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Abstract

Adult hair follicle stem cells (HFSCs) undergo dynamic and periodic molecular changes in their
cellular states throughout the hair homeostatic cycle. These states are tightly regulated by cell-
intrinsic mechanisms as well as by extrinsic signals from the microenvironment. HFSCs are
essential not only for fueling hair growth, but also for skin wound healing. Increasing evidence
suggests an important role of HFSCs in organizing multiple skin components around the hair
follicle, thus functioning as an organizing center during adult skin homeostasis. Here we focus on
recent findings on cell-intrinsic mechanisms of HFSC homeostasis, which include transcription
factors, histone modifications, DNA regulatory elements, non-coding RNAs, cell metabolism, cell
polarity and post-transcriptional mRNA processing. Several transcription factors are now known to
participate in well-known signaling pathways that control hair follicle homeostasis, as well as in
super-enhancer activities to modulate HFSC and progenitor lineage progression. Interestingly,
HFSCs have been shown to secrete molecules that are important in guiding the organization of
several skin components around the hair follicle, including nerves, arrector pili muscle, and
vasculature. Finally, we discuss recent technological advances in the field such as single cell RNA-
sequencing and live imaging, which revealed HFSC and progenitor heterogeneity and brought new
light to understanding crosstalking between HFSCs and the microenvironment. The field is well
on its way to generate a comprehensive map of molecular interactions that should serve as a solid
theoretical platform for application in hair and skin disease and aging.
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Introduction

Adult stem cell (SC) identity and potential to regenerate tissues are defined by specific
combinations of cell-intrinsic molecular mechanisms that control gene expression, in
particular transcription (1,2). These mechanisms include chromatin structure, transcription
factors, DNA regulatory elements such as enhancers, and non-coding RNAs. Cell
metabolism is another emergent cell-intrinsic mechanism of SC regulation (3,4).
Furthermore, SCs respond to microenvironmental (or niche) signals as well as signal
themselves to the surrounding microenvironment for reciprocal control of cell behavior and
tissue homeostasis (1,5). All these mechanisms collectively govern cell growth and
proliferation, cell adhesion, migration, and differentiation, and maintain SC regenerative
potential throughout life. Deregulation of these molecular mechanisms affect normal adult
SC behavior and leads to diseased or aged tissues (6,7). Whereas each tissue SC presents its
own unigque combination of regulatory factors, similar molecular mechanisms and principles
controlling these functions are emerging from diverse adult mammalian tissues (8,9).

Mouse hair follicle stem cells (HFSCs) constitute an excellent model system that helped
deepen our global understanding of tissue SC regulation (10). The HFSCs are largely
quiescent (11) but periodically undergo dynamic and coordinated activities that involve cell
migration, proliferation, and differentiation (12), which occur sequentially and somewhat
synchronously on the adult mouse back skin. These activities occur in distinct and tractable
location along the hair follicle, enabling examination of genetic and epigenetic perturbations
effects on SC behavior. Quiescent HFSCs located in the bulge generate the early progenitor
cells or “primed SCs’, in the hair germ (Figure 1). The latter in turn generate the rapidly
proliferating progenitor cells located in the hair matrix, which subsequently terminally
differentiate and move upwards to form the inner hair follicle lineages, which include the
inner root sheath and the hair shaft (13). As the matrix cells undergo differentiation, the
bulge SCs pass through a brief phase of symmetric self-renewal at anagen, remain confined
to the bulge, and finally return to quiescence once again (14,15). From here, some quiescent
HFSCs migrate out of the ‘old’ bulge to generate a new set of primed stem cells in a ‘new’
hair germ as well as a ‘new’ bulge, and the cycle begins again. These cyclic processes occur
during distinct phases of hair remodeling, known as telogen, anagen, and catagen (Figures 1
and 2) (16).

As with other tissue SCs, HFSCs function is driven by both cell-intrinsic mechanisms as
well as by cell-extrinsic regulation from the microenvironment, the SC niche. This review
focuses on the SC-intrinsic molecular regulation of dynamic adult HFSC states of
proliferation and quiescence, prior to differentiation along the matrix/inner lineage axis. It
also briefly summarizes how HFSCs provide a source of signaling molecules and
extracellular matrix components, thus organizing their own microenvironment or niche. The
reverse signaling, comprising instructions received from the niche towards the HFSCs has
been considered in detail elsewhere (5,6,9,17-20). Here we focus on recent studies of
intrinsic HFSC mechanisms of adult skin homeostasis published in the past 5 years. We only
briefly refer here to earlier work previously reviewed (13,21,22), which we concisely
summarized here in Table 1.
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It is well known that HFSCs not only drive hair and skin homeostasis but they can also
rapidly respond to injury signals by exiting quiescence and contributing to wound repair
(23,24). Nonetheless, during homeostasis maintaining quiescence is a vital self-preservation
mechanism for HFSCs, preventing SC depletion and reduced cell-fate plasticity (25,26).
Failure to exit quiescence in a timely manner disrupts homeostatic tissue regeneration and
wound healing (24,27,28). While we focus here on mechanisms of control in normal (un-
injured) skin homeostasis, where known we briefly summarize implications of these
mechanisms in wound healing, disease, and aging. The complexity of these latter aspects of
skin biology surely warrants them a separate in depth account elsewhere.

Transcription factors and signaling pathways acting in quiescent bulge

HFSCs

Transcription factors (TFs) are proteins that bind to specific DNA sequences or TF motifs
and regulate the rate of gene transcription (29). Embryonic stem cells (ESCs) have high
levels of specific TFs, most famous of which are the Yamanaka factors (Oct4, Sox2, KIf4, c-
Myc). TFs maintain ESC pluripotency by regulating different signaling pathways, such as
Notch, Wnt, and Sonic Hedgehog (Shh) (30,31). Likewise, HFSCs also upregulate specific
sets of TFs to maintain their stemness, defined by quiescence, self-renewal, or differentiation
into specific cell-type lineages throughout the hair cycle (Figure 2). TFs may act
downstream or upstream of select signaling pathways to modulate expressions of other cell-
intrinsic regulators and coordinate timely HF growth and regression in homeostasis or
during wound healing (32-35). Several signaling pathways have been intensively studied in
hair follicles over the past few decades, and were extensively reviewed (9,10,16,22,36-38).
Of these, essential are Bmp and Whnt signaling, which govern HFSC cell fates during hair
cycle (16,39-41). Briefly, Bmp signaling attenuates Wnt/p-catenin signaling to inhibit
HFSC activation and proliferation, keeping HFSCs in quiescence (42,43). Bmp inhibition
leads to premature bulge HFSCs activation, whereas inhibition of Wnt signaling leads to
premature HF regression and eventual hair loss (43,44). Other signaling pathways such as
Shh and Notch are also needed for HFSC homeostasis (40), as they are required for the
differentiation and proliferation of progenitor cells, which in turn regulate HFSCs (discussed
latter in this review).

