin at first telogen-anagen transition (PD21) from Runx1lacZ/+ (b) and wildtype (c-e) mice. Staining for Runx1 and Ki67 (d,e) show HFs from serial
sections. Arrows (c,d) indicate bulge CD34+/nuclear Runx1+ cell, enlarged in
inset. Arrow in e points to a Ki67+ bulge cell, which is indicative of early stage
of stem/progenitor cell proliferation (activation). Ep, epidermis; Bu, bulge; hg,
hair germ, DP, dermal papillae. Scale bars: 20 µm. Blue is DNA DAPI staining
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To begin to examine its role in HFSCs we first determined Runx1 expression
patterns in skin development in Runx1LacZ/+ reporter mice previously
generated (North et al., 1999). Newborn skin showed Runx1 expression at the
epidermal-dermal junction (Figure 2.3A). We also observed Runx1 expression
in the bulge, outer root sheath, matrix, and cortex during anagen and in the
lower outer root sheath during catagen (Figure 2.3A), as reported (Raveh et
al., 2006). The upper HF area (infundibulum) showed variable levels of Runx1,
but we found no expression in the interfollicular epidermis. During telogen to
anagen transition we found Runx1 expressed in the bulge, as expected from
our mRNA analyses of sorted cells. Runx1 levels increased from top to
bottom of the hair bulge with maximal expression in the hair germ (Figure
2.2C,b). Moreover, we examined the localization of endogenous Runx1
protein by immunofluorescence with specific antibodies (Chen et al., 2006), at
different SC activation stages. Nuclear Runx1 protein overlapped CD34 bulge
expression in only a few lower bulge cells during telogen-anagen transition
(PD21) (Figure 2.2C, c&d). Furthermore, during anagen (PD24 and P29) more
nuclear Runx1+ cells were present throughout the bulge (Figure 2.4B). These
differences of Runx1 expression in bulge cells underscore the topological
heterogeneity of cells within this area. In particular, the germ and lower
bulge, which mark the hair region that proliferates first at the telogen-anagen
transition, expressed the highest levels of Runx1.

To determine if Runx1 expression accompanied or preceded the onset of bulge
SC proliferation, we stained serial skin sections with antibodies to Runx1 and
Ki67, a marker of proliferation.
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Figure 2.3. Runx1LacZ/b+ detection during hair development. X-Gal staining of
Runx1LacZ/+ skin documents dynamic Runx1 expression in hair compartments.
Note expression in bulge and other hair compartments during morphogenesis
and hair cycle. No expression is found in the epidermis (Ep) but some cells of
the dermis underlining the dermal-epidermal junction in newborn skin (PD0)
were found positive see De* below broken line demarcating epidermis (Ep) in
the upper left corner panel. Bu, bulge; ORS, outer root sheath; DP, dermal
papillae; hg, hair germ; ES, epithelial strands; De, dermis.
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Nuclear Runx1 was present in ~6-8 cells of hair germ and base of bulge
segments, in 50-90% follicles within each skin section. Ki67 staining was
found in only 1-2 cells/follicle (Figure 2.2C, e), in ~40% of the follicles (>150
total follicles from 2 back skin regions). Co-staining for Runx1 and Ki67
during different anagen stages revealed that some but not all Runx1+ cells
were Ki67+. Conversely we found Ki67+ cells that were Runx1- (Figure 2.4
A2B). Moreover, prominent β-Gal staining of Runx1LacZ/+ skin showed Runx1
expression in fully quiescent (Ki67-) hair germs at PD21 (Figure 2.4A).
Together these data demonstrate that Runx1 expression precedes the bulge
proliferation stage, and suggests a more complex and potentially non-cell
autonomous role in cell proliferation.

Runx1 disruption prolongs the hair cycle quiescent phase and impairs
HFSCs colony formation
To study Runx1 role in the HF we deleted its function in epithelial cells using
Keratin14 (K14) promoter driven Cre mice (Vasioukhin et al., 1999). Under
this promoter Cre expression turns on during embryonic hair morphogenesis,
and remains active in the basal layer of the epidermis and the outer root
sheath of the HF, including the HFSCs. We documented the efficiency of K14Cre recombination in Rosa26R reporter mice by X-Gal staining (Soriano, 1999),
which showed >90% follicles targeted (Figure 2.5A). We crossed the K14-Cre
and Runx1 loxP-containing (floxed) mice, to delete part of the Runt DNA
binding domain (Growney et al., 2005).
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Figure 2.4. Runx1 expression in the skin and hair follicle. (A) Skin from
Runx1LacZ/+ mice at telogen-anagen transition immunolabeled for β-Gal and
proliferation marker Ki67 and counterstained for β4-integrin. Left and right
panels are serial sections of the same hair follicles. (B) Skin from wild-type
mice in anagen (PD24) shows triple co-immunostaining for Runx1 (red), Ki67
(green) and CD34 (blue). Arrows show Runx1+/Ki67+ cells, arrowheads show
Runx1+/Ki67−, and asterisk shows Runx1−/Ki67+ cells. Bu, bulge; Mx,
matrix; HS, hair shaft; ORS, outer root sheath; Ep, epidermis; hg, hair germ.
Scale bar: 50 µm.
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To identify mice that carried the Runx1 mutation we used specific PCR
primers (Growney et al., 2005; Vasioukhin et al., 1999). Mice positive for Cre
and homozygous for Δ4 deletion were designated Runx1Δ4/Δ4 mutant, while
littermates with no excision band (Runx1Fl/Fl or Runx1Fl/+) were labeled as wild
type (WT) (Figure 2.5B). Western blot of PD21 protein extract with an
antibody to the N-terminus of Runx1 (Telfer and Rothenberg, 2001) showed
substantial reduction of full-length Runx1 and a truncated band of ~20 kD
(Figure 2.5C). The Runx1 N-terminal domain is known to have a weak
transcriptional activity, but is incapable of DNA binding (Blyth et al., 2005;
Mikhail et al., 2006). Furthermore, Runx1 immunofluorescence of skin from 4
mutant mice at PD21, PD23 (Figure 2.5D, E) and PD29 (not shown) showed no
staining in 92% of follicles. Together, these data showed high efficiency of
Runx1 deletion in epithelial cells. Runx1Δ4/Δ4 mice appeared essentially normal
in their early postnatal life. By weaning, the mutant mice appeared obviously
smaller than WT and heterozygous littermate controls, weighing on average
~30% less at PD21 and PD29 (data not shown). However, Runx1Δ4/Δ4 showed
no premature HF anagen cessation, hair loss or hair thinning, phenotypes
commonly associated with severe malnutrition (Rushton, 2002).

The hair shafts began to appear on WT and Runx1Δ4/Δ4 animals skin at ~PD5.
Mild structural defects of the hair coat were apparent as described in detail
elsewhere in Keratin 5-Cre Runx1 knockout mice ((Raveh et al., 2006), and was
consistent with Runx1 expression in hair cortex. To look for effects of
Runx1Δ4/Δ4 mutation on HF development, we analyzed the histology of sections
from a skin region of the mouse upper right back during morphogenesis and
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the first adult hair cycle (Figure 2.5F,G). Skin morphology, expression of Ki67
and differentiated hair cell lineage markers appeared normal in
morphogenesis (data not shown). At PD21, both mutant and WT follicles
were in catagen VIII (Muller-Rover et al., 2001; Paus et al., 1999) or telogen
(Figure 2.5F, 2.6A). Thus, HF morphogenesis appeared largely unperturbed
by Runx1 deletion.

Starting with PD21, HFs of the Runx1Δ4/Δ4 mice showed a striking phenotype.
WT follicles reached full anagen and produced new hair shafts by PD29
(Figure 2.5F,G,H). In contrast, Runx1Δ4/Δ4 HFs were quiescent (catagen VIII or
telogen) at all time points analyzed past PD21 (Figure 2.5F, 2.6B). The telogen
stage in mutant mice encompassed the entire back skin, and unlike WT mice
Runx1Δ4/Δ4 mice were unable to re-grow hair within two weeks after gentle hair
removal with scissors (Figure 2.5H). To quantify this effect we used skin color
of PD28-29 mice (Figure 2.5I, 2.13). Whereas 93% of WT mice had grey/black
skin indicative of anagen (N=59), 81% of the Runx1Δ4/Δ4 mice had pink skin
indicative of telogen (N=42). We also found that 94% of Runx1Δ4/+
heterozygous mice showed anagen specific grey/black skin (N=18). The 19%
Runx1Δ4/Δ4 mice with anagen follicles were indistinguishable from WT in body
weight and hair coat appearance and were likely the result of inefficient Cremediated gene disruption. Consistent with this assessment, skin samples
from 3 such animals showed normal nuclear Runx1 staining. In addition, we
ruled out the possibility that anagen onset in mutant mice was influenced by
their lower weight, by comparing skin color of Runx1Δ4/Δ4 animals at PD29 to
small WT littermates of similar weight (Figure 2.7).

48

Figure 2.5. Effect of Runx1 disruption on HF cycle and keratinocyte growth.
(A) X-Gal stained skin (blue) from Rosa26R mice shows efficiency of K14-Cre.
(B) PCR of genomic DNA shows detection of K14-Cre transgene (top) and
Runx1 alleles (bottom): loxP unexcised (Fl), loxP excised (cKO) and loxP
untargeted (+).(C) Western blot of total skin protein extract probed with Nterminal Runx1 antibody. (D) Skin sections from PD21 mice show nuclear
Runx1 protein (red) in hair germ cells in wild-type but not Δ4 animals.
Asterisk indicates hair shaft autofluorescence. (E) Quantification of HFs with
nuclear Runx1 expression. (F) Hematoxylin and Eosin stained skin sections at
indicated ages demonstrate prolonged telogen in cKO mice. (G) Summary of
hair cycle stage determined by microscopy of Hematoxylin and Eosin stained
skin sections. In brackets are numbers of mice analyzed. (H) Wild-Type but
not cKO mouse skin at PD25 produces new hair during first hair cycle
following morphogenesis. (I) One hundred and one wild-type and cKO mice
analyzed by skin color at PD29 show 4 mice in telogen (pink skin) when
virtually all wild-type mice are in anagen (black skin color) (P<0.001). (J)
Bright-field images of Hematoxylin and Eosin stained keratinocytes on feeder
cells, 2 weeks post-plating. Wild-type keratinocyte colony is outlined. (K)
Growth curve from 100,000 live keratinocytes plated on feeders. Runx14/4
keratinocyte proliferation is impaired (P<0.0001) after 3 weeks in culture. (L)
Arrow indicates an example of colony imaged by phase contrast (L). (M)
Quantification of primary keratinocyte colonies obtained from equal numbers
of WT and 4 plated cells. 4 mutant show impaired colony formation
Pexp1=0.012; Pexp2=0.019. Ep, epidermis; Hf, hair follicle; DP, dermal papillae;
hg, hair germ; Bu, bulge. Scale bars: 50 µm.
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Figure 2.6. Remodeling of hair germ structure during prolonged quiescence
of Runx1Δb4/b/Δb4 follicles. (A) H&E staining of PD21 WT and Δ4 skin shows
lower ORS or germ morphology consistent with end of catagen (stage VIII) or
telogen. Note larger size of germ areas marked by dotted lines in Δ4 follicles.
(B) H&E staining of Δ4 skin sections shows progressive decrease in germ size
and cell numbers at stages indicated. WT follicles are in anagen (Figure. 3F).
Images are representative of germ morphology analyzed in n=11 animals (3
WT mice PD21, 3 Δ4 mice at PD21 and 5 Δ4 mice at PD23-PD29).
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Figure 2.7: Effect of Runx1 disruption on weight and hair differentiation.
(A) Weight of Δ4 and WT animals at PD28-PD30. Average weight was 12.57g
(±2.9) for Δ4 animals (n=25), 13.7g (±1.2) for small WTs (n=10) and 20.4g (±2g)
for big WTs (n=19). (B) Percentage of animals with telogen (black) skin at P2830 in the 3 weight categories defined in A. Skin color was assessed by visual
inspection of shaved animals. Mice with gray/black patches on the back were
scored in anagen.
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At PD21 Runx1Δ4/Δ4 HFs displayed a slight increase in the number of outer root
sheath cells below the bulge (Figure 2.6A), suggesting increased survival of
these cells normally destined to die. Apoptotic (caspase positive) cells
indicating end of catagen were detectable in the germ cells below the bulge at
PD21 in both Runx1Δ4/Δ4 and WT (data not shown). Progressive reduction in
number of cells and narrowing of the germ-like structure below the bulge
became apparent in Runx1Δ4/Δ4 follicles at PD24, 25, 29 and 38 (Figure 2.6B).
Moreover, the shrinking “hair germ” displayed 1-2 apoptotic cells in > 40%
mutant HFs at PD24, while growing WT follicles showed no caspase staining
at this stage (Figure 2.10B, D). Thus, cells shown to normally express Runx1 at
high levels display increased survival in Runx1 mutant follicles, suggesting a
role of Runx1 in apoptosis of keratinocytes during catagen.

