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Maintenance of adult stem cells and their progenitor cells is critical for proper
homeostasis of their resident tissues. Defects in tissue stem or progenitor cell
maintenance can cause developmental disorders, premature aging, and cancers.
Identification of transcription factors regulating these processes have yielded
significant insight regarding the mechanisms necessary for tissue homeostasis. The
mouse hair follicle provides a dynamic system that is well suited for the study of tissue
stem cell and progenitor cell regulation. Utilizing an inducible epithelial knockout
system, I investigated the role of the transcription factor Gata6 in the hair follicle and
discovered that Gata6 is essential for initiation and maintenance of hair follicle
growth.

This work found Gata6 in control of the renewal of rapidly proliferating hair
progenitors and hence the extent of production of terminally differentiated lineages. In
the absence of Gata6, progenitor cells in vivo as well as epidermal keratinocytes in
culture accumulate DNA damage and are lost to apoptosis. Gata6 in the hair appears
to protect progenitor cells from DNA damage associated with proliferation. This is
accomplished, in part, through EDA-receptor signaling adaptor EDARADD and NF-

kB pathway activation, known to be important for DNA-damage repair and stress



response in general, and for hair follicle growth in particular. In cultured
keratinocytes, Edaradd rescued DNA damage, cell survival and proliferation of Gata6
knockout cells. This Gata6-Edaradd-NF-xB pathway also activated the
minichromosome maintenance factor Mcm 10, which plays an important role in DNA
replication processivity and DNA damage repair in response to replication stress.

My data expands the role of Gata6, which has predominantly been recognized
as a developmental factor for mesodermal and endodermal tissue lineages, to an
ectodermal tissue where it plays a critical role in genome maintenance of progenitor
cells. This work adds to other recent work in embryonic stem and neural progenitor
cells, suggesting a model whereby developmentally regulated transcription factors
protect from DNA damage associated with proliferation at key stages of rapid tissue
growth. Our data may also provide a better understanding of why Gataé6 is a frequent
target of amplification in cancers and provide potential targets for treating Gata6

amplified cancers.
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CHAPTER 1

INTRODUCTION TO TISSUE STEM CELL HOMEOSTASIS

1.1 Stem cells

Stem cells have the unique ability to self-renew and differentiate for an
extended period of time (Weissman et al, 2001). Somatic stem cells, or tissue stem
cells, are undifferentiated population of cells found in tissues and organs that are
responsible for maintaining and repairing the tissue in which they reside. The stem
cells reside in a specialized microenvironment called the niche, which supports the
homeostasis of the stem cells and provides signaling cues that regulate the activity of
the stem cells (Morrison & Spradling, 2008). The regulation of stem cell activity is
regulated through intrinsic mechanisms such as gene expression as well as through
extrinsic cues from the niche and the rest of the surrounding environment. Some tissue
stem cells such as those of the hair follicle and hematopoietic systems remain notably
quiescent for much of their lifetime (Figure 1.1). This prolonged quiescence is
believed to prevent accumulation of replication associated damage such as DNA
damage and telomere shortening, and prevents exhaustion of the stem cell pool that
may lead to premature aging (Fuchs, 2009). On the other hand, progenitor cells,
intestinal stem cells, and epidermal stem cells display constant turnover.
Differentiation of stem cells follows a hierarchical organization, where the stem cells
first produce progenitor cells. These progenitor cells, or transit-amplifying cells, are
also capable of self-renewal and differentiation but unlike stem cells, they have a

limited life span. Particularly for the hair follicle and hematopoietic systems where the
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Figure 1.1 Hierarchical model of stem cell lineage. Tissue stem cells

remain quiescent for the majority of their lifetime, thus protecting
themselves from replication-associated damage such as DNA damage and
telomere shortening. Progenitor cells on the other hand proliferate robustly

and are therefore susceptible to replication associated genomic instability.

14



stem cells are largely quiescent, the progenitor cells must carry the burden of robustly
proliferating to provide terminally differentiated cells to maintain homeostasis of the
tissue.

As the body’s natural source of maintaining and repairing tissues, tissue stem
cells are an area of great clinical significance for their potential in regenerative
medicine. Additionally, improper stem cell function has been found to give rise to
cancer, tissue degeneration, and aging.

Mouse hair follicles provide a valuable model system for studying the dynamic
behavior and regulatory mechanisms of stem cells in their native tissue environment.
The molecular characterization of hair follicle stem cell (HFSC) quiescence, self-
renewal and differentiation has been an area of intense study and a wide variety of
signaling pathways and developmental transcription factors have been uncovered for
each stage (Lee & Tumbar, 2012). HFSC behavior is also influenced by environmental
signaling from the niche and the neighboring non-epithelial cells of the skin. Recently,
increasing attention has been drawn to the interaction between the hair follicle and its
surrounding environment such as the surrounding dermal fibroblasts and dermal
sheath, adipocytes, blood vessels, neurons, immune cells, and arrector pili muscle.
Chapter 2 of this dissertation provides a detailed summary of how these environmental
components influence the behavior of HFSCs, and how the HFSCs in turn influences
and shapes its surrounding environment.

Although HFSCs have been the subject of great scrutiny, relatively little is
known regarding the regulation of hair follicle’s progenitor cells. Unlike the hair’s

stem cells, which remain quiescent for much of their lifetime, hair progenitor cells
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carry much of the burden of tissue regeneration and must face the consequences of
continuous and rapid proliferation. As I will discuss further in Chapter 3, this has
significant consequences on the stability of the progenitor cell genome, and in that
chapter I discuss my work analyzing the role of the transcription factor Gata6 in

buffering the progenitor cells from replication associated DNA damage.

1.2 Developmental roles of transcription factor Gatab

Gata6 is a member of the GATA family of zinc finger transcription factors that
bind the consensus DNA sequence (T/A)GATA(A/G) (Morrisey et al, 1996). All six
mammalian family members contain tandem zinc fingers, often referred to as the N-
finger and C-finger. While the C-finger primarily binds the GATA motif, the N-finger
can bind DNA independently (with a preference for GATC sequences), participate in
cooperative binding of proximal palindromic GATA motifs with the C-finger, and
engage in protein-protein interactions (Bates ef al, 2008; Maeda et al, 2005). The
mammalian GATA transcription factors can be divided into two groups, with
Gatal/2/3 functioning primarily in hematopoietic cells and Gata4/5/6 primarily in
mesodermal and endodermal organs such as the heart and gastrointestinal tissues
(Laverriere et al, 1994).

Gataé is involved in the development and homeostasis of a variety of tissues
such as cardiac vascular smooth muscle, intestine, liver, pancreas, ovaries, and lungs
(Lentjes et al, 2016), and Gata6 is also the determining factor driving differentiation
of the extraembryonic endoderm during early embryogenesis (Morrisey et al, 1998).

Previously, Gata6 has been shown to regulate tissue development through a variety of
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pathways and mechanisms, and Gata6’s multiple roles in controlling cellular
proliferation, differentiation and survival are context dependent. In the mouse epiblast,
Gata6 promotes embryonic stem cell survival through upregulation of Bmp2 (Rong et
al, 2012). Additionally, during early embryogenesis, Gata6 promotes differentiation
towards the extraembryonic endoderm lineage through upregulation of HNF4,
FGF/ERK signaling, and repression of pluripotency factors (Motrrisey et al, 1998;
Schrode et al, 2014; Wamaitha et al, 2015).

In tissue development, Gata6 regulates development of a variety of
endodermal and mesodermal lineages. Intestinal epithelium morphogenesis and
differentiation occurs through Notch signaling regulation by Gata4 and Gata6
(Walker et al, 2014). In lung epithelium development Gata6 targets alveolar specific
markers as well as Wnt signaling receptor Fzd2 (Yang et al, 2002). In contrast to these
roles as a differentiation factor, Gata6 has also been shown to regulate proliferation in
several tissues, in both a negative and a positive manner (Xie et a/, 2015; Walker et al,
2014; Carrasco et al, 2012; Kamnasaran et al, 2007; Perlman et al, 1998). Loss of
Gata4 and Gata6 in the pancreas causes pancreatic agenesis stemming from disruption
of pancreatic progenitor cell proliferation (Xuan et al, 2012).

While, Gata6 has been well characterized during development, its role during
adult tissue homeostasis has not been well addressed. Peritoneal macrophage
proliferation has recently been shown to depend on Gata6 both during homeostasis
and in response to inflammation (Rosas ef al, 2014). In the adult lung epithelium, loss

of Gata6 was associated with an expansion of bronchial alveolar stem cells and a
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concomitant loss of differentiated cells due to disrupted Wnt signaling (Zhang et al,
2008).

The importance of Gata6 in tissue homeostasis is also suggested by the
frequency of Gata6 overexpression and amplifications in various cancers, where it
acts as an oncogene involved in proliferative capacity and cell survival (Zheng &
Blobel, 2010). Particularly in colorectal cancer and pancreatic adenocarcinoma
patients, the expression level of Gata6 has been found to be predictive of patient
survival (Shen et al, 2013; Lin et al, 2012). Gata6 is essential for colorectal cancer
tumorigenicity and has been shown to affect the proliferation of colorectal cancer cells
through regulation of Wnt and Bmp pathways (Whissell ef a/, 2014; Tsuji et al, 2014).
GATAG binds a distal enhancer of the growth inhibitory Bmp4, thus repressing its
expression (Whissell et al, 2014). Gata6 also aberrantly activates Wnt signaling
through upregulation of Lgr5 (Tsuji et al, 2014). Similarly, in pancreatic cancers,
Gata6 promotes proliferation in part through repression of the Wnt antagonist Dkk1
(Zhong et al, 2011; Kwei et al, 2008). Gata6 has been found to be a target of recurrent
amplification in 21% of esophageal adenocarcinoma samples, which become
dependent on Gata6 for growth and survival (Lin ef al, 2012). Thus, further study of
Gata6'’s role in tissue homeostasis, as will be discussed in Chapter 3, may provide a
valuable link to understanding and potentially identifying therapeutic targets for these

Gata6 amplified cancers.

1.3 Dissertation Outline
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This dissertation discusses the molecular mechanisms regulating stem and
progenitor cell homeostasis and differentiation in the mouse hair follicle. Chapter 2
contains a detailed review of the current research on homeostasis of the HFSC niche.
The review focuses on intrinsic and environmental mechanisms that regulate
quiescence and activation of the HFSCs, with particular emphasis placed on the
interactions between the stem cells, the niche, and the other non-epithelial cells of the
skin that make up the microenvironment and contribute to hair follicle homeostasis
(Wang et al, 2015).

Chapter 3 analyzes the importance of the transcription factor Gata6 on the self-
renewal of hair follicle progenitor cells. Loss of Gata6 in the skin epithelium causes
proliferation associated DNA damage and apoptosis specifically in the hair follicle’s
progenitor cells. Our data suggest that Gataé6 is critical for genome maintenance of
progenitor cells during proliferation, in part through transcriptional activation of the
ectodysplasin A receptor associated death domain protein Edaradd.

Chapter 4 provides a summary of the main conclusions described in the previous
chapter and implications of this work on the broader understanding of stem cell
regulation. This chapter also provides an outlook on future directions suggested by

these findings.
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CHAPTER 2

THE HAIR FOLLICLE STEM CELL NICHE: THE BULGE AND ITS
ENVIRONMENT '

2.1 Summary
The hair follicle (HF) is a dynamic miniorgan that has become one of the best
understood models of tissue stem cell (SC) behavior. Distinct temporal orchestration
of HF SC self-renewal, differentiation, and quiescence makes the HF an ideal system
for studying regulation in a SC niche during normal homeostasis of a tissue. The HF
bulge structure acts as the SCs maintenance niche, and houses a heterogeneous
collection of SCs that promote HF growth and contribute to epidermal wound repair.
Bulge-neighboring cells contribute to the niche environment and are important for
regulating HFSC activation, quiescence and differentiation. This review will explore
the HFSC behavior within their niche, and the mechanisms that contribute to the

homeostasis and maintenance of HFSCs in adult skin.

2.2 Introduction
The mouse hair follicle (HF) has emerged as a powerful system for studying the
behavior of stem cells (SCs) within their native tissue context. A major focus of the

field has been to understand the regulatory mechanisms underlying self-renewal,

" This chapter has been published and is reprinted here with permission: Wang, A.B., Jain, P., and
Tumbar, T (2015). “The Hair Follicle Stem Cell Niche: The Bulge and Its Environment.” In
Turksen K. (Ed.), Tissue-Specific Stem Cell Niche (pp. 1-26). Springer. Author contributions: P.J.
contributed to writing in Section 2.9 and Figure 2.3; AB.W. and T.T. wrote the paper.
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differentiation, and quiescence. In the HF, this effort has greatly benefitted from the
fact that its SCs and progeny with different degrees of differentiation are spatially and
temporally restricted.

The HF is composed of distinct compartments of SCs, progenitor cells, and
terminally differentiated cells. The hair follicle stem cells (HFSCs) are located in a
region of the follicle called the bulge. This anatomical feature is an outcropping of the
outer root sheath (ORS), the outermost layer surrounding the HF, and is located below
the sebum producing structure, known as the sebaceous gland (SG). The bulge
behaves as a “storage” niche that contains a large population of clustered SCs. SCs
within the bulge may remain in the niche and self-renew for extensive periods of time,
or they may be expelled from the bulge to become early progenitor cells in the hair
germ at the base of the hair. The hair germ expands by divisions to form the matrix
cells, which constitute bona fide, mature progenitor cells that subsequently terminally
differentiate to form concentric layers of post-mitotic cells known as the inner root
sheath (IRS) and the hair shaft in the center.

The HF cycles through stages of growth (anagen), regression (catagen), and
rest (telogen), which occur synchronously across the back of the mouse [1] (Figure
2.1). In anagen, the bulge SCs divide on average three times [2] and self-renew while
remaining confined to the bulge [3]. In parallel, matrix progenitor cells proliferate and
differentiate to fuel the growing hair shaft. Then, during catagen, the follicle below the
bulge undergoes extensive apoptosis of the progenitor and differentiated cells, leaving
a quiescent bulge to rest during telogen [4-6]. The cycling of the HF depends on

signals originating from the dermal papilla (DP), a cluster of mesenchymal cells at the
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Figure 2.1 During the hair cycle, HFs undergo synchronous stages of rest (telogen),
growth (anagen), and regression (catagen). Stem cell activation occurs during the
transitions between telogen-anagen (self-renewal) and catagen-telogen
(differentiation) (highlighted in the offshoots between stages). During the transition
from telogen to anagen, progenitor cells of the hair germ proliferate to form the matrix
and bulge SCs either migrate into the hair germ to differentiate or remain in the bulge
to self-renew. During the transition from catagen to telogen, bulge SCs first migrate
out of the bulge into the ORS then as catagen ends, the migrated SCs form a new
bulge around the hair shaft and a new hair germ beneath the new bulge. During
telogen and into early anagen, the hair shaft continues to be pushed upwards, leaving
some outer bulge cells to collapse around its former position and contribute more

bulge cells to the new hair germ.
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base of the HF, and from the surrounding environment [7-9]. This includes dermal
fibroblasts, blood vessels, nerves, fat, immune cells, and the arrector pili muscle,
which are non-epithelial cells that surround the HF and influence HF activation and
growth. In this review, we will highlight the mechanisms regulating the behavior of
HFSCs as well as their interaction with various niche components during the hair
cycle, both within the HF as well as non-epithelial components near the follicle.
Additionally, at the end of the review we will discuss mechanisms utilized by HFSCs

for quiescence, long-term maintenance, and cancer prevention.

2.3 The bulge as the epithelial hair follicle stem cell niche

The bulge was originally posited to be the HFSC niche based on the slow-cycling
properties of cells located in the outermost layer, as determined by label retention in
nucleotide analog pulse-chase experiments [10]. In these experiments, the mouse is
pulsed with repeated doses of labeled nucleotides such as tritiated thymidine CHTdR)
or bromodeoxyuridine (BrdU) to label all of the proliferative cells. During the chase
period (4-10 weeks), as expected, the short-lived but rapidly dividing progenitor cells
of the matrix and the lower ORS dilute the label with each cell division until it is
eventually lost. On the other hand, as expected of tissue SCs, bulge cells rarely divide
and therefore remain as label retaining cells (LRCs). Dissection and transplantation of
lacZ or GFP labeled HF bulges or derivatives from single cells, as well as
characterization of growth potential in cell culture, provided functional evidence that
the outer bulge layer contains the SCs of the HF and could differentiate and contribute

to all lineages of the HF [11, 12].
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The pulse-chase labeling method to identify LRCs was later upgraded with the
generation of a transgenic mouse with a doxycycline inducible histone H2B-GFP
labeling system, allowing live LRCs to be purified by fluorescence activated cell
sorting [13]. Alternatively, the outer bulge cells can also be purified using cell surface
markers CD34 and a.6-integrin [14] or transgenic labeling with the bulge specific
keratin 15 (K15) promoter driving Cre recombinase expression, although K15
expression has also been reported in the hair germ during telogen [15, 16]. Sorting and
transcriptional profiling of the LRCs have revealed a variety of transcription factors
and signaling pathways that have greatly contributed to our understanding of how
HFSC behavior is regulated (discussed in subsequent sections) [9, 17].

In addition to the bulge outer layer that contains the SCs, the bulge also
contains an inner keratin 6 (K6)+ niche layer that serves to anchor the old hair (club
hair) and promote bulge SC quiescence [18]. K6 is also expressed in the terminally
differentiated companion layer between the ORS and IRS during anagen, but unlike
this layer, the K6+ inner bulge layer shows expression of HFSC markers such as Sox9,
Lhx2,Tcf3,and NFATcl. Unlike the other cells in the bulge, the K6+ inner layer cells
make extensive adhesive contacts with the club hair and are post-mitotic [18]. The
inner bulge layer constitutes the epithelial component of the HFSC niche and is known
to act in synergy with the perifollicular non-epithelial components (discussed further
in Section 2.8) to establish a niche environment that regulates HFSC quiescence and

activation.

2.4 Quiescence within the bulge
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As with some, although not all tissue SC populations, bulge SCs remain quiescent for
the majority of their lifetime [19, 20]. Quiescence is maintained both by internal
programming of the SCs as well as by external signaling. The major molecular driver
of bulge quiescence is BMP signaling. During telogen, the DP, hair germ, and
surrounding dermis express Bmp4 [21], and the bulge inner layer expresses Bmp6
[18]. Conditional deletion of Bmprla in the bulge causes the quiescent SCs to
precociously activate and continuously proliferate without differentiation to form
tumor-like cysts [22]. Conversely, introduction of ectopic Bmp by injection of BMP4-
soaked beads into the skin is sufficient to prevent anagen initiation and to maintain
quiescence [21]. BMP signaling has been shown to maintain quiescence in the HFSCs
in part through the upregulation of the transcription factor NFATcl. NFATcl is
expressed in the quiescent bulge cells throughout the hair cycle and maintains
quiescence at least in part by repressing the cyclin-dependent kinase CDK4 [23].

As mentioned previously, the bulge contains an inner layer of K6+ cells that
promotes quiescence in the surrounding outer SC layer. Loss of the K6+ layer by hair
plucking or ablation with iDTR in Sox9-CreER mice induces the surrounding CD34+
bulge cells to proliferate and initiate anagen [18, 24]. In both cases, not only the inner
K6 layer but also some of the outer, SC containing bulge layer is lost, raising
questions about data interpretation attributing loss of SC quiescence solely to damage
of the inner layer. Supporting the model in which the K6+ inner layer is required for
SC quiescence, loss of cells from the outer layer alone via K15-Cre, led to less robust
induction of SC proliferation. The specific mechanisms required in the communication

between the outer SC layer of the bulge and the inner K6+ layer remain to be
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established, although it has been suggested that BMP secretion from the inner layer
might play a central role [18].