Canonical Wnt/p-catenin signaling especially, plays a central role during both homeostatic
hair growth and wound healing, and many TFs are known to take part or are downstream of
this pathway (45). Tcf/Lef family of TFs are well-known effectors and can act as either Wnt
target suppressors or transactivators (46). During postnatal hair growth, Tcf3/4 repress Wnt
target genes to inhibit HFSC activation and differentiation, effects of which are reversed
upon B-catenin binding (47). Lefl acts largely as a transactivator and require p-catenin to
drive the expression of HF-lineage genes in progenitor cells, without which sebum
containing vacuoles and sebaceous tumors start to form (48-51). Tcf/Lef family of TFs and
others such as Notch effector Rbpj and Bmp effector pSmad1 bind to super-enhancers (SEs),
or large genomic regions enriched with clusters of enhancers, in a coordinated manner to
suppress or activate different lineage-specific genes and to drive lineage progression in hair
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follicle progenitors (52,53). Thus, transient and coordinated activation of different signaling
pathways is required for proper HFSC activity and hair growth during anagen.

Lgr5 is a well-known Whnt signaling target gene, highly expressed not only by HFSCs, but
also by SCs of small intestine, mammary glands, and other organs. Lgr5 acts as an enhancer
of Wnt-signaling and promotes SC self-renewal (54,55). Lgr5 expressing bulge HFSCs
upregulate Shh signaling to facilitate rapid proliferation and differentiation during anagen,
without which the hair fail to regenerate (56,57). Another family member, Lgr4, is also
important for HFSC homeostasis, as its loss leads to failed HFSC activation and delayed hair
growth, caused by decreased mTOR and Wnt activities and increased Bmp activity (58).
Lgr5 is often used as a HFSC marker for imaging as well as in lineage tracing experiments
(56,59,60). Recently Joost and colleagues used the Lgr5 promoter to genetically label
HFSCs and study their transcriptomic changes in respond to skin injury using single-cell
RNA-sequencing (ScRNA-seq) (59). This study revealed at single cell resolutions how
HFSCs and their progeny quickly migrate to the wound and gradually adopt a new fate as
interfollicular epidermis (IFE), advancing the field’s understanding of HFSC contribution to
wound healing since its first observation more than a decade ago (24).

AXxin2 is another Wnt target gene expressed in HFSCs (61). Using Axin2-lacZ mice, Lim
and colleagues showed that the outer bulge cells continuously secrete Wnt ligands
throughout the hair cycle to maintain SC potency. Conversely, HFSC secretion of Wnt
inhibitors such as Dkk and Sfrp1 keeps inner bulge cells quiescent during telogen (61).
These findings highlight the importance of Wnt/p-catenin signaling control in bulge HFSC
maintenance, without which premature HFSC activation and bulge depletion occur.

Surface glycoprotein endoglin (Eng) is a receptor for the Tgf-p pathway known to modulate
the crosstalk between Bmp and Wnt signaling in the hematopoietic system during early
development (62,63). Recently, it has been found to serve a similar function in HFSC during
adult homeostasis, where mice with reduced whole-body expression of Eng exhibited
dissonant hair growth patterns and out-of-sync expressions of hair cycle regulators such as
Bmp4, Noggin and Shh (64). Further analysis revealed Wnt effector p-catenin and Bmp
effector Smad4 forming heterodimers to drive Eng expression, suggesting the
communication between Wnt/p-catenin and Tgf-B/Bmp/Smad signaling pathways in HFSCs
during homeostasis (65).

Since the first molecular characterization of bulge HFSCs as label retaining cells almost two
decades ago (11), many developmental TFs have been identified as important regulators of
HFSC quiescence and activation. These include notable examples such as Runx1, Lhx2,
Nfatcl, Sox9 and etc., studied in depth over the past couple of decades (Table 1 and (66—
75)). Recent studies of HFSCs TFs expressed by bulge cells uncovered new facets of their
regulation as well as new TFs, which we summarize here and depict in Figure 2. Foxcl is a
newly uncovered TF, loss of which results in shortened telogen, premature hair growth, and
club hair loss (76,77). Foxcl-depleted HFSCs undergo premature activation and loss of
quiescence. Foxcl promotes expressions of quiescence genes such as Nfatcl and Bmp2, and
maintains the old bulge cells, which secrete Bmp5 and Fgf18 and induce HFSC quiescence
in the new bulge. Upon Foxcl loss, the old bulge is lost due to downregulation of E-cadherin
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(76). These findings indicate that Foxcl can mediate HFSC quiescence by controlling
relevant cell-intrinsic target genes, as well as indirectly through microenvironment
maintenance.

A recent study of the TF Ovol2 reinforced the notion that not only HFSC activation and
quiescence, but also migration is crucial for HFSC homeostasis and wound healing (78).
Ovol2 is a TF that modulates epithelial-to-mesenchymal transition (EMT), whose expression
has been observed in the basal layer of IFE as well as in the hair bulge, HG, and matrix cells
in murine skin during homeostasis. Lack of Ovol2 in skin epithelium leads to delayed
anagen progression and shorter HFs, as well as delayed wound healing due to abnormal cell
adhesion and migration. /n vitro and ex vivo explant cultures revealed that Ovol2-deficient
HFSCs exhibited highly reduced clonal growth and displayed abnormal cell morphology
under microenvironmental changes. Subsequent live cell imaging and cell cycle analysis
indicated Ovol2 functions in HFSC migration directionality and cell cycle progression, part
of which may be by inhibiting EMT promoting Zebl (78). This study suggests a novel role
of Ovol2-Zeb1l EMT-regulatory circuit in HF homeostasis as well as during wound healing.

Nuclear Factor | (NFI) transcription factors NFIB and NFIX are known for their roles
regulating progenitor differentiations during embryonic nervous system development
(79,80). Recent findings from the Fuchs laboratory revealed that NFI TFs also play vital
roles in preserving the HFSC identity, the loss of which leads to human scarring alopecia-
like phenotypes in Nfib and Nfix double knockout (NFI dKO) mice (81). Further analysis
using ATAC-seq and ChlP-seq indicated NFI dKO HFSCs had altered chromatin structure.
This allowed increased accessibility to binding motifs of wound-induced TFs such as AP1
and Foxol, previously discovered by the group to promote HF-to-epidermis lineage
infidelity (82). Subsequent scRNA-seq analysis also confirmed highly reduced bulge HFSC
signature gene expression in purified NFI dKO HFSCs as well (81). Their findings specify
NFI TFs as a previously unknown mechanism that HFSCs employ against epidermal fate
conversion during homeostasis. Another intriguing role NFIB seems to play is regulating
melanocyte SCs located adjacent to HFSCs through Edn2/EdnrB signaling (83), which we
will discuss in more depth elsewhere (Li and Tumbar, in review).

