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Popular science summary of the thesis

The skin is the body’s largest organ, designed to offer protection from the sun, the wind,
and angry cats. The protection is achieved by a strong barrier within the skin that makes
sure that nothing gets in, like nasty bacteria, and that nothing leaks out. The skin is also
the home of one of the most striking features of mammals, namely our hair.

The skin is made up of cells which are layered on top each other, like the layers of a cake
if you will. In the bottom layer are stem cells, a type of immature cell that do not directly
contribute to the protective barrier function of the skin, but instead all they do is divide.
They divide because the upper level of the skin gets shed off by wear-and-tear and needs
to be replaced. This is a continuous process, so occasionally a stem cell leaves the bottom
layer and move upwards. In doing so they change their characteristics and lose their
ability to divide, to become specialized skin cells that actively contribute to the protective
skin barrier. The process of specialization is called differentiation. The genetic features
that drive differentiation are tightly controlled, yet the full details of this control are not
entirely understood.

In the production of a hair fibre, a highly complex and orchestrated relationship exists
between stem cells and the cells they differentiate into. In summary, at the bottom of the
hair follicle are a pool of stem cells. These divide tremendously, and as they move
upwards, they start to differentiate. They can then differentiate into either becoming cells
that will make the actual hair fibre, or they can differentiate into supportive structures
within the hair follicle that will ensure that the hair is anchored, fed, and happy to be able
to continue to grow. The processes that govern differentiation and the “decisions” that
shape the hair follicle are, despite being well studied, still undergoing intense scrutiny, and
are not fully comprehended.

Moreover, in an embryo which is growing and still acquiring all the features of a newborn,
as in having functional organs, the processes of stem cell division and differentiation are
essential to ensure proper and accurate growth. This is true in both embryonic skin and
hair follicles.

For both maintenance of adult tissue as for embryonic growth, it is the genes that drives
and controls the processes of cell division and differentiation. The product of an active
gene is a protein, and proteins are the main operative units within a cell, be it a stem cell
or a differentiated cell, it is just that the subset of proteins in the two different cell types
differ. It is vital to understand how the different genes and proteins of different type of
cells are regulated and controlled in order to understand the function of an organ.

As stated, the genes and proteins involved in skin and hair growth are highly controlled.
One level of control is to modify the structure of the proteins themselves, with what is

referred to as posttranslational modifications (PTMs). This thesis focuses on one such



PTM called citrullination. Citrullination is carried out by a family of proteins called
peptidylarginine deiminases (PADIs), of which there are five family members named
PADI1-4, and 6 (number 5 was lost due to nomenclature admin). When a protein is
citrullinated by a PADI, that protein is changed in either how it is folded, how it binds to
other proteins, or how stable it is. The contribution of PADIs and citrullination to hair follicle
stem cell biology is overwhelmingly understudied. While there are many indications for
the importance of both citrullination and PADIs in other types of stem cells in other
tissues, the protagonist of this thesis, PADI4, had not even been described in hair follicles

prior to the work presented herein.

Accordingly, the current thesis presents evidence for the existence of PADI4 in hair
follicles as these form during embryonic and early neonatal development. From there, a
functional validation of PADI4 (by removing it from the hair follicles and investigating the
effects of its removal) shows that it plays a role in the processes of stem cell division and
the “decisions” into which differentiation path the cells should take — PADI4 seems to
influence the differentiation of the hair producing cells (rather than the supportive
structures). Furthermore, we characterize which proteins are citrullinated by PADI4 and
show that they are mostly associated with the process of synthesising proteins, a process
called Translation. Going deeper, we show that some of the fundamental molecular
pathways that regulate translation are altered when we remove PADI4, proposing that
PADI4 has a far more important role in core cellular machinery than previously
appreciated. This means that another important puzzle piece has been fitted into the
grander scheme for how stem cell division and differentiation are controlled, and that

citrullination has a role to play in that control.

In other terms of citrullination and PADI biology, another finding of work presented in this
thesis is that two of the PADI family members, namely PADI2 and PADI3, can actually be
produced in such a way that each gene that blueprints either PADI2 or PADI3 gives rise to
an additional protein. Like little siblings to the main form of the proteins. These little
siblings are called alternative isoforms. To clarify, PADI2 exists as a canonical protein, the
one that is described and well known, yet when the PADI2 protein is being produced,
another similar but smaller (shorter, in terms of the number of amino acids that are linked
together to make a protein) protein can be produced from the same gene. These two
proteins are called PAD2a for the well-known full-length protein, and PAD2f for the
alternative isoform. The same was discovered for PADI3. The alternative PADI2f isoform
was detected in stem cell-like brain cells (oligodendrocyte precursors) in the process of
differentiating, and PADI3 in the cells in the process of differentiating in the hair follicle.
Functionally, the alternative isoforms were shown to impede the enzymatic activity of
their respective canonical counterparts and hamper citrullination, and were suggested to
exist as a regulatory measure to impact tissue formation.



Lastly, a study characterizing the ID1 protein in skin stem cells during development,
unearths its role in differentiation, and makes the conclusion that ID1interacts with known
modulators of skin stem cell behaviour (these factors are BMP/pSMADI/5, TCF3, and

CEBPa) in a novel manner.

Collectively, the studies presented in this thesis help to better understand the genetic
and protein features of skin and hair follicle cell biology. Specifically, some conventions
regarding PADI biology are challenged, whereas others are confirmed and corroborated
with new evidence. The studies provide new insights for how citrullination is integrated
into core physiological processes in stem cell behaviour, as well as identifying new
avenues for further studies to explore by calling out the need for more accurate tools to
identify and measure citrullination. All in all, citrullination was not believed to be part the
hair follicle stem cell repertoire, but with the findings and postulations of this thesis, it now
ought to be.



Abstract

During epidermal development, to assure proper tissue structure, highly complex
transcriptional networks interact within the stem cell compartments of the epidermis and
hair follicles (HFs