Quiescence is an essential strategy for long-term SC survival. Over-
proliferation of the bulge poses the risk of premature hair loss due to exhaustion of the
SC pool [25-27]. To promote quiescence, HFSCs express high levels of cyclin-
dependent kinase inhibitors (CDKIs) such as p21, p27, p57,and p15 [28, 29]. While
the expression of multiple CDKIs likely provides some redundancy, p21 has been
implicated in ensuring that activated HFSCs promptly exit the cell cycle at early
catagen after a defined number of divisions. Specifically, the p27 knockout HFSCs
show on average one to two additional cell divisions prior to entering quiescence
potentially due to increased apoptosis and available space in the SC niche [29].
Because p21 was upregulated in the Runx! KO, which showed prolonged telogen [30,
31], it was possible that p27 might be responsible for blocking HF proliferation in this
genetic background. Surprisingly, in a p2/-null genetic background, Runx! knockout
induced quiescence was not overcome, but instead it was even further and excessively
prolonged [29]. This raised the puzzling question as to how inhibiting a cell cycle
inhibitor (p217) resulted in enhanced quiescence, the opposite effect from the expected.
The explanation might reside in the specific upregulation of other CDKIs, in particular
p15, which occurs only in the double p27 and RunxI knockout. P21 has been
previously shown to have a dual role as both a CDKI and transcriptional repressor in
skin epithelial cells [32], and more recently p27 was shown to work in a similar
manner in a different system [33]. Intriguingly, it appears that p2/ and Runx1

synergistically repress the p/5 promoter at the transcriptional level [29]. This suggests
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a feedback mechanism in HFSCs that reinforces quiescence by regulating the levels of
CDKIs within SCs via the dual function of some CDKIs as cyclin dependent kinase
inhibitors and transcriptional repressors [29]. This CDKI mechanism as well as
quiescence promoting signaling from the DP and inner bulge layer highlights the
variety of methods used to keep HFSCs quiescent. Beyond ensuring that enough
HFSCs are maintained to sustain hair growth, quiescence also plays an important role

in tumor suppression, which we will discuss later in the review (see section 2.9).

2.5 Activation of HFSCs

Bulge activation occurs during two temporally distinct stages: activation for self-
renewal occurs during early anagen, whereas activation for differentiation primarily
occurs during catagen/telogen [34, 3]. At the beginning of anagen, activation of
proliferation occurs in two steps in two HF compartments, first in the hair germ, which
is fated to differentiate, and second in the bulge, which self-renews.

The hair germ is a structure located at the base of the telogen HF between the
bulge and the DP. The hair germ originates from SCs that migrated out of the bulge
into the ORS during early catagen [35, 34, 18]. These cells escape apoptosis during
catagen and remain as a cluster of cells beneath the bulge in telogen. These cells are
thought of as differentiation “primed” SCs or early progenitor cells, also referred to as
activated SCs. When removed from their native tissue environment and plated in cell
culture, hair germ cells show a more rapid initial colony formation and short-term
expansion than bulge cells, followed by exhaustion and inability to survive multiple

passages [34]. Rapid growth and short-term survival are well-established
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characteristics that define progenitor cells. As of yet, the mechanisms governing this
transition from HFSCs to hair germ progenitor cells are not well understood.
However, our lab has recently found that the quiescent HFSCs that migrate out of the
bulge express high levels of the transcription factor Runx/ as they lose contact with
the inner bulge layer [36]. In this study, transgenic overexpression of Runx/ was
sufficient to induce catagen and to drive the transition of HFSCs to the progenitor fate,
as shown by gene expression profiling and functional studies.

While an initial hair germ forms from bulge cell migration at catagen [35, 34,
18], bulge cells continue to contribute additional cells to the pre-existing hair germ
during telogen and very early anagen [3, 37]. This was demonstrated by single bulge
cell lineage tracing from our laboratory, in which tracking the distribution of LacZ+
cells within the bulge suggested that during telogen the entire bulge outer layer is
shifted downwards with respect to the hair shaft adding new cells to the pre-existing
hair germ [3]. The most likely explanation is that the club hair continues to move
upwards, dragging the inner bulge layer with it and leaving cells from the outer bulge
layer to collapse underneath, thus enlarging the hair germ. Bulge cells that lose contact
with the inner layer gain Runx/ expression and as a consequence lose CD34, thus
becoming new hair germ cells during telogen/early anagen [3, 36].

Under normal homeostasis, the hair germ is fated to divide in anagen and
expand into the matrix, which in turn will terminally differentiate [38]. However, upon
injury to the bulge, the hair germ cells are capable of returning to the bulge to replace
the lost SCs [35, 38]. This suggests that the hair germ is not fully committed to a

progenitor fate, and is consistent with the reversible effects of Runx/ expression on
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turning the bulge cells to a hair germ phenotype [36]. In accordance with its position
directly above the DP, the hair germ is first to receive the activating WNT and FGF
signals at the start of anagen and begin proliferation [34]. There must also be a special
intrinsic state of these cells that allows them to readily respond to activation signals, as
suggested by their rapid growth in cell culture. This “activated” state is likely induced
by Runx1 through its many target genes implicated in cell size growth and active
metabolism, and is confirmed by the rapid growth of keratinocytes with elevated
RunxI levels and by delayed activation of hair germ cell proliferation in the Runx/
epithelial knockout mouse [30, 31, 39, 36].

After the hair germ became activated to divide and form the matrix, a second
wave of activation triggers proliferation of the HFSCs in their bulge location. Based
on the physical separation of the bulge from the activating signals of the DP and the
delayed proliferation following hair germ expansion at anagen initiation, it has been
proposed that the proliferating matrix cells actually provide the activating signal for
HFSCs rather than the DP. Unlike the hair germ, the bulge does not show activation of
WNT and TGF-f pathways, whose signals originate from the DP, but instead the
bulge depends on sonic hedgehog (SHH) signaling originating from the matrix [40]. In
order to overcome the distance between the bulge and the matrix, the bulge increases
its sensitivity to SHH by upregulating hedgehog coreceptors such as Gas/ [40]. Self-
renewal of HFSCs occurs in parallel with the differentiation of the matrix cells; the
latter is pushed downwards as the HF bulb grows into the dermis, thus distancing the
SHH-activating matrix signals from the bulge SCs. After a few divisions the bulge

outer layer cells become extremely crowded, likely triggering contact inhibition
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signals via the Hippo/Yap pathway and p217 [41, 29] to synergize with fading
activation signals to reinstate bulge-cell quiescence during mid-anagen.

Bulge HFSCs can also be precociously activated in response to wounding.
Upon transplantation or skin wounding, bulge cells display mutipotency and will
contribute to neighboring epithelial populations such as the epidermis and the SG [42,
11, 13]. Precociously activated HFSCs migrate out of the bulge and contribute to
epidermal wound healing by acting as short-lived progenitors rather than serving as
long-term epidermal SCs [43]. Similarly, the SG is maintained independently from the
bulge unless disturbed by wounding [44]. Instead, SCs in the isthmus above the bulge
may normally contribute to both the epidermis and sebaceous gland during
homeostasis [45, 46].

As can be seen, activation of bulge SCs is very tightly controlled, only
transiently activating during narrow windows at the beginning of anagen, catagen, and
in response to wounding. Interestingly, the bulge niche exclusively houses quiescent
and self-renewing SCs, while cells are first exported out of the bulge before
differentiation occurs. Presumably signaling within the bulge niche inhibits
differentiation, and further investigation into the mechanisms of how the bulge

maintains this delineation will be of great interest for the future.

2.6 Heterogeneity within the bulge
Among HFSCs in the bulge there is heterogeneity. Although all HFSCs have the
potential to self-renew or differentiate, the two fates do not actually occur at equal

frequencies. Single-bulge cell lineage tracing reveals that during early anagen, most
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HFSCs remain in the bulge to self-renew through symmetric divisions, as indicated by
the orientation of doublets parallel to the basement membrane during early chases, or
remain quiescent. On the other hand, only a minority (14%) of the telogen bulge is
exported into the pre-existing hair germ to differentiate [2, 3]. Live-cell imaging has
confirmed the orientation of cell divisions relative to the basement membrane and
further revealed that fate selection of the anagen bulge depends on location of the
HFSC within the vertical axis of the bulge [38]. With this method, Rompolas et al.
genetically labeled single bulge cells with K19-CreER;Rosa-stop-tdTomato mice, then
lineage traced the fate of the labeled cell in vivo through the hair cycle. In general,
HFSCs in the upper half of the telogen bulge either remain quiescent or undergo self-
renewal and remain in the bulge during anagen and the subsequent telogen. On the
other hand, HFSC:s in the lower half of the telogen bulge are more likely to exit the
bulge into the ORS in late anagen, and become hair germ cells in the subsequent
catagen. Labeled hair germ cells exclusively contribute to the differentiated lineages in
the subsequent anagen. While the molecular differences between the upper and lower
bulge have yet to be characterized, quiescence-related NFATcl expression is more
prominent in the upper bulge while the gene associated with more actively cycling
cells, Lgr5 (see below), is preferentially detected in the lower bulge. The relationship
between location and HFSC fate choice is likely a product of gradients of signaling
molecules that pattern the tissue prior to SC activation.

In addition to differences in upper and lower bulge SCs, there is also additional
heterogeneity of the bulge cells due to exact relationship to the basement membrane.

There are two populations of basal bulge cells that both express CD34 and have label
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retention ability, but one of them is more inner relative to the basement membrane, the
so-called “suprabasal” SCs, which display lower levels of a6-integrin [28]. FACS
isolated samples of the two populations display similar colony formation capacity in
cell culture and share similar gene expression profiles. However, in vivo, the
suprabasal cells are less proliferative based on BrdU labeling and show a
corresponding upregulation of the growth inhibitory factors Fgf18 and Bmp6. The
significance of this heterogeneity remains unknown.

The basal layer of the lower bulge also contains LGR5+ SCs [47]. LGRS+
bulge cells are biased towards the lateral side opposite the old bulge [47], which shows
greater proliferation in anagen [2, 37]. Furthermore, separating bulge cells based on
their number of divisions as indicated by H2B-GFP levels showed high Lgr5 mRNA
expression in the more actively cycling cells and low expression in the cells that
divided 0-1 times [3]. Thus, LGR5+ cells represent the more actively cycling
population, and consistent with this conclusion lineage tracing places them mostly in
the proliferative hair germ and the anagen ORS [47]. Lineage tracing also shows that
the LGR5+/CD34+ cells in the upper ORS, which are SCs that escaped the old bulge
during late anagen/early catagen, are capable of surviving long-term through the hair
cycle and contribute to the new bulge SCs, K6+ inner bulge layer, and hair germ [47,
18]. The LGR5+ cells largely overlap with the RUNX1+ cell population, which have
been tracked by lineage tracing in a similar manner with LGRS [36].

The functional significance of Lgr5 negative cells, which are the more
quiescent LRCs that reside in the old bulge or remain on one bulge side after the old

bulge is destroyed, remains unclear. Although, it has been proposed that they act as a
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reserve population of SCs [18], selective lineage tracing or killing of the most
quiescent LRCs in the bulge has yet to be performed. Some of these LRCs from the
old bulge seem to migrate laterally along the basement membrane during catagen, also
contributing cells to the new bulge, without having to travel downwards through the
upper ORS [37].

In addition to housing the epithelial HFSCs, the bulge is also the niche for the
neural crest derived melanocyte SC (MSC) population [48]. MSC activation and
differentiation follow a similar spatial-temporal pattern as the epithelial HFSCs [49].
Epithelial targeted mutations that block hair cycle progression also block MSC
activation. At the beginning of anagen, MSCs contribute cells to the matrix. These
cells proliferate in synchrony with the matrix epithelial cells and generate mature
melanocytes in the inner cortex of the HF. These cells produce a pigment called
melanin and transfer this pigment to the epithelial matrix cells differentiating into the
hair shaft. During catagen, the progenitor and mature melanocytes undergo apoptosis
along with the epithelial cells of the matrix. In the bulge, MSCs can be distinguished
from epithelial HFSCs by their expression of dopachrome tautomerase (DCT) and
tyrosine kinase receptor (KIT), which are specific to the melanocyte lineage [50].

The coordination between MSC activity and hair growth is achieved through
activating Wnt and inhibitory TGF-f signaling, and crosstalk between HFSCs and
MSCs [51]. In the bulge, TGF-f} signaling from HFSCs is critical for maintaining
MSC quiescence [50]. Further highlighting the importance of HFSCs on MSCs,
conditional ablation of the transcription factor NFIB in HFSCs promotes aberrant

MSC differentiation, implicating NFIB’s downstream target endothelins as important
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messengers between the SC populations [51]. Additionally, in anagen, Wnt signaling
originating from the hair germ initiates MSC proliferation [52]. While HFSCs are
critical for the maintenance of its neighboring MSCs, the converse influence of MSCs
on HFSCs seems less critical, as MSCs are lost during aging with minimal effects on
hair growth which continues to be independently driven from the epithelial
compartment (see also Section 2.9 on aging).

The heterogeneity present in the epithelial bulge population is likely a
reflection of localized differences in signaling environments determined by relative
proximity to major signaling sources within the hair such as the bulge inner layer as
well as from the DP and other non-epithelial neighbors of the bulge. The advent of
advanced techniques for studying individual cells, such as single cell sequencing and
live imaging is likely to reveal further heterogeneity in the behavior of bulge cells.
Furthermore, examination of the heterogeneity in bulge behavior will be essential to

our understanding of the mechanisms that dictate HFSC fate selection.

2.7 Progenitor cells of the hair follicle

Although HFSCs have been the subject of great scrutiny, relatively little is known
regarding the regulation of hair follicle’s progenitor cells. The quiescent early
progenitor cells of the hair germ are molecularly distinct from the bulge stem cells and
the mature proliferative progenitor cells of the anagen hair matrix [34]. In culture, hair
germ cells behave as expected for typical progenitor cells: rapid colony formation with

inability to survive long-term over multiple passages [34]. However, in vivo, hair germ
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cells are capable of dedifferentiating back to the stem cell state following loss of the
bulge stem cells due to injury [35, 38] or in response to Runx! expression levels [36].

Hair germ cells are induced to proliferate upon signaling from the DP at the
start of anagen. At the telogen-anagen transition, the DP upregulates the growth
stimulatory Fgf7, Fgf10, and Wntl0a/b, while also downregulating the growth
inhibitory Bmp4 [34, 53, 22]. Upon receiving these signals, the hair germ begins
rapidly expanding to form the hair matrix. Following initiation, the matrix
asymmetrically expresses Sonic Hedgehog (S%/4) on one side of the follicle to facilitate
crosstalk with the progenitor cells and the DP [54]. SHH signaling stimulates
expression of Fgf7 and other growth promoting factors in the DP, thus maintaining
progenitor proliferation.

In total, matrix progenitor cells are able to differentiate into seven
morphologically and molecularly distinct lineages, which make up the hair shaft its
concentric surrounding layers. The hair shaft lies at the center of the hair follicle and
consists of the pigmented medulla, cortex, and cuticle. The medulla expresses the
trichohyalin protein AE15, while the cortex and cuticle express hair shaft specific
kertain AE13 as well as nuclear Wnt coactivators LEF1 and B-catenin [55, 56].
Surrounding the hair shaft are the three layers that compose the IRS: the cuticle of the
IRS, Huxley’s layer, and Henle’s layer [1]. All three layers of the IRS express AE15,
while the cuticle and Huxley’s layer also express the transcription factor GATA3 [57].
Finally, a keratin 6 expressing companion layer is located between the IRS and outer

root sheath.
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Lineage tracing during telogen and anagen has shown that while early
progenitor cells of the hair germ are multipotent, once the matrix has formed in
anagen, the mature progenitors become lineage restricted to either IRS or hair shaft
differentiation fates depending on their location within the matrix [58-60]. The lineage
specification of the progenitor cells is organized based on the position of the cell along
the DP, which is now enveloped by the matrix in anagen. Each position along the
length of the DP feeds into a different terminally differentiated layer of the hair
follicle, with IRS committed cells emanating from the base of the matrix and hair shaft
committed cells coming from the top of the matrix [58, 59]. Additionally, proximity to
the DP correlates with the cells proliferative capacity. Cells in the inner matrix
adjacent to the DP are continuously self-renewing progenitor cells, while the cells
more distal to the DP have limited proliferative capacity until they become terminally
differentiated and contribute to the IRS or hair shaft [58]. As the matrix cells reach the
IRS and hair shaft, they begin expressing Bmp ligands, which allow them to cease
proliferation and begin their terminal differentiation programming [61].

Terminal differentiation of matrix progenitor cells has also been fairly well
characterized, with a variety of transcription factors identified for both differentiation
of the IRS (CUTL1, GATA3, and FOXN1) and hair shaft (DLX3, FOXN1, MSX2,
HOXC13, and LEF1) [62, 57, 63-67, 56]. However, unlike this final step and the
earlier regulation of the bulge stem cells, regulation of hair follicle progenitor cell
activation and maintenance during homeostasis remains poorly understood. We have
recently found evidence suggesting that the rapid and sustained proliferation of matrix

cells has significant consequences to the stability of the progenitor cell genome [68].
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We found that the developmental transcription factor Gata6 is essential for the
maintenance of progenitor cell renewal, possibly through upregulation of DNA
replication and repair components to buffer the progenitor cells from replication

associated DNA damage.

2.8 Interactions with the non-epithelial environment

An emerging area of investigation is how the HF stem cells interact with its
surrounding environment. A variety of non-epithelial components are found
neighboring the HF and contribute to the niche (Figure 2.2). As previously mentioned,
the DP is ensconced at the base of the HF and serves as a major signaling hub for the
follicle. In addition, the entire HF is surrounded by a dermal sheath with a permanent
dermal SC population residing at the base of the hair, a ring of blood vessels and
nerves that wrap around the isthmus directly above the bulge, the arrector pili muscle
attaches directly to the bulge, and adipocytes and immune cells are found in the
surrounding dermis. These neighbors display a range of influences on the bulge cell
behavior and on hair growth. The DP, adipocytes, and blood vessels are required for
proper HF activation because they provide the follicle with key activation cues or
nutrients. On the other hand, neighboring neurons and macrophages appear to allow
the HF to adjust HFSC activation in response to the environmental conditions such as

wounding.
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Dermal papilla

As previously noted, the DP is a pocket of cells of dermal origin, which lies at the base
of the HF, below the hair germ during telogen and encapsulated by the matrix during
anagen. The DP has long been recognized as a critical signaling center regulating HF
growth and quiescence. Loss of the DP by laser ablation arrests follicles at telogen,
demonstrating the necessity of the DP for anagen progression [69]. Whereas, grafting
of DP cells is sufficient for inducing hair growth in hairless skin [8]. Additionally, the
number of DP cells effects the size of follicles, with smaller DPs producing shorter
thinner hairs associated with aging [70].