Overall, these recent findings emphasize the importance of coordination between Wnt and
other signaling pathways for HFSC maintenance during homeostasis, in which various TFs
and target genes are activated to fine-tune strengths of these signals. Several TFs including
NFI have been found to cause epigenetic changes to further modulate crosstalk between
different pathways. Epigenetic changes will be further discussed in a latter section of this
review.

intrinsic regulators of bulge HFSC function

Apart from the above-discussed TFs and signaling pathways, SC intrinsic factors involved in
other regulatory mechanisms such as deacetylation, RNA processing, and cell polarity have
also been found in recent years to take part in HFSC maintenance. While histone
deacetylases (HDAC) and certain members of the Sirtuin family silence gene expressions
transcriptionally (84), ribonucleoprotein (RNP) complexes modulate those expressions post-
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transcriptionally during RNA processing (85). Cell polarity, or asymmetrical organization
within a cell, affects cell morphology and cell division (86). Here, we discuss regulators of
these mechanisms that have recently surfaced during HFSC homeostasis.

Sirt7 is a deacetylase commonly associated with ribosomal RNA transcription and cell
senescence (87), and its expression in the bulge is necessary for timely anagen progression
(88). Upon Sirt7 loss, HFSC activation and HF growth were delayed, while inducing Sirt7
expression during telogen led to significantly earlier anagen entry. Further in vitro
experiments revealed Sirt7 mediated degradation of Nfatcl, a HFSC quiescence TF, as one
of the mechanisms behind proper telogen-anagen transition. Intriguingly, increasing Sirt7
expression in aged HFs can alleviate aging-related HF growth defects (88). Thus, Sirt7 may
be useful as a potential therapeutic target for hair loss due to aging.

Msi2 is a RNA binding protein that forms RNP to process mMRNAs for post-transcriptional
regulation (89). Msi2 has been suggested to promote SC self-renewal in ESCs and murine
hematopoietic stem cells, with its dysfunction often found in malignant tumors of brain,
liver, and other organs (89,90). Ma and colleagues discovered Msi2 functions in HFSC
quiescence maintenance using gain and loss-of-function mouse models, where its
overexpression led to prolonged telogen-anagen transition and impaired hair growth, and its
loss resulted in faster hair growth and proliferative HFSCs post-depilation (91).
Transcriptomic analysis indicated Shh pathway downstream of Msi2, with RNA crosslinking
immunoprecipitation (CLIP)-PCR assay confirming Msi2 binding to Shh mRNA for
translation repression. Therefore, Msi2-mediated suppression of Shh signaling is necessary
for proper HFSC quiescence maintenance, highlighting the importance of post-
transcriptional regulation in HF homeostasis.

Polarity protein Par3 is involved in processes such as cell polarization and asymmetric cell
division, and it often forms a complex with Par6 and aPKC proteins to determine cell
polarity in epithelial cells (92-95). In a recent study, skin epithelium specific Par3 KO mice
showed unaltered hair cycle progression despite gradual HFSC depletion and hypertrophic
sebaceous glands (96), suggesting Par3’s role in HFSC and sebaceous maintenance
independent of hair cycle regulating pathways like Wnt and Bmp. The group speculated a
possible role of Par3 in HFSC differentiation, and it will be interesting to learn how mitotic
spindle orientation may affect HFSC fate decisions and self-renewal.

Thus, while HFSC proliferation and quiescence are largely governed by Wnt and Bmp
signaling pathways, other regulatory mechanisms such as deacetylation, RNA processing,
and cell polarity are also required for adult HFSC maintenance during homeostasis. De-
regulation of these mechanisms leads to aberrant hair growth and eventual HFSC depletion
and may explain the alopecia phenotype that often accompanies aging organisms. These
studies suggest that HFSCs employ different and somewhat independent intrinsic
mechanisms to preserve their pool in adult homeostasis.
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Transcription factors of primed HFSCs in the hair germ

Whereas much attention has been given to regulation of quiescent HFSCs in the bulge,
proper activation and proliferation of primed HFSCs in the hair germ is essential for the
initiation of the new growth cycle and for the generation of a new hair shaft (16,97).
Furthermore, Shh signaling from transit-amplifying cells (TACs) in the matrix, which are
committed HF progenitors, is required for the activation of quiescent HFSCs in the bulge
and for their self-renewal at anagen, without which bulge SC depletion occurs (98). Thus,
primed SCs and their immediate matrix derivatives use progeny-related feedback
mechanisms that are essential to maintain the HFSC pool. Several recent studies have
uncovered novel TFs whose expression is found in these cell populations during
homeostasis, which we will discuss next.

Foxi3, a developmental TF whose dysfunction leads to hair and toothless phenotypes in
certain dog breeds (99), is primarily expressed by primed HFSCs in HG, where its absence
in mice leads to severe bulge and HG reduction along with HF malformation and eventual
hair loss during homeostasis (100). Without Foxi3 primed HFSCs fail to expand and to give
rise to TACs, eventually leading to bulge SC depletion and niche loss due to lack of Shh
signal from TACs (100). Transcriptome analysis also confirmed downregulation of HFSC
genes such as Lhx2, Runx1, KIf4, and Nfatc1 upon Foxi3 loss, further implying its function
in maintaining the HFSCs pool.

The importance of the Runx1 TF in SC activation and proliferation has been well-
demonstrated by our laboratory in earlier studies, where Runx1 promotes HFSC activation
and proliferation of primed stem cells in the hair germ, as well as the rates of bulge-cell
divisions at anagen (101,102). This regulation occurs in part via inhibiting cyclin-dependent
kinase inhibitors (CDKi), such as p21 and p15 (101-103). Runx1 also activates Stat3
signaling to promote tumorous growth in skin and oral epithelial SCs (104). Our recent work
indicates yet another mechanism by which Runx1 mediates SC proliferation, where it
regulates the amount of specific fatty acids in cell membranes by targeting lipid enzymes
Scdl1 and Soatl, which in turn may attenuate Wnt signal transduction (105). Both Scd1 and
Soatl are expressed in the bulge as well as in HG, suggesting Runx1 mediated lipid
metabolism as another possible intrinsic mechanism involved in HFSC activation. In
addition to its cell-autonomous roles, recent finding from our laboratory revealed that Runx1
also exerts non cell-autonomous regulation on the HFSC vascular niche (106), as we
discussed in more detail in a follow up section in this review.