The telogen-like morphology of mutant follicles suggested lack of
differentiated hair lineage in the absence of functional Runx1. To determine if
Runx1Δ4/Δ4 mutant follicles showed any differentiated cells, we performed
immunofluorescence staining with specific hair lineage markers characteristic
of anagen phase at PD21 and PD29 (Figure 2.8A). We detected none of these
markers, including that of progenitor matrix cells (Ephrin B1), in any of the
Runx1Δ4/Δ4 follicles. This was consistent with a true telogen block as assessed
by hair morphology (Figure 2.5F), and suggested that Runx1 works upstream,
at the SC level, in skin keratinocytes. To further analyze this possibility we
examined SC behavior by clonogenicity assays. It has been established that
generation of large keratinocyte colonies is initiated by independent SC
populations of inter-follicular epidermis and HFs (Barrandon and Green, 1987;
Gambardella and Barrandon, 2003). Cultured keratinocytes from PD2 mice
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showed 80% fewer colonies in Runx1Δ4/Δ4 versus WT cells (Figure 2.5J, L, M)
and a drastic proliferation defect over time (Figure 2.5K). Most mutant
forming colonies were small and eventually stopped growing, and the few
that expanded over time amplified from the rare Runx1 untargeted cells (due
to ~90% Cre efficiency, data not shown). Since Runx1 is not in inter-follicular
epidermis, we expected to obtain some normal growing Runx1Δ4/Δ4
keratinocyte colonies derived from this SC compartment, but our culture
results did not fit this expectation. The result might be explained by the
finding that all cultured keratinocytes, regardless of their HF or inter-follicular
origin, expressed Runx1 (not shown). This result suggested that all skin
keratinocytes utilize Runx1 for their proliferation in culture.

In summary, the phenotypes observed in vitro and in vivo in the epithelial
Runx1 knockout suggests that Runx1 acts in hair follicles at the stem cell level
(Figure A6B). Specifically, Runx1 deletion affected the HFSCs’ ability to
proliferate in vitro and to produce in vivo all differentiated hair lineages
including the progenitor-matrix cells at the onset of the adult hair cycling
stage. Based on these phenotypes, we hypothesized four possible
developmental mechanisms by which Runx1Δ4/Δ4 could impair adult HFSCs
function to initiate hair cycling: 1) lack of adult HFSCs; 2) lack of
activation/proliferation of quiescent HFSCs; 3) impairment of HFSCs
differentiation; 4) loss of HFSCs due to lack of maintenance/self-renewal. We
next proceeded to test each mechanism.
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Figure 2.8 . Lack of all differentiated lineages in Runx1 mutant hair follicles.
(A) Runx1Δ4/Δ4 hair follicles show no differentiated cell lineage marker
expression. Skin sections from wild type (WT) and mutant (Δ4) animals at
PD21 and PD29 (n=2 in each group to a total of 8 mice analyzed) show
expression of markers indicated in corresponding color. Bu, bulge; hg, hair
germ; Dp, dermal papillae, Mx, matrix; IRS, inner root sheath; preC, precortex;
Me, medulla. Scale bars: 10 µm (note scale difference in anagen and telogen
follicles). *Auto-fluorescence from the hair shaft. Θ, non-specific streptavidin
staining of the sebaceous gland. (B) Schematic summarizing the Runx1
phenotypes, which suggest its role at the stem cell level
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HFSCs are present in the Runx1Δ4/Δ4 niche but show deregulation of hair
cycle gene effectors
To test the first mechanism we asked whether bulge SCs were either missing
or in reduced numbers in Runx1Δ4/Δ4 versus WT skin at PD21 during telogenanagen transition. A significant fraction of bulge cells behaved as SCs in
previous functional assays (Gambardella and Barrandon, 2003). Loss of bulge
SCs can be accompanied by aberrant expression of known bulge and outer
root sheath markers such as CD34, α6- and β4-integrins, Keratin 15 (K15) and
14 (K14), Sox9, S100A6 and Tenascin C. In immunostaining assays at PD21 we
detected depletion of Runx1, but no change in expression level of these
markers in the bulge (Figure 2.9A). Moreover, these expressions were
maintained in the arrested Runx1Δ4/Δ4 mutant HFs at PD24 and PD29 (data not
shown). The qualitative immunofluorescence results were supported by
quantitative FACS analyses (Figure 2.9B) of PD20 WT and mutant skin cells,
which showed no significant difference (p=0.2) in the frequency of bulge SC
population (defined by CD34+/α6-integrin+)(Figure 2.9C). These results
suggest that the HFSCs were present at normal numbers in the mutant
follicles.

We next examined if the mutant bulge cells displayed perturbation in
expression of genes with known hair functions, that might contribute to the
Runx1 hair phenotype (Nakamura et al., 2001; Otto et al., 2003; Topley et al.,
1999). We analyzed the following specific factors by RT-PCR of bulge and
outside the bulge basal sorted cells: Bcl2, Bdnf, Dkk1, Dvl2, Stat3, Tgf-β1,
Noggin, Bmp4, Fzd2, sFRP1, Fyn, Dab2, and p21. As expected, Fzd2, sFRP1 and
Dab2 were increased in the WT bulge fraction (not shown), as documented by
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our previous microarray analyses (Tumbar et. al, 2004), and this pattern was
maintained in the Runx1Δ4/Δ4 cells. While some of the tested genes were
unchanged or showed sample-to-sample variation in expression levels in both
mutant and WT bulge cells, several were consistently increased in Runx1Δ4/Δ4
bulges (Figure 2.9D,E). The change in expression agrees with the role of these
factors as catagen/telogen effectors, or negative regulators of proliferation or
hair growth. The exception was a slight but statistically significant increase in
Stat3 expression (also see qRT-PCR, Figure A4E). This disagreed with the
prolonged telogen of Stat3 knockout mice, but might possibly be due to a
compensatory effect of mutant bulge cells. GAPDH served as a loading
control. These results suggest the mis-regulation of some known hair cycle
effector genes (Nakamura et al., 2001), in the Runx1Δ4/Δ4 bulge cells.

Taken together these data suggested that Runx1Δ4/Δ4 HFs likely contained the
SCs, but these cells probably failed to timely exit the quiescent phase and
sustain hair growth, likely due to changes in gene expression known to affect
normal hair cycling. This conclusion is supported by functional assays
described later in the paper.
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Figure 2.9. Analyses of Runx14/4 bulge SC numbers and gene expression.
(A) Skin sections from wild-type and 4 mice at PD21 show expression of
markers indicated at the top (yellow). Bu, bulge; hg, hair germ; DP, dermal
papillae. Asterisk indicates background signal of hair shaft. (B) Surface
expression of CD34 and 6-integrin by FACS of skin cells at PD20. (C)
Summary of FACS experiments in B shows frequency of 4 and wild-type
CD34+/6-integrin+ bulge cells in the skin (P=0.2 demonstrates no significant
differences). (D) Bulge (Bu) and outside the bulge (O/Bl) sorted cells from (B)
were used to prepare total RNA and cDNA. RT-PCR analyses show
expression levels for genes indicated on the left. +/+ and -/+ designate CD34
and 6-integrin expression in each population. The last four lanes are negative
controls without reverse transcriptase. (E) Summary of phenotypes for mutant
mice indicated (left column) and gene expression level obtained consistently
in wild-type and 4 mice tested (right column). Tm, targeted mutation
(knockout); Tg, transgenic (overexpression). Level of expression in Runx14/4
bulge is indicated in the right-hand column by + (increase), - (decrease) or
N/C (no change). N/A, not applicable.
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Runx1Δ4/Δ4 bulge stem cells fail to proliferate during telogen-anagen
transition
A second possible mechanism for explaining the Runx1Δ4/Δ4 phenotypes in vivo
and in vitro was a failure to proliferate by either the HFSCs or the early
progenitor cells. In the former possibility, Runx1Δ4/Δ4 bulge SCs do not divide,
and do not give rise to early progenitor cells. In the latter, Runx1Δ4/Δ4 bulge
SCs divide and make progenitor cells, which in turn fail to proliferate. To
distinguish between these scenarios we BrdU labeled skin cells continuously
for 4 days at the anagen onset (PD20-PD24), to track cells that divided during
this time. We then determined the localization of BrdU+ cells in the hair germ
or the bulge. If bulge cells divide but their early progeny cells failed to
proliferate further, we expected to see some BrdU+ cells in the CD34+/α6integrin+ bulge cells. Inspection of skin sections co-stained for BrdU and
CD34 at PD23 and 24 revealed that 100% of WT follicles were in anagen, and
67% of these follicles displayed variable numbers of BrdU+ bulge cells.
Conversely, Runx1Δ4/Δ4 follicles (5/5 mice) were in telogen and showed
complete lack (100% follicles) of BrdU in the bulge (Figure 2.11A, B).

Furthermore, all WT follicles displayed bright BrdU+ germ cells, while 90% of
Runx1Δ4/Δ4 hair germs had no BrdU+ cells. The remaining 10% contained only
1-2 dim BrdU+ cells (Figure 2.10A), which were likely due to incomplete
Runx1 targeting. These BrdU+ germ cells found in the mutant follicles were
caspase negative but positive for Keratin 5, normally expressed by epithelial
hair germ cells (Figure 2.10C). To understand if we failed to detect activated
(BrdU+) bulge cells due to possible apoptosis of these cells, we looked for the
expression of caspase in bulge cells at PD24. While we detected 1-2 apoptotic
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cells in ~40% Runx1Δ4/Δ4 germs (Figure 2.10B) the frequency of apoptotic cells
in the bulge was below detection. The WT follicles were in early anagen and
contained no apoptotic caspase positive cells (Figure 2.10D). These data
supported the first possibility, in which the bulge SCs remained quiescent in
the Runx1Δ4/Δ4 mutant.

To further examine the failure of bulge SCs to proliferate at their normal
activation stage, we counted BrdU positive cells in sorted CD34+/α6integrin+ bulge cells isolated from mice continuously labeled with BrdU
during anagen onset (PD20-PD24). These cells stained for undifferentiated
keratinocyte markers K5 and β4-integrin, documenting at least 90%
homogeneity of our sorted cells (Figure 2.11C, D). Staining for BrdU revealed
10-30% positive WT cells and 0% BrdU positive Runx1Δ4/Δ4 cells (Figure 2.11C,
E). In conclusion, these data ruled out the possibility that Runx1Δ4/Δ4 mutation
allowed SC activation from quiescence, but simply blocked the proliferation of
the early progenitor matrix cells. Instead, we showed that Runx1Δ4/Δ4 SCs
remained quiescent at a stage when WT SCs undergo developmentally
controlled activation.
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Figure 2.10. Effect of Runx1 disruption on apoptosis and proliferation. All
follicles are from 4-day BrdU-labeled PD24 Δ4 or WT skin as shown on each
panel, with quadruple staining. Left and right panels are different stains of the
same follicle. Stains are indicated on each image in appropriate color. (A)
Arrow points to weakly labeled BrdU+ cell in the hair germ, which was
negative for caspase co-staining. (B) Conversely, caspase positive cell shown
by arrow does not have BrdU. (C) Caspase-positive cell expresses K5 (arrow).
(D) WT follicles show proliferating but no caspase+ cells at this stage. DP,
dermal papillae. (E) Stat3 shows ∼2.8 fold increase in bulge cells of 3 Δ4 vs 3
WT animals by qRT-PCR in experiments performed in duplicate (P<0.1).
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Figure 2.11. Effect of Runx14/4 on bulge SC proliferation. (A) Sections from 3or 4-day-old BrdU-labeled skin (PD20-PD23 or 24) show cells that proliferated
during anagen onset. Early anagen wild-type follicle (a,b) shows multiple
BrdU+ (red) cells in hair germ and several BrdU+(red) and CD34+ (green)
bulge cells (arrows). Telogen Runx14/4 follicle shows complete lack of BrdU+
cells in CD34+ bulge cells or germ cells (c,d). Ep, epidermis; Bu, bulge; hg, hair
germ; DP, dermal papillae; De, dermis. Asterisk shows hair shaft
autofluorescence. (B) Fraction of follicles scored on skin section shown in A
that displayed BrdU+ cells in bulge or germ. Sixty-seven percent of follicles
have BrdU+ bulge cells for wild-type mice and there is a complete lack of
BrdU+ bulge cells for 4 mice. Follicles with BrdU+ germ cells are further
subdivided into those with more than two BrdU+ cells/germ and one or two
BrdU+ cells/germ. Total number of HFs analyzed from five wild-type (black)
and five 4 (gray) littermates is shown (802 wild type & 737 4). Error bars
underscore variability of BrdU+ follicle fractions in each category. (C)
CD34+/6-integrin+ cells from mice in A,B were sorted on slides, fixed and
stained as described (Tumbar, 2006). There is a high frequency of cells that are
double positive for keratin 5 (K5, red) and β4-integrin (β4, green, bottom
panel). BrdU+ (red) and DAPI (blue) staining (top panel) shows lack of
proliferation in 4 but not wild-type bulge cells. (D) Sorted bulge cells from C
counted for double expression of epithelial K5 and β4 markers. Un, unsorted
live cell control. Number of cells is at the top, ID of mice is at the bottom. (E)
Quantification of proliferating (BrdU+) sorted bulge cells from (C). Number of
cells is at the top, mouse ID is at the bottom. Negative controls were from
BrdU-negative mice.