FACS purification and gene expression profiling of the DP and its surrounding
epithelial populations revealed potential crosstalk between the populations through
Bmp, Wnt, Fgf, and Shh signaling, which is being borne out through subsequent
studies [61]. The DP typically expresses high levels of HFSC quiescence promoting
Bmp4 and Bmp6 [61]. However, to initiate hair germ proliferation at the start of
anagen, the DP must also upregulate Bmp inhibitors such as Noggin and Sostdcl [71,
34]. Following anagen initiation, the DP continues to inhibit Bmp signaling to control
the rate of hair growth [72]. The transcription factor Sox2 in the DP has been
demonstrated to maintain expression of Bmp inhibitor Sostdcl, and DP specific
ablation of Sox2 results in reduced hair growth due to inhibited migration of
differentiating matrix progenitors into the hair shaft. Another Bmp inhibitor Noggin
forms a regulatory loop with epithelial expressed Shh to both maintain DP function
and hair growth [73]. Additionally, Notch-Wnt5a signaling from the DP promotes

terminal differentiation of matrix progenitor cells [74].
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In addition to Bmp signaling’s role in hair cycling, Bmp is also essential within
the DP for proper function [75]. When Bmp receptor 1a (Bmprla) is knocked out in
the DP, the DP loses its ability to initiate hair growth when engrafted onto skin [75].
Similarly for Wnt signaling, HFs with [-catenin ablated in the DP are unable to enter
anagen [76]. However, while these studies show that Bmp and Wnt are needed by the
DP, the importance of these signals specifically from the epithelium remains unclear.

Although in general the signals seem to flow unidirectionally from the DP
towards the bulge, the opposite direction is most likely also true. Early experiments
showed that transplanting a bulge into hairless skin is sufficient to initiate formation of
a new DP from neighboring dermal cells [11]. Moreover, when activated 3-catenin is
constitutively expressed in the epithelial bulge, it signals the surrounding dermal cells
to form a new DP within each round of hair cycling [77]. These data suggest that in
special conditions the bulge cells can regain some embryonic-like capabilities, where
mesenchymal-epithelial crosstalk is thought to be essential for de novo HF formation

[78,7].

Dermal fibroblasts and the dermal sheath

Whereas much is known about the dermal papilla’s relationship with the HF, relatively
little is known about the HF’s relationship with the surrounding dermal fibroblasts and
the dermal sheath that outlines the hair. This is surprising because fibroblast have been
long recognized as support cells for keratinocytes (skin epithelial cells) in cell culture
[79]. These dermal cells are known to provide structural support for the epidermis and

HF by producing collagen and other fibers for the extracellular matrix [80]. As
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mentioned previously, embryonic HF morphogenesis involves the crosstalk between
epithelial cells and dermal fibroblasts [78, 7]. In embryonic skin, aggregates of dermal
fibroblasts, precursors to the DP, form and induce HF morphogenesis from the
developing epidermis [7]. Wnt signaling is believed to be the first signal from the
dermal aggregates responsible for hair induction. The transcription factor Runx! is
highly but transiently expressed in the embryonic dermis and is essential for the
maturation of emerging HFSCs and their long-term survival in the HF [39]. In this
study lineage tracing using the Runx/-CreER knockin mouse showed that this
population of RunxI-expressing cells are short-lived and do not survive past birth,
perhaps explaining why new hairs are not induced in adulthood.

Nevertheless, dermal fibroblasts continue to influence HFSCs into adulthood.
At the end of anagen and into telogen, fibroblasts express high levels of Bmp4, which
helps to maintain quiescence in the bulge [21]. Signaling from the bulge to fibroblasts
remains unexplored, although epithelial mutants have been shown to have an effect on
the dermis. Epithelial activation of [3-catenin not only induces dermal cells to form a
new DP as stated previously [77], it also specifically reverts dermal fibroblasts around
the isthmus to an embryonic state. These fibroblasts display increased proliferation
and replaces mature collagen in the extracellular matrix with collagens subtypes found
only in developing embryonic skin [81]. Why this effect is specifically seen in
fibroblasts near the isthmus is unclear, but perhaps the isthmus maintains these cells in
a more plastic state allowing them to be more easily reprogrammed.

A specialized layer of fibroblasts also forms the dermal sheath that lines the

outside of the HF. The dermal sheath not only produces supportive collagen layers
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around the HF, but the lower dermal sheath at the base of the HF serves as a niche for
bipotent dermal SCs that can renew the dermal sheath and DP [82, 83]. The dermal
sheath cycles through growth and destruction in parallel with the HF [83]. The dermal
sheath surrounds the entire HF during anagen, but then undergoes apoptosis during
catagen, leaving only the dermal SCs around the DP in catagen. Then during anagen,
the dermal SCs proliferate to form a new dermal sheath as well as contributing some
cells to the DP. How this synchrony between the dermal sheath and epithelial cells is
achieved remains unknown, but it is suggestive of mesenchymal-epithelial crosstalk
between the populations. Depletion of the dermal SCs causes delayed entry into
anagen and reduced hair length, even though the average number of DP cells remained
unchanged, presumably due to compensating proliferation within the DP [83]. This
suggests that either the dermal SC derived DP cells serve an additional stimulatory
function independent of the resident DP cells, or perhaps the dermal sheath promotes
proliferation. Additionally, the bulge has been shown to upregulate connective tissue
growth factor, CTGF [13], which may stimulate recruitment of dermal sheath cells to
around the HF. Overall, the relationship between dermal fibroblasts, particularly the
dermal sheath, and HFSCs is poorly understood, and additional experiments are
necessary to determine if these fibroblasts have additional functions in supporting the
HFSC niche beyond formation of the extracellular matrix. In addition, it will be
interesting to see if the extracellular matrix around the HF is heterogeneous in nature,
perhaps dictating some of the spatial heterogeneity observed within the stem cell

niche.
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Adipocytes
Below the HF lies an intradermal adipocyte layer: the skin’s own fat cells. Immature
adipocyte progenitors, derived from the dermal resident adipocyte SCs are necessary
and sufficient to drive the proliferation of HFSCs [84]. Using mouse mutants or
pharmacological treatments to target various stages of adipogenesis, Festa et al., were
able to establish the necessity of the adipocyte progenitor cells for bulge HFSC
activation and anagen progression. The adipocyte progenitor cells seem to exert their
influence on HFSCs through platelet derived growth factor (PDGF) signaling, which
is received by the DP, although a specific knockout of PDGF in adipocytes has yet to
be performed. During anagen, this adipocyte layer doubles in thickness from
adipogenesis when the progenitor cells generate mature terminally differentiated
adipocytes, paralleling the proliferation and differentiation of HFSCs [84]. The mature
adipocytes generated in the intradermal adipocyte layer show periodic expression of
the inhibitory signal Bmp2 [21]. Bmp2 expression is high in late catagen and early
telogen but is absent in late telogen. BMP2 from adipocytes and BMP4 from the DP
and dermal fibroblasts might be responsible for establishing a refractory period at the
beginning of telogen. During this refractory period, the threshold for bulge SC
activation is high, and even injury by hair plucking cannot induce anagen. Quiescence
is maintained until Bmp levels are again lowered in the surrounding adipocytes and
dermis, allowing anagen to be initiated [21].

Signaling from epithelial cells to adypocites remains unknown, but epithelial
mutations that block hair cycle progression also block adipogenesis [30, 29, 27]. This

strongly suggests that adipocytes wait for a response signal from the epithelial SCs

48



before initiating adipogenesis. It is unclear if the first step in activation is when
adipocyte SCs generate the progenitors that in turn must signal to epithelial cells, or
whether the epithelial signals are required prior to this step in adipogenesis. In other
words, it is currently unclear what the primary signal is that sets in motion the
crosstalk between fat and epithelial cells in the skin. In addition, it is tempting to
speculate that as the HFSC begin to proliferate they signal to fat cell for the imminent
necessity of vast sources of energy, which are then stored as lipids in mature
adipocytes in preparation for rapid hair production/elongation. These lipids would then
be subsequently delivered to the matrix cells, thus fueling the generation of the new

hair shaft.

Blood Vessels

Nutrients are delivered to HF and epidermis through a microvascular network that
surrounds most of the follicle and undergoes extensive remodeling and angiogenesis
throughout the hair cycle [85]. Angiogenesis significantly increases during early
anagen, perhaps to support the increased oxygen demands of the rapidly proliferating
matrix. Consistent with this possibility, pharmaceutically inhibiting angiogenesis with
the drug TNP-470 is capable of delaying anagen onset [85], whereas transgenic
overexpression in epithelial cells of vascular endothelial growth factor (VEGF)
increases angiogenesis and causes accelerated hair growth [86]. Transplantation assays
demonstrate that the bulge and anagen matrix (but not the DP) are capable of
stimulating angiogenesis [87, 88], however the signaling mechanism remains

unknown. This suggests that rather than associating randomly with the HF, the
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microvascular network may be directed from the epithelial cells to form around these
compartments.

Indeed, three-dimensional confocal imaging has revealed that a ring of venules
permanently wraps around the HF isthmus, a compartment between the bulge and
sebaceous gland that contains a distinct, rapidly cycling, SC population that renews
the upper portion of the HF [89]. HFs can be formed de novo in mouse skin
reconstituted from primary keratinocytes and dermal fibroblasts, and when
transplanted the association between the isthmus and venules is reestablished.
Consistent with recruitment to de novo HFs, the isthmus expresses Egfl6, a member of
the epidermal growth factor (EGF) superfamily known to promote endothelial
migration and angiogenesis [89]. As yet, whether or not the vascular ring has a role in
HFSC function remains unknown. It is interesting to consider the possibility that
blood vessels can contribute to oxygen availability and consumption, which in turn
would support oxidative phosphorylation, and the generation of reactive oxygen
species (ROS). ROS is a hallmark of cells undergoing rapid proliferation and has been
shown to act as a differentiation signal in other SC systems [90]. In the HF, ROS
signaling is necessary during anagen for matrix cell proliferation and survival and loss
of mitochondrial ROS causes follicles to prematurely enter catagen [91].

It has been hypothesized that tissue stem cells in general maintain their
quiescence and are protected against oxidative stress by residing in a low oxygen
environment [92]. As with the neural, hematopoietic, and mesenchymal niches [92],
expression of hypoxia markers suggests that the bulge may also be a low oxygen

environment [93]. The blood vessels associated with the upper bulge are venous in
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nature, meaning the blood is low in oxygen and nutrients, and may therefore establish
the hypoxic microenvironment [89]. This suggests that the presence of blood vessels
in niche is not only important to provide nutrients to stem cells but also to create
gradients of oxygen tension that could play an important role in regulating cell fate. It
was demonstrated in the neural stem cell (NSC) niche that hypoxic stimuli lead to
expression of hypoxia inducible factor 1 (HIF-1) [94]. HIF-1 in NSCs promotes
stemness by upregulating expression of Notch target genes and cyclin D1 to promote
cell cycle progression and self-renewal [95]. In the future, it will be interesting to
examine the relationship between the blood vessel microenvironment, hypoxia, and
HFSC fate. It will be particularly interesting to determine if signals from the bulge are
capable of recruiting additional blood vessels in response to the demands of the hair
cycle, and whether blood vessels are indeed essential for HF oxygen homeostasis or

have additional unknown functions for HFSC survival and cell fate.

Neurons

Mechanosensory nerves wrap around the HF isthmus and make contacts with the
upper bulge allowing the hair to sense when it is touched [96]. Additionally, these
nerves form a perineural microenvironment that displays increased Shh signaling [97].
The perineural microenvironment establishes a distinct domain at the bottom of the
isthmus directly above the bulge that is K15 negative and expresses the HH mediating
transcription factor Glil. Although hypothesized to contribute to bulge HFSC activity,
removing the Shh microenvironment by denervation had no affect on the bulge or

normal HF homeostasis. Denervation did however inhibit the ability of isthmus SCs to
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contribute long-term to epidermal wounds, suggesting a possible role for Shh
signaling in this process [97]. While removing the nerves does not affect hair cycling,
the converse experiment where nerves are augmented has not been performed yet. It
also remains unclear how nerve terminations are guided to the HF, but the bulge cells
produce high levels of brain derived growth factor (BDNF) as well as guiding and
repelling signals such as ephrins [13]. These signals might be important in patterning

the nerve terminations around the HF.

Immune cells

Hair follicles are one of the few sites in the body, along with the brain and the eye, of
relative immune privilege. In particular, the anagen bulge and matrix have decreased
major histocompatibility complex (MHC) class I expression and increased expression
of local immunosuppressants [98, 99]. Although the purpose of establishing immune
privilege during anagen remains unclear, its maintenance is critical as loss of immune
privilege and autoimmune attacks on the matrix and the bulge are associated with
alopecia [100].

Interestingly, macrophages are present in the perifollicular environment and
have been found to contribute to the activation of HFSCs during wounding and
homeostasis [101, 102]. Following wounding, apoptosis signal-regulating kinase 1
(ASK1),a MAP3K family member, is upregulated at the wound site to recruit and
activate macrophages [101]. Failure to recruit macrophages to the wound in ASK/
mutant mice causes hair growth to be delayed at the wound. Furthermore,

transplantation of activated macrophages is sufficient to induce hair growth.
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Macrophages may also contribute to HFSC activation in normal homeostasis. During
telogen, macrophages residing around the follicle upregulate Wnt7b and Wntl0Oa into
the perifollicular environment, however the Wnt ligands are not released from the
macrophages unless they undergo apoptosis [102]. The signal that triggers
macrophage apoptosis is unknown, but at the end of telogen, much of the resident
macrophage population undergoes apoptosis, releasing the Wnt ligands that in turn
promote HF entry into anagen. Ablation of the macrophages pharmacologically or
with genetically inducible diphtheria toxin mice is also sufficient to release the Wnt
ligands and initiate entry into anagen [102]. This is seemingly at odds with the
previous finding that transplantation of macrophages is also sufficient for anagen
induction, although it is possible the transplanted macrophages must also undergo
apoptosis to affect hair growth.

Mice lacking 0 T cells have also been shown to have shortened telogen stages
[103], suggesting immune cells in general may have more influence on the hair than
just protection from pathogens. Perhaps loss of immune cells to establish immune
privilege is necessary for anagen entry, and the apoptotic release of Wnt ligands seen
in macrophages is a signal to the HF that this has been achieved. Conversely, it is
unclear whether return of immune cells after anagen is necessary. During anagen, the
HF actively inhibits immune cells by the local production of immunosuppressants
such as macrophage migration inhibitory factor [100], however it would be interesting
to see if the bulge expresses factors to attract macrophages and other immune cells

back following anagen.
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Arrector pili muscle

The arrector pili muscle (APM) attaches to the HF at the bulge throughout the hair
cycle and is responsible for piloerection, which aids in thermoregulation. The
attachment of the APM at the bulge depends on the extracellular matrix protein
nephronectin, which is secreted by bulge cells into the underlying basement membrane
[104]. In cell culture, dermal cells expressing the nephronectin receptor a8-integrin,
which were used as surrogate for muscle cells, attached to extracellular nephronectin
and in turn stimulated the expression of smooth muscle markers. These data suggested
that bulge epithelial cells utilize nephronectin to promote muscle differentiation and
perhaps dictate where the APM attaches to the follicle. Full nephronectin knockout
caused the APM attachment site to shift upwards to the isthmus, with a8-integrin
instead interacting with another nephronectin family member EGFL6. Full knockout
of a8-integrin causes the APM to randomly attach either to the bulge or the EGFL6+
isthmus. Despite the loss of APM contact at the bulge, there appeared to be no change
in the bulge or HF morphology [104]. However, it is unknown if augmenting
differentiation of APM at the bulge has any effect.

In summary, the bulge SCs seem to be involved with their neighboring cells in
distinct manners, following different rules of interaction. First, the bulge SCs stay
intimately connected with their direct progeny in the inner layer and depend on them
for their survival, quiescence, and to inhibit differentiation. Second, the bulge SCs
seem to receive instructions from the DP regarding their activation and differentiation,
but we have yet to learn about any instructive responses from epithelial cells towards

the DP. With that said, the bulge is capable, in the right setting to build its own DP
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from neighboring dermal cells. Similarly, this is seen with the APM, blood vessels,
and nerves, demonstrating the bulge is equipped with the mechanisms necessary to
recruit its neighbors for proper HF physiology. In the case of the APM and nerves, this
recruitment occurs without receiving feedback signals and without any clear effect on
HFSC status or hair growth, while for dermal cells, blood vessels, and fat cells a

meaningful cross-talk is apparent.

2.9 Maintenance and aging
Throughout their lifetime, SCs are prone to acquiring mutations that could lead to
disease and cancer. Niches are commonly viewed as special microenvironments,
protecting SCs from assaults such as genomic damage or proliferating and
differentiating signals, so that they can survive long-term and maintain their potential
to support the organism throughout its lifetime (Figure 2.3). A low oxygen
environment helps the SCs avoid oxidative stress and promotes quiescence. Also, high
oxygen and ROS are known signals for differentiation [91, 90], which SCs must avoid
if they are to maintain their potential long-term. As suggested above (see above
section on blood vessels) the bulge SCs might not only be equipped with the right
environment for maintenance but may in fact actively contribute to creating that
environment around their niche.

Bulge quiescence is not only an essential mechanism for ensuring sufficient
SCs persist for long-term hair growth. Not surprisingly, quiescence also proves to be a
valuable method of tumor suppression. While bulge cells may serve as cancer

initiating cells (discussed further in the next section), it has recently been shown that
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Figure 2.3 Quiescence maintains the stem cell pool by preventing their premature
exhaustion. Expression of cyclin-dependent kinase inhibitors (CDKIs) such as p21,
p27, p57, and pl5 promote quiescence. The extended telogen appears to be a result of
increased sensitivity of HFSCs to Bmp signaling which leads to aging. Quiescence
also acts as a method of tumor suppression, quiescent bulge cells are resistant to
KrasG12D dependent tumors via tumor suppressor Pten, which inhibit the PT (3) K
pathway. Bulge tumorigenesis only occurred when KrasG12D was induced during the
telogen-to-anagen transition i.e. upon stem cell activation. Activated HFSCs are the
origin of different cancers caused by genetic alterations such as deregulated HH
signaling, conditional activation of oncogenic Kras and deletion of p53 in K15+ bulge

cells but not from matrix progenitor cells.
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normal activation of the HFSCs is in fact required for tumorigenesis [105]. Using an
inducible oncogenic Kras mutation (Kras®*”), White et al. demonstrated that bulge

hyperplasia and tumorigenesis only occurred when Kras®'?”

was induced during the
telogen-to-anagen transition, the period when bulge cells are activated to divide for
self-renewal. During both telogen and late anagen/catagen, the bulge cells are
quiescent and unable to initiate tumorigenesis. This quiescence-associated resistance
to Kras®”*” is not simply a matter of not proliferating. Rather, quiescent SCs depend
on Pten to inhibit the phosphatidylinositol-3-OH kinase (PI(3)K) pathway downstream
of Ras.

Since the bulge is located in the proximity of the skin surface, HFSCs are
susceptible to damage from UV radiation. Therefore, the HFSCs must have been
endowed with their own intrinsic properties allowing them to maintain their integrity.
In contrast with embryonic SCs, which readily undergo apoptosis in response to DNA
damage, it has been shown that HFSC:s resist apoptosis in favor of repairing the
damage [106]. Bulge cells express higher levels of the anti-apoptotic gene Bcl-2
compared to the rest of the epidermis, which helps HFSCs resist apoptosis following
exposure to ionizing radiation [107]. They also express high levels of the key non-
homologous end joining repair pathway protein DNA-PK, allowing HFSCs to repair
the damage more rapidly than the rest of the epidermal populations.