Gatab is another developmental TF whose expression is primarily found in tissues
originating from mesoderm and endoderm, such as lung and heart (107). In adult murine
skin, we found that Gata6 expression is in HG during telogen-anagen transition, which then
spreads to proliferative matrix cells during anagen (28). HFs become growth arrested upon
Gatab loss during telogen, and its loss during anagen causes HFs to degenerate into telogen-
like structures. /n vivoand in vitro data from our laboratory show evidence of DNA damage
accumulation in proliferating matrix cells and in keratinocytes without Gata6 activity,
suggesting that it plays a role in mitigating replication stress in rapidly dividing cells.
Activation of NF-kB pathway by Gata6 target Edaradd might be the mechanism promoting
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DNA damage repair and cell survival in these keratinocytes, which is further supported by
the robust NF-kB activity observed in HG and its proliferating progeny /n vivo. However,
HFs lacking NF-kB activity do not become growth arrested and in fact progress into anagen,
albeit in a delayed manner (108). Thus, Gata6é may have other downstream mechanisms
contributing to HG activation and progenitor expansion that remain unknown.

Hes1 is a Notch signaling transcriptional repressor that promotes stemness in stem and
progenitor cells of organs such as brain and small intestines (109,110). It is found robustly
expressed in the lower bulge and HG during telogen-anagen transition, and epithelial
specific deletion of Hes1 has been found to cause delay in hair growth and primed HFSC
activation (111). Furthermore, Hes1 conditional knockout mice exhibited decreased HF
regeneration upon repetitive depilation challenge, suggesting exhaustion of the HFSC
potential to self-renew. Comparative transcriptome analysis revealed compromised Shh
signaling in Hes1-depleted HFSCs, indicating Hes1’s role in Shh signal induction for proper
primed HFSCs activation. These findings show a close relationship between Notch and Shh
signaling in anagen progression mediated by Hes1.

Myhb is a proto-oncogene whose upregulation is associated with cancers such as leukemia
and colon carcinoma (112). In hair follicle Myb is expressed in the lower bulge as well as
ORS and matrix during homeostasis (113,114). Upon its overexpression in murine skin, hair
follicle progenitors undergo impaired differentiation, leading to hair loss and eventual bulge
cell depletion. Subsequent transcriptome analysis revealed that Bmp signaling genes were
downregulated in the transgenic skin, which reiterated the importance of Bmp signaling in
HFSC homeostasis (114). The group also noted increased regulatory T-cell infiltration to the
bulge upon Myb overexpression, suggesting quiescence as a possible mechanism by which
HFSCs escape immune surveillance, though further studies will be needed to confirm this
model.

In conclusion, primed HFSCs have a specific set of TFs regulating their function, which
differs from the bulge HFSCs. This may be responsible for their unique behavior, since
unlike bulge HFSCs the primed HFSCs do not self-renew and are essentially lost to
differentiation towards matrix and further inner lineages (Figure 2). The list of primed
HFSCs TFs and other intrinsic factors controlling activation and initiation of anagen seems
to be continuously expanding, suggesting potential synergistic and redundant functions that
remain to be explored.

DNA regulatory elements and super-enhancers

DNA regulatory elements, such as promoters and enhancers, are regions in the genome
where various proteins are recruited for regulating gene transcription (115). Promoters are
TATA box containing regions near the gene’s transcription start site (TSS), where
transcription initiation complex and RNA polymerase are recruited to begin gene
transcription. Enhancers, on the other hand, are located further away from TSS and harbor
multiple binding motifs of different TFs. TF binding to enhancers often forms DNA loops
with the promoters, thereby regulating the rate of transcription. Because many TFs are cell
type specific, enhancer activities give rise to specific gene expression patterns of a distinct
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cell lineage (116). SEs are regions containing multiple enhancers clustered together with
high enrichment for transcriptional coactivator binding. They have been initially found
essential for maintaining the pluripotent state of ESCs by fine-tuning expressions of various
genes (116,117), and have recently been studied in HFSC as well.

Promoter regions have been intensively used to generate transgenic tools, such as the K14-
CreER mice (118-120), which allowed close investigation of SC behavior and lineage
progression /n vivo as well as identification of different signaling pathways involved in
HFSC homeostasis throughout the hair cycle (121,122). However, the exact mechanism by
which HFSCs maintain or alter their gene expression patterns during lineage progression
have remained unknown until recently, due to the lack of tools to monitor enhancer
activities. Recent identification of HFSC SE regions and their use to generate SE reporter
mice allowed the monitoring of activities of dense TF binding site clusters, or epicenters in
HFSCs during telogen (52). These results showed evidence of SE activities driving HFSC
stemness and quiescence, where the master TF Sox9 (123,124) was observed to act as a
pioneer factor to de-compress chromatin and allow bindings of other HF TFs such as Nfatcl
and Lhx2. Upon microenvironmental changes such as /7 vitro or skin wounding however,
these SEs underwent structural changes to activate different epicenters or new SEs to
upregulate IFE-signature genes rather than HF lineage genes. A subsequent study by the
group also revealed that coordinated switching of different Wnt and Bmp effectors binding
to SE drove further lineage progression of HFSCs progenitors as well, where Tcf3/4 binding
switch to Lefl binding activated expression of HF differentiation genes in matrix cells, and
Rbpj or pSmad1 co-binding with Lef1 at lineage specific enhancers led to activation of inner
root sheath (IRS) or hair shaft gene expressions, respectively (53).

Taken together, these results indicate SE activities as a main mechanism by which HFSCs
maintain their homeostasis or adapt to acquire new IFE fate in response to injuries. They
suggest that TFs promote SC identity in HFSC via SE accessibility changes, further
corroborating the importance of SE activities during HFSC homeostasis. It seems likely the
list of TFs involved in these SE activities will continue to grow in coming years.

Epigenetic modifications and chromatin structure

While TFs modulate expression of HF lineage genes by direct binding to the DNA,
epigenetic modifications such as histone methylation or acetylation remodel the chromatin
structure to modulate DNA accessibility of large regions of the genome. Specifically,
trimethylation of histone H3 at lysine 9 (H3 K9me3) and 27 (H3 K27me3) suppress
transcription presumably by compacting chromatin structure, while trimethylation of histone
H3 at lysine 4 (H3 K4me3) does the opposite to promote active transcription (125,126).
Mechanisms such as DNA methylation, histone acetylation and others also participate in
modulating epigenetic profile changes in HFSCs, and were discussed in detail in our recent
review last year (13). Thus, in this review we discuss only work in this area related to the
most recent publications from the past year.