66

A

67

Proliferation and differentiation of Runx1Δ4/Δ4 HFSCs in response to skin
injury
Our experiments suggested that Runx1Δ4/Δ4 SCs failed to respond to normal
growth activation signals during the initiation of adult hair cycling phase. If
Runx1Δ4/Δ4 SCs were functional, one might expect that in response to a different
activation signal they would be able to proliferate, differentiate, and generate
new hairs (Figure 2.12A). To test this hypothesis we employed skin injury as
the source of activation signal (Fuchs et al., 2004). We used a total of 38
Runx1Δ4/Δ4 mice and injured by hair plucking, light epidermal scraping or close
shaving, and dermis penetrating incision at PD21 or PD29. Any type of skin
injury at these stages reversed the Runx1Δ4/Δ4 SC quiescence block.

The prolonged telogen described here could be consistent with a role of Runx1
in regulating early stem/progenitor cell fate choice and differentiation to hair
cell lineages. Thus, we asked if the injury-triggered hair growth in Runx1Δ4/Δ4
mutants resulted in normal proliferation and differentiation of bulge cells. 418 days post-wounding (performed at PD21) we detected Ki67+ proliferating
bulge cells, and new hair shaft growth in the wounded area (Figure 2.12B, C,
D). The HF had essentially normal morphology and cycled normally (Figure
2.12C). Furthermore, we found all differentiated lineage markers correctly
expressed in the newly grown Runx1Δ4/Δ4 hair bulbs by immunofluorescence
staining (Figure 2.12E). This indicated that Runx1Δ4/Δ4 did not affect the
differentiation potential (multipotency) and fate decision of progenitors and
HFSCs, a step upstream of the previously shown Runx1 effect on aspects of
terminal differentiation (Raveh et al, 2006).
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Runx1Δ4/Δ4 effect on long-term regenerative potential of HFSCs
Finally, to test a fourth possible mechanism for Runx1 action, we examined
the long-term regeneration potential of Runx1Δ4/Δ4 HFSCs population, a
definitive hallmark of self-renewing SCs. During a time period of >1 year, we
induced 4-5 rounds of back skin injury by shaving and light dermabrasion of
small epidermal areas (Figure 2.12F). In WT and Runx1Δ4/Δ4 skin hair growth
began from the injured area and spread along the entire back skin region
(Figure 2.13B). This spreading could result from an activating morphogen
released from the growing follicles, which triggered new growth in the
surrounding dormant follicles. Follicles eventually re-entered the quiescent
phase, as shown by the pink skin color. At this point we repeated the skin
wounding in a different region of the skin to reinitiate another cycle of SC
activation and hair growth (Figure 2.12F). Occasionally, upon a new injury
cycle we found a grey or black patch of anagen skin at the site of a previous
wound (Figure 2.13C). This suggested initiation of a new hair cycle in the
absence of immediate injury in a skin area that was previously activated by
injury to grow hair. An important question is whether HFs would begin
cycling spontaneously at later developmental stages in the complete absence
of injury. Suggestively, of 10 un-injured mutant mice analyzed between
PD42-PD48, 5 were in early anagen while 5 remained in telogen. It is difficult
however to rule out the role of spontaneous injury in this delayed anagen
initiation (bites, scratching, scraping) since even shaving can trigger hair
growth in mutant animals. Addressing un-ambiguously the role of Runx1 in
spontaneous hair cycles in older mice will require further investigation.
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Taken together these results suggested that during later developmental stages
beyond the initiation of the adult phase: 1) Runx1Δ4/Δ4 HFSCs maintained their
long-term potential, and repeated stimulation did not exhaust the mutant SC
pool; 2) Runx1Δ4/Δ4 HFSCs activation could occur in the absence of injury, at
least in follicles that had already been previously directly initiated via injury,
and in follicles found in the vicinity of actively growing hairs.

Discussion

Runx1 modulates hair cycling
In this work we examined the function of Runx1, a hematopoietic SC factor, in
the hair follicle. We found that Runx1 is important for normal hair cycling at
the transition into adult skin homeostasis. Mice lacking functional Runx1 in
skin epithelial cells are able to produce normal hair follicles during
morphogenesis, but these follicles displayed a prolonged first telogen. The
hair follicle quiescence is rapidly overcome by injury, which triggers
proliferation and differentiation of the HFSCs. Importantly the hair growth
can spread far into unwounded areas, and can also resume in follicles that
have been already removed from quiescence by one round of injury. It
remains unclear whether at later developmental time points hair follicles
might be capable to cycle spontaneously. The Runx1 mutant phenotype
underscores differences in developmental versus injury triggered hair growth,
a phenotype also displayed by the Stat3 knockout mouse (Sano et al., 1999;
Sano et al., 2000). The relationship between these transcription factors in hair
follicles remains to be elucidated.
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Figure 2.12. Injury reverses Runx14/4 HFSCs block in quiescence.
(A) Schematic of HFSC activation. (B) Back region of 4 mice post-hair plucking
shows hair growth in injured area (arrow). (C) Hematoxylin and Eosin
staining of 4-skin sections collected from wounded and unwounded
(opposite) back regions at time points indicated show progression through the
hair cycle. (D) Runx14/4 injured skin shows proliferating Ki67+ (red, arrows) of
CD34+ bulge cells (green). (E) Staining of skin sections 18 days post-wounding
shows normal expression of differentiated hair lineage markers. There is a lack
of Runx1 staining (performed in serial sections) in 4 but not in wild-type
follicles. (F) Schematic of long-term functional HFSC assay.
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Figure 2.13. Skin color indicates hair growth in uninjured WT and injured
Δ4 mice. (A) Skin color of Δ4 and WT shaved mice at PD29 is pink (telogen)
or black (anagen), respectively. (B) Hair growth spreading from injured into
un-injured Δ4 skin. Skin is pink after hair pluck. Hair growth (black) and its
spreading indicated by arrow. Gray color is early anagen. (C) Left: mouse at
the second round of wounding shows gray skin patch in the previously
wounded area (arrow) and pink skin in the newly plucked area (arrowhead).
Right: same mouse 2 weeks later shows black skin indicative of hair growth in
both the old (arrow) and newly (arrowhead) injured areas.
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Finally, the skin phenotype of the Runx1 mutant mice is accompanied by a
severe impairment of keratinocyte proliferation in vitro, and by changes of
expression levels in the SC compartment of factors known to regulate the
quiescent phase of the hair cycle.

Runx1 regulates hair follicle SC activation
Here, we show that Runx1Δ4/Δ4 mutation results in complete lack of newly
differentiated hair lineages in the 1st hair cycle. Our data suggests that in
Runx1Δ4/Δ4 follicles the bulge HFSCs: a) were present and functional at the time
of phenotype onset; b) together with progenitor cells remained quiescent at a
key developmental activation time point; c) retained their intrinsic ability to
proliferate and differentiate and produce essentially normal hairs; d) were
maintained in the Runx1Δ4/Δ4 bulge over prolonged periods of time and
repeated stimulation.

The injury response of Runx1 mutant mice might be explained by alternative
but less likely models that we formally acknowledge here. Although not yet
demonstrated experimentally, it is possible that the bulge contains SC
populations specialized to perform either normal homeostasis or injury repair.
The first SC population is Runx1 dependent while the second one is not.
Another possibility is that injury conditions of stressed/ischemic skin trigger
the lineage conversion of a non-hair to a hair SC type. This possibility is hard
to reconcile with our data showing spreading of the hair growth in un-injured
areas far from the wound, a phenomenon present in both WT and mutant
follicles.
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Runx1 is expressed in a broad area that includes hair germ and bulge cells
preceding SC activation. It is unclear whether the protein acts intrinsically in
the SCs or acts on SCs through the niche. Its germ expression prior to
activation correlated with the apparent effect of Runx1 disruption on
increased outer root sheath survival during the catagen/telogen transition.
Noteworthy, we detected Bcl2, an apoptosis regulator at increased levels in
the bulge, and over-expression of Bcl2 (Nakamura et al., 2001) had a similar
effect on the hair cycle as disruption of Runx1.

Although a role of Runx1 in the SC environment through secreted protein
downstream targets is an attractive model, we cannot eliminate the possibility
that Runx1 also functions within SCs to set the intrinsic rate of HFSC
proliferation. This possibility is suggested by our in vitro cell culture assays, in
which WT but not Runx1Δ4/Δ4 HFSCs could generate large keratinocyte
colonies in the time frame of our experiments. The regulation of skin
epithelial cell culture growth by Runx1 warrants further investigation. In a
clinical setting, achieving rapid expansion of keratinocytes in amounts useful
for engineering artificial skin is extremely difficult, while it proves critical for
patients with severe burns (Barrandon, 2004). As we understand more how
control of epithelial SC proliferation is achieved in the tissue and how cell
growth conditions perturb this balance, we will be able to apply more
systematic approaches to in vitro SC manipulation for epidermal and hair
engineering.
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Is Runx1 a “stemness” gene?
Hematopoietic and hair SCs exist in tissues with distinct physiological roles
and origins, that arise from different cell types of the early embryo (mesoderm
and ectoderm). However, these two tissues share a fundamental functional
characteristic: they regenerate continuously throughout life, and rely on adult
SC activity to sustain extensive cellular turnover of their differentiated
progeny cells. It is already known that blood and HF cells share common
transcription factors that can regulate fate and differentiation of committed
progenitor cells (DasGupta and Fuchs, 1999; Kaufman et al., 2003). Here, we
suggest that a common transcription factor Runx1 carries out a developmental
function at the SC level in the initiation of the adult-type (or definitive) stages
in both tissues. Specifically, in blood Runx1 mutation blocks the initiation of
definitive hematopoiesis in the aorta-gonado-mesonephros (Speck and
Gilliland, 2002) , and in the hair follicle it impairs the onset of adult hair
cycling (this work). At these stages the net result of Runx1 deletion is similar
in both tissues: lack of all differentiated blood and hair cell lineages. The
means of producing this effect appear to be different: Runx1 impairs SCs
emergence for blood versus SCs activation for hair. These variation might
underscore the divergence in the formation and/or maturation of these two
kinds of tissue stem cells, which differ in both origin and environmental
context, and have different relevance for the animal survival. It would be
interesting to determine if the type of knockout analyzed, full for blood versus
conditional for hair, might affect the Runx1 mutant phenotype in these tissues.
Moreover, since the full knockout mice die shortly after the blood phenotype
onset, it remains unclear whether stress and injury could eventually jump-
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start a Runx1 independent program of hematopoiesis at this stage. Future
work will likely bring more light to this intriguing comparison.

In summary, we uncover Runx1 as a modulator of keratinocyte proliferation,
hair growth, and stem cell activation. Runx1 is needed for normal hair follicle
homeostasis at the transition into the adult hair cycling stage, but not during
injury repair. Here we add to the known role of Runx1 in stem cells (Speck
and Gilliland, 2002), by demonstrating its role in another stem cell system
besides blood, namely the hair follicle.
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CHAPTER 3
Runx1 is expressed in two populations of embryonic hair follicle
progenitors that contribute to early hair formation and to the adult stem cell
compartment

Introduction

The life of an animal is divided in two stages: tissue morphogenesis occurring
mainly in the embryo, and tissue homeostasis in the adult. Many regenerative
tissues contain adult tissue stem cells (TSCs), which can self-renew and
differentiate throughout life (Fuchs, 2009). While the behavior and regulation
of adult TSCs in homeostasis is intensively studied, the TSC origin and
function in morphogenesis are largely obscure (Slack, 2008).

Intuitively, TSCs could be made from early embryonic progenitors, and
subsequently generate their organ of residence, which they would maintain
later on in life (Slack, 2008). However, accumulating evidence coming mostly
from blood(Dzierzak and Speck, 2008; Mikkola and Orkin, 2006) and more
recently from muscle development (Lepper et al., 2009; Messina and Cossu,
2009; Wang and Conboy, 2009), suggests a different model, in which the organ
rudiments arise from distinct “primitive” progenitors prior or in parallel with
adult TSCs (Messina and Cossu, 2009). The “primitive” progenitors are shortlived and generate the original cell types or structures of the tissue. In contrast
TSCs are long-lived or “definitive” cells that are set-aside in a specialized
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niche during morphogenesis to regenerate the tissue later on in life (Dzierzak
and Speck, 2008). Here I examine these developmental models for tissue and
stem cell generation in the mouse hair follicle using as an entry point a
regulator of hematopoietic stem cell emergence, the transcription factor
Ruxn1.

Skin is composed of two main compartments: an epithelial one that makes the
interfollicular epidermis, the hair follicle, and the sebaceous glad; and a
mesenchymal that is mainly composed of fibroblast and makes the dermis.
Hair development also referred to as morphogenesis occurs in the embryo
from embryonic day E14.5 to birth and continues on until postnatal day
(PD)17. It consists of three phases: induction, which results in formation of a
hair placode from the single layer of ectoderm upon epithelial-mesenchymal
reciprocal signaling(Millar, 2002; Schmidt-Ullrich and Paus, 2005); downgrowth of the placode which evolves into hair germ and next into peg; and
differentiation with formation of the bulbous peg and the further mature HF
(Figure 3.1A)(Millar, 2002; Muller-Rover et al., 2001; Schmidt-Ullrich and
Paus, 2005; Schneider et al., 2009). The bulbous peg generates the matrix, a
class of short-lived progenitors(Legue and Nicolas, 2005) , which proliferate
and differentiate pushing cells upwards to generate the centrally located hair
shaft, made of medulla, cortex, and cuticle. The hair shaft is surrounded by
the inner root sheath (IRS), and the outer most layer, or outer root sheath
(ORS) of the follicle. A fully mature follicle grows after birth to elongate the
hair shaft that is continuously pushed upwards towards the skin surface
(Schneider et al., 2009). The ORS is contiguous with the epidermis and is the
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residence of the adult hair follicle stem cells (HFSCs). The HFSCs cluster in the
upper follicle, known as “bulge”, right beneath the sebum-filled cells of the
sebaceous glad (SG) (Figure 3.1B).