In addition to specialized repair, the bulge also expresses a number of
transcription factors necessary to maintain stemness [27, 108, 109]. Two transcription

factors, Sox9 and Lhx2 have been found to maintain the stemness of bulge cells by

promoting quiescence and inhibiting differentiation [109, 108, 110]. Sox9 is expressed
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early on in embryonic HF morphogenesis and is necessary for SC specification [111,
112]. When Sox9 is ablated from the adult HF, the bulge cells are unable to return to
quiescence after activation in anagen and begin terminally differentiating into
epidermal cells [109]. Similarly, epithelial Lhx2 knockout mice display enhanced
bulge proliferation as well as abnormal differentiation into sebaceous gland cells [108,
110]. On the other hand, transcription factor 7hx/ acts to allow HFSCs to exit
quiescence and self renew by suppressing Bmp signaling during anagen [27]. As such,
epithelial Thx1 knockout follicles have prolonged quiescence and challenging the SCs
with depilation induced activation results in depletion of the bulge and dormant HFs
resembling those found during aging.

Aging is associated with a decline in maintenance for various tissues. In hair,
aging is associated with greying, extended quiescence, hair shaft thinning, and
decreased density. Age related hair graying is caused by depletion of melanocyte SCs
due to apoptosis and premature differentiation [113, 49]. One of the hallmarks of
aging that leads to a decline in SC functionality and senescence is shortened telomeres
[114]. Since telomere shortening is a consequence of DNA replication, maintaining
quiescence is likely important for delaying telomere shortening. Additionally, bulge
cells express telomerase, a specialized DNA polymerase that extends telomeres [115,
116], and therefore maintain longer telomeres than the rest of the HF [117]. However,
telomerase is insufficiently expressed in adult SCs to maintain telomere length, and
indeed bulge cells display significantly shorter telomeres in aged mice than in young
mice [117]. Bulge cells that reach critically short telomere length lose their ability to

activate and leave the niche to contribute to hair growth [115].
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The hair cycle also displays age-related changes, characterized by extended
periods of telogen [118]. These extended telogens appear to be a result of increased
sensitivity of HFSCs to Bmp signaling. Not only do aged HFs resist homeostatic
cycling, but also, even forced entry into anagen by depilation is significantly delayed
in older mice. Further, following depilation, transcription profiles of aged anagen
HFSCs more closely resemble HFSCs from young telogen than young anagen. This
age-related change in behavior and shortening of telomeres may reflect a shift in
priorities for HFSCs, as hair growth and regeneration is compromised in favor of the

tumor suppressing benefits of an extended quiescence.

2.10 Bulge as the origin of skin cancers

While the long-term maintenance of SCs is necessary for tissue regeneration, their
extended lifespan also puts them at an increased risk of acquiring oncogenic mutations
to initiate tumors and cancers [119]. Genetic lineage tracing has placed the bulge as
the cell of origin for the two most common forms of cancer: skin basal cell carcinoma
(BCC) and squamous cell carcinoma (SCC). BCCs are characterized by deregulation
of Hedgehog (HH) signaling. Using a conditional Smoothened mutant (SmoM?2) to
constitutively activate HH signaling and induce BCC formation, genetic lineage
tracing showed that BCCs originate from the infundibulum and interfollicular
epidermis [120]. Conditionally activating HH in either the bulge or matrix populations
with lineage specific Cre reporter expression was unable to initiate BCCs. However,
in a different BCC model utilizing a deletion of the HH inhibitor Ptchl and exposure

to ionizing radiation gave rise to BCCs predominantly originating from K15+ bulge
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SCs [121]. These opposing models likely represent two different subtypes of BCCs. A
further complication in the identification of the cell of origin for skin cancer may lie in
the recruitment of bulge SCs to the interfollicular epidermis in response to injury [13,
43]. Indeed, in HH activation by Ptchl deletion or Glil overexpression, wounding
promotes the contribution of bulge cells to tumor formation [122].

Bulge SCs have also been shown to act as the cell of origin for SCCs [123,
124]. Lineage tracing has shown that SCCs could be initiated from the conditional
activation of oncogenic Kras and deletion of p53 in K15+ bulge cells but not from
matrix progenitor cells [123]. A bulge origin for SCCs has also been demonstrated by
lineage tracing in tumors induced chemically with DMBA/TPA [125]. In addition to
originating from HFSCs, SCCs have also been demonstrated to utilize the intrinsic SC
machinery to promote tumorigenicity, such as with the HFSC transcription factor
Runxl1 [31, 124]. Intriguingly, while Runx! is dispensable for HFSC survival and
long-term function [30], it is strictly required for both tumor initiation and
maintenance in DMBA/TPA and Kras induced mice [124]. Identification of the bulge
as cancer initiating cells provides an important starting point for determining the
genetic lesions involved in tumor initiation. Importantly, beyond extending our
understanding of cancer development, the gene signature of the bulge may help to

identify key pathways or targets, such as Runx!, for new therapeutic approaches.

2.11 Conclusion
As our knowledge of the HF progresses, our conception of the bulge has expanded far

beyond simply a storehouse of SCs awaiting activation. Regulation of HFSC behavior
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is an intricate process that involves the bulge acting as a central signaling hub,
integrating signals from the rest of the HF and its non-epithelial neighbors. Normal
hair growth not only depends on the DP, but also on signaling from adipocytes and
macrophages. Additionally, the bulge does not simply receive signals, but also
transmits signals to attract blood vessels, neurons, and muscle cells to form a complete
follicular unit. As our tools to manipulate and examine the bulge and its neighbors
expand, it will be exciting to discover what new interactions can be unveiled.

Examination of SC self-renewal and differentiation has been and will be an
area of intense interest, bringing us ever closer to the goal of tissue regeneration.
However, of equal importance is SC quiescence. A main function of the bulge niche
environment is concerned with enforcing HFSC quiescence, which is as an important
mechanism for genomic maintenance and tumor suppression. Quiescent HFSCs are
not just waiting idly in their niche. Quiescence is likely not just a “resting" phase but
rather a more dynamic process than previously believed, with HFSCs preparing for the
next stage of activation. Further investigation of quiescence is needed to better

understand its role in SC maintenance and disease states.
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CHAPTER 3

GATA6 PROMOTES HAIR FOLLICLE PROGENITOR CELL RENEWAL BY

GENOME MAINTENANCE DURING PROLIFERATION *

3.1 Synopsis

Cell proliferation is essential to rapid tissue growth and repair, but can result in
replication-associated genome damage. Here, we implicate the transcription factor
Gata6 in adult mouse hair follicle regeneration where it controls the renewal of rapidly
proliferating epithelial (matrix) progenitors and hence the extent of production of
terminally differentiated lineages. We find that Gata6 protects against DNA damage
associated with proliferation, thus preventing cell cycle arrest and apoptosis.
Furthermore, we show that in vivo Gata6 stimulates EDA-receptor signaling adaptor
Edaradd and NF-xB pathway activation, known to be important for DNA-damage
repair and stress response in general, and for hair follicle growth in particular. In
cultured keratinocytes, Edaradd rescues DNA damage, cell survival and proliferation
of Gata6 knockout cells and restores Mcm 10 expression. Our data add to recent

evidence in embryonic stem and neural progenitor cells, suggesting a model whereby

* This chapter is adapted from the published article: Wang, A. B., Zhang, Y. V., & Tumbar, T. (2016).
Gata6 promotes hair follicle progenitor cell renewal by genome maintenance during proliferation. The
EMBO Journal. http://doi.org/10.15252/embj.201694572. YVZ conducted microarray identification of
Gata6 in the hair follicle, qRT-PCR confirmation, colony formation assay, keratinocyte isolation, and
contributed to hematoxylin, Gata6, and cH2A X staining of skin. All other experiments were conducted
by ABW.ABW, YVZ, and TT designed the project. ABW and TT wrote the manuscript.
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developmentally regulated transcription factors protect from DNA damage associated
with proliferation at key stages of rapid tissue growth. Our data may add to
understanding why Gata6 is a frequent target of amplification in cancers.
3.2 Introduction

Many tissue stem cells divide infrequently and are long-lived while their
downstream progenitor cells proliferate rapidly and are short-lived (Fuchs & Chen,
2013; Sada & Tumbar, 2013). This hierarchical stem-progenitor system has been
presumably set in place to prevent accumulation of replication-associated damage and
maintain genome integrity in long-term stem cells (Adams et al, 2015). DNA
replication-induced stress causes spontaneous double strand breaks in dividing cells,
and results in activation of break-repair mechanisms to resume stalled replication forks
(Berti & Vindigni, 2016). Hematopoietic stem cells are the best understood, where
both cell-intrinsic (i.e. transcription factors) and extrinsic (provided by the niche)
mechanisms maintain quiescence, to protect the stem cell genome in long term against
DNA damage (Kosan & Godmann, 2016) and prevent aging (Flach et al, 2014). This
depends on full replication-origin licensing via MCM3 (Alvarez ef al, 2015). In the
hair follicle, a mutation that promotes proliferation of otherwise quiescent hair follicle
stem cells (HFSCs) also leads to increased DNA damage and premature aging
(Morgner et al, 2015).

Some tissue stem cells in vivo (i.e. epidermis) and pluripotent stem cells in
culture divide relatively frequently and mechanisms other than quiescence may protect
against replication-induced stress (Sotiropoulou et al, 2012; Weissbein et al, 2014).

Similarly, some rapidly dividing progenitor cells must provide essential tissue
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regenerative capacity for substantial periods of time. Developmental mechanisms may
be set in place in a cell-type specific manner to prevent catastrophic accumulation of
DNA damage during times of intense tissue growth and repair. Recently, two
developmental transcription factors , SRF in pluripotent stem cells (Lamm et al, 2016)
and MYCN in neural progenitors (Petroni et al, 2016), were shown to control
replication-induced stress in rapidly proliferating cells. However, the extent to which
developmentally-regulated pathways or transcription factors may be implicated in
augmenting the ability of highly proliferative cells to maintain genomic integrity
during replication at key stages in tissue growth is currently unknown.

The hair follicle is a classical stem-progenitor model system and is particularly
well-suited for studying mechanisms of genome integrity related to differences in cell
proliferative behavior during adult homeostasis. The HFSCs are infrequently dividing
and long-lived and are localized in the bulge, whereas the progenitor cells are rapidly
dividing, have a short life span, and are localized in the matrix within the hair bulb.
Additionally, hairs undergo cyclic and synchronous, at least during youth, phases of
quiescence (telogen), growth (anagen), and destruction (catagen), known as the hair
cycle. Proliferation of stem and progenitor cells are restricted within highly defined
stages of the hair cycle. At the start of anagen, quiescent early progenitor cells in the
hair germ begin to proliferate to form a pool of multipotent progenitors known as the
matrix. Matrix progenitor cells rapidly proliferate, temporarily self-renew, and
eventually become lineage restricted unipotent progenitors with the hair shaft (HS)
committed cells localized in the upper matrix, the inner root sheath (IRS) in the mid-

matrix, and the lower bulb ORS in the lower matrix (Legué & Nicolas, 2005; Legué et
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al, 2010). The unipotent progenitor cells divide briefly when displaced from the
dermal papillae (DP), a mesenchymal pocket of cells working as an organizing and
signaling center in the hair follicle, and then withdraw from the hair cycle and
terminally differentiate to IRS and HS lineages (Legué & Nicolas, 2005; Legué et al,
2010).

Defined steps in the stem cell lineage determination hierarchy of HFSCs have
been intensively studied and their regulation by known developmental transcription
factors is summarized in Figure 3.1A. Specifically, NFATcl1, Tcf3/4, and Foxcl are
important for maintaining bulge stem cell quiescence (Horsley et al, 2008; Wang et al,
2016; Lien et al, 2014; Lay et al, 2016), while Tbx1, Sox9, Lhx2, and Gli2 are known
to promote bulge cell self-renewal (Chen et al, 2012; Kadaja et al, 2014; Folgueras et
al, 2013; Hsu et al, 2014). RunxI promotes initial activation of bulge stem cells during
quiescence to become hair germ cells that are subsequently capable of conducting
timely anagen onset (Lee ef al, 2014; Osorio et al, 2008; 2011; Hoi et al, 2010; Lee et
al, 2013). Stat3 also plays a role in anagen onset by regulating proliferation of hair
germ cells (Sano et al, 1999; 2000). During terminal differentiation of matrix
progenitor cells, DiIx3, Foxnl, Msx2, Hoxcl3, and LefI are known to promote
differentiation towards the hair shaft lineage (Hwang et al, 2008; Weiner et al, 2007;
Hu et al, 2010a; Merrill et al, 2001; Lowry et al, 2005; Ma et al, 2003; Kim & Yoon,
2013; Jave-Suarez et al, 2002; DasGupta & Fuchs, 1999; Zhou et al, 1995), while
Cutll, Gata3, and Foxnl promote differentiation towards the IRS lineage (Ellis et al,

2001; Kaufman et al, 2003; Cai et al, 2009).
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Figure 3.1 Hair follicle progenitor cells express Gata6. (A) Overview of hair
follicle stem and progenitor cell dynamics with transcription factors known to regulate
each stage. (B) Lineage tracing of the anagen matrix from S-actin-CreER:Confetti, 7
days after induction with either a high dose of tamoxifen (TM) (top) or low dose
(bottom) for single cell clonal lineages. (C) Images of skin sections at various stages
of the hair cycle, immunostained for GATAG6 (red), CD34 or K14 (green) and DNA
(blue). (D) TM induction scheme (D) and images (D’) for Gata6 inducible knockout
(iIKO) and wild type (WT) mice over time, showing the loss of GATAG6 (red) from the

hair follicle. Scale bars: 30 pm.
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The developmental transcription factors regulating intermediate steps in hair
follicle lineage determination, specifically matrix progenitor cell proliferation, extent
of self-renewal, and genome maintenance of these rapidly proliferative cells are
currently not known (Fig 3.1A). With that said, components of DNA repair
machinery, namely p53 and BRCAI were shown to be crucial in the hair follicle
matrix cells (but not in the inter-follicular epidermal cells) for their genome
maintenance during normal homeostasis, suggesting the existence of significant
genotoxic stress in the progenitor matrix cells (Sotiropoulou et al, 2012). Furthermore,
during anagen, Sonic hedgehog (Shh) and Wnt signaling are implicated in matrix cell
proliferation (Oro & Higgins, 2003; St-Jacques et al, 1998; Wang et al, 2000; Hsu et
al, 2014; Choi et al, 2013).

Here we set to identify transcription factors controlling progenitor matrix cell
function and implicate the zinc-finger factor Gata6, in the activation and extent of
renewal of the hair follicle progenitor cells (hair germ and matrix). Gata6 was
previously known to regulate development of visceral endoderm, liver, lung, heart,
and intestine (Morrisey et al, 1998; Zhao et al, 2005; Yang et al, 2002; Zhang et al,
2008; Beuling et al, 2011; 2012; Zhao et al, 2008) through control of differentiation,
survival and proliferation, but a role in DNA damage has not yet been reported to our
knowledge. Our new findings from the hair follicle implicate Gata6 in prevention of
DNA-damage associated with proliferation, and may refine our understanding of
Gata6 phenotypes in other tissue stem-progenitor cell systems (Zhang et al, 2008), as
well as provide an important link with its known role as an oncogene (Kwei ef al,

2008; Shureiqi et al, 2007; Lin ef al, 2012; Shen et al, 2013; Whissell et al, 2014).
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Moreover, we expand Gata6 function, previously thought restricted to the mesoderm-
and endoderm-derived lineages (Molkentin, 2000; Maeda et a/, 2005), into an

ectodermal tissue.

3.3 Gataé is expressed in hair follicle progenitor cells

Previously, lineage tracing experiments of early progenitor (hair germ) and
progenitor (matrix) cells have shown that multipotent early progenitors become
lineage restricted within the matrix to form either the inner root sheath or hair shaft,
while it was suggested that a pool of cells at the base of the matrix may contribute to
the lower outer root sheath in the hair bulb (Zhang et al, 2009; Legué¢ & Nicolas,
2005; Legué et al, 2010). Furthermore, it has been proposed that the matrix is
structured such that lineage specification correlates with position of cells along the
length of the matrix, and proliferative potential correlates with radial position relative
to the DP (Legué & Nicolas, 2005). Using the ubiquitously expressed S-actin-CreER
mice and a multi-color reporter not previously employed to study matrix-cell
differentiation (Confetti reporter mice) (Snippert et al, 2010), we performed our own
lineage tracing during anagen by inducing with tamoxifen (TM) followed by 4 day
chases. High TM doses (100ug/g body) induced multi-color labeling within one
lineage emanating from multiple progenitors contacting the DP at specific vertical
positions that contribute simultaneously to hair growth. Low TM doses (20ug/g body)
produced single color-single lineage patterns (Fig 3.1B), consistent with the

previously proposed model (Legué & Nicolas, 2005).
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Next we set out to identify transcription factors that may regulate matrix
progenitor cell function. Previously, we performed microarray analysis of HFSC
lineages at distinct stages of self-renewal (anagen) and early differentiation (telogen-
anagen transition) (Zhang et al, 2009). These data revealed Gata6 as a transcription
factor that was up-regulated in dividing hair germ cells on their way to forming matrix
but not in dividing bulge cells that were self-renewing at later anagen stages. We
confirmed the microarray data here by qRT-PCR of sorted hair follicle cell
populations (Fig 3.2A,B). These data suggested that Gata6 might play a specific role
in the proliferation of hair germ (but not bulge) cells during matrix progenitor cell
formation and prompted us to further study its expression and role in the hair follicle.

We evaluated GATAG protein expression patterns during the hair cycle by
immunofluorescence staining. Consistent with our microarray data,
immunofluorescence staining revealed GATAG6 expression in the hair germ but not
bulge during telogen and early anagen (Fig 3.1C). Expression was high throughout the
entire matrix at anagen, including all matrix zones represented by progenitors of lower
ORS, IRS and cortex, and remained high during full and late anagen (Fig 3.1C and D
— top panel). Moreover, expression was high in the differentiated hair layers of inner
root sheath (Fig 3.1C, D). GATAG6 was also present in the infundibulum (the upper
portion of the hair follicle) and in the inter-follicular epidermis (Figs 3.1C and 3.2C).
In the bulge, GATAG6 was detectable in rare cells in the differentiating zone bordering
the hair germ during early anagen, but was absent from the bulge during later stages of
HFSCs self-renewal (early and mid-anagen) (Fig 3.1C). These data suggested that

Gata6 might play a role in matrix cell formation, proliferation, and differentiation.