Global reduction of H3 K9/27me3 has been associated with high cell fate plasticity in
quiescent SCs, disturbance of which leads to premature or compromised cell differentiation
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(127,128). Furthermore, global changes in H3 K27me3 have also been observed between
quiescent and active HFSCs as well as their early progenitors previously, indicating different
chromatin dynamics at each distinct cell state (129).

In our recent studies, global reduction of H3 K4/9/27me3 (global hypomethylation) have
been shown to occur in quiescent late catagen HFSCs compared to proliferative early anagen
HFSCs, suggesting increased HFSC cell plasticity during quiescence, prior to HFSC fate
decision for self-renewal or differentiation (26,130). Follow up /n vitroand in vivo
experiments further strengthened our model, where quiescent HFSCs were found to have
higher chromatin factor exchange rates and increased tendencies to reprogram upon
Yamanaka factors exposure, compared to their proliferative counterparts (130). Data suggest
that BMP signaling may be found both upstream and downstream of histone methylation in
a negative feedback loop that remains to be directly tested /in vivo (26,60). Results of our
studies demonstrate the importance of histone methylation marks in adult HFSC function
and suggest a link with quiescence and fate plasticity during homeostasis and injury repair.
They also begin to explore the connection between epigenetics and essential signaling
pathways known to control HFSC quiescence (Figure 3).

Multiple SE studies mentioned in the earlier section further imply changes in HFSC
chromatin structure throughout the hair cycle, where TFs such as Sox9 and NFI have been
found to alter HFSC SE chromatin accessibility to drive expression of SC identity genes
(52,81). Another recent study investigated HFSC chromatin structure changes induced by
constant low-dose radiation (LDR) exposure, and examined subsequent HFSC behavior
(131). The group observed high DNA damage accumulation in Lgr5* HFSCs, which led to
sustained chromatin structure changes and increased heterochromatin marks. HFSCs
responded by either entering senescence or migrating out of the niche and differentiating, in
which case cell proliferation was inadvertently induced to replace excluded SCs. Taken
together, these findings suggest that the accumulation of chromatin structure changes in
HFSCs induced by constant environmental genotoxin exposure may modify HFSC behavior.

Polycomb repressive complex 1 (PRC1) is an important player in epigenetic modifications,
known to monoubiquitinate histone H2A (H2AK119Ub) and also facilitate PRC2-mediated
methylation of H3 K27me3, repressing gene expression (132). Whereas previous studies
have focused on the role of this complex in embryonic and early post-natal life (13,133), a
recent study showed that PRC1 activity loss in Lgr5* HFSCs leads to reduced level of
H2AK119Ub and significantly delayed HF regeneration, likely due to reduced HFSC
proliferation (134). The group noted that the absence of PRC1 activity leads to upregulation
of genes associated with development and downregulation of HF lineage genes such as Shh
in PRC1-null HFSCs. Comparative analysis with intestinal SC transcriptome profile
indicated PRC1’s role in non-lineage specific TF suppression in both SC populations (134).
These findings implied that in adult SCs, PRCL1 regulates SC lineage specificity by
inhibiting non-HF lineage TFs including epidermal-signature TFs. Whether this repression is
due to PRC1 mediated H2AK119Ub or H3K27me3 or both remain to be investigated in
future studies.
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While current studies began to scratch the surface of epigenetic and chromatin control of
adult HFSCs, much remains unknown. Most histone modifications deemed essential in
ESCs are entirely unexplored in adult SCs, including the HF, and how these chromatin states
might be involved in HFSC regulations is still unclear. Direct genetic approaches to target
individual histone marks via loss of their positive and negative regulators in specific HF cell
types to complement the chemical inhibition experiments are missing. Global changes of the
chromatin structure and dynamics in adult HFSCs await further experimentation.

Non-coding RNA activities in HFSCs

Another important layer of HFSC intrinsic regulation comes from non-coding RNAs
(ncRNAS). For earlier studies in this area we refer the reader to an excellent review by Dr.
Botchkareva (135). ncRNAs or RNAs that are not translated into proteins, have been found
to play vital roles in transcriptional and post-transcriptional regulation of genes (136,137).
Micro-RNAs (miRNAs) are ncRNAs about 22-nucleotide long on average that mediate
MRNA degradation and induce target gene silencing, whereas long ncRNAs (IncRNAs) are
more than 200-nucleotide long and have more diverse functions such as miRNA regulation
and chromatin remodeling, to name a few. Although many of their functions are studied in a
disease-context, some studies have investigated their roles during homeostasis as well (138-
140).

MiRNAs have been found in several studies to facilitate proper HF development as well as
homeostasis (141-144). MiR-205 was found to be highly upregulated in HF placode, upon
whose loss PI3K/Akt signaling was inhibited and HFSCs failed to expand (142). MiR-22
and miR-125b activities in HFSCs modulate cell differentiation and promote HFSC
stemness (143-145). A recent study by Ge and colleagues showed that miR-29 was
expressed the highest in telogen HFSCs. Its repression led to premature HG activation and
anagen induction likely via Wnt and Bmp signaling genes, such as Lrp6 and Bmprla, which
were identified as miR-29 targets (146). Similarly, miR-214 was recently shown to have an
inhibitory effect on HFSC proliferation and differentiation and hair cycle progression partly
by down-regulating Wnt signaling (147,148). Combining the covalent ligation of
endogenous Argonaute-bound RNAs (CLEAR)-CLIP technique and /n vivo experiments,
Hoefert and colleagues also found that the miR-200 family plays various roles during HF
development and homeostasis (149). miR-200 target mRNAs function in cell adhesion, actin
cytoskeleton, and Hippo signaling, disturbance of which leads to defective HF development.
Thus, these studies noted the importance of miRNA regulation of important signaling
pathways and cellular processes, such as cell adhesion and cell junction formation in
HFSCs.

Dicer is a riboendonuclease that regulates mature miRNA processing as well as facilitates
post-transcriptional gene silencing via miRNA-induced silencing complex (miRISC)
(150,151). Recently, bulge specific ablation of Dicer has been found to cause HF
differentiation defects following depilation induced anagen, likely due to decreased keratin
expressions in HF layers (151). Since ablation of another miRISC component Tarbp2 in
bulge did not yield phenotypes observed in Dicer cKO HFs, the group speculated Dicer’s
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miRNA processing function is necessary for proper HF development during anagen, where
more miRNAs than previously thought might be involved.