At postnatal day (PD) 17 the hair morphogenesis ends and the adult
homeostasis or hair cycle begins. The latter is characterized by
morphologically distinct phases of degeneration and apoptosis (catagen), rest
and quiescence (telogen) and growth and proliferation (anagen) (Schneider et
al., 2009). A mesenchymal hair follicle component, the dermal papillae (DP),
works in conjunction with environmental signals in anagen to activate the
bulge epithelial HFSCs that re-generate the matrix. The DP further instructs
the matrix to differentiate to inner layers (IL) and make a new hair shaft
(Blanpain and Fuchs, 2009). The hair cycle phases occur relatively
synchronously throughout the back skin of young mice.

Several molecular players such as BMP, WNT and Lhx2 regulate both
morphogenesis and adult hair cycle (Millar, 2002; Rhee et al., 2006).
Conversely, several transcription factors, such as Sox9, NfatC1, and Stat3
(Horsley et al., 2008; Nowak et al., 2008; Sano et al., 1999; Vidal et al., 2005),
which are expressed in a sub-set of embryonic hair cells and in the adult
bulge, regulate adult TSCs but not hair morphogenesis.
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Figure 3.1: Schematic Representation of (A) Hair Follicle Morphogenesis
and a (B) Mature Hair Follicle. A. Hair follicle morphogenesis can be divided
into phases of induction, downgrowth and differentiation that can be
classified into eight distinct morphological stages. The scheme shows the
predominant stages at different timepoints throughout development. B.) A
scheme showing a mature hair follicle with its corresponding eight concentric
layers of keratinocytes.
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Here I employ Runx1, a transcription factor required for hematopoietic stem
cell formation(North et al., 2002) , to examine the emergence of adult stem
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cells in the hair follicle and the potential role of Runx1 as a stem cell
developmental factor. I found that Runx1 marks two classes of hair
progenitors in the early hair rudiments, which appeared to contribute mainly
to either “primitive” morphogenesis or to the adult HFSCs compartment.
Moreover, I showed that in addition to its documented role in adult hair cycle
(Osorio et al., 2008) and in terminal differentiation (Raveh et al., 2006), Runx1
is required in the skin epithelium for the timely progression of hair
morphogenesis, which delayed the embryonic emergence of both the
“primitive” class of progenitors as well as that of the adult HFSCs progenitors.

Materials and Methods

Mice
K14-Cre/Runx1fl/flmice were generated as previously described (Osorio et al.,
2008) Runx1+/LacZ mice were maintained in the C57Bl6 background. To
generate K14-Cre;Runx1fl/fl; Bat-gal reporter mice I crossed an F2 generation
of Runx1fl/fl; Bat gal+ to K14-Cre selection of the reporter cKO was based on
genotyping for lacZ, K14Cre and Runx1 fl/fl (Growney et al., 2005; North et
al., 1999; Vasioukhin et al., 1999). I used littermates for wild type (WT)

Lineage analysis studies and X-gal Staining
Runx1CreER male were mated to Rosa26Reporter females. Day of plug was
counted as E.5. Females received one daily injection for three consecutive days
of tamoxifen (16ug/g body weight) and progesterone (8ug/g of body weight).
At day 19.5 females were sacrificed and pups were put with K14CreRunx1fl/fl foster mothers or tissue was prepared for further analysis. For
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5-Bromo-4-chloro-3-indoxyl-beta-D-galactopyranoside (X-Gal) staining, 10µm,
20, 50 and 90µm skin sections were fixed for 1 min in 0.1% glutaraldehyde in
PBS, washed 3x1 hour in cold PBS with .01% of NP40 and 100mM of Sodium
Dexycholate. After incubation in X-gal solution (North et al., 1999) at 37°C for
12-16 hrs, slides were rinse in PBS and incubated for 3 hours in 1M NaCO3.
Then the slides were wash in PBS, counterstained with hematoxylin and
mounted in 70% glycerol.

BrdU labeling
BrdU (5-bromo-3-deoxy-uridine) (Sigma-Aldrich) was injected
intraperitoneally at 25µg/g body weight in saline buffer (PBS) to pregnant
dams. Females were sacrificed 3.5 hours after injection and tissue was
processed for further analysis(N=6 cKO and 6 WT). Staining of skin sections
was described (Tumbar, 2006)

Skin Grafting
Mouse work was approved by the Cornell University IACUC. Nu/Nu females
were anesthesized with avertin and injected with the pain reliever ketoprofen .
Each female received a piece of skin from newborn Runx1CreER/fl;Rosa26R or
Runx1CreER/+;Rosa26R mice that were induced with tamoxifen from E12.5 to
E14.5. Graft was secured with bandages and gauzes. Two weeks after grafting
the bandages were removed.

Histology, immunofluorescence and BrDU staining
Skin tissue for immunofluorescence and hematoxylin and eosin staining
(H&E) were described (Tumbar, 2006; Tumbar et al., 2004). For alkaline
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phosphatase staining frozen tissue was fixed with 2% formaldehyde for 5
minutes washed with 100mM Tris-Base buffer 9.5 and incubated for 30
minutes in NCIB/DAB substrate. MOM Basic Kit (Vector Laboratories) was
used for mouse antibodies. Nuclei were labeled by 4',6'-diamidino-2phenylindole (DAPI). Antibodies were from (1) rat: a6 and b4-integrins (1:150),
, BrdU (1:300, Abcam); (2) rabbit: β-Gal (1:2000, Cappel), Keratin 5 and Keratin
17 (1:1000, Covance), E-cadherin (1:500), LEF1(1:700, Cell Signaling, RUNX1
(1:4000, Jessel T., Columbia U.), Sox9 (rabbit, 1:500, M. Wegner, ErlangenNuernberg U., Germany) (Stolt, et al., 2003), Ki67 (1:100; Novocastra), AE13
(1:50, Immunoquest), GATA3 (1:100, Santa Cruz), NFATC1 (1:25; Santa Cruz)
Vinculin (1:100) Phalloidin-TRed(1:250). Secondary Abs coupled to the
following fluorophores: FITC, Texas-Red or Cy5 were purchased from the
Jackson Laboratories. A detailed antibody staining protocol was described
(Tumbar, 2006). Microscopy and image processing was done as previously
described (Osorio et al., 2008).

Attachment and cell migration studies
Newborn skin was treated with dispase overnight in cold temperature.
Keratinocytes were isolated as previously described and cells were plated into
collagen 1, fibronectin and poly d lysine pre-coated microslides. No substrate
was uses as control. For attachment studies 8-well microslide were used.
Briefly, 100,000 live cells were plated per well (N=5Wts and 5cKO) and 24
hours later cells were fixed in 4% PFA and stained with vinculin, phallodin
and DAPI. The total number of cells was counted per each well. Briefly, 24
pictures at 10x magnification were taken for each well (2 wells per sample)
and analyzed using image J (N=5WT and 5KO).
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For migration studies, 4-well collagen 1 pre coated microslide was used. One
million cells were plated per well and 36 hours post plating a small scratch
was made with a pipet tip. Pictures were taken at different timepoints after
the wound. Wound healing was analyzed using Image J64 program.
For flow cytometry cells were isolated from E16.5 back skin stained with
phycoerithrin-labeled α6-integrin (CD49f) antibody (BD Pharmingen), as
described (Tumbar, 2006; Tumbar et al., 2004). Live cells were those excluding
propidium iodide (PI, Sigma). Flow Cytometry was performed using BDBiosciences FACS Aria at Cornell. RNA isolation from sorted cells and RTPCR of cDNAs were described (Tumbar, 2006; Tumbar et al., 2004).

Western blot and Co IP
Protein extracts were from skin tissue snap-frozen in liquid N2 and dissolved
in BCS buffer (1% Triton X-100 in PBS with 10 mM EDTA, 150 mN NaCl, 1%
sodium deoxycholate, and 0.1% SDS), protease inhibitors (Protease Inhibitor
Cocktail Set III, Calbiochem) and PMSF. Runx1 immunoblotting was done
following the protocol described in the SuperSignal chemiluminescence kit
(Pierce). Distal Runx1 (J. Telfer, University of Massachusetts Amherst) was
diluted at 1/1000, Lef1 (1:1000, Cell signaling).

For Co-Immunoprecipitation experiments, protein extracts were incubated at
4°C for two hours with Runx1 antibody (1:100) followed by a four hour
incubation with protein A agarose beads. At the end of the incubation samples
were washed 3x for 5 minutes in washing buffer (25mM Tris.HCL ph7.5,
300mM, NaCl, .1mMEDTA, 10% glycerol, .1% NP40 and 1mM DTT, 1X
Protease inhibitors Cocktail III). The protein was eluted from the resin using
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1X SDS loading dye and boiling it for 3 minutes. Secondary antibody anti
Rabbit –HRP light chain specific (Jackson Immunoresearch).

Statistical Analyses
Data are shown as averages and standard deviations. T-Tests analyses were
done with Excel 2008 (Microsoft).

Results

Runx1 is expressed in a dynamic pattern throughout hair follicle
development
Previously, I documented the expression pattern and function of Runx1 in
HFSC activation during adult homeostasis, but its potential implication in hair
morphogenesis and adult HFSCs emergence remained unclear (Osorio et al.,
2008). Using reporter mice that contained the LacZ gene inserted in the Runx1
genomic locus (North et al., 2002), Raveh and colleagues detected Runx1
expressing cells in the mesenchymal skin, including the dermal papillae (DP)
and its precursors (dermal condensate) at embryonic day E14.5 and E18.5
(Raveh et al., 2006).

Although at E18.5 Runx1 was expressed in the epithelial skin in the bulbous
peg, its expression in the earlier embryonic hair morphogenetic stages
remained un-documented (Raveh et al., 2006). I examined Runx1 expression at
different time points during embryogenesis at E12.5, E14.5, E16.5 and E17.5
using a Runx1-LacZ reporter mice (North et al., 2002) by staining frozen skin
sections with X-Gal to reveal LacZ expression.
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At E12.5, when skin is composed of a single layer of epithelial cells
(ectoderm), I found rare X-Gal+ cells (Figure 3.2A, top left). Hair
morphogenesis began at ~E14.5 with the induction of placodes for the primary
type of hair (guard), and continued with a 2nd wave initiated at ~E16.5 for the
intermediate hair type (awl and auchene), and with a 3rd wave at ~PD0 for the
late type of hair (zigzag), as previously described(Schneider et al., 2009).
Because of these overlapping hair growth waves, at any given time after
~E14.5 to newborn the HFs co-exist in the skin as a mix of morphological
stages, including placodes, germs, pegs and bulbous pegs continuously
progressing towards more advanced stages (Figure 3.1A). By birth all the HFs
are thought to be specified (Schmidt-Ullrich and Paus, 2005)and continue to
mature in postnatal life. The first hairs reach full maturity at several days
after birth, while the subsequent hairs become fully mature by PD8 (Paus et
al., 1999).

During these time periods, I found X-Gal+ cells in the mesenchymal
compartment including the dermal condensate and papillae, as previously
reported (Raveh et al., 2006). In addition, many X-Gal+ cells existed in the
epithelium of the developing HFs (Figure 3.2A 1A). In the hair placode,
germ, peg, and bulbous peg the X-Gal signal was strong in the upper follicle
and weak and sometimes absent (especially in the placode) in lower cells of
the HF. Both the high and the low Runx1 expressing populations seemed to
expand as morphogenesis progresses, and the levels of X-Gal appeared higher
in the bulbous peg in both the low and the high expressing cells (Figure 3.2A).
Runx1 antibody staining confirmed this expression pattern (Figure 3.2B).
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Interestingly, cells with high levels of Runx1 immuno-staining largely
resembled the protein expression pattern of Sox9 (Figure 3.2C), a transcription
factor implicated in ORS formation and in the function of adult HFSC (Nowak
et al., 2008), as shown in staining of skin serial sections at E16.5-E17.5 (Figure
3.2 D and D’ and data not shown). In addition, at the bulbous peg stage
strong Runx1+ cells that were Sox9- were present in the upper follicle
(infundibullum) as well as the lower follicle (matrix) (Figure 3.2D and D’).
Moreover, the high Runx1 expressing cells also partially co-localized with
Nfatc1, another adult HFSC factor (Horsley et al., 2008) detected in the
bulbous peg at E17.5 (Figure 3.2E). Together these data showed that Runx1
was expressed at different levels in two possibly distinct cell subpopulations
of the early hair rudiments, which might have different roles and subsequent
fates in hair follicles.