88



Figure 3.2 Gata6 is upregulated in differentiating hair germ cells. (A) Experimental
scheme for doxycycline chased K5¢TA x pTRE-H2B-GFP mice used to obtain divided
and un-divided cell populations during the differentiating phase - telogen (T)-anagen
(A) transition - and self-renewing phase of HFSCs during early anagen, as previously
described in (Zhang et al, 2009). Bulge cells were sorted as divided or un-divided
based on H2B-GFP levels and high CD34 and a.6-integrin expression; hair germ cells
at telogen-anagen transition were the divided cells with low CD34 levels and high
expression of a6-integrin. (B) qRT-PCR confirmation of Gata6 expression in
differentiating (hair germ, divided), self-renewing (bulge, divided), or non-dividing
bulge stem cells (average £ SD, n=3). (C) Immunofluorescence image of the skin
shows epidermis and infundibulum stained with Hoechst for DNA (blue) basal
layer/ORS marker K14 (green) and Gata6 (red). Scale bar: 30 um. (D) Gel image of
DNA genotyped for floxed Gata6 allele. Shown are genotypes from 3 mice:
heterozygote (Gata6™™"), homozygous WT (Gata6™"™"), and homozygous floxed

(Gata6™™).
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3.4 Loss of Gatab6 causes hair follicle degeneration

To investigate the role of Gata6 in the hair follicle, we performed inducible
knockout of Gata6 in the skin epithelium of K/4-CreER™:Gata6' " mice (Gata6 iKO)
(Li et al, 2000; Sodhi et al, 2006). Upon induction with TM, GATAG® is rapidly lost
from the lower hair follicle (Fig 3.1D) and epidermis (Fig 3.2C). Control littermate
mice without TM induction (K/4-CreER™:Gata6™" injected with oil), without Cre
expression (Gata6™" injected with TM), or without Gata6 loxP sites (K14-CreER™
injected with TM) showed no phenotypic effects and are referred to as wild type (WT)
throughout the paper. A time course of immunofluorescence staining following
induction in anagen shows that GATAG is initially lost from matrix cells bordering the
DP, followed by progressive loss from the rest of the matrix within 2 days post-TM,
and finally from the differentiated lineages by 5 days after induction (Fig 3.1D).
Given the presence of GATAG6 in both the telogen/early anagen hair germ and the
anagen matrix, we asked how loss of Gata6 affects the hair cycle at these two stages
(Fig 3.3A). When Gata6 loss is induced at telogen, hair follicles are arrested in telogen
in iKO mice while WT littermates progress into anagen by 10 days (Fig 3.3B and
3.4A). This was true in all hair follicles from iKO and WT mice tested (n > 3
mice/genotype) in multiple experiments with skin sections from different parts of the
body. Not only do telogen induced iKO follicles fail to enter anagen, the hair germ of
telogen 1K O follicles shrinks in size suggesting loss of the early progenitor cells in the
absence of Gata6. A more dramatic reduction in hair follicle progenitor cells occurs

when GATAG is depleted during anagen, when matrix progenitor cells are rapidly
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Figure 3.3 Gata6 is necessary for anagen initiation and maintenance. (A) Induction
scheme for generating the Garta6 iKO. Mice were induced during either telogen
(PD21) or anagen (PD30) for up to 10 days (n > 3 mice/time point/genopye). (B)
Representative images of hematoxylin staining of skin sections from the telogen
induced mice sacrificed at 2, 4, and 10 days (d) post TM induction. (C) Images of
hematoxylin staining of skin section from the anagen induced mice. Quantification

shown in Figure 3.4D. Scale bars: 30 um.
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Figure 3.4 Gata6 is necessary for anagen initiation and maintenance. (A-B) Low
magnification images of skin with hematoxylin staining, for telogen induced (A) and
anagen induced (B) mice. Scale bars: 30 pum. (C) Immunofluorescence images of hair
follicles 10 days post anagen induction stained with bulge marker CD34. (D)
Quantification of the number of cells in anagen matrix hair follicles post Gata6 iIKO
induction (average + SD, n=20 follicles from 3 mice each). *Unpaired t-test P-values:

1d =0.86, 2d = 7x107, 4d = 4x10™"°.
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proliferating and differentiating. Over the course of 10 days, WT follicles progress
through full anagen. In contrast, anagen iKO follicles display reduced matrix size,
accumulate ectopic melanin granules, and by 10 days degenerate to a telogen like
structure (Figs 3.1D, 3.3C and 3.4B,D) in all mice analyzed (n > 3 mice/genotype/time
point). Consistent with our observed localization of GATA6 within the matrix and its
absence in the bulge, these changes to the hair structure appear to be limited to the
lower hair follicle, while the bulge morphology remains intact during these stages (Fig
3.4C). Also, no gross phenotype was detectable in the epidermis.

Together, these data demonstrate that Gata6 is necessary for the telogen-
anagen transition and hair germ proliferation and maintenance. In addition, it is
absolutely required to maintain the hair follicle matrix and normal hair growth during

anagen and to prevent its premature degeneration with return to telogen.

3.5 Gataé is not necessary for hair follicle progenitor cell terminal differentiation
Previously, Gata6 has been implicated in the differentiation of lung epithelial
progenitor cells (Zhang et al, 2008). To determine if loss of Gata6 in the hair follicle
progenitors (matrix) during anagen plays a role in terminal differentiation, we
performed immunofluorescence staining of skin sections with antibodies including
markers for the differentiated lineages of the hair. The stainings included the ORS
marker K14, the IRS and medulla marker AE15, the hair cortex marker AE13,
GATA3 that marks the cuticle and Huxley layers of the IRS, the companion layer
marker K6, and hair shaft cortex marker LEF1. Surprisingly, the differentiated hair

lineages were detectable in Gata6 iKO not only at 2 days but also at 5 days after TM
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induction (Fig 3.5 and 3.6A-D), when GATAG6 expression was completely lost from
the hair follicle as indicated by our staining (Fig 3.1D). This suggested that Gata6 is
not directly implicated in terminal differentiation of hair follicle cells, as expected
from its role in other systems.

To more directly inquire if Gata6 iKO matrix cells actually continue to
proliferate, produce terminally differentiated cells, and move upward into the inner
hair follicle lineages above the DP after GATAG6 loss, we conducted a BrdU pulse-
chase experiment to label the matrix cells after TM induction and follow their fate.
Mice were injected with BrdU three days after tamoxifen induction, when GATAG is
normally lost in the matrix (Fig 3.1D) and sacrificed at 12 hrs and at 3 days after
injection by which time GATAG® is also lost from the differentiated lineages (Fig
3.5A). As expected, after 12 hours of chase, the BrdU labeling is predominantly
located in the matrix and this was true in both WT and iKO mice (Fig 3.5B and 3.6E).
As the matrix cells differentiate, they feed upwards into the IRS and hair shaft. Indeed,
after 2 days chase the BrdU label appeared in the zone occupied by terminally
differentiated lineages above the DP in both WT and iKO skin, where they co-localize
with differentiation markers AE15 and AE13 (Fig 3.5D,E and 3.6E). Additionally, the
5-day Gata6 iKO follicles also express all other differentiation markers tested, namely
GATA3, K6, and LEF1 in a manner similar to that detected in WT hair follicles (Fig
3.5F,QG).

These data showed that despite the rapid shrinkage of matrix and loss of hair

follicle growth with premature collapse into early catagen in response to Gata6 iKO,
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Figure 3.5 Gata6 is not necessary for terminal differentiation of matrix cells. (A)
Scheme for BrdU pulse chase experiment to track matrix cell differentiation into the
upper inner lineages during anagen. The plus sign marks the starting point for TM or
BrdU. (B-G) Gata6 WT and iKO skin after 3 days after TM induction and 12 hours
after BrdU labeling or 5 days after TM induction and 2 days after BrdU labeling

stained with markers as indicated in corresponding color.
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Figure 3.6 Gata6 is not necessary for terminal differentiation of the hair follicle. (A-
D) Immunofluorescence staining of skin sections 2 days post tamoxifen induction for
terminally differentiated lineages reveal labeling in the hair bulb, as expected. Specific
stains are indicted in corresponding colors. Scale bars: 30 um. (E) Quantification of
images like those shown in Figure 3 show percentage of BrdU+ cells located in the
differentiated IRS and hair shaft lineages after the initial 12h pulse labeling and after
the 2d BrdU chase (average + SD, n=3, P-value = 0.7 for 12h WT vs iKO and 0.4 for

2d WT vs iKO).
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hair follicle matrix progenitors continue to produce all the differentiated inner layer
lineages, suggesting that Gata6 is not essential for commitment to terminal
differentiation. Thus, we set to examine whether there was a potential impairment in
the extent of matrix cell proliferation or survival during anagen, which would explain

the abnormal shrinkage of the iKO matrix.

3.6 Matrix cells undergo DNA damage, apoptosis, and reduced proliferation after
loss of Gatab

The rapid degeneration of the hair follicle and ectopic melanin granules
observed after loss of GATAG6 were reminiscent of the dystrophic catagen morphology
frequently observed in response to severe damage, such as following chemotherapy
(Hendrix et al, 2005). We therefore analyzed whether genomic damage and cell death
are observed in Gata6 iIKO matrix cells by immunofluorescence staining of skin
sections from mice sacrificed at different time-points after TM injection. We used
antibodies for the DNA damage marker YH2A . X, which localizes to double-strand
breaks, and for the apoptosis marker activated Caspase 3 (Fig 3.7A). Gata6 iKO hair
follicles displayed frequent matrix cells that were either Caspase3+/yH2A . X+
(indicative of cell death) or Caspase3-/YH2A.X+ (indicative of DNA damage), while
in WT matrix these cells were largely absent. Quantification of these data
demonstrated that the number of cells with DNA damage and/or apoptosis peaked at
1-day post-TM induction, and was followed by a gradual decline by 4 days post-TM

(Fig 3.7B,C). These data suggested that GATAG loss results in drastic DNA damage
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Figure 3.7 Hair follicle progenitor show impaired proliferation and increased DNA
damage and apoptosis following loss of Gata6. (A) Hair follicles exhibit
immunostaining signal for DNA damage marker YH2A.X (red) and apoptosis marker
Caspase3 (green) as early as one day after Gata6 iKO induction. Top panel shows a
section of UV irradiated epidermis as a positive control for DNA damage. Note that
Caspase 3 is not expressed in the YH2A.X cells of the epidermis but is found in some
KO hair follicle matrix cells. Right panels show single color images as indicated at
top (B) Quantification (average = SD) of the percentage of apoptotic cells per matrix
as determined by counting of Caspase3+ cells (n=50 follicles from 3 mice per group)
(C) Quantification (average = SD) of the percentage of DNA damaged cells per matrix
as determined by counting of YH2A.X+Caspase3- cells (n=50 follicles from 3 mice per
group). (D) Regional distribution of apoptosis was analyzed by dividing the matrix
into four compartments as shown in the legend (left) and counting the fraction of
Caspase3+ cells per each matrix compartments (right; n=50 follicles from 3 mice per
group). (E) Proliferation in the matrix compartments shown in (D) was assessed by
BrdU labeling for 1 hour, followed by staining, and quantification (F) (interior cells
labeled with solid bars, exterior cells labeled with striped bars). Unpaired t-test: *P-

value < 0.05. n=20 follicles from 2 mice per group.
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followed by apoptosis in the matrix cells and were in line with the observed shrinking
of the matrix cells over the same time period (Fig 3.1D). Neither DNA damage nor
apoptosis was found within the bulge stem cells (Fig 3.8); this was expected since
these cells do not express GATAG6 during anagen (Fig 3.1C). Additionally, although
the inter-follicular epidermis and infundibulum express GATAG6 (Fig 3.1C and 3.2C),
neither DNA damage nor apoptosis was observable (Fig 3.8), perhaps due to the action
of additional DNA-damage protective mechanisms that seem to operate in these
compartments (Sotiropoulou et al, 2012).

Since the different unipotent matrix progenitors are spatially
compartmentalized along the proximal-distal and lateral axis (Legué & Nicolas, 2005),
we quantified the distribution of Caspase3 staining in different regions of the matrix
(Fig 3.7D). The matrix was divided vertically into a lower region from the base of the
matrix to the middle of the DP, and an upper region from the middle of the DP to the
Line of Auber, where the IRS and cortex of the hair shaft begin. Additionally, along
the radial axis, we divided the matrix into an interior region that is adjacent to the DP,
and the exterior region that does not contact the DP. The immediate vicinity to the DP
has been deemed essential for the extent of self-renewal of unipotent progenitor matrix
cells (Legué & Nicolas, 2005). Careful quantification of the frequency of Caspase3+
cells per region demonstrated that all matrix cells were affected by apoptosis,
irrespective of their spatial distribution. Although there were some differences in
frequency of apoptotic cells in the different categories, these were likely a reflection of
how rapidly GATAG® loss occurred in distinct matrix regions as the cells near the DP

lose GATAG first, immediately after induction (Fig 3.1D).
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Hoechst Caspase3 yH2A.X

WT2d TM

Figure 3.8 Gata6 loss does not cause DNA damage or apoptosis in the
interfollicular epidermis or bulge. Skin sections immunostained for Caspase3 and
YH2A.X show no detectable signal in the inter-follicular epidermis or bulge

HFSCs.
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We also investigated the effect of Gata6 loss on proliferation in different
regions of the matrix in WT and iKO mice injected with BrdU 1 hour before sacrifice
(Fig 3.7E,F). As expected based on the vicinity from the DP (Legué¢ & Nicolas, 2005),
the WT matrix displayed more BrdU+ cells in the inner versus the outer regions. The
upper exterior matrix region, is the least proliferative, as it includes terminally
differentiated cells of the IRS, and Gata6 loss had a subtle effect in this region by 2
days post-TM. However, significant decrease in the fraction of BrdU+ cells was
detectable in all other examined matrix categories within 1 and 2 days of TM injection
(Fig 3.7E,F), suggesting Gata6 function is essential for normal proliferation of all
matrix progenitor cells.

In conclusion loss of Gata6 at anagen induced rapid DNA damage, apoptosis
and decreased proliferation in the hair follicle progenitors throughout the matrix,
providing an explanation for early cessation of production in terminal differentiated

lineages and collapse of hair follicle into premature catagen.

3.7 Cultured keratinocytes acquire proliferation associated DNA-damage following
Gatab loss

To better understand the intrinsic cellular responses that occur upon Gata6
loss, we examined cultured keratinocytes isolated from the skin epithelium of Gata6
WT and iKO newborn mice. Induction of iKO by TM administration to pups prior to
cell plating resulted in complete loss of colony formation and growth abilities of iKO

relative to WT cells (Fig 3.9A,B). While large colonies are seeded by keratinocyte
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Figure 3.9 Proliferation-induced DNA damage in keratinocytes results in cell cycle
arrest and cell death. (A) Colony formation of WT and TM induced Gata6 iKO
keratinocytes stained with hematoxylin. Primary keratinocytes were isolated from
induced iKO newborn mice, plated on feeder cells, and stained with hematoxylin at
day 7 after plating (top). Phase contrast images of cells are shown below. Scale bars:
30 um. (B) Quantification of colony formation from (A), average = SD from n=3 mice
in each genotype. (C) Western blot of WT and iKO cultured keratinocytes after 0 or 6
hours of tamoxifen induction, blotted with actin and GATAG6 antibodies, show a
decrease in GATAG6 protein levels after 6 hours. (D) Phase contrast images of WT and
Gata6 iKO keratinocytes 3 days after induction with TM (n > 3 per genotype). (E-H)
Images and quantification of DNA damage in cultured keratinocytes based on staining
for DNA damage marker YH2A.X (E and G) and comet assay (F and H). Arrowheads
in (F) indicate DNA damaged cell nuclei with comet shape. Quantification of YH2A. X
(G) represents average = SD from at least 300 cells per condition from 3 experiments
using different cell lines . *Unpaired t-test P-values: 6h=0.01 and 24h=0.004. (H)
Quantification of comet assay represents average + SD (n=3). (I-J) FACS cell cycle
profiles and quantification show that Gata6 iKO keratinocytes show decreased
proliferation and G2-M arrest. (J) Quantification of FACS cell cycle analysis
represent average = SD (n=3 per genotype). *Unpaired t-test P-values: G1 =0.03, S =
5x10*, G2-M = 7x10™. (K) Quantification of the frequency of YH2A X+ staining in
keratinocytes within S phase (EdU+) or another cell cycle stage (EdU-) following a 20

minute EdU pulse labeling (average + SD, n=5). *Unpaired t-test P-values WT=0.1,
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iKO= 0.05. Mann-Whitney U test P-values: WT=0.09, iKO=0.03. (L.-M) Cultured
keratinocytes were made quiescent by gradual serum depletion. (L) Quantification of
EdU+ cells in proliferative and serum depleted quiescent cells (average = SD, n=4).
(M) Quantification of YH2A.X+ keratinocytes during proliferative and quiescent
conditions (average = SD, n=4). *Unpaired t-test P-value = 0.04. Mann-Whitney U

test P-value=0.06.
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stem cells, the subsequent cultured cells are mixtures of rare stem cells and frequent
progenitor cells (Barrandon & Green, 1987). The loss of colony formation ability
could be explained by an effect of Gata6 on stem cells themselves or on their early
progenitor cells. Thus, to test more directly the possible role in progenitor cells, we
established cell lines from WT and iKO mice prior to TM induction and induced the
Gatab6 loss in the cultured cells. Within 3 days post induction, cells were largely lost
from the dish (Fig 3.9D), suggesting a rapid depletion of the cultured progenitor cells
upon Gata6 loss. To examine the early cellular responses to Gata6 loss, we asked how
quickly is GATAG protein depleted post-induction by performing Western blots. We
found that GATAG is substantially reduced as early as 6 hours following TM addition
to the culture medium (Fig 3.9C). As with the hair follicle matrix cells in vivo, iKO
cultured keratinocytes rapidly acquired DNA damage indicated by YH2A.X foci
staining, as early as 6 hours post induction (Fig 3.9E,G). We also confirmed the
presence of DNA damage in keratinocytes by comet assays, using WT cells with 1-
minute high UV dose irradiation as positive controls (Fig 3.9F,H). Apoptosis was not
detectable in iKO cells 6 hours post-induction, although it was readily detectable in
our control WT cells treated with high UV doses and cultured for 24 hours (Fig 3.9E).
These results indicated that DNA damage is an early and rapid response to Gata6 loss.
Cell cycle analysis of keratinocytes at 24 hours post TM induction displayed
decreased proliferation in response to Gata6 loss. This was indicated by a dramatic
reduction in the fraction of cells in S-phase (G1-phase was also somewhat decreased)
of the cycle in the Gata6 iKO, and an increase in the G2/M-phase. These data suggest

cell cycle arrest occurs in response of the observed DNA damage induced by Gata6

111



loss (Fig 3.91,J). These effects on the cell cycle were also detectable in cell culture
using a knockdown approach with Gata6-specific sShRNA (Fig 3.10).

To examine the possible relationship between replication and DNA damage in
response to Gata6 iKO, we co-stained EdU labeled cells with YH2A.X and found a
significantly greater proportion of YH2A.X+ cells associated with EQU+ cells than
EdU- cells (Fig 3.9K). Furthermore, to test if proliferation is necessary for Gata6 iKO
cells to acquire DNA damage, we attempted to make cultured keratinocytes quiescent.
A decrease in EAU labeling confirmed increased quiescence of WT and iKO cells
upon gradual serum withdrawal (Fig 3.9L). We found DNA damage indicated by
YH2A.X staining was decreased in quiescent cells compared to proliferative cells (Fig
3.9M). The residual DNA damage observed in the serum-deprived iKO cells may be
attributable to the incomplete cell cycle arrest, as indicated by the remaining ~10%
EdU labeled cells. These data suggested that Gata6 plays a role in protecting
proliferative keratinocytes from DNA damage, cell cycle arrest, and eventual cell
death with loss from the culture dish. These results were in line with the effects of
Gata6 loss on the hair follicle matrix cells in vivo, suggesting that cultured
keratinocytes are a good model to study in more details mechanisms of Gata6 action

in skin epithelial cells.

3.8 Genome maintenance factors are downstream targets of Gata6
To understand the downstream mechanisms by which Gata6 performs its cellular
function in protecting the genome from DNA damage and cell cycle arrest in

proliferative skin epithelial cells we performed mRNA sequencing (RNA-seq). For
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Figure 3.10 Gata6 shRNA knockdown in keratinocytes causes cell cycle arrest. (A)
FACS cell cycle profiles of cells transfected with scrambled shRNA or Gata6 shRNA.