The role of long non-coding RNA in HFSCs also became more evident in the past few years.
A study /n vitro showed that PIncRNA-1 promotes proliferation and differentiation of
cultured HFSCs through the up-regulation of TGF-B1 and the subsequent activation of Wnt
signaling (152). In addition to directly targeting signaling pathways, INCRNA also interacts
with miRNA to fine-tune HFSC activities. For example, IncRNA5322 functions as a
competing endogenous RNA (ceRNA) to suppresses miR-19b-3p, thus promoting HFSC
proliferation and antagonizing apoptosis (153). /n vitro work also showed IncRNA5322
promotes proliferation and differentiation through the upregulation of miR-21, which is
upstream of the phosphorylation of PI3K and AKT (154).

A deeper understanding of the non-coding RNAs in the HFSCs, and how this regulation
interfaces with the more traditional regulatory molecules, such as transcription factors and
chromatin structure, will add an important perspective on the complicated signaling
mechanisms behind HFSC behavior. In addition, the de-regulation of non-coding RNAs in
the skin has implications in various diseases such as cancer and psoriasis (135). In the
clinical field, non-coding RNAs hold promising potential as targets of novel therapies (155).

Metabolism as a cell-intrinsic mechanism in HFSCs

Metabolism is a cell-intrinsic function that has been clearly linked with SC behavior (156).
However, compared to the considerable amount of work done to understand the
transcriptional and epigenetic regulation of the HFSC, less is known about metabolic
pathways utilized by HFSCs and how they are involved in HFSC fate decisions.

Several metabolic pathways were found to be significant for HFSC activation. For instance,
lactate production is indispensable for HFSC activation whereas promoting lactate
production leads to accelerated activation (157). Glutamate signaling may be another
pathway important in HFSC activation, as the glutamate transporter Slc1a3 is required in
HFSCs for timely activation and anagen onset (158). In addition, lineage tracing
experiments revealed that bulge HFSCs contain a subpopulation of Slc1a3* cells that
contributes to long-term hair follicle regeneration. Of note, Slc1a3 has been identified as a
marker for non-label retaining stem cells in the basal layer in the IFE (159). Interestingly,
ablation of Slc1a3 gene uncouples the expansion of sebaceous gland and IFE (158), pointing
to a potential cross-talk between HFSC and SG/IFE niches mediated by Slcla3. Whether the
effect of Slc1a3 knockout on HFSCs comes from the niches or from HFSCs intrinsically is a
question that can be answered by doing population-specific knockout of Slcla3.

Previously, it has been shown that reactive oxygen species (ROS), besides their
conventionally accepted role in cytotoxicity, have implications in regulating epidermis
differentiation through Notch and Wnt signaling (160). Recent findings also tie ROS with
HFSC proliferation. Zhao et al. proposed that ROS has an inhibitory effect on HFSC
proliferation, as failure in ROS accrual by Foxpl loss and anti-oxidant treatment promotes
HFSC proliferation (161). However, the Espada group showed an opposite effect of ROS in
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HFSC proliferation through photoactivated transient ROS production in the bulge (162). In
line with this result, similar photoactivation treatment in ex vivo cultured human hair
follicles cause anagen onset in a Wnt-dependent manner (163). The discrepancy in these
studies may suggest that long-term ROS has different effects from transient ROS or may be
attributed to side effects from different ROS induction methods.

In anagen, differentiating matrix cells have elongated mitochondria filled with cristae (164).
This morphological change is accompanied with higher mitochondrial activity compared to
quiescent bulge HFSCs. Transcriptional profiling of enzyme expression further revealed that
differentiating matrix cells utilize aerobic respiration whereas quiescent bulge HFSCs utilize
anaerobic respiration (164). This finding highlights the differential metabolic needs at
different points along the way of HFSC lineage progression.

Lipid metabolism contributes to various aspects of cellular activities including energy
production and lipid membrane synthesis. How lipid metabolism relates to HFSCs behaviors
has been explored recently. Overexpression of SPLA2-11A, a phospholipase that hydrolyzes
glycerophospholipids to fatty acids and lysophospholipids, was shown to promote the
differentiation of HFSCs, likely by activating mitogens and pro-proliferating transcriptional
factors such as c-Jun and FosB. This eventually leads to HFSC exhaustion and depletion
over time (37). As mentioned in the TF section, Runx1 controls HFSC behavior from many
aspects, among which lipid metabolism was newly identified (105). This finding provides a
new perspective on the function of conserved TFs in SCs and how they regulate SC
behavior.

Ceramide is an essential component of the skin barrier and an important metabolite that
actively regulates cellular activities. Disruption of ceramide metabolism by inactivating
Ceramide Synthase 4 leads to precocious HFSC activation by a stepwise shift from the
inhibitory Bmp signaling to the activating Wnt signaling, thus depleting the HFSC pool and
eventually causing hair loss (165). However, knockout of ceramidase Acerl does not have an
impact on the hair cycle except for disrupting the K15 bulge organization (96,166). Whether
it is the ceramide level or the molecular signaling pathway controlled by those enzymes that
regulate HFSC behavior needs further clarification.

Many of the recent findings highlight the active role of metabolism in dictating HFSC
behavior, rather than being a mere cellular state. The intricate relationship between
metabolic pathways and classic HFSC signaling pathways such as Bmp, Notch and Wnt
pathways is also coming to light. In the future, further dissecting each metabolite’s function
in regulating HFSC activities and its connections with other pathways will be of great
scientific interest. In addition, HFSCs is often found to be the origin of skin cancers and
many studies showed that the de-regulation of metabolic pathways can turn tissue stem cells
into cancer cells (4). Therefore, exploring the link between HFSC and skin cancers from the
perspective of metabolism may shed new light on cancer therapeutics.
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Signaling from the hair follicle stem cells towards the surrounding skin

environment

Cell-intrinsic mechanisms of HFSCs not only provide spatiotemporal control of cell-
autonomous behaviors, but also generate outwards signaling to modulate the nearby
microenvironment that is generally referred to as the HFSC niche. Here we briefly
summarize evidence suggesting that signals emanating from the HFSCs can regulate the
organization of surrounding skin vasculature, nerves, arrector pili muscle, melanocyte stem
cells, adipose tissue and possibly the dermal sheet. A comprehensive review on this
fascinating subject is currently from our laboratory is currently in review (Li and Tumbar, in
review).