Runx1+ early embryonic cells contribute to known HF divergent lineages in
postnatal morphogenesis
To address the fate of cells that expressed Runx1 in early embryonic hair
morphogenesis, I genetically labeled Runx1+ cells in utero and tracked the
distribution of their cell progeny during post-natal morphogenesis and adult
hair cycle. I employed a mouse strain that carried the Cre-ER gene inserted in
the Runx1 endogenous locus (Samokhvalov et al., 2007) and the Rosa26
reporter (R26R) transgene carrying LacZ downstream of a stop codon that can
be removed by Cre induction via tamoxifen administration (Soriano, 1999)
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Figure 3.2: Dynamic expression of Runx1 during embryonic hair follicle
development.
A.) X-Gal staining showing the expression of Runx1 at the different stages of
embryonic hair development, arrowhead pointing out a positive cell in the
placode. Skin sections were from E12.5 and E17.5 mouse embryos.
B-C.) Runx1 and Sox9 expression in the early stages of developing follicles.
Immunofluorescence staining for Runx1 and E-cadherin(B) and Sox9 and a-6
Integrin (C) in E16.5 skin. Notice that the high level of expression of both
proteins in the upper follicle. Arrowheads points to Runx1 expression in few
cells of the placodes that are high for E-cadherin.
D.) 5uM serial section of E17.5 skin showing Sox9 and Runx1 colocolization. *
hair germs
E.) Immunostaining showing Runx1 colocalization with NFATc1 in a subset
of cells in the upper region of the bulbous peg.
For all immunofluorescence analysis a minimum of 3Wts and 3cKO were used
per antibody. Epi: Epidermis, Der: Dermis.
Scale bars represent 10um.
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I injected tamoxifen once daily for 2, 3 and 4 consecutive days in pregnant
females to optimize the labeling efficiency of the embryos, and sacrificed the
embryos and pups at different time points after induction (Figure 3.3A and B).
The X-gal signal was extremely weak in the embryonic skin two days after the
last injection (data not shown), but by PD0 it became readily detectable, albeit
still variable from cell to cell (Figure 3.3A). By PD0 mice injected at E12.5, 13.5,
14.5 showed X-Gal labeling in a noticeable fraction of the dermal cells (Figure
3.4B) and in rare DP cells of ~10% of the HFs (Figure 3.4C). Moreover, ~7%
HFs contained a few X-Gal+ cells in their epithelium, as seen in 25-90um skin
sections (Figure 3.4B; N=3). The low frequency of labeled HFs at PD0 was
expected since only the 1st wave of hair follicles would be induced by E14.5,
the last day of tamoxifen injection. That said, the Cre recombinase has been
reported to work from 6-36 hours after tamoxifen induction(Zervas et al.,
2004) and most likely persisted long enough to label some placodes of the
second hair growth wave induced ~E16.5 (Figure 3.1A). All labeled follicles
detected at PD0 showed patches of X-Gal+ and X-Gal- cells, supporting the
polyclonal HF origin (Figure 3.4C). The low frequency of X-Gal+ cells in most
HFs suggested that only rare cells in the hair rudiments activated the Cre
recombinase.

The distribution of X-Gal+ cells in the epithelial fraction of the HF at PD0
could be classified in three main labeling patterns: (1) exclusive ORS pattern
(35%), in which few X-Gal+ cells were found in the upper and/or lower ORS,
and sometimes included few cells of the presumptive bulge (Figure 3.4C and
E); (2) matrix and inner layer (M/IL) pattern (18%) with any X-Gal+ cells in
the lower bulb and matrix cells, the hair shaft, inner root sheath, inner pre-
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sebaceous gland, and/or hair canal (the inner portion of the
infundibullum)(Figure 3.1B, 2C and 2E); (3) complex pattern (38%), which was
a combination of both M/IL and ORS (Figure 3.4C and E). The remaining 10%
labeled HF were hair pegs that had not yet developed M/IL (Figure 3.3C).

By PD5 all follicles differentiated and produced M/IL and hair shafts. The XGal signal was stronger than that detected at PD0. The frequency of labeled
HFs was ~9% on average when analyzed in 50um sections, and was somewhat
variable from mouse to mouse (5-12%; N=2 mice and ~1150 HFs). Within each
mouse the three labeling patterns were still detectable by PD5, but showed a
different distribution than that found at PD0: ~56% of labeled HFs had ORS
exclusive pattern, ~2% M/IL and ~42% had complex (ORS and M/IL) pattern
(Figure 3.4E). Thus, 98% of HFs labeled in early embryonic morphogenesis
showed persistent ORS labeling pattern at the early stages of postnatal
morphogenesis.

Many of the M/IL patterns showed exclusive IL with no matrix staining, and
contained small patches of X-Gal+ cells, some approaching the hair canal (near
the HF skin exit), where they appeared to be expelled into the shedding
portion of the epidermis, the squames (Figure 2Cand S2D).
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Figure 3.3: Lineage tracing of embryonic Runx1 expressing cells: induction
efficiency analysis
A.) Lineage tracing labeling efficiency. X-gal staining of PD0 skin sections
showing low labeling efficiency with two injection and high efficiency with
four injections. B.) Plot quantifying the HF follicles shown in (A). C.) Skin
section at PD0 showing X-gal staining in hair pegs. D.) Plot showing
contribution to the hair canal by Runx1 expressing cells labeled during E12.5E14.5 or E14.5 to E16.5. E.) X-gal staining showing the ORS/Bu and complex
pattern in PD13 skin
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Moreover, X-Gal+ cells were exclusively present in the hair canal in nearly 3x
more HF at PD5 than at PD0 (.03 vs .087 Figure 3.3D), likely because X-Gal+ IL
from PD0 had been pushed upward by newly generated X-Gal- cells from
underneath. All these observations suggested loss of a subset of the early
Runx1+ embryonic cells during early postnatal morphogenesis, from PD0 to
PD5. Another formal possibility was that M/IL are not lost, but rather
converted to ORS in early postnatal morphogenesis. Given published singlecell or ORS-specific lineage tracing data this possibility was less likely (see
Discussion). In conclusion, Runx1+ cells from the early embryonic HF
morphogenesis (placode and germ) contributed cells to both ORS and to
M/IL, two populations generally considered independent during distinct
times of morphogenesis (see Discussion).

Since Runx1 expression increased and became broader during late embryonic
hair morphogenesis (Figure 3.2A), I assessed the fate of those Runx1+ cells by
marking them via tamoxifen injections at E14.5, E15.5 and E16.5. During this
period most HFs belong to the second growth wave and exist as placodes and
germs, while rare HFs belong to the 1st growth wave, which had advanced to
early hair pegs (Figure 3.1A). As before, in addition to genetic marking of HF
at these morphological stages, a fraction of advanced pegs and bulbous pegs
from ~E17.5 –E18.5 should also become marked because of prolonged Cre
activity in the embryo after tamoxifen injection (Zervas et al., 2004). In line
with the higher number of HFs in the skin at this stage as well as more
Runx1+ cells when compared with early embryonic morphogenesis, I
obtained ~3.6x more X-Gal+ HFs (25%, N=5, 1300 HFs) by PD0. Moreover,
there were more X-Gal+ cells per HF than seen in the early labeling. In
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addition, HFs presented complex labeling pattern (65%), M/IL labeling (27%),
and only scarce ORS pattern (7%; Figure 3.4F). This distribution suggested a
robust (93% of all labeled HFs) contribution to the M/IL compartments for the
late class of Runx1+ HF embryonic cells. An interesting side observation was
the high frequency of HFs with X-Gal+ cells in the hair canal, a region of the
HF to which the late Runx1+ embryonic HF cells seemed to contribute to
substantially (Figure 3.3D).

By PD5 the frequency of X-Gal+ HFs marked during late embryonic
morphogenesis (E14.5, E15.5, E16.5) drastically dropped to nearly half of the
PD0 level (~14%, N=2, 1200 HFs), while the distribution of the three HF
labeling patterns remained roughly the same (Figure 3.4E, red bars). This
suggested that cells from all the HF layers including M/IL and ORS (likely
from the upper HF) were lost from the skin. This massive loss of HF cells
genetically marked late but not early in embryonic morphogenesis suggested
that Runx1+ early embryonic HF cells generally lived longer than their late
counterparts. However, Runx1+ cells at both early and late embryonic
morphogenesis contributed cells to the two divergent HF lineages: ORS and
M/IL (see Discussion).
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Figure 3.4: In vivo lineage tracing of embryonic Runx1 expressing cells;
analysis during hair morphogenesis. A.) Scheme showing the experimental
design of the tamoxifen inductions B. 90 um skin section X-gal stained at PD0
showing contribution by Runx1 expressing cells to the hair follicle, the dermal
cells surrounding the upper follicle and the dermal papilla cells (arrowheads).
C-D. X-gal skin sections showing the major contribution patterns observed at
(C) PD0 and (D) PD5 when Runx1 expressing cells were labeled during
embryogenesis.
E.) Quantification of these patterns. Noticed that 0% of the follicle had follicles
that were completely blue supporting a polyclonal origin of the HF. N=2, 100
follicles analyzed per mouse.
F.) Scheme showing early (E12.5,E13.5 and E14.5) and late (E14.5, E15.5 and
E16.5) induction schemes. Plot showing the contribution of the Runx1
descendants at PD0 and PD5 at both induction schemes. A minimum of two
mice and 100 follicles counted per stage analyzed. Scale bar 10 uM
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Runx1+ early embryonic HF cells contribute to adult HFSCs
To determine if any of the Runx1+ embryonic HF cells detected in the
embryonic hair rudiments contribute to the adult HFSCs compartment and to
adult tissue homeostasis, I injected mice with tamoxifen during the early
(E12.5, E13.5, E14.4) and late (E14.5, E15.5, E16.5) stages of embryonic hair
morphogenesis (Figure 3.5A) and examined the HF X-gal labeling patterns in
the skin during the adult hair cycle. In telogen (PD21-24), X-Gal+ cells were
detectable in the skin in some DP cells (Figure 3.5B) and in the dermal cells
that surrounded the HF (Figure 3.5C). In the epithelial compartment of the HF
X-Gal+ cells were in the bulge ORS (where single cell lineage tracing data
showed that the HFSCs reside;(Zhang et al., 2009), in the non-proliferative
layer underneath the bulge ORS, and in the infundibullum (Figure 3B). In
anagen (PD26-PD31), X-Gal+ cells were detectable in the bulge and in the bulb
area including the matrix and in the differentiated IL (Figure 3.5D), as well as
in the infundibullum (Figure 3.5D). These patterns were detectable in
adulthood whether tamoxifen injections were done at early (E12.5-E14.5) or
late (E14.5- E16.5) embryonic morphogenesis. However, I found that as seen
before in morphogenesis the early Runx1+ embryonic HF cells or progenitors
had a better survival rate into adulthood when compared to the late Runx1+
embryonic HF cells (Figure 3.5E). In fact, HF counting revealed a similar
fraction of ~7-9% labeled follicles at PD0, PD5 and PD26 in mice injected with
tamoxifen in early embryonic morphogenesis. In contrast, in mice injected in
the late embryonic morphogenesis I found that only ~1/3 of the initial PD0
labeled HF still contained X-Gal+ cells in adulthood (Figure 3.5E). Thus, these
data showed that Runx1+ cells in both early and late embryonic hair
morphogenesis contain precursors of the adult HFSCs. In addition, the early
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HF cells had a higher fraction of these permanent HF progenitors, while the
late HF cells were enriched in short-term progenitors that contributed
transiently only to post-natal HF morphogenesis, but not to adult homeostasis.

Delayed hair follicle morphogenesis in Runx1 epithelial skin knockout
To test the role of Runx1 in the embryonic epithelial HF cell populations, I
analyzed the skin phenotype of epithelial Runx1 conditional knock out (cKO)
mice, generated by crossing the K14-Cre transgenic mice (Vasioukhin et al.,
1999) to the Runx1 fl/fl mice (Growney et al., 2005). Previously I reported that
hair shafts emerged from the skin by PD9, but HF remained temporarily
blocked in telogen from PD21 on for an extended period of time (Osorio et al.,
2008). At E12.5 the K14-Cre worked only in ~50% of the undifferentiated
epithelium, as showed by X-gal staining of K14-Cre; R26R embryo sections
(data not shown). However, antibody staining showed that by E16.5 most of
the Runx1 protein was absent in the epithelial skin (Figure 3.7A). Mice with
inefficient K14-Cre activity, as shown by Runx1 antibody staining at E16.5,
were not included in our analysis.

In Runx1 cKO and WT skin sections HFs were present in a mixture of
morphological stages as shown by B4-integrin immunostaining, to reveal the
basal layer and the ORS (Figure 3.7A), hematoxylin and eosin (not shown), or
alkaline phosphatase (to reveal dermal papillae and dermal condensates;
Figure 3.7 B and C). Sox9 and NFATc1, two adult stem cell factors that are
expressed during morphogenesis, showed no difference in their HF
expression in WT and cKO skin (Figure 3.6A and B). I also found no
difference in the expression of other skin structural markers, such as Keratin-
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17 and E-cadherin (Figure 3.6C and D). I found a thinning of the suprabasal
layers of the skin at E16.5 (Figure 3.6E-G). However, staining for stratification
markers filaggrin, keratin 1 and loricrin (not shown) showed no abnormalities
in epidermal differentiation of Runx1 cKO skin (Figure 3.6E-F). Since Runx1 is
not expressed in the interfollicular epidermis the epidermal thinning was
likely a secondary effect from the loss of Runx1 in HFs.