(B) Quantification of cell cycle stages of keratinocytes treated with scrambled or

Gata6 shRNA (n=5).
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this analysis, we used RNA purified from independent iKO and WT keratinocyte lines
(3 lines each) 6 hours after TM induction. 542 genes were differentially expressed by
> 1.5-fold (adjusted P-value < 0.05) in Gata6 iKO compared to WT keratinocytes,
with 317 up-regulated genes and 225 down-regulated genes (Figs 3.11A and 3.12). We
selected a number of candidate genes whose mutants have similar degenerative hair
follicle phenotypes to those observed in Gata6 iKO mice and confirmed their
expression changes by qRT-PCR (Fig 3.11B,C). Given the observed DNA damage
phenotype observed both in vivo and in vitro, we were initially drawn to the
significantly down-regulated genes involved in antioxidant function such as Gis2,
Gcle, and Gsr, and Gstpl, which are all enzymes involved in the synthesis of the key
antioxidant glutathione. However, we examined reactive oxygen species (ROS) levels
with dihydroethidium staining of cells and found no significant change in Gata6 iKO
keratinocytes compared to WT (Fig 3.11D,E). Given the association of DNA-damage
induced by Gata6 loss with S-phase, we suspected a possible implication of
replication-induced stress (Berti & Vindigni, 2016).

To better understand the various downstream processes and pathways Gata6
may be affecting, we conducted gene ontology and transcription factor binding site
enrichment analyses on the differentially expressed genes. Gene ontology analyses
revealed that among the down-regulated genes, there was an overrepresentation of
genes related to cell cycle and cell proliferation, as well as DNA metabolism, which
included a number of genes related to DNA replication as well as repair (Table 3.1).

Additionally, we conducted transcription factor binding site enrichment analyses on
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Figure 3.11 Genome-wide transcriptional changes following Gata6 depletion. (A)
Heatmap of differentially expressed genes (adjusted P-value < 0.05 and fold change >
1.5) from RNA-seq (n=3 different WT and iKO cell lines). (B) gqRT-PCR validation of
candidate genes selected from RNA-seq analysis using RNA from cultured cells
(average = SD, n=4). *Unpaired t-test P-values: Edaradd=0.03, Apcdd1=0.005,
Gls2=7x10", Ppargc1b=3x10"*, Rab17=2x10", Foxn1=0.03. Mann-Whitney U test P-
values: Edaradd=0.06, Apcdd1=0.03, Gls2=0.03, Ppargc1b=0.03, Rab17=0.03,
Foxnl=0.03. (C) Table summarizing selection of candidate genes from (B). Genes
were selected based on known function or skin phenotype related to Gata6 iKO
phenotype. (D) Staining of ROS by DHE. LY 83583 treated cells served as positive
control with elevated ROS. (E) Quantification of fold change in ROS at 6 and 24
hours after TM compared to WT, based on fluorescence intensity of DHE (average +
SD, n=2). (F) Analysis of transcription factor binding site overrepresentation
(oPOSSUM) in differentially expressed genes from RNA-seq. Points represent
transcription factors plotted as Z.score of the frequency of transcription factor binding
site occurrences in the promoters of downregulated genes compared to the background
rate of occurrences in all gene promoters and Fisher P-value of the proportion of
downregulated gene promoters containing each transcription factor binding site
compared to the frequency in all gene promoters. (G) Comparison of Gata6 iKO
downregulated genes with genes upregulated in Eda transgenic (Tg) skin. Genes
related to DNA replication and repair are found in the set of genes shared between the
two datasets. (H) QRT-PCR of selected genes found to be overlapping between Gata6

iKO and Eda transgenic analyzed in Gata6 WT and iKO keratinocytes (average = SD,
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n=4). *Unpaired t-test P-values: Mcm3=0.001, Mcm6=0.02, Mcm10=0.04, Exo1=0.02,
Pold1=0.02. Mann-Whitney U test P-values: Mcm3=0.03, Mcm6=0.03, Mcm10=0.03,

Ex01=0.03, Pold1=0.06.
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Figure 3.12 Differential expression of Gata6 iKO RNA-seq.(A) Heatmap showing
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Table 3.1 Gene ontology analysis of Gata6 iKO differentially expressed genes. (A)

Overrepresented gene ontology terms from Gata6 iKO downregulated genes. (B)

Overrepresented gene ontology terms from Gata6 iKO upregulated genes.

A

GO: Gata6 iKO downregulated genes

GO:Biological Process Term

P-value

Genes (Fold Change)

IDevelopmental processes

7.4x104

IADAMTSH1 (-2.1x), CEACAM12 (-1.9x), CHEK1 (-1.7x), COL12A1 (-1.9x), DLK2 (-2.1x), DLX2 (-2x), FARP2 (-
1 5x), FIGF (-2x), FOXO1 (-1.7x), HMX1 (-2.5x), HS3ST3B1 (-1.9), IL6ST (-1.6x), IRX1 (-1.7x), LDLRAD3 (-1.6X),
| FNG (-1.9x), LRRC33 (-1.9x), MET (-1.6x), MID1 (-2.5x), NEURL1B (-1.9x),NINJ1 (-1.8x), NOG (-2x), NTM (-
2.8x), NTN4 (-1.8x), OTUD1 (-2x), PAX8 (-1.9), PCDH7 (-1.6x), PRL2CS5 (-6.6X), PRL8AT (-1.9x), PSG28 (-1.9X),
RBL1 (-1.5x), RBMX (-1.7), RPS6KAB (-2.1x), RTN4R (-1.7X), SIX5 (-1.7X), TBX1 (-3.6X), TCP11L1 (-1.7X),
TIGD2 (-1.5%)

Cell cycle

6.9x10°3

1700017BO5RIK (-1.9x), CHEKT (-1.7X), E2F1 (-1.8), EXO1 (-1.7x), FIGF (-2x), FOXO1 (-1.7x), ING5 (-1.5x),
MCMS3 (-1.6x), MCM6 (-1.7x), MET (-1.6x), NDN (-1.9x), OTUD1 (-2x), POLD1 (-1.6x), RBL1 (-1.5x), RPS6KA6 (-
2.1x), TNS1 (-2.3), TRP63 (-1.6x), UHRF1 (-1.7x)

IDNA metabolism

2.5x10?

DNMT3B (-1.6x), DTYMK (-1.5x), EXO1 (-1.7x), MCM3 (-1.6x), MCMB6 (-1.7X), POLD1 (-1.6x), TRP63 (-1.6x),
UNG (-1.6x)

[Tumor suppressor

5.1x10?

ING5 (-1.5x), RBL1 (-1.5x), TNST (-2.3x), TRP63 (-1.6x)

Cell adhesion

6.4x102

ICEACAM12 (-1.9x), COL12AT (-1.9x), COL16A1 (-2.4x), CTNNAL1 (-1.9x), LGALS7 (-3x), LRRC32 (-1.9x), NINJ1
(-1.8x), NTM (-2.8x), PCDH7 (-1.6x), PSG28 (-1.9x), TNS1 (-2.3x)

Induction of apoptosis

6.4x10?

CIDEA (-2.5x), LGALS7 (-3x), TNF (-1.9x), TNS1 (-2.3), TRP63 (-1.6X)

IAmino acid metabolism

7.0x10-2

CCBL2 (-1.6x), CTH (-1.8x), GLS2 (-2.1x), HPDL (-1.6x), SHMTA (-1.5x), SLC7A5 (-1.7x)

GO: Gata6 iKO upregulated genes

GO:Biological Process Term

P-value

Genes (Fold Change

Cell communication

2.4x104

6110039M20RIK (2.0x), ADAM22 (3.3x), ADRB1 (2.1x), ARTN (3.5x), BTC (2.0x), CDH2 (3.3x), CHRNAS (1.9x),
CLCF1 (1.8x), COL6A2 (2.3x), CRABP2 (2.9x), CYR61 (1.7x), EFEMP2 (4.8x), ESR1 (15.3x), FBLN5 (2.1X),
FOXN1 (1.9x), HBEGF (1.6x), IL24 (1.8x), MSLNL (2.0x), NOTCH3 (2.0x), PCDHGA10 (2.0x), PCDHGA11 (5.2x),
PCDHGA12 (4.2x), PCDHGBS (2.4x), PDGFC (2.2x), PSTPIP1 (2.0x), PTPRU (1.9x), PVRL2 (1.6x), PVRL4
1.6x), SEMA4G (2.2x), SLC1A1 (2.2x), STAB1 (1.8x), TSPAN14 (1.6x), WNT11 (2.1x), WNT7A (1.9%)

Cell proliferation and
differentiation

2.7x10*

6110039M20RIK (2.0x), ABTB2 (1.6x), AKT3 (1.9x), BTC (2.0x), CDKN1A (1.6x), CGREF1 (2.3x), CYR61 (1.7x),
ESR1 (15.3x), FOXN1 (1.9x), FRK (1.7x), GADD45B (1.8x), HBEGF (1.6X), IFI203 (2.2x), IFI204 (1.7x), INHBB
2.9x), JMJD7 (2.7x), KLK8 (2.5x), MST1R (1.6x), NDRG2 (2.6x), NOTCH3 (2.0x), PDGFC (2.2x), PLA2G4B
1.8x), PYHIN1 (2.0x), S1PR3 (2.3x), SDC3 (1.7x), TNS3 (1.6x), ZFP182 (1.8x), ZFP37 (2.0x), ZFP651 (1.5x)

Cell structure and motility

4.5x10°%

3110039M20RIK (2.0x), AMOTL2 (1.5x), ANKT (2.3x), ANK3 (1.7x), ARHGAPS (3.0x), ARTN (3.5x), ASAP3 (1.8x),
BC021767 (1.6x), CGN (1.9x), CLDN23 (2.4x), CLDN4 (1.7x), COL6A2 (2.3), CYR61 (1.7x), DBN1 (1.9x),
EPB4.9 (3.8x), ESR1 (15.3x), FOXN1 (1.9x), GM14137 (1.6x), KIF5C (3.4x), LYSMD4 (1.7x), MST1R (1.6x),
NOTCHS3 (2.0x), PHACTR2 (2.1x), PLEKHGS (1.8x), PRICKLE1 (2.2x), REM2 (2.2x), RHOB (1.7x), SDC3 (1.7X)

IDevelopmental processes

6.7x10°3

5110039M20RIK (2.0x), AKT3 (1.9x), AMOTL2 (1.5x), ARTN (3.5x), CRABP2 (2.9x), CYR61 (1.7x), D7ERTD443E

2.1x), DMRT2 (5.3x), EFEMP2 (4.8x), EMX2 (2.2x), EOMES (2.1X), ESR1 (15.3x), FBLN5 (2.1x), FIGNL2 (1.6X),

FOXN1 (1.9x), FRK (1.7x), GATAG (2.3x), HOXB6 (1.8x), HOXB7 (1.5x), HOXBS (2.7), HOXB9 (1.7x), HS3ST1

1.9x), INHBB (2.9x), KDM5D (46.4x), KLK8 (2.5x), LRP1 (1.7x), MDFI (1.7x), MSL3L2 (2.0x), MSLNL (2.0x),
ST1R (1.6x), NFAT5 (1.6x), NFE2L3 (2.1x), NKX3-1 (2.7x), NOTCH3 (2.0x), PDGFC (2.2x), PODNL1 (2.4x),

PRICKLE1 (2.2x), PRSS8 (1.9x), PSTPIP1 (2.0x), RELN (2.9x), SMPDL3B (1.8x), SPRED3 (2.0x), TGM1 (2.7x),
NT11 (2.1x), WNT7A (1.9x), ZFP37 (2.0%)

Celladhesion

1.2x102

IASAP3 (1.8x), CD209C (2.0x), CD97 (1.9x), CDH2 (3.3x), CEACAM19 (1.7X), COL6A2 (2.3x), MSLNL (2.0x),
PCDHGA10 (2.0x), PCDHGAT11 (5.2x), PCDHGA12 (4.2x), PCDHGBS (2.4x), PLEKHG6 (1.8x), PTPRU (1.9x),
RAP1GAP2 (1.9x), SDC3 (1.7x), SIPA1L2 (1.6x), TNS3 (1.6x), TSPAN14 (1.6X)

Cell cycle control

1.4x102

3110039M20RIK (2.0x), AKT3 (1.9x), CDK5R1 (1.7x), CDKN1A (1.6x), CYR61 (1.7x), ESRT (15.3x), FOXN1
1.9x), FRK (1.7x), GADD45B (1.8x), GAS2 (1.9x), KLK8 (2.5x), MST1R (1.6x), TNS3 (1.6x)

mRNA transcription

4.1x10°?

8110039M20RIK (2.0x), 5730507C01RIK (1.7x), BCL3 (1.9x), DENND3 (2.9x), EMX2 (2.2x), EOMES (2.1x), ESR1
15.3x), FOXN1 (1.9x), GATA6 (2.3x), GLIS1 (2.0x), GM14403 (1.8x), GRHL3 (1.8x), HDACS6 (1.7x), HOXB6

1.8x), HOXB7 (1.5x), HOXB8 (2.7x), HOXB9 (1.7x), IFI203 (2.2x), IFI204 (1.7x), IRF5 (2.2x), IRF7 (1.9x), KDM5D)|
46.4x), MDFI (1.7x), MSL3L2 (2.0x), NFAT5 (1.6x), NKX3-1 (2.7x), NOL3 (2.1x), OCEL1 (1.6x), PLEKHF1 (3.2x),
PYHIN1 (2.0x), SNAI3 (2.3x), SOX2 (2.3x), SP6 (1.6x), ZFP182 (1.8X), ZFP37 (2.0x), ZFP651 (1.5x), ZFP704
2.3x)

Cell adhesion-mediated signaling|

4.9x107?

IADAM22 (3 3x), CDH2 (3.3x), NOTCH3 (2.0x), PCDHGA10 (2.0x), PCDHGA11 (5.2x), PCDHGA12 (4 2x),
PCDHGBS (2.4x), PSTPIP1 (2.0x), PTPRU (1.9x), PVRL2 (1.6x), PVRL4 (1.6x), TSPAN14 (1.6x)

Phospholipid metabolism

5.8x10-2

ABCA1 (2.5x), JMJD7 (2.7x), PLA2G15 (1.9x), PLA2G4B (1.8x), PLD1 (1.6x), SYNJ2 (2.2x), TNS3 (1.6x)
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the promoters of the genes changed in response to Gata6 loss using the oPOSSUM
database (Ho Sui et a/, 2005). Interestingly, the most significantly overrepresented
transcription factor conserved binding site in the putative promoters of Gata6 down-
regulated genes was that of NF-kB (Fig 3.11F and Table 3.2). NF-kB has an
established role in regulating proliferation, DNA repair, and apoptosis especially in
response to stress (Janssens & Tschopp, 2006). Furthermore, inhibition of the NF-«B
pathway has been shown to have a phenotype in hair follicles resembling the
premature degeneration seen in the of Gata6 iKO (Sayama et al, 2010). Together, this
suggested the possibility that Gata6 may be maintaining hair follicle progenitor cells
indirectly, through activation of the NF-kB pathway, thus preventing accumulation of
DNA damage and apoptosis.

One of the genes we found to be down-regulated in our RNA-seq analysis was
Edaradd (Fig 3.11B, C), which is linked with Eda and NF-«xB signaling and has
established roles in hair morphogenesis and in the hair cycle (Cui & Schlessinger,
2006; Mustonen et al, 2003; Kloepper et al, 2014). We also found the NF-kB activator
Tnfo. was downregulated as well in response to Gata6 loss. Tnfo has also been reported
to have effects on hair follicle growth (Tong & Coulombe, 2006; Chen et al, 2015). To
address which genes downstream of Gata6 may be regulated by Edar-NF-kB
signaling, we compared the genes down-regulated by Gata6 loss with those that were
previously found to be up-regulated by Eda overexpression (Cui et al, 2006).
Interestingly, among the 34 genes we found to be shared between the two sets (Table
3.3), a handful were involved in DNA replication and repair and showed expected

downregulation of gene expression by qRT-PCR (Fig 3.11H). Loss of these genes
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Table 3.2 oPOSSUM analysis of overrepresented transcription factor binding sites in

Gata6 iKO differentially expressed genes. (A) Top ten overrepresented transcription

factor binding sites identified in Gata6 iKO downregulated genes. (B) Top ten

overrepresented transcription factor binding sites identified in Gata6 iKO upregulated

genes.
A Overrepresented TFBS in Gata6 iKO downregulated genes
T JASPAR ID Targqt Target gene Backgrm_.lnd Backg roun_d Targe}TFBS Target_ TFBS BackgrOL_lnd Backgroqnd TFBS RO Fisher
gene hits| non-hits genehits |gene non-hits hits nucleotide rate| TFBS hits nucleotide rate (P-value)

INFKB1 MAQ0105.1 107 107 9198 20149 273 0.00719 19859 0.00564] 13.282| 1.2x10°§
|Myen MAQ0104.2 161 53 16332 13015 849 0.0203 68924 0.0178] 12.232[ 2.6x109
KIf4 MA0039.2 185 29 20377 8970 2360 0.0565 202434 0.0523 12.069| 5.9x109
EBF1 MAQO154.1 180 34 19841 9506 1471 0.0352 123513 0.0319 12.06| 3.7x109
JArnt::Ahr MAQ0006.1 194 20 21968 7379 2990 0.0429 254193 0.0394] 11.673| 4.3x10
IMyc MAQ0147.1 164 50 16509 12838 848 0.0203 69281 0.0179 11.635[4.7x10"
1Zfp423 MA0116.1 142 72 14730 14617 603 0.0216 49975 0.0194] 10.648| 1.4x109
Estrb MAO141.1 173 41 19606 9741 1178 0.0338 100122 0.031| 10.346| 4.0x109
Egri MA0162.1 141 73 12980 16367 539 0.0142 44110 0.0125] 9.57|1.7x10"
RELA MAQ0107.1 130 84 13922 15425 481 0.0115) 38861 0.01 9.504] 6.7x10°9

B Overrepresented TFBS in Gata6 iKO upregulated genes

TF JASPAR ID Targe_t Target gene Backgrcu_md Backg roun_d Targe_tTFBS Target_TFBS Backgrot_md Backgrou_nd TFBS T Fisher
genehits| non-hits | genehits |gene non-hits hits nucleotide rate| TFBS hits | nucleotide rate (P-value)

SP1 MA0079.2 261 37 19074 10273 3119 0.0548 168476 0.0435| 41.656/|9.3x10°™}
KIf4 MA0039.2 263 35 20377 8970 3628 0.0637 202434 0.0523| 38.749|1.8x10™
MZF1_1-4 |MA0056.1 285 13| 24306 5041 9551 0.101 561826 0.0871 36.34[1.5x10™
MZF1_5-13 IMA0057.1 271 27 21759 7588 3852 0.0677 222525 0.0575| 82.991/2.6x10"™9
[Tcfep2I1 MA0145.1 261 37 20290 9057, 2461 0.0605 142543 0.0516 30.6/8.7x10-4
1Zix MAO0146.1 242 56 16844 12503 1696 0.0417 96083 0.0348| 28.664/3.3x10°'¢)
INSM1 MAO0155.1 229| 69 16347 13000 1313] 0.0277 73032 0.0226| 25.545|3.2x10™
IZNF354C  IMA0130.1 285 13| 24684 4663 9348 0.0986 575386 0.0892[ 24.722|4.3x10°)
EBF1 MAO0154.1 250 48 19841 9506 2088 0.0367 123513 0.0319[ 20.475|1.7x109)
PPARG MA0065.2 225 73 16901 12446 1138 0.03 66652 0.0258] 19.772|1.0x10™9
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Table 3.3 Table of the 34 genes identified as overlapping between the Gata6

iKO downregulated and Eda transgenic upregulated datasets.