Most recent attention has been given to the dermal vasculature, which we recently showed
that it dynamically reorganizes around the hair germ and bulb during the hair cycle (106).
Three studies published in the last year, including our own, agreed in that signals from the
HF epithelium are critical in the organization of vasculature around the hair follicle
(106,167,168). First, loss of Runx1 TF from the hair epithelium alters the vasculature
organization around and bellow the hair germ at telogen. This is coupled with a subsequent
delay in HFSC activation and likely occurs through down-regulation of relevant Runx1
target genes. The latter are known to function as secreted molecules important for
vasculature remodeling, such as Ntn4, among others (106). Significantly, Ntn4 was found
important in HFSCs along with ANGPTLs and Wnt ligands to remodel the lymphatic
capillary that sit alongside the hair bulge (167,168).

Furthermore, HFSCs are responsible for deposition of neurotrophins such as BDNF and of
ECM proteins such as EGFLS6, thus ensuring proper nerve patterning around the HF, which
is critical for mechanosensory response and piloerection (169-171). Similarly, HFSCs
deposit nephronectin on one side of the bulge, thus establishing a niche for the arrector pili
muscle (APM), a muscle string that connects the epidermis with the hair follicle causing
piloerection (171,172). HFSCs also secrete Edn2, Wnt ligands and antagonists, KIT ligand,
CXCL12, and Col17al (83,121,173-176), which signal to the melanocyte SCs in the bulge
to regulate coordinated responses during hair cycle. A recent study also sheds light on
metabolites’ role on niche regulation, as retinoic acid is found to be upstream of the
melanocyte SC differentiation program (176).

Other components of the HFSC environment include the skin adipose tissue, whose
progenitor cells signal to HFSCs for proper activation whereas the HF epithelium signals
back for adipocyte production (177). Last but not least are the mesenchymal cells, including
the dermal papillae, which is essential in HFSC activation (18) and the dermal sheet, which
was recently shown to function as a muscle important through each contractions for
degradation of the epithelial hair bulb during catagen and for bringing the dermal papillae in
close contact with the bulge (178). To our knowledge there is no direct evidence indicating
that adult HFSCs regulate these two neighboring compartments, but our epithelial mutant
mice that halt the hair cycle, Runx1 and Gata6 (101,179), also halt remodeling of the dermal
sheet, suggesting a tight coupling between these compartments. Specific signals that might
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be responsible for the adult HFSC communication toward these mesenchymal compartments
is awaiting.

Technological advances shed new light on our understanding of the HFSC

field

In recent years novel technologies have been adopted and robustly used in the skin field to
advance our current understanding of HFSCs behavior and regulation. Most notable of those
technologies is single cell RNA sequencing (SCRNA-seq), which allows identification of
different cell populations based on individual cell’s transcriptome profile, as well as
unbiased lineage trajectory progression among these populations (180-182). Its use in the
skin field was first pioneered by the Watt laboratory to examine epidermal SC heterogeneity
in human skin in 2006 (183). A decade later Joost and colleagues used scRNA-Seq to
identify distinct interfollicular and hair follicle cell populations in adult murine skin at
telogen and anagen (184,185). Their results revealed new transcriptomic heterogeneity
within each skin compartment. The Kasper group also coupled the use of lineage tracing and
scRNA-seq to demonstrate gradual transcriptional adaptation of Lgr5* HFSCs to IFE-
lineage upon wound healing (59). Recently, scRNA-seq has also been utilized by several
groups to investigate hair follicle progenitor heterogeneity and lineage progressions
(53,81,186), wound-induced fibroblast conversion to dermal papilla (34), the hair follicle
dermal niche formation during development (187), and age-related HFSCs and
microenvironment changes in murine skin (188).

Despite all this progress, SSCRNA-seq data on proliferating or self-renewing bulge HFSCs at
anagen, a small cell population that is under-represented in studies of whole skin, have been
missing so far. In this issue of Experimental Dermatology, our laboratory presents high
resolution scRNA-seq data of self-renewing bulge cells, which were sorted from the anagen
skin to enrich in this rare population (Chovatya et al., in revision). Unbiased clustering and
GO analysis of differentially expressed genes suggested that each anagen-bulge
subpopulation may have distinct functions within the bulge, providing a platform for future
functional studies.

In addition to the advancement in genomic technologies, another technological breakthrough
during the past decade or so is intravital imaging, which allows direct visualization of
cellular events including cell division, differentiation, migration, and other physical changes
in real time. The Greco laboratory pioneered this technique in the skin and their earlier work
revealed remarkable details on HFSC biology, which can be achieved only by revisiting the
same hair follicle over time. The spatiotemporal information provided by intravital imaging
uncovered dynamic cellular processes including HFSC morphological reorganization during
HF regeneration and epithelial phagocytosis during HF regression, both regulating HFSC
behavior (189,190). In addition, tracking individual HFSC at different locations over time
revealed that HFSC position dictates subsequent HFSC fate (191). For the first time they
also demonstrated high plasticity of epithelial cells even under homeostasis, as they can
reconstitute the HFSC pool after HFSC ablation (191). While in the past five years there has
been no new finding that used live imaging to further our understanding on the bulge HFSCs
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specifically, recent work that employed this technique brought new clarity to the process of
progenitor matrix cell differentiation to inner lineages. Although our review here focuses on
the bulge cell regulation and does not deal in depth with the progenitor cells, this work
raised new questions and challenges our understanding of fate determination in the hair
follicle, and is hence worth discussing in this context here.

By tracking the starting position of the differentiating SC in the hair germ through live
imaging, Xin et al. found that the location is determinant of the subsequent fate of the
descending matrix cells to differentiate to the inner hair follicle lineages (192). Moreover,
this fate decision appears to be flexible at later stages, when progenitor matrix cells change
position along the DP vertical axis and also switch the fate of their descendants according to
their new location. Turning on mutations that block differentiation in some progenitor cells
does not have an effect, as the remaining progenitors adapt and compensate, all attesting to
the flexible fate of matrix progenitor cells. This work also demonstrated the continuous
replenishment of the matrix progenitor by lower ORS cells at the base of the bulb (192,193).

This live imaging work attests to the flexibility of fate acquisition of progenitor cells in the
matrix and corroborated well with scRNA-seq from the Kasper laboratory, in which
progenitor cells were found to be largely transcriptionally uncommitted (185). These
findings contradicted previous models in which the matrix progenitors were deemed
unipotent based on evidence from single-cell lineage tracing, in which results are inferred
from indirect observations (179,186,194-196). A recent article reported a novel technology
that allows both single cell ATACseq and single cell RNAseq within the same single cell
(200). When applying this new technology to sequencing cells of the mammalian skin, the
authors found that the early matrix progenitors, although transcriptionally uncommitted,
already have distinct chromatin changes that may bias them towards specific fates (200),
attesting one more time to the notion that fate commitment may be a more fluid process than
initially thought.