Although follicles seemed to develop in the Runx1 cKO, they appeared less
dense when compared to WT skin (Figure 3.7B and D). I counted the number
of HFs irrespective of developmental/morphological stage in the skin and
expressed it as an average per field of view (FOV). Moreover, I determined
the distribution of HF patterns in 20 um back skin of cKO and WT mice
section stained with alkaline phosphatase. At E16.5 WT skin analysis revealed
mainly hair placodes and germs, belonging to the 2nd hair growth wave at this
age, and few hair pegs, belonging to the 1st hair growth wave (Paus et al.,
1999). The 1st wave represents only 2% of all the hairs in the skin(SchmidtUllrich and Paus, 2005). I found ~ 4 HFs/FOV in WT and ~2 HFs/FOV in
cKO skin (Figure 3.7D). The total number of HFs at a given age shows directly
how many placodes have been cumulatively induced in the skin from the
beginning of hair morphogenesis. Therefore, these data demonstrated that
~45% of HF had not been timely induced by E16.5, and that Runx1 loss caused
a developmental impairment in placode formation (Figure 3.7B).
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Figure 3.5: In vivo lineage tracing of embryonic Runx1 expressing cells;
analysis during adult hair cycle.
A.) Scheme showing early and late induction scheme and timepoints when
skin samples were taken.
B.) X-gal staining counterstained with hematoxylin showing contribution of
Runx1 expressing cells to the bulge, infundibular area and dermal papilla.
C.) 90 um section showing contribution of embryonic Runx1 expressing cells
to the adult dermis.
D.) Embryonic Runx1 expressing cells contribute to hair regeneration. Anagen
hair follicles shows X-gal positive cells in the bulge and in the inner layers of
the new regenerated follicle.
E. )Runx1 expressing cells are long live. Plot showing that early induced
Runx1 expressing cells had a better survival rate than late induced cells.
Epi: Epidermis, Der: Dermis, Dp: Dermal Papilla. Scale bars represent 10uM.
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Figure 3.6: Normal expression of known molecular factors involved in hair
morphogenesis in Runx1 cKO skin
A-D.) Immunostaining analysis at E16.5 in Runx1 cKO skin showed no
abnormal expression for adult stem cell markers such as Sox9 (A) , NFATC1
(B) or other structural markers such as Keratin17(C) or E-cadherin (D).
E-F.) Thinning of the suprabasal layers in Runx1 cKO skin. E16.5 skin showed
a thinning of the suprabasal layers in Runx1 cKO skin with normal
stratification as represented by the normal expression of stratification markers
such as keratin -1(E) and Filagrin (F).
G.) Skin measurements using imageJ at E16.5 showed thinning of the
suprabasal layers in Runx1 cKO skin. N=3 WTs and 3cKOs. A minimum of 80
measurements per skin samples were done p value=.01
Epi: Epidermis. De: Dermis. Scale Bar 10uM
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The evolution of the HF populations during morphogenesis can be expressed
as the total number of HFs that passed through a particular morphological or
developmental stage in their morphogenesis and can be calculated from the
frequency of each morphological stage per FOV at a given time. For example,
since placode (stage 1, st 1) is the most immature stage and hair peg (st 4) is
the most mature stage present at E16.5 skin, the frequency of induced
placodes would equal the sum of st1, 2, 3, and st4 follicles (Figure 3.7C’).
Similarly the frequency of induced hair germs would equal to the sum of st2,
st3 and st4 developing HFs. If the hair placode induction was delayed rather
than blocked in the cKO skin, it would cause a secondary delay in all the HF
developmental stages descending from the placode. Indeed, our data at E16.5
showed reduction in the frequency of occurrence of not only placodes in cKO
relative to WT, but also revealed a substantial reduction in both hair germs
and pegs (Figure 3.7C’).

Next I asked if any of the HF developmental stages subsequent to placode
induction, the down-growth and differentiation, were also directly affected by
Runx1 cKO. For that I calculated the fractions of total HF that converted from
placodes to germs, from germs to pegs, from pegs to bulbous pegs, etc from
the beginning of morphogenesis to the time of analysis (Figure 3.7C”). The
data revealed a significant impairment (p=.01) in the conversion of placodes
(stage 1) to hair germs (stage2) upon Runx1 loss by E16.5 (Figure 3.7C’’).
By PD1 when the 3rd and last hair growth wave had already been initiated, I
found that the total number of HFs became equal in WT and cKO (Figure 3.7D
and F). Thus, HF placode induction eventually occurred in the Runx1 cKO
skin. I also calculated the cumulative number of HF that passed through a
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specific stage from the beginning of morphogenesis to PD1, as well as the rate
of conversion from one stage to another (Figure 3.7F’ and F”). First, placodes
and germs (which at PD1 belong to the 3rd growth wave) were only mildly
affected by Runx1 loss. The most affected seemed to appear the conversion
from peg st 4 to peg st 5, which belonged to the 2nd wave of HF growth. By
PD9 all HFs reached full maturity and produced hair shafts.

Lastly, I determined whether loss of Runx1 affected lineage fate specification.
For this, I immunostained skin sections of PD6 and PD9 mice with markers
specific for differentiated lineages such as Sox9, Gata3, AE13, Keratin 5 and
Lef1. I found no difference in the pattern of expression in the cKO skin when
compared to WTs suggesting that fate acquisition was not affected by the loss
of Runx1 (Figure 3.8).

Collectively all of these findings suggested that Runx1 loss posed a delay in
HF induction (placode formation) in embryonic morphogenesis at E16.5. This
resulted in a shift or delay of the entire HF developmental program, which
appeared more pronounced for the initial hair growth waves (1 and 2). In
addition, Runx1 loss appeared to affect directly the HF down-growth as
shown from the impaired rate of conversion from placode to hair germ and
from peg to bulbous peg. However, this developmental delay was eventually
overcome later in postnatal morphogenesis by PD10, when Runx1 cKO mice
produced fully differentiated hairs shafts.
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Figure 3.7: Runx1 loss results in a delay in hair follicle morphogenesis.
A.) Co-staining of hair germs with Runx1 and B4-integrin antibodies at E16.5
showed its absence in the epithelial part of the cKO germ.
B-C.) Alkaline phosphatase staining co-stained with S-red at E16.5 (B) and
PD1 (C) showing a reduction in hair follicle density in Runx1 cKO skin.
D.) Plots showing the the average number of follicles per field of view (FOV)
in WT and cKO skin at E16.5 and PD1. The average number of HF is cKO skin
is 2.61 (N=3), while in WTs is 4.71 N=4. At PD1 the average number of
HFs/FOV in cKO is 9.53 (N=4) and in WTs 10.76 (N=4) suggesting that the
initial reduction in total HF number is overcome.
E-F) Loss of Runx1 results in a hair follicle developmental delay.
E.) Plots showing the HF density divided by mophogenetic stage.
E’) Plot showing the evolution of HF development. The number of developing
follicles that are or passed a particular developmental stage were compared in
WT and cKO skin. Notice that the initial reduction in the total number of hair
follicles seen in (D) results from a delay in HF induction rather than a block in
hair development.
E’’) Plot showing the rate of conversion of a HF in stage n of development to
stage n+1 in development. Notice that the rate of conversion of stage 1
(placode) to stage 2 (germs) is decreased in Runx1 cKO skin suggesting a
defect in downgrowth.
F-F’’) Plot showing the HF density by stage, the evolution of hair follicle
morphogenesis and the rate of conversion at PD1 skin
Epi, epidermis; De, Dermis. Scale Bars is 10uM
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Figure 3.8: Loss of Runx1 does not affect lineage fate specification. Skin
section of PD6-PD9 skin show the presence of differentiation markers (red) in
both WT and cKO skin. DAPI is blue. Scale bar 10uM.
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Loss of Runx1 mildly impairs embryonic HF cell proliferation
Runx1 is implicated in epithelial cells proliferation and cell cycle regulation
(Hoi et al., submitted, Osorio et al., 2008), and cell proliferation occurs
robustly through hair morphogenesis. Indeed, staining of E16.5 back skin for
Ki67 (Figure 3.9A), a proliferative marker, and for short-term incorporation of
BrdU showed ~20% difference in cKO and WT skin (Figure 3.9B). These
results were true whether I analyzed basal/ORS a6-integrin+ cells sorted from
the skin at E16.5 (Figure 3.9B) or skin sections in which I focused on the hair
germs (Figure 3.9C and D). This mild proliferation defect was likely
contributing but was probably not the entire cause of the HF developmental
delay induced by Runx1 loss.

Loss of Runx1 compromises the ability of keratinocytes to adhere and
migrate
The formation of the early HF rudiments require downward migration of the
ectodermal cells from the single layer of ectoderm that need to become
polarized and invade the underlining dermis. Staining of E16.5 back skin with
keratin-5 antibody to mark the epithelial cells cytoskeleton revealed a
disorganization in the early hair germs of the cKO. The cells appeared more
crowded with cells and lacked the regular tiled-pavement appearance
observed in the WT (Figure 3.10A). I found equal number of cells per germ in
both WT and cKO , but a significantly reduced germ area in cKO (Figure
3.10B), suggesting that germ cells were produced in normal numbers but they
failed to migrate down upon Runx1 loss.
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Figure 3.9: Loss of Runx1 causes mild proliferation defects.
A-B.)Immunofluorescene analysis showing embryonic hair germs stained for
A.) Ki67 and B.) BrDU
C.) Mild decrease rate of proliferation in the cKO E16.5 skin. Plot of a BrDU
immunostaining analysis of FACS purified a6-integrin cells showing a 28%
reduction in BrDU incorporation observed in cKO a6 epithelial cells. N>3 Wt
and cKO. A minimun of 250 cells counted per population.
D. Plot quantifying the average number of BrDU+ cells observed in germs
(Figure 3.5B) after 3.5 hours chase. N>100 germs WT and cKO.
Epi: Epidermis, Der: Dermis. Scale bars represent 10um.
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To test whether Runx1 might play a direct role in epithelial cell migration and
adhesion, I isolated primary skin epithelial cells (keratinocytes) from WT and
cKO newborn mice and placed them in culture. Previously I showed all of
cultured keratinocytes eventually expressed Runx1, which was required for
their long-term survival and proliferation (Osorio et al., 2008).

I determined whether Runx1 played a role in cell adhesion by testing the
ability of epithelial skin cells (keratinocytes) to adhere and spread over a
period of 24 hours after plating on different extracellular matrix (ECM)
factors: fibronectin (FN), collagen 1 (Col-1) and Poly-D-Lysine (PDL). Similar
to WTs, Runx1 mutant keratinocytes attached to all these different ECM
substrates (Figure 3.10G).

I also looked at the ability of the cells to spread in the absence of Runx1. I
focused our attention on spreading onto collagen, because keratinocytes
seemed to attach best to this factor (Figure 3.10C,G and H). In a period of 24
hrs, ~85% WT and cKO cells showed “spreading”, as defined by a large
surface area with strong actin fibers and focal adhesion points seen in
phalloidin and vincullin immunostaining (Figure 3.10D). The remaining 15%
of the cells remained round with no apparent stress fiber formation during
this time. In addition, I found that more Runx1 cKO keratinocytes
accumulated strong stress fibers when compared to WTs, and showed a large
surface area as defined by the contour of the phalloidin staining (Figure 3.10DF and H). This effect of Runx1 loss on cell adhesion was also observed in
keratinocytes plated onto a monolayer of mouse embryonic fibroblast (MEFs)
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immunostained with K5, at 24 hrs (Figure 3.10F) and 96 hours (data not
shown) after plating.

If Runx1 cKO keratinocytes attach more strongly and spread out more on
ECM, this might also impair their cell migration ability. To test this possibility
I performed scrape-wound closure in vitro assays on monolayers of primary
keratinocytes freshly plated onto a collagen matrix. I photographed the
wounded area using phase contrast microscopy at 0-, 8-, 12-, 24- and 31 hrs
after wounding (Figure 3.10I and data not shown). To calculate the migration
rate I measured the distance between wound edges (in um) for two wounds
per mouse (N=4 WT and 4 cKO mice). I observed that over a period of 12
hours the distance between wound edges decreased faster in the WT than in
the cKO. This was due to either slower migration or decreased proliferation in
cKO cells (Figure 3.10I, K). However, when I repeated this experiment in the
presence of mytomycin-C (myt-C), a potent inhibitor of cell proliferation,
the cKO cells remained slower in closing the wound (Figure 3.10K). Therefore
Runx1 loss resulted in impaired cell migration and adhesion in vitro, which
correlated well with the high density of cells in the hair germ and the
impairment in HF down-growth in vivo.
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Figure 3.10: Loss of Runx1 impairs proper downgrowth in vivo and cell
adhesion and migration in vitro
A.) Abnormal hair germ morphology in cKO skin. Immunostaining with K5
shows cKO gems are smaller that WTs.
B.) Analysis of hair germ. Plot of hair germ area using Image J showed
reduced germ size in cKO skin. Au: Arbitrary Unit. Total number of cells per
hair germ was comparable in both genotypes. Average number of cells per
germ WT =27 and cKO 29 .
C.) DAPI staining of cells plated onto collagen 124 hours post plating
D-E.) Spreading defects in Runx1 mutant keratinocytes.
D.) Immunofluorescence analysis of keratinocytes plated into collagen and
stained for vinculin and phalloidin. Runx1cKO keratinocytes had more stress
fibers and spreaded more.
F.) Imunofluorescence analysis showing that Runx1 under normal culturing
condition Runx1 cKO mutant cells plated cells spreaded more.
G.) Plot showing attachment to different ECM factors 24 hours after plating
Col-1: Collagen 1, FN: Fibronectin, PDL: Poly-D-Lysine.
H.) Analysis of cell spreading in Col-1. The percent of cells that spreaded in
collagen is similar in WT and cKO. However Runx1 mutant cells have a higher
percentage of bigger cells.
I.) Wound healing assays in cells isolated from newborn mice showing a
migration defect in Runx1 deficient cells.
J.) Plot showing the average distance keratinocytes migrated in a 12 hour
period without mitomycin C and 24 hour period with mytomycin C
Epi: Epidermis, Der: Dermis. Scale bars represent 10um.
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Miss-regulated WNT signaling pathway in Runx1 cKO skin
Signaling pathways such as Bmp/TgfB, Wnt, FGFs and TNFs are known to
participate in the epidermal-mesenchymal communication that occurs during
embryonic hair development (Millar, 2002; Schneider et al., 2009). Since
Runx1 is a transcription factor I took a candidate approach in which I tested
for the mRNA expression levels of factors known to regulate hair
morphogenesis (Andl et al., 2002; Botchkareva et al., 1999; Millar, 2002;
Nakamura et al., 2001) as summarized in Figure3.11A. Real time PCR
conducted on skin epithelial cells FACS purified from E16.5 embryos (Figure
3.11A and B) showed that of the two a6-integrin populations purified, high
and medium, Runx1 was expressed in the a6 integrinmedium population(Figure
3.12B). Since Runx1 is expressed in the HFs but not the epidermis, this
suggested that the a6 integrinmedium population was enriched for hair
epidermal cells (Figure 3.12B and 3.11A,B). mRNA isolation and cDNA
analysis by QRT-PCR revealed a change in expression for several of these
factors in the a6-integrinmedium population (Figure 3.12C), due to Runx1 loss.
However, since at E16.5 HFs are found as a mixture of developmental stages,
generally less advanced in the cKO skin than in WT, it was unclear if these
differences in gene expression might be a result rather than a cause of the
observed Runx1 cKO HF developmental delay.
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Figure 3.11: Two α6-integrin expressing populations exists in E16.5 skin.
A) FACS analysis plot showing the gates for the α6-integrin high, medium
and negative population.
B.)Expression of epidermal markers on sorted cell populations.
Immunofluorescence analysis showing an enrichment for Keratin 17 a hair
follicle marker in the α6-integrin medium population.
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To distinguish between these possibilities I focused on one of these
developmental pathways, the Wnt signaling, for which available reagents
including antibodies and reporter mice allowed us to examine its activity
status in situ, in comparable HF developmental stages.