1D baseMean |log2FoldCl IfcSE stat pvalue padj

2810417H13Rik 5080.00 -0.75 017 -4.35| 1.35E-05| 9.20E-04
Bhihb9 23.66 -1.00 0.28 -3.58| 3.39E-04] 1.12E-02
Cdca7 3317.87 -0.81 0.13 -6.10[ 1.03E-09| 2.50E-07
Chn2 95.14 -1.97 0.29 -6.76| 1.39E-11| 5.25E-09
Col12a1 1662.06 -0.90 0.21 -4.25| 2.13E-05| 1.33E-03
Col4a1l 8873.69 -0.78 0.25 -3.11| 1.90E-03| 3.67E-02
Creb5 298.91 -0.61 0.19 -3.19] 1.44E-03] 3.11E-02
Cth 1865.13 -0.84 0.25 -3.40( 6.70E-04| 1.87E-02
Cxcl14 878.11 -0.62 0.20 -3.11] 1.86E-03| 3.63E-02
Dix2 1162.37 -1.03 0.27 -3.78| 1.56E-04| 6.54E-03
Dtymk 2500.94 -0.62 017 -3.73| 1.90E-04| 7.47E-03
Edaradd 513.19 -0.95 0.18 -5.28| 1.27E-07| 1.78E-05
Exo1 1859.63 -0.77 0.18 -4.29| 1.78E-05| 1.14E-03
Farp2 444 .43 -0.63 0.19 -3.28| 1.02E-03| 2.55E-02
Foxo1 1831.44 -0.73 0.21 -3.52| 4.25E-04| 1.36E-02
Glrb 23.93 -1.54 0.30 -5.15| 2.67E-07| 3.09E-05
Gyltl1b 270.74 -2.90 0.28 -10.37| 3.28E-25| 4.10E-22
lars2 5070.40 -0.68 0.14 -4.98| 6.23E-07| 6.48E-05
Ical 26.69 -1.03 0.29 -3.51| 4.45E-04| 1.40E-02
Mcm10 2234.25 -0.64 0.18 -3.45| 5.68E-04| 1.68E-02
Mcm3 8781.65 -0.67 0.14 -4.63| 3.66E-06| 2.97E-04
Mcmé 9302.96 -0.78 0.12 -6.49 8.73E-11| 2.87E-08
Qip5 599.89 -0.71 0.16 -4.40( 1.08E-05| 7.65E-04
Osbpl10 95.35 -0.89 0.27 -3.31] 9.32E-04| 2.39E-02
Pold1 1814.51 -0.67 0.21 -3.19] 1.42E-03| 3.09E-02
Sirpa 1142.72 -1.01 0.18 -5.69| 1.25E-08| 2.32E-06
Sox21 407.53 -1.38 0.21 -6.65| 2.85E-11| 1.05E-08
Tqif2 661.30 -0.68 0.22 -3.14| 1.71E-03| 3.48E-02
Tnf 74.27 -0.89 0.28 -3.21| 1.33E-03| 3.02E-02
Trip13 2142.01 -0.62 0.16 -3.83| 1.26E-04| 5.48E-03
Trp63 11360.33 -0.66 0.11 -6.27| 3.56E-10| 9.27E-08
Uhrf1 8226.73 -0.76 0.19 -3.96| 7.56E-05| 3.72E-03
Ung 746.84 -0.66 0.21 -3.08| 2.10E-03| 3.94E-02
Vsig8 191.07 -0.91 0.30 -3.04| 2.40E-03] 4.29E-02
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could potentially explain the observed DNA damage induced by Gata6 iKO in

proliferative cells.

3.9 Gata6 augments Edaradd expression and NF-«xB signaling in vivo

The known interactions among Eda, Edaradd and NF-«xB (Headon et al, 2001)
and their implication in DNA damage, proliferation and apoptosis prompted us to
further explore a potential upstream role of Gata6 in regulating this pathway in the
hair follicle (Fig 3.13A). To confirm that Edaradd is down-regulated by the Gata6
iKO in the skin in vivo, we first performed qRT-PCR from total skin RNA. As seen
previously in cultured keratinocytes (Fig 3.11B), Edaradd mRNA was significantly
down-regulated in Gata6 iKO skin compared to WT (Fig 3.13B). Western blotting
showed a similar depletion of the EDARADD protein in Gata6 iKO skin compared
with WT and reduction of NF-kB protein phospho-p65 (Serine 536) (Fig 3.13D).
Moreover, immunofluorescence staining and quantification confirmed reduced
EDARADD protein and of NF-kB protein phospho-p65 (Serine 536) within the hair
follicle matrix during anagen, in Gata6 iKO skin (Fig 3.13E-H). Immunofluorescence
signal was cytoplasmic as expected from this form of serine phosphorylated NF-xB
(Sakurai et al, 2003; Moreno et al, 2010).

To test if GATA6 may directly bind to the Edaradd promoter to activate its
transcription, we performed chromatin immunoprecipitation (ChIP) with a GATA6
specific antibody on chromatin prepared from Gata6 WT and iKO cultured
keratinocytes. The GATAG6 bound chromatin was then analyzed by qPCR using

primers for three regions within the Edaradd promoter (0.1kb, 1kb, and 1.5 kb
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Figure 3.13 Edaradd-NF-kB signaling are downstream of Gata6. (A) Model of
potential Gata6 role upstream of Edaradd/NF-xB. (B) qRT-PCR confirmation of the
change in Edaradd mRNA expression in-vivo from mouse whole skin (average = SD,
1d n=3, 2d n=4). *Unpaired t-test P-values: 1d = 0.02, 2d = 0.05. Mann-Whitney U
test P-values: 1d=0.06, 2d=0.03. (C) ChIP-qPCR for GATAG at three conserved
binding sites within the Edaradd promoter. GAPDH served as a negative control.
Binding site 1, 2, and 3 are located 50 bp, 1 kb, and 1.5 kb upstream of the
transcription start site, respectively (average + SD, n=4). *Unpaired t-test P-values
GAPDH=0.4, 1=0.002, 2=0.8, 3=0.2. Mann-Whitney U test P-values: GAPDH=0.3,
1=0.06, 2=0.9, 3=0.2. (D) Western blot from whole skin lysate. Note decrease of
Edaradd and activated pNF-kB in the iKO. (E-F) Staining for EDARADD and
quantification show decrease in EDARADD protein levels in the matrix of Gata6
iKO. *Unpaired t-test P-value = 3.5x10™*. n=100 follicles from 3 mice per genotype.
(G-H) Staining for pNF-kB and quantification show decrease of active NF-kB in the
Gata6 iKO matrix. *Unpaired t-test P-value = 2.2x10™'°. n=50 follicles from 3 mice.
(I) Rescue of Gata6 iKO keratinocyte growth by transfection with pGata6 or
pEdaradd. Cell plates of keratinocytes are stained with Rhodanile Blue (n=3 cell lines
each). (J) Quantification of YH2A.X in cells stably transfected with pMock, pGata6, or
pEdaradd plasmids, followed by induction with TM for 6 hours (average + SD, n=4
with > 500 cells counted per condition). *Unpaired t-test P-values = 2x10™* (iIKO

pGata6 vs pMock), 2x10* (iKO pEdaradd vs pMock). (K) qRT-PCR analysis of
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Mcm10 expression in pMock, pGata6, and pEdaradd WT and iKO expressing cells
(average + SD, n=4). *Unpaired t-test P-values: 8x10™* (iKO pGata6 vs pMock), 0.03

(IKO pEdaradd vs pMock). Mann-Whitney U test P-values: 0.03 (iKO pGata6 vs

pMock), 0.03 (iIKO pEdaradd vs pMock).
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upstream) that contained GATAG binding sites conserved between mouse and human
sequences (Fig 3.13C). We found significant enrichment over background at the 0.1
kb binding site, and also found that GATA6 binding was depleted from this site in
iKO cells. Thus, we suggest GATAG6 activates Edaradd transcription by directly
binding its promoter although additional promoter bashing and mutagenesis assays
will be required to firmly establish this direct link. Thus, our data show that GATA6
regulates Edaradd expression and NF-kB signaling in vivo, which may at least in part
protect the hair follicle progenitor cells from DNA damage and premature apoptosis.
We suggest that this may occur through direct binding of the Edaradd promoter,
although additional mechanisms important in this regulation may not be excluded by

our data.

3.10 Edaradd overexpression partially rescues Gata6 iKO keratinocytes

To examine how important Edaradd levels are downstream of Gata6 in
cultured cells to control DNA damage, cell proliferation, and cell survival, we asked
whether overexpression of Edaradd can rescue the Gata6 iKO keratinocyte cultures.
WT and iKO keratinocytes were stably transfected with either plasmid containing
Edaradd, Gata6 as a positive control, or the empty plasmid backbone as a negative
control. Stable transfection of cells with Gata6 or Edaradd plasmids resulted in
overexpression of the respective genes (Fig 3.14A). After TM induction of Gata6
iKO, unlike control-transfected cells that did not grow, both Gata6 and Edaradd
transfected cultures contained cells that survived Gata6 iKO and continued to

proliferate forming large colonies (Fig 3.131 and 3.14B). We also examined a potential
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Figure 3.14 Overexpression of Edaradd rescues Gata6 iKO keratinocytes. (A) qRT-
PCR analysis of Gata6 and Edaradd in Gata6 WT and iKO stably transfected with
pMock, pGata6, or pEdaradd. (B) Phase contrast images of keratinocytes from cells
stably transfected with empty plasmid, pGata6, or pEdaradd. Scale bars: 30 um. (C)
qRT-PCR of selected genes found to be overlapping between Gata6 iKO and Eda
transgenic analyzed in Gata6 WT and iKO keratinocytes stably expressing pMock,
pGata6, or pEdaradd (average + SD, n=4). *Unpaired t-test P-values: 8x10™* (iIKO
pGata6 vs pMock), 0.03 (iIKO pEdaradd vs pMock). Mann-Whitney U test P-values:

0.03 (iKO pGata6 vs pMock), 0.03 (iIKO pEdaradd vs pMock).
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direct link between Edaradd and the NF-«kB activation downstream of Gata6 in
cultured keratinocytes, but results were variable and inconclusive (data not shown). As
shown in the previous section this variability was not observed in vivo where NF-kB
activity appeared consistently down-regulated upon Gata6 loss (Fig. 3.13D-H). This
discrepancy may indicate transient and compensatory effects on the activity of NF-xB
in vitro due to cells being more dependent on this pathway in the stressful cell culture
environment.

Analysis of DNA damage by YH2A.X immunofluorescence staining in the
transfected cells shows that keratinocytes overexpressing either Gata6 or Edaradd do
not accumulate DNA damage in response to Gata6 loss, demonstrating a rescue of this
phenotype (Fig 3.13J). We next investigated whether this rescue of the DNA damage
phenotype was related to the DNA replication and repair genes we found in common
between Gata6 and Eda expression datasets (Fig 3.14C). While Mcm3, Mcm6, and
Exol showed modest increases in expression in response to Gata6 and Edaradd
overexpression, Mcm1() was significantly increased compared to mock transfected
cells (Fig 3.13K). Interestingly, in addition to its role in DNA replication initiation
(Homesley et al, 2000), Mcm 10 resists DNA damage and genomic instability by
maintaining replication fork processivity and interacting with the RAD9-HUS1-RAD1
DNA repair complex (Chattopadhyay & Bielinsky, 2007; Becker ef al, 2014; Miotto et
al, 2014; Alver et al, 2014). This suggests that Edaradd plays an essential role
downstream of Gata6 in cultured keratinocytes, possibly through MCM10, to protect
rapidly proliferating skin epithelial cells from cell death and to promote their survival

and proliferation.
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3.11 Discussion

Here we implicate Gata6, a developmental transcription factor whose function
was previously thought restricted to differentiation of endoderm and mesoderm-
derived lineages (Molkentin, 2000; Maeda et al, 2005), in the regulation of adult
homeostasis in an ectoderm-derived tissue. Specifically, we find that Gata6 is
expressed in the hair follicle’s early progenitor cells (hair germ) at the transition
between telogen (rest phase) and anagen (growth phase) and in the mature progenitor
cells (matrix) at anagen. We show that Gata6 plays essential roles in adult hair
homeostasis (cycle) regulation at both phases, as follows. First, loss of Gata6 from the
epithelium prior to telogen/anagen transition blocks the progression of hair follicle
into anagen by impairing activation and degeneration of early progenitor (hair germ
cells). Second, loss of Gata6 induced during anagen resulted in premature catagen
followed by telogen, due to what appear to be defects in maintenance and self-renewal
of the matrix progenitor cells. Since at least two transcription factors have already
been implicated in control of early progenitor activation at the telogen/anagen
transition (Lee et al, 2014; Osorio et al, 2008; 2011; Hoi et al, 2010; Sano et al, 1999;
2000), we focused our attention on the matrix maintenance phenotype during anagen,
a process not currently well-understood (Fig 3.1A).

Hair follicle matrix cells have been deemed one of the most proliferative cell
populations of any mammalian tissue (Lehrer et al, 1998) and must cope with high
replication-associated DNA damage to ensure that genomic integrity is preserved. We

find that Gata6 is essential for the adult hair follicle progenitor (matrix) cells to self-
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renew during the hair growth (anagen) phase while Gata6 is dispensable for their
terminal differentiation. Gata6 loss resulted in rapid accumulation of DNA damage,
impaired proliferation and apoptosis of the matrix progenitor cells. This coupled with
continuous production of differentiation lineages (IRS, cortex, and lower ORS in the
bulb) causes rapid exhaustion of the matrix progenitor cells and leads to an early
dystrophic catagen, as previously reported in hair follicles severely damaged by
chemotherapy and irradiation (Hendrix ef a/, 2005).

Based on genes changed in our RNA-seq analysis, we tested ROS as a possible
source of DNA damage. While we did not find ROS levels significantly increased
upon Gatab loss, it remains possible that impaired protection from oxidative stress
contributes to the observed DNA damage phenotype. Importantly, we find that active
passage through the cell cycle is deterministic of the level of DNA damage in Gata6-
deficient cells and is increased in S-phase. This is consistent with replication-induced
genotoxic stress, and is supported by misregulation of expression in a number of
replication-associated genes upon Gata6 loss. Most notable are the minichromosome
maintenance proteins MCM3, MCM6, and MCM 10, which are absolutely needed for
DNA replication initiation, and even moderate decreases in the level of these proteins
can cause genomic instability (Chuang et al, 2010).

Given the large number of genes that change expression upon Gata6 loss, the
mechanisms operating downstream are likely to be complex and involve additional
direct and indirect target genes. A handful of genes we found changed have been
previously implicated in hair follicle growth regulation in vivo (Headon et al, 2001,

Shimomura et al, 2010; Hu et al, 2010b; Giacobbe et al, 2013; St-Pierre et al, 2006;
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Shoag et al, 2013; Beaumont et al, 2011; Weiner et al, 2007). Of these, Edaradd,
previously identified as a death domain adapter, is known to promote Eda/Edar
signaling, which plays a well-established role in hair follicle morphogenesis and
control of hair cycle, in anagen length and apoptosis during catagen (Mustonen et a/,
2003; Cui & Schlessinger, 2006; Fessing et al, 2006). Furthermore, Edaradd is known
to link Edar signaling to the NF-kB and JNK pathways (Headon et al/, 2001; Yan et al,
2002; Kumar et al, 2001; Cui et al, 2002). Inhibition of NF-kB in the hair follicle is
associated with increased apoptosis (Schmidt-Ullrich et al, 2001; Kloepper et al,
2014), as is also observed in Edar mutants (Fessing et al, 2006). The observed Gata6
iKO phenotypes also resemble those of hair follicles from 7ak/-deficient mice (an
activator of NF-«xB, as well as JNK and TGF-/Smad pathways), which undergo
G2/M cell cycle arrest, increased apoptosis, and premature catagen (Sayama et al,
2006; Omori et al, 2008; Sayama et al, 2010). Additionally, NF-xB has been shown to
activate Shh expression in the hair matrix, which is associated with matrix cell
proliferation (Hammerschmidt & Schlake, 2007; Xiong et al, 2013). Identification of
GATA binding sites in the enhancer of the ligand Eda led to early speculation of a link
(Pengue et al, 1999). In the hair follicle, we find that of 542 genes that change
downstream of Gata6, 405 had conserved NF-«B binding sites; of these 397 also had
GATAG conserved binding sites suggesting possible co-regulation by Gata6 and NF-
kB. Here, we provide evidence that Gata6 is essential for Edaradd expression and for
constitutive activation of NF-kB in matrix cells in vivo during normal growth of the
adult hair follicle. Our data in cell culture suggest that GATA6 may bind the Edaradd

promoter, and that activation of Edarrad transcription may further control Mcm10

133



expression. Although loss of Gata6 and Edar or NF-kB both display increased
apoptosis, Gata6 iKO hairs undergo a more robust degeneration compared to the
premature catagen observed in the latter (Kloepper et al, 2014; Fessing et al, 2006).
This discrepancy is likely due to the downregulation of other target genes and
pathways that may also contribute to Gata6’s protective function (Fig 3.15).

Our study in the hair follicle may shed new light on how Gata6 functions during tissue
growth. As seen in studies of other tissues (Zhang et al, 2008), we observed that
differentiated lineages are either not produced (telogen induction) or prematurely
cease to be produced (anagen induction). However, taking advantage of the distinct
compartmentalization of progenitor and differentiated cells and timing of events in the
hair follicle, our study clearly demonstrates that terminal differentiation can occur in
the absence of Gata6 but that impairment in production of differentiated lineages is an
indirect consequence of defective early progenitor cell activation (telogen induction)
or self-renewal/genome maintenance and cell survival of mature progenitor cells
(anagen induction). In light of our findings, it may be interesting to consider this
alternative interpretation for the previously observed differentiation defects in other
tissues.

In addition to its role in development, Gata6 is frequently found to be
amplified or overexpressed in various epithelial cancers such as colon (Shureiqi ef al,
2007), pancreatic (Zhong et al, 2011), esophageal (Lin et al, 2012), and gastric
carcinomas (Sulahian et a/, 2013). Knockdown of Gata6 in these cancer cells is
associated with decreased proliferation and apoptosis, and moreover Gata6 copy

number is significantly correlated with patient survival
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(Zhong et al, 2011; Lin et al, 2012; Shen et al, 2013). Our study points towards
Edaradd-NF-«B as a potential mediator of Gata6’s survival abilities, and therefore a
possible therapeutic target to be examined in the future for Gata6 amplified cancers.
In conclusion, our current study adds to very recent publications (Lamm ef al,
2016; Petroni et al, 2016) in suggesting that highly proliferative cells, such as the
progenitor cells of the hair follicle and the brain, as well as embryonic stem cells
employ developmentally controlled transcription factors (i.e. SRF, MYCN, and now
Gata6) to protect against increased risk of genotoxic stress associated with rapid
proliferation. Intriguingly, we find that MYCN binding sites were second most
enriched (after NF-kB) on our list of transcription factors potentially associated with
Gata6 function (Table 3.2). We propose that proliferative cells cope with their
increased vulnerability to replication-associated stress and genomic instability that
may lead to cancer by employing developmentally regulated transcription factors. This
occurs at critical stages to augment components of the DNA replication and DNA
damage complexes, as a means to coordinate and sustain normal and rapid tissue

growth.