These studies represent an excellent example of how emerging technologies can shed new
light on old models, and re-shape our understanding of fundamental biological mechanisms
of cell fate determination. In future, as new technologies emerge, it will be critical to harness
their power to shine new light on HFSC biology.

Conclusion and future directions

HFSCs undergo cycles of activation and quiescence to replenish progenitor pools during
homeostasis. During cycles, Wnt and Bmp signaling strengths are modulated by various
intrinsic mechanisms such as TFs, SE activity, ncRNAs, and epigenetic remodeling via
histone modifications, with progenitors of HFSCs also partaking HFSC regulation through
Shh and Notch signaling. Recently, new findings in the field shed light on novel roles of TFs
in coordinating activities between HFSCs and the niche, such as Runx1 involvement in
vasculature reorganization, and Rbpj role in melanocyte stem cell differentiation (106,176).
Knowledge of HFSC capabilities to remodel the surrounding microenvironment through
secreted molecules provides a new angle to view the function of HFSCs, as not only
providers of the building blocks necessary for production of differentiated tissue (the hair
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shaft), but also as an organizing center for proper SC niche remodeling and adult skin
homeostasis (Li and Tumbar, in review). These intrinsic mechanisms, along with HFSC
crosstalk with niche cells, are all essential for proper tissue regeneration during homeostasis
and wound healing.

Perhaps what is missing in the field is an understanding of how different epigenetic
mechanisms and niche interactions all come together and function in a coordinated manner.
An example is the correlations between global histone methylation levels and SE activities
of HFSC:s, clarification of which may reveal the underlying mechanism between HFSC
quiescence and cell fate plasticity. Given the heterogeneity uncovered in bulge cells, this
endeavor will undoubtedly require the development of novel techniques or innovative
strategies to utilize existing tools. A recent example is the technique developed by Weinreb
and colleague (182). The group generated random DNA barcoding constructs to uniquely
label individual multipotent cells, enabling simultaneous fate mapping and transcriptional
analysis of barcode-sharing progenitors of a specific cell.

Another considerable gap in our knowledge is an in-depth understanding of the global
chromatin structure and nuclear organization in HFSCs during adult homeostasis, and how
global changes in histone marks manifest in this context. Recent studies in systems other
than skin suggest that biophysical measures of chromatin compaction are more accurate than
those who rely on distribution of post-translational modification of histones, such as
heterochromatin marks H3K9me3 and H3K27me3 (197). However, those approaches are
largely missing from the skin, most likely due to technical hurdles related to small amount of
materials available from sorted cells. Advanced technologies examining DNA accessibility
and hence the compaction of chromatin include single cell ATAC-Seq (198), which has been
applied to embryonic skin (199), but not yet to the adult bulge HFSCs during different stages
of the hair cycle. The recent approach that enables simultaneous assessment of chromatin
accessibility and transcriptome profile of single cells known as SHARE-seq will provide
further insight into cell fate bias and determination in HFSCs (200). Development of
technologies such as SHARE-seq will allow direct probing of chromatin structure /n vivo,
and permit the field to move to the next level of understanding chromatin structure in the
context of epigenetic marks and cell fate decisions in a living tissue. Chromatin dynamics,
and regulation of DNA-bound protein exchange rates, and how this affects HFSC plasticity
is also in its infancy (130) and requires more investigation.

Furthermore, we lack the appropriate tools to examine nascent or ongoing transcription in
small populations of cells /n vivoin tissue SCs, as it has been done in ESCs (201). Hence,
we may completely mis-interpret the total (or the steady-state) level of MRNA detected in
cells via RNA-seq. Currently, we presume this level as being transcriptionally controlled,
thus overlooking possible contributions from RNA processing, RNA stability or degradation,
which are likely to also play important roles. Along those lines, it is interesting that protein
synthesis rates are very different between proliferative and quiescent HFSCs /n vivo, and
that this global regulation can affect HFSC function (202). Protein post-translational
modification are now known to be intimately connected with cell metabolism, which in turn
control transcriptional states and ultimately cell fate (203), another area of investigation that
is currently lacking in the skin.
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Perhaps the most exciting part of the current advances in the field is that now we are
beginning to get a glimpse not only at individual players in the SC-intrinsic control of HFs,
but also at the broader mechanisms and the myriad interplays amongst them that govern
HFSC homeostasis. For instance, TF, SE, and signaling pathways have now been clearly
linked in their orchestration of cell fate acquisition. Changes in HFSC epigenetic
modifications at different cellular states may be modulated by signaling, and specific TF-SE
interactions have been shown to alter HFSC chromatin accessibility patterns. These
discoveries suggest the existence of cross-talks between multiple mechanisms throughout
the hair cycle, regulating HFSC homeostasis. Elucidating these complex relationships will
help us better understand associations among various cell-intrinsic mechanisms in
controlling SC states, with generation of comprehensive molecular interaction networks. It is
probably the deepest hope of every hair follicle biologist that this broad understanding will
help in future to alleviate perturbed pathways in hair and skin disease and in aging. These
findings will also provide a road map of investigation for other tissue systems, which are not
as easily amenable to in-depth exploration as the hair follicle.
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Figurel.
Adult hair cycle. Adult hair follicles are maintained via repeated cycles of growth (anagen),

regression (catagen), and quiescence (telogen). In telogen, primed HFSCs form a tight, ball-
like structure in hair germ, underneath quiescent HFSCs in the bulge. Mesenchymal cells in
DP send signals to activate primed HFSCs during telogen-anagen transition, and primed
HFSCs undergo rapid proliferation and expansion to give rise to matrix progenitors during
early anagen. Matrix cells further differentiate to form IRS, cortex, and hair shaft during
anagen, after which differentiated cells undergo systematic cell death during subsequent
catagen.
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Figure2.

Changes in HFSC states during hair cycle. Bulge HFSCs in catagen are yet uncommitted to
one of two subsequent fates during anagen. At this stage a fraction of bulge HFSCs will take
residence below the bulge to form the primed HFSCs in the hair germ. Recently studied TFs
discussed in text are shown on the arrows corresponding to their described function.
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Figure 3.
Model of epigenetic and cell plasticity states of HFSCs and progenitors. During quiescence

bulge HFSCs maintain highest cell fate plasticity and lowest epigenetic identity as defined
by low levels of histone H3 methylation marks. As bulge cells approach anagen for self-
renewal, Bmp signal strength decrease and levels of histone H3 methylation marks increase,
resulting in medium plasticity and epigenetic identity in proliferating bulge HFSCs. Matrix
cells have high levels of histone H3 methylation marks associated with low cell plasticity
and high epigenetic identity as progenitor cells.
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