First, I immuno-stained skin sections for Lef1, a transactivator of Wnt target
genes (Andl et al., 2002; Jamora et al., 2003; Lowry et al., 2005; Reya and
Clevers, 2005), found strongly expressed at the leading edge of the developing
follicle, where the Runx1 low expressing cells reside (Figure 3.12E-G). Lef1 is
also weakly expressed in the upper follicle, co-localizing as well with the
Runx1 high expressing cells (data not shown). In the cKO skin Lef1 showed
decreased and/or diffuse levels in the hair placode, germs and pegs,
especially at the leading HF edge (Figure 3.12E-G). Since Runx1 and Lef1
have been previously shown to share several binding partners (Levanon et al.,
1998), it is possible that they might interact at the protein-protein level in the
HF cells. To test this hypothesis, I performed co-immunopreciptation (IP),
using a Runx1 specific antibody (Telfer and Rothenberg, 2001), on extracted
proteins from E16.5 skin. Indeed, I found that Lef1 but not Gapdh could be
co-IP using the Runx1 antibody, while control Igg could not co-IP any of these
proteins (Figure 3.12D). Intriguingly, the diffusion and decrease of Lef1
staining signal was not confined to the HF epithelial compartment, but was
also seen in the DP, and in the surrounding dermal cells (Figure 3.12E-F). This
was not due to impaired antibody staining in the cKO as many cells in the
adjacent skin regions showed bright nuclear signal (Figure 3.12E-F). These
data suggested a broader paracrine effect of Runx1 loss on Lef1 protein level
or nuclear localization in the skin.
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To further examine in situ the effect of Runx1 loss on Wnt signaling I crossed
the K14-Cre; Runx1fl/fl with Wnt signaling reporter (BAT-GAL) mice
(Maretto et al., 2003). These mice carry the lacZ reporter transgene
downstream of an enhancer element that contains a minimal promoter and
multiple Tcf/Lef binding sites. Analysis of E18.5 and newborn back skin
stained with X-Gal showed a dramatic decreased in signal in the cKO when
compared to WT (Figure 3.12H,J and K). Quantification of the number of HFs
with X-gal+ cells showed that 25% of all cKO counted HFs had at least one Xgal+ cell in comparison to 67% in the WT (Figure 3.12I). As seen before for
Lef1, this decrease in signal was not confined to the epithelial compartment,
but was also detected in the DP of the cKO HFs, many of which lacked
entirely X-Gal signal (Figure 3.12H). All these results suggested that Runx1
loss in the epithelium results in a generalized decreased canonical Wnt
signaling in the skin in both epithelial and mesenchymal cells.

Discussion

Here I used Runx1, a transcription factor previously implicated in adult HFSC
activation (Osorio et al., 2008)and HSC emergence (Dzierzak and Speck, 2008),
to investigate HFs embryonic morphogenesis and adult HFSCs emergence.
First, I described Runx1 expression at different levels in two subpopulations of
epithelial HF cells of the early hair rudiments. Second, I performed lineagetracing experiments and tracked the fate of the embryonic Runx1+ cells during
post-natal embryogenesis and in adulthood. Third, I examined the role of
Runx1 during HF morphogenesis in a conditional epithelial knockout mouse
and found that Runx1 loss delays HF induction and down-growth.
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Figure 3.12: Mis-regulation of WNT signaling pathway in Runx1 cKO skin
A.) Table summarizing the name of key skin regulators and the phenotypes in
the skin
B.) QPCR analysis showing expression of Runx1 in the a6-integrin high and
medium population.
C.) Regulators of hair morphogenesis are misexpressed in Runx1 cKO skin.
RT-PCR analysis in cDNA from a6-integrin medium population showing
misregulation of known hair morphogenesis factors. N=2Wts and 2cKOs.
E-F.) Lef1 downregulation in Runx1 cKO skin. Immunostaining of Lef-1 co
stain with alpha 6 integrin showing a reduction of Lef 1 in the placodes (E),
germs (F) and hair peg (G) of Runx1 cKO skin when compared to WTs.
D.) Co-Immunoprecipitation using a Runx1 antibody and blotting for Lef1
showed that Runx1 and Lef1 can are found in the same protein complex in
physiological conditions. N=6WTs and 6cKO
H-K.) Wnt signaling is downregulated in Runx1 cKO skin . Analysis of Lac-Z
expression of cKO and WT mice that carried the BAT-GAL Wnt signaling
reporters. X-gal analysis showing reduced Lac-Z activity in E18.5 skin (H),
hair placodes(J) and germs (K)
I.) Quantification of D showed a 50% reduction in the number of follicles with
at least one X-gal positive cell in Runx1 cKO skin . N=2Wt and 2cKO
L.) Plot showing the quantification of E-G
Epi: Epidermis, Der: Dermis. Scale bars represent 10µm.
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Finally, I began to uncover the mechanism of Runx1 action in the skin by: (a)
identifying an in vivo interaction of Runx1 with Wnt signaling, a known
positive regulator of HF morphogenesis(Andl et al., 2002); (b) implicating
Runx1 in HF cell proliferation, keratinocyte cell adhesion, and cell migration.

Two populations of Runx1+ HF progenitors marking the adult HFSC
embryonic precursors, and the precursors of the “primitive” hair
Previous genetic labeling via constitutive Sox9-Cre showed that exclusive
marking of ORS cells in bulk did not result in progeny cell contribution to the
matrix (M) and inner layers (IL), the differentiated lineages of the HF, by PD7
(Nowak et al., 2008). Second, genetic marking of single cells/HF in postnatal
morphogenesis followed by lineage tracing showed exclusive labeling of
either ORS M/IL cells(Legue and Nicolas, 2005) , supporting the notion that
the ORS and M/IL are divergent lineages that remain independent of each
other at least at discrete stages of morphogenesis. In this context, our data in
which I detect a large fraction of HFs labeled in early embryonic
morphogenesis presenting either ORS or M/IL labeling but not both by PD0,
suggested that Runx1 was expressed in the early embryonic epithelial hair
rudiments in the distinct progenitors of these lineages. The upper HF region
expressing Sox9, which contains the ORS precursors (Nowak et al., 2008), also
contained the high Runx1 expressing cells. Therefore it seems likely that the
high Runx1 expressing cells were the precursors of ORS, leaving the low
Runx1 expressing cells as the likely candidates for M/IL precursors (Figure
3.13). The presence of complex labeling patterns at PD0 and PD5 was likely
due to multiple labeling events/early HF in precursors of each of the two
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subpopulations, although I cannot rule out that a common Runx1+ ancestor
for the two diverging progenitor populations also existed in the hair placode.

In the study by Legue et al (Legue and Nicolas, 2005), the matrix cells selfrenewed and generated the IL temporarily, but failed to self-renew for the
entire length of anagen and some of these progenitors were eventually lost
from the skin before the end of morphogenesis(Legue and Nicolas, 2005). This
loss of M/IL during postnatal morphogenesis might explain the apparent
decrease in the M/IL pattern frequency from PD0 to PD5, when I marked HF
cells via Runx1-CreER in early embryonic morphogenesis (Figure 3.4E).
However, in our data it was unclear if all the newly made ILs at PD0 were
generated from matrix cells, or were directly made from very short-lived
Runx1+ progenitors that existed in the early hair rudiments. Our genetic
marking of late embryonic Runx1+ HF cells (peg/bulbous peg), seem to
suggest an expansion of progenitors that make the M/IL by late embryonic
morphogenesis. This would be expected from the progression of HFs towards
more advanced stages that culminate with production of differentiated cells.
In addition, these late Runx1+ embryonic progenitors proved to have a lower
survival rate than the early Runx1+ progenitors, as shown by the drop in total
HF X-Gal labeling by late postnatal morphogenesis and in adulthood (Figure
3.5D). This suggested that most of the late embryonic Runx1+ progenitors
were destined to contribute exclusively to hair morphogenesis (Figure 3.13
and 3.1A), resembling the “primitive” progenitors described for
hematopoiesis. In contrast, the early embryonic morphogenesis HF cells
survived through adulthood to contribute progeny to adult hair homeostasis
and to long-lived HFSCs. In turn, this suggested that most of the early
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embryonic Runx1+ progenitors were precursors of the adult HFSCs,
resembling the so-called “definitive” progenitors described in hematopoiesis,
which produce the adult HSCs (Dzierzak and Speck, 2008; Mikkola and Orkin,
2006).

Previous work suggested that Sox9-Cre marked ORS cells begin to contribute
to M/IL after~PD7, to add progeny cells to late postnatal HF morphogenesis
to postnatal morphogenesis (Nowak et al., 2008). Therefore it is possible that
in later morphogenesis the Runx1+ ORS cells might also begin to contribute to
M/IL. In our lineage tracing, we could still detect all types of labeling
patterns at PD13, including the ORS and bulge exclusive pattern (Figure 3.3E).
This might indicate that a fraction of ORS cells may remain un-utilized during
morphogenesis and are kept tucked away in the upper ORS/bulge for later
use in adult homeostasis. However, because of continuous loss of all marked
HF labeling pattern, and substantial presence of complex patterns, I could not
draw firm conclusions with respect to a potential flow of cells from the ORS
into the M/IL during morphogenesis. Addressing whether “primitive” and
“definitive” embryonic HF progenitors are completely independent lineages,
as seen for blood and muscle (Dzierzak and Speck, 2008; Lepper et al., 2009;
Messina and Cossu, 2009; Wang and Conboy, 2009), awaits inducible single
cell lineage tracing of embryonic HF cells using markers that are specific to
either ORS or matrix precursors. The earliest timing when HFSCs were
proposed to be specified was ~E18.5, when HFs were already well formed and
began to differentiate (Nowak et al., 2008) .This timing of HFSCs specification
was determined by the identification of a 1st generation of slow cycling cells
using an H2B-GFP pulse-chase system (Tumbar et al., 2004), in a group of cells
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that are already committed to form the ORS compartment and the bulge
(Nowak et al., 2008). Our data establishes the existence of a population of
Runx1+ HFSCs precursors largely committed for ORS and adult homeostasis
generation much prior to the E18.5 time point, at the earliest stages of hair
morphogenesis in the hair placode.