3.12 Materials and methods

Mice

For matrix lineage tracing, inducible multicolor reporter mice were generated by
crossing f-actin-CreER mice with R26R-Confetti (Snippert et al, 2010). The B-actin-
CreER":Confetti” progeny were induced with either a high dose of tamoxifen

dissolved in corn oil (100 pg/g body weight; Sigma) or a low dose for inefficient
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labeling and clonal lineage tracing (20 pg/g body weight). For Gata6 iKO
experiments, Gata6™" mice (Gata6™'"%*; Jackson Laboratories) (Sodhi ez al, 2006)
were crossed with transgenic K14-CreER™ (Li et al, 2000). Mice were genotyped
from tail snip DNA as described by Sodhi e al, 2006 (Fig 3.2D). CreER™ was
activated by a single intraperitoneal injection of tamoxifen dissolved in corn oil (100
ng/g body weight). For BrdU experiments, mice were injected intraperitoneally with
50 pg/g body weight BrdU in PBS. All mouse work was approved by the Cornell

University IACUC.

Immunofluorescence staining, microscopy, and image processing

Mouse back skin was embedded in optimal cutting temperature compound, frozen,
cryosectioned, fixed, immunoblocked, and incubated with antibodies. Cultured
keratinocytes were grown on glass coverslips, fixed, immunoblocked, and incubated
with antibodies. Antibodies and dilutions used were: rat anti-BrdU (1:300; Abcam
ab6326), rabbit anti-active Caspase-3 (1:500; R&D Systems AF835), mouse anti-
AE13 (1:50; Immunoquest 1Q292), mouse anti-AE15 (1:10; gift from T. T. Sun, New
York University), rat anti-CD34 (1:50; BD Biosciences 553731), mouse anti-GATA3
(1:100; Santa Cruz Biotechnology sc-268), goat anti-GATAG6 (1:200; R&D Systems
AF1700), mouse anti-yH2A.X (1:200; Millipore 05-636), mouse anti-K14 (1:300;
Abcam ab7800), rabbit anti-Edaradd (1:100; Abcam ab124484), and rabbit anti-NF-
kB - p65 Ser536 (1:100; Cell Signaling 3033). When using mouse primary antibodies,
endogenous mouse antigens were blocked using the M.O.M. basic kit (Vector

Laboratories). Signal from Edaradd and NF-«kB stainings were amplified using TSA
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plus fluorescein system (PerkinElmer). Imaging was performed on a fluorescence light
microscope (Nikon) with a Retiga EXi 12-bit CCD digital camera (QImaging) using
the IP-Lab software (MVI). Images were assembled into montages in Photoshop
(Adobe) and brightness, contrast, and levels were adjusted to the same extent for all

samples within the same experiment.

Cell culture

Mouse keratinocytes were isolated from newborn epidermis, cultured in low-Ca*"
keratinocyte E media (Tumbar, 2006), and were used between passage seven and ten.
K14-CreER™ was induced with 1 pM 4-hydroxytamoxifen. For comet assays, cells
were analyzed under alkaline conditions by CometAssay Electrophoresis kit
(Trevigen). For serum starvation experiment, serum levels were decreased over three
days to maintain cells in quiescence without undergoing apoptosis according to the
following protocol: cells grown to subconfluence in standard 15% serum media, 2
days in 7.5% serum media, 1 day in 3.75% serum media. Proliferation was assessed by
EdU labeling and staining (Molecular Probes). Cell cycle analysis was conducted by
labeling with BrdU Flow Kit (BD Biosciences) and analyzed on a BD LSRII Flow
Cytometer. For rescue experiments, stably transfected cell lines were generated by co-
transfection of pCMV-Tag2B-GATAG (gift from E. Morrisey, University of
Pennsylvania) or pSG5-HA-EDARADD (gift from D. Headon, University of
Edinburgh) with empty backbone plasmid and TransFectin (Bio-Rad) followed by

selection with G418 (Sigma). Stably transfected cells were subsequently treated with

138



tamoxifen for Cre induction of the Gara6 iIKO. Knockdown experiments were

conducted with transfection of Gata6 and scrambled shRNA vectors (OriGene).

qRT-PCR

Total RNA was isolated from cultured keratinocytes or mouse back skin using RNeasy
Mini kit (Qiagen) and DNase treated (Ambion). All RNA samples were quality
checked with an Agilent 2100 Bioanalyzer through the Cornell Biotechnology
Resource Center. cDNA was synthesized using the iScript kit (Bio-Rad). qRT-PCR
was conducted using homebrew SYBR Green PCR buffer and an iCycler PCR

machine (Bio-Rad) was used to measure fluorescence. Primers used are listed in Table

3.4.

RNA-seq

Total RNA was prepared as described above. RNA-seq libraries were prepared using
an [1lumina TruSeq RNA Sample Prep Kit v2 then submitted to the Cornell
Biotechnology Resource Center for sequencing with an Illumina HiSeq 2000.
Differential expression of the RNA-seq data was performed using DEseq2 (Love et al,
2014). Gene ontology analyses were performed with DAVID (Huang et al, 2009a;
2009b). Enrichment of conserved transcription factor binding sites were performed
with oPOSSUM (Ho Sui et al, 2005; 2007; Kwon et al, 2012), searching 10 kb
upstream and downstream of the transcription start sites of differentially expressed
genes for transcription factor binding motifs with a PhastCons conservation cutoff of

0.4 and comparing to the background database of all mouse genes. List of Eda
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Table 4 Primers used for qRT-PCR and ChIP-qPCR experiments.

gRT-PCR and ChiIP-qPCR Primers

Gene Forward Reverse

Gataé GTCCTGTGCCAACTGTCACAC CTGCTGTTACCGGAGCAAGCT
Edaradd TATCCTTTGCCATGTCAGAC TGGAATTGACTGTATCACACTC
Apcdd1 AAGCACCCCACATTCACCAT CTCAGCCCCACACTCATTCC
Gls2 CGGAAGTTAGACCCACGGAG GGCTGTGCGGGAATCATAGT
Ppargcib AGATGGAACCCCAAGCGT AGCACCTGGCACTCTACAAT
Rab17 GGCCCTCCGGTACATGAAG GGCACCCCTGAAGTAGAGGT
Foxn1 GGGCTCACCTCACTATCCCTA AGGATGCTGTAAGAGTAGATGGG
Edaradd ChIP 1 [CGGCTCCTAATCTCGTCCTC TAGAAAGTGCTAGCGTGTGCG
Edaradd ChIP 2 [AAAGGTGGAGTTGCTGGTGG GAGAGGCAGCTTAGCCTTGA
Edaradd ChIP 3 [AGGCTCAGGTAAGGTAGGGA CGCTAACAAGACAGCCCAAC
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transgenic skin up-regulated genes were obtained from GEO GSE6952 (Cui et al,
2006). The RNA-seq data from this publication have been submitted to the GEO

database (http://www.ncbi.nlm.nih.gov/geo/) and will be available with the accession

number GSE80354.

ChIP

Cells were fixed in 1% formaldehyde and sonicated with a Sonic Dismembrator 100
(Fisher) to obtain fragments between 300-600 bp. Immunoprecipitations were
performed using rabbit anti-GATAG6 antibody (H-92, Santa Cruz sc-9055), rabbit IgG
(Cell Signaling Technology), and Protein A agarose beads (Millipore). Following
immunoprecipitation, PCR purification kit (Qiagen) was used to purify DNA. ChIP
signals were calculated by qPCR based on serial dilutions of input DNA standards.
Primers were designed against regions in the Edaradd promoter that contained
conserved GATAG6 binding sites identified by Whole Genome rVista (Zambon et al,

2005). Primers used for ChIP-qPCR are listed in Table 3.4.

Western Blot

Total protein extracts from keratinocytes were subjected to SDS-PAGE and Western
blot analysis. Blots were probed with mouse anti-actin (1:8000; Millipore MAB1501),
rabbit anti-GATAG (1:500; H-92, Santa Cruz sc-9055), rabbit anti-Edaradd (1:1000;
Abcam ab124484), and rabbit anti-NF-kB - p65 Ser536 (1:1000; Cell Signaling 3033)

antibodies.
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Statistical Analysis

For statistical analysis we compare WT and iKO samples from n > 3 mice or
independent cell lines per group by unpaired t-test. We assumed equal variance among
the groups and p-values < 0.05 were considered significant. Since the small group size
characteristic to biological samples does not allow accurate assessment of normal
distribution of variances, p-values close to 0.05 in unpaired t-test indicate moderate
proof of significance. To augment our statistical analyses, for some of our data we
used a second, more conservative non-parametric test (e.g., Mann Whitney U test),
which does not require assumption about normality or variances. These calculated p

values are shown in figure legend.
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CHAPTER 4

CONCLUSIONS AND FUTURE DIRECTIONS

4.1 Genome maintenance of stem and progenitor cells

The work described in the previous chapter highlights a problem faced by
highly proliferative cells such as progenitor cells, embryonic stem cells, and
continuously dividing stem cells such as those of the intestine and epidermis. While
many tissue stem cells are protected from replication stress by remaining largely
quiescent through their lifetime, their progenitor cells, such as the hair follicle’s matrix
cells, assume the burden of proliferating to maintain their resident tissues and thus
face the risk of damage to their genome as a result of their highly proliferative status.
The work presented in Chapter 3 on hair follicle matrix cells, along with other recent
publications regarding neural progenitor cells and embryonic stem cells (Petroni et al,
2016; Lamm et al, 2016), suggest that developmental transcription factors such as
Gata6, MYCN, and SRF transcriptionally reinforce protective mechanisms critical for
the cells to resist replication-induced damage to their genomes.

Stem and progenitor cell maintenance is critical for proper tissue homeostasis,
and genomic damage to these cells is implicated in aging and cancer initiation (Insinga
et al, 2014). Stem cells and progenitor cells have been found to have distinct responses
to DNA damage. In response to ionizing radiation induced double-strand breaks,
hematopoietic, mammary, and hair follicle stem cells (HFSCs) have been shown to

inhibit tumor suppressor p353 activation and apoptosis, instead allowing the breaks to
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be repaired through non-homologous end joining (NHEJ) (Cicalese et a/, 2009;
Insinga et al, 2013; Sotiropoulou et a/, 2010). In the HFSCs in particular, the
inhibition of apoptosis has been shown to be due to both the rapid downregulation of
p353 and upregulation of the anti-apoptotic gene Bcl-2 (Sotiropoulou et al, 2010).
Additionally, HFSCs accelerates the activity of NHEJ by increasing the nuclear
localization of the critical NHEJ protein DNA-PK. This response to DNA damage in
relatively quiescent tissue stem cells may have evolved in order to preserve the limited
pool of stem cells, as apoptosis would deplete the stem cell pool leading to premature
aging phenotypes (Behrens ef al, 2014). Interestingly, tissue stem cell response to
DNA damage differs in other tissues. Melanocyte stem cells, also found in the bulge
niche of the hair follicle, undergo differentiation after irradiation leading to premature
depletion of the stem cell pool and graying of the hair (Inomata et a/, 2009). The two
stem cell populations of the intestine also display distinct DNA damage responses.
The less active stem cells at the +4 position of the intestinal crypt readily initiate
apoptosis in response to even low doses of irradiation, whereas their neighboring
actively cycling Lgr5" population of intestinal stem cells are relatively resistant to
irradiation and are able to repair damage by homologous recombination (Barker et al,
2007; Hua et al, 2012).

Despite their importance to tissue homeostasis and high risk of DNA damage
due to proliferation, relatively little is known about how progenitor cells respond to
DNA damage. Multipotent progenitors and common myeloid progenitors of the
hematopoietic system undergo p53-dependent apoptosis following irradiation (Insinga

et al, 2013). In the hair follicle, matrix progenitor cells have been shown to depend on
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expression of the DNA damage response factor BRCA! for survival during normal
homeostasis (Sotiropoulou et a/, 2012). Similar to what I showed in Chapter 3 in
response to Gatab6 loss, conditional ablation of BRCA! in the skin epithelium causes
matrix progenitor cells to accumulate double-strand breaks and undergo apoptosis.
This, along with my work, suggest that hair follicle progenitor cells are under
significant genotoxic stress, likely from rapid continuous proliferation, and require
reinforced DNA repair and survival mechanisms such as by BRCA [ and Gata6
activated NF-xB, and possibly other factors to maintain their genomes and sustain
growth.

Although stem cell defects are often considered a more significant risk in terms
of tissue aging and tumor initiation due to their long lifespan, defects in progenitor
cells are also of great consequence for tissue homeostasis. As demonstrated by work in
the hair follicle, loss of progenitor cells in turn causes abnormal sustained activation of
the stem cell population, leading to hair loss due to premature exhaustion of the stem
cell pool (Sotiropoulou et al, 2012). Additionally, more thorough understanding of
progenitor cells may uncover mechanisms of significance to other highly proliferative

cells such as embryonic stem cells and tumor cells.

4.2 Expanding the role of Gata6

Gata6 has predominantly been known as a transcription factor involved in
embryonic differentiation and endodermal and mesodermal tissue development
(Lentjes et al, 2016). Recent work in the lung (Zhang et al, 2008), as well as the work

presented here in the hair follicle, show that in addition to its developmental functions
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(summarized in Chapter 1.4), Gata6 also has a critical role in tissue homeostasis
through stem and progenitor cell regulation. In the lung, loss of Gata6 in the airway
epithelium causes a loss of the terminally differentiated cells of the bronchiolar and
alveolar lineages, with a concomitant expansion of the bronchioalveolar stem cells
(BASC:s - a regional progenitor population of the lungs) (Zhang et al, 2008). This
increased proliferation and decreased differentiation of the BASCs in Gata6 ablated
cells was found to be associated with increased Wnt—p-catenin signaling due to
downregulation of the Wnt antagonist Fzd?2.

Interestingly, although Gata6 functions in progenitor cell populations in both
the lung and hair follicle, it appears to have divergent functions in the two tissues.
Whereas in the lung Gata6 appears to promote differentiation and limits self-renewal,
in the hair follicle Gata6 maintains self-renewal and does not seem to have a direct
effect on differentiation (although differentiated cells are eventually lost due to
depletion of progenitor cells from apoptosis). While the function of Gata6 may be
tissue specific, it would be valuable to reevaluate the effects of Gata6 depletion in the
lung with regard to its effects on DNA damage and survival. Unlike the simplistic
organization of the hair follicle, the stem, progenitor, and differentiated cells of the
lung are not compartmentalized in distinct regions, and the lung has been found to
contain multiple stem and progenitor populations. It may be that Gata6 in the lung
actually functions in maintaining another progenitor population downstream of the
BASCs in a manner similar to the hair matrix cells, explaining the inconsistency

between the results of the two tissues (Hogan et al, 2014).
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In addition to expanding Gata6’s function to a new ectodermal tissue, the hair
follicle, this work provides a valuable link connecting Gata6 to the NF-xB pathway
for genomic maintenance of hair follicle progenitor cells. The NF-xB pathway is
generally most recognized for its well-established role in regulating proliferation and
apoptosis in inflammation and stress responses (Janssens & Tschopp, 2006). It is well-
known for its involvement in chemotherapy resistance by modulating the response to
DNA-damage to promote cell survival by activating cell cycle checkpoints and the
DNA repair machinery (Janssens & Tschopp, 2006). The NF-kB pathway has been
implicated in other developmental processes besides the hair follicle cycle, such as cell
survival of the embryonic liver and neuronal epithelium, limb and skeletal
development, and inhibition of epidermal differentiation (Li et a/, 1999b; 1999a;
Rudolph et al, 2000; Takeda et al, 1999; Hu et al, 1999; Li et al, 2000). NF-«xB also
protects adult hematopoietic progenitor cells as well as embryonic and adult neurons
against apoptosis (Turco et al, 2004; Mizrahi et al, 2014; Bhakar et al, 2002;
Lezoualc'h ef al, 1998). NF-«B acts during early thymocyte differentiation, T cell
lineage commitment, and selection of mature T cells (Gerondakis et al/, 2014).
Notably, NF-kB functions in the neural stem and progenitor cells of the developing
and adult brain that are committed to differentiation to promote their proliferation
(Zhang et al, 2012), in a manner that may resemble NF-kB’s role in the hair follicle.
While NF-kB has been associated with apoptosis and proliferation in normal tissue
development and homeostasis, and NF-kB has been shown to regulate DNA double-

strand break repair in response to induced stress (Wu et al, 2006; Volcic et al, 2012),
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our work is the first to our knowledge to suggest a link between these two functions.
We suggest that NF-kB may act in the homeostasis of adult hair follicles downstream
of Gataé, as a protective mechanism employed by these progenitors against naturally-
occurring DNA damage associated with rapid proliferation during periods of intense

tissue growth.

4.3 Future Directions

As discussed, my work on Gata6 in the hair follicle suggests that Gata6 has
particular significance in maintaining genomic integrity of highly proliferative cells
such as the progenitor cells of the hair follicle matrix. While my work focused on
short-term effects of Gata6 loss, it will be valuable to investigate what happens to the
hair follicles and interfollicular epidermis following prolonged depletion of Gata6.
Due to the health of the mice following Gata6 loss, I was only able to examine mice
up to 10 days post Gata6 iKO induction. At this point the hair follicles resemble
abnormal telogen follicles, with the matrix progenitor cells completely lost due to
apoptosis and pigmented cells are found throughout the remaining follicle. Notably,
the bulge, which did not display any DNA damage or apoptosis following Gata6 loss,
remained intact at this final stage. Since the early death of Gata6 iKO mice appears to
be due to the effects of Gata6 loss in other epithelial tissues, it should be possible to
examine the long-term effects of Gata6 loss by applying the tamoxifen topically to the
skin. Alternatively, Gata6 iKO skin may be grafted onto immunocompromised Nude
mice, however preliminary results from such an experiment has shown inconsistent

results due to inflammation following surgery.
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Following extensive damage caused by chemotherapy, hair follicles undergo a
similar dystrophy as that observed following Gata6 loss (Hendrix et al, 2005).
However, upon reaching telogen, these chemotherapeutically damaged follicles
promptly initiate anagen to initiate new hair growth. Based on the results of the
telogen induced Gata6 iKO, which fail to initiate anagen, I suspect that following the
anagen induction long-term will either result in permanently arrested telogen follicles
or further degeneration of the hair follicles. This further degeneration could occur if
loss of the progenitor cells causes sustained activation of the bulge stem cells,
followed by apoptosis of the resulting progenitor cells.

These long-term Gata6 loss experiments would also be valuable in examining
effects of Gata6 on the interfollicular epidermis. From the results shown in Chapter 3,
although GATAG is expressed in the basal layer of the interfollicular epidermis, DNA
damage and apoptosis was never observed. It may be interesting to see investigate
whether any changes occur in the epidermis over longer periods of time. Additionally,
the interfollicular epidermis has recently been shown to contain distinct fast and slow
dividing stem cell populations (Sada et al, 2016; Gomez et al, 2013). Preliminary
analysis of these two populations shows that Gata6 is preferentially expressed in the
fast-dividing lineage. The fast and slow dividing populations can be distinguished
based on the markers Slc/ac and DixI (Sada et al, 2016). Gata6™" mice may be
crossed with either Slc/a3-CreER or Dix1-CreER, to examine the differential effects
of Gata6 on these two kinetically distinct populations. This would be valuable in
understanding if Gata6 is necessary for proliferation generally or if there is particular

significance of Gata6 upregulation in relation to proliferation rate.
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