Runx1 is important for the timely emergence of HFSCs precursors and of
“primitive” HF progenitors
Our epithelial cKO deleted Runx1 in both subpopulations of Runx1 expressing
cells in the early hair rudiments. While previously it was clear that adult
HFSCs were formed in the absence of Runx1(Osorio et al., 2008) ,it was
unclear if their emergence was affected in more subtle ways by Runx1 loss. In
addition, it remained unclear if any effects of Runx1 loss were apparent in the
embryonic hair morphogenesis. Here I showed that Runx1 loss caused a
delay in placode induction therefore affecting both populations of Runx1+
progenitors, including the adult HFSC precursors as well as the “primitive”
progenitors. This delay in HF emergence was efficiently overcome after birth.
The “primitive” progenitors were able to produce fully differentiated hairs in
late morphogenesis in the absence of Runx1. Moreover, the adult HFSCs seem
to also form relatively normally by the time of 1st adult hair cycle. Although
the HFSCs activation and 1st telogen-anagen transition were delayed as well
by the Runx1 loss (Osorio et al., 2008),this delay was due to a direct effect of
Runx1 in adulthood, and was not a consequence of developmental defects in
HFSC emergence. This was demonstrated by acute deletion of Runx1 during
adulthood, which recapitulated the phenotype of the constitutive epithelial
KO (Hoi et al, submitted).
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Figure 3.13: Model depicting the fate of embryonic epithelial Runx1
expressing cells during postanatal hair development. Genetic labeling of
Runx1 expressing cells is consistent with the notion of the existence of two
distinct populations existing at the early stages of hair follicle development.
The primitive population will contribute to the formation of the hair during
embryonic morphogenesis and will be lost from the skin postnatally. The
definitive Runx1 expressing population will expand and remain
undifferentiated in the ORS/Bu compartment and will contribute to the hair
regeneration in the adult hair cycle.
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Mechanism of Runx1 action in HF inductive processes
The similarities in the mechanisms that control hair morphogenesis and stem
cell activation during the telogen to anagen transition in adulthood (Schneider
et al., 2009), appear to be also illustrated by the action of Runx1 (Osorio et al.,
2008), Hoi, submitted). The telogen to anagen transition is a stage that
resembles the induction and down-growth phase of hair morphogenesis in
that adult stem cells migrate out from the bulge, proliferate, acquired a
progenitor like state, and differentiate (Osorio et al., 2008; Zhang et al., 2009).
The finding that in vitro Runx1 controls cell migration (this work) and
proliferation via direct cell cycle control (Hoi et al, submitted) might explain in
part why these two HF stages both characterized by down-growth and
proliferation were affected by the loss of Runx1. In both cases the tissue
eventually overcomes these defects (this study, Hoi et al) suggesting that other
factors, such as Stat3, which showed a similar adult skin phenotype (Sano et
al., 1999; Sano et al., 2000) could compensate for the loss of Runx1. A potential
candidate for compensation during morphogenesis is Runx2, also expressed in
the hair follicle and dermal sheath during morphogenesis (Glotzer et al., 2008).
Although Runx2 is not as broadly expressed as Runx1, its ablation in the
mesenchymal and epithelial compartment also delayed hair morphogenesis
(Glotzer et al., 2008).

Another mechanism that might unite Runx1 action in HF morphogenesis and
HF cycle is its interaction with the Wnt signaling pathway (this work). Wnt
signaling regulates a variety of cellular and developmental processes in the
skin including hair follicle induction, cell fate acquisition and activation of
stem/progenitor cells (DasGupta et al., 2002; Gat et al., 1998; Merrill et al.,
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2001; Van Mater et al., 2003). Here I showed that Runx1 promotes canonical
Wnt signaling during embryogenesis and in both embryonic and adult skin
Lef1 and Runx1 can be found on the same protein complexes. This is not
surprising since both Runx1 and Lef1 have common interacting
factors(Howcroft et al., 2005) . While down-regulating Wnt signaling in the
skin is likely an important cause of HF induction delay, rescue experiments in
which Wnt signaling is restored in the Runx1 cKO skin will be required in the
future to firmly demonstrate the extent of Wnt contribution to the Runx1 cKO
phenotype.

An intriguing finding was the apparent paracrine effect that loss of Runx1 in
the epithelium had on Wnt signaling in the mesenchyme, in which both Lef1
and Bat-Gal reporter signal appeared diffuse/low. This occurred in HFs at all
the developmental stages analyzed and underscores the role that Runx1 plays
in the epithelial-mesenchymal interactions. Given the important role the
mesenchyme plays in the induction of both HF morphogenesis (SchmidtUllrich and Paus, 2005)and HF cycling (Plikus et al., 2008), it is perhaps not
surprising that Runx1 appears to control these inductive processes in the skin.

In conclusion, I uncovered Runx1 as an early embryonic factor expressed in
the precursors of adult HFSCs, as well as in early temporary progenitors of HF
morphogenesis. Moreover, Runx1 was important for the timely emergence of
all HF progenitor populations, including the embryonic precursors of adult
HFSCs. However, Runx1 embryonic expression in epithelial skin cells
appeared dispensable for their subsequent function in postnatal life.
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CHAPTER 4
CONCLUSION AND FUTURE DIRECTIONS

Adult tissue stem cells are the unique cells in the body that retain the ability to
self renew and differentiate for the entire life of the organism. Malfunction of
these cells leads to aging of the tissue and in some instances can lead to
disease such as cancer. It is thus imperative to understand the factors that
intrinsically and extrinsically regulate stem cells behavior in vivo and in vitro.
This will enable to develop inexpensive tools that will allow to manipulate
and to maintain adult stem cells in vitro such that stem cell therapy could be
an accessible treatment to cure diseases like heart failure, diabetes, cancer and
schizophrenia. In addition understanding the factors that affect stem cell
behavior during development, adulthood and injury will allow developing
drugs that will target specifically this type of cells without compromising the
homeostasis on the rest of the organism.

In this dissertation I described the expression (Figure 4.1) and function (Figure
4.2) of the transcription factor Runx1 in the skin during embryonic
morphogenesis and adult hair cycle regeneration. I found that Runx1 is
expressed in the skin epithelia prior hair morphogenesis and since then its
expression in the hair follicle is maintained throughout life. Lineage tracing
analyses of the Runx1 expressing cells during the initial stages of hair
development allowed discovering that the specification of adult hair follicle
stem cells (HFSC) is an event that occurs during the early stages of hair
morphogenesis. This finding opens a new area of investigation in which
questions regarding the behavior HFSCs during embryogenesis can now be
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ask. Understanding the molecular signature of embryonic HFSCs, the
similarities and differences between the embryonic and adult hair follicle stem
cells together with understanding the factors that affect their functionality in
vivo and in vitro will not only shed light into understanding the basic behavior
of stem cells but will allow determining the defects in a cancer stem cell.
Addressing these questions will involve the identification of surface markers
to isolate and analyze at the transcriptional level the molecular signature of
embryonic HFSCs. Cross comparisons of the embryonic HFSCs microarray
data with other expression data at other timepoints will allow to understand
the process of stem cell maturation that occurs in any given tissue. In addition
these data could also be use to identify genes that are differentially regulated
in basal cell carcinoma, a type of cancer that originate from the basal layer and
ORS cells. Finally genetic studies were ablating or overexpressing the
function of genes during development and adulthood will help to elucidate
the factors that are critical for stem cell behavior in either the embryo, the
adult, or both. Answering these questions will provide molecular
understanding about the basics in HFSC development and disease and will
also reveal some clues about why the regeneration capacity of a tissue declines
with age.
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Figure 4.1: Expression of Runx1 in the skin. Scheme summarizing the
expression of Runx1 throughout different developmental stages of hair follicle
morphogenesis and adult hair cycle.
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In vitro Runx1 regulated the clonogenic activity and migration of skin
keratinocytes. Still we need to understand why the clonogenic potential is
affected. One possible explanation is that Runx1 directly regulates the
expression of cell cycle genes and its absence results in a proliferation defect.
Expression analysis in cells that have been in culture for a short period of time
together with cell cycle analysis will allow determining whether Runx1
impairs a particular phase of the cell cycle and find genes that are affected by
its absence. However another possible explanation for the clonogenic defect is
that the culturing conditions are not suitable for the growth of these mutant
cells. Addressing these questions will require changing the temperature and
the CO2 content and ask whether Runx1 mutant cells can growth under these
new culture conditions. In addition I described that, in vitro, Runx1 mutant
keratinocytes are slow migrating in a collagen matrix. These results suggested
that the integrin communication is altered. Whether this slow migratory
response is only in a collagen matrix is unknown. Repeating the wound
closure assays in other ECM factors will address this question. Moreover it
would be interesting to know why Runx1 mutant keratinocytes are slow
migrating in vitro. Migration is a multistep process that requires cell
polarization, protrusion and adhesion formation and rear retraction (Ridley et
al., 2003). All these steps are regulated by different factors and can be
morphologically distinguished. Determining specifically which step in the
migration process is affected will provide more information about the role of
this gene in migration. This could be achieved by doing microscopy
experiments to determine how does the shape of the cell and its movement
differ in Runx1 mutant keratinocytes when compared to WTs. In addition
determining whether one of the small GTPases is affected by the loss of Runx1
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will allow determining which step of the migration process requires Runx1.

In vivo impairment of Runx1 delayed embryonic hair morphogenesis (Chapter
3) while during the adulthood it delayed the follicle entrance into a new hair
cycle (Chapter 2). These two stages affected by Runx1 are similar in that both
need to activate the processes of hair induction, downgrowth, and
differentiation to form a mature hair follicle. During morphogenesis we
documented that Runx1 regulated the induction and downgrowth processes
without compromising lineage fate specification. Similarly during adulthood
induction and downgrowth were affected by the loss of Runx1 but not lineage
fate specification. It is possible that part of these in vivo defects observed in
Runx1 cKO skin at these two stages resulted from an intrinsic defect in cell
adhesion and migration. Studying the downstream targets of Runx1 in vivo
and look whether some of the integrin signaling activators or downstream
effectors are affected by the lack Runx1 will allow elucidating in more detail
Runx1 function in adhesion and migration. Similarly, as previously suggested
Runx1 can modulate the downgrowth process by directly regulating the
expression the small GTPases or indirectly regulating their activity.
Expression analysis together with Rac/CD42 and Rho activity assays will
allow delineating the role of Runx1 in cell migration, in vivo.
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Figure 4.2: Model depicting the role of Runx1 in vitro. Analysis of Runx1
mutant cells show severe defects in colony forming ability which suggests and
intrinsic defect in proliferation. In addition in vitro Runx1 mutant cells spread
more in a collagen matrix and migrate less implicating Runx1 in cell
migration.
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During hair development I showed that Runx1 modulated the Wnt signaling
pathway. However, it is still unknown how did Runx1 regulate the Wnt
signaling. In the expression analysis of E16.5 epithelial cells we found Wnt10a
to be downregulated in the absence of Runx1. This gene is highly expressed
during hair development (Andl et al., 2002) yet its function hasn’t been
elucidated. It is possible that Runx1 directly represses or activates the
transcription of several Wnt factors. Microarray array analysis together with
chromatin immunoprecipation studies would allow answering this question.
Yet Runx1 and Lef1 interaction at the protein level indicate that Runx1 can
modulate Wnt signaling activity by enhancing transcription of Lef1/Runx1
downstream targets. In other cellular contexts it has been shown that Runx1
enhances Lef1 transcriptional activity and this function is further enhanced by
the interaction with its common co-activator chaperone protein ALY
(Howcroft et al., 2005). It is possible that similarly in the skin Runx1 acts with
Lef1 to enhance transcription of downstream target genes. In vitro luciferase
reporter assays could be a good tool to determine if Runx1 enhances
transcription of Wnt targets genes.
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Figure 4.3: Model depicting the role of Runx1 in vivo. Analysis of a
conditional epithelial Runx1 knock out mouse line reveal its importance
during hair morphogenesis and adult hair cycle. During hair morphogenesis
lack or Runx1 delay the induction process, impaired downgrowth and mildly
impaired proliferation but did not terminal differentiation. In an analogous
stage, the telogen to anagen transition, lack of Runx1 delay stem cell activation
that resulted in a hair cycle defect. These results taken together implicate
Runx1 as a key regulator of the inductive processes during hair
morphogenesis and homeostasis.
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Another important discovery documented in this dissertation was defining
the function of Runx1 in the HFSCs. Runx1 during embryogenesis was
expressed in a subset of cells that eventually gave rise to the adult stem cell
compartment. Moreover its role in stem cell behavior was first observed
during adulthood at the telogen to anagen when the follicles failed to enter a
new hair cycle due to a delay in adult HFSCs activation. However any type of
injury reversed this phenotype. It has been proposed that a threshold in some
“activator molecules” needs to be reached in order for the follicle to enter a
new hair cycle. It is possible that Runx1 transcriptional activity is necessary to
reach that threshold and in its absence reaching that threshold takes longer.
Analyzing expression profiles of WT bulge cells at the telogen to anagen
transition and comparing them to expression profiles of Runx1 KO bulge cells
analyzed at different timepoints after the phenotype onset (example PD21,
PD25, PD35 and PD40) will reveal genes that gradually accumulated in Runx1
KO bulges prior entering a new hair cycle. This analysis will provide insights
into understanding the dynamic of HFSCs activation.

Besides its role as a stem cell activator in the epithelial compartment, the
analysis of mosaic epithelial mesenhymal Cre Recombinase mouse strains
allow me to determine that Runx1 can also regulate stem cell behavior
indirectly by functioning in the dermal cells. In this phenotypic analysis I
found that ablation of Runx1 in mesenchymal cells during embryogenesis but
not adulthood impaired the normal function of HFSCs. Instead of
regenerating a new hair follicle these cells either acquire sebocyte lineage or
produce follicles with multiple shafts. Runx1 role in the dermal compartment
needs to be further corroborated. Phenotypic analysis of mesenchymal Runx1
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cKO mice (using a Cre Recombinase only expressed in mesenhymal
compartment) will help dissect the role of Runx1 in this compartment.

In summary in this dissertation by using a combination of cell biology
techniques together with the analysis of a combination of conditional and
inducible KO mouse strains I defined the role of Runx1 during hair
development and regeneration onset. Further studies will provide insight into
how Runx1 affects these two developmental time points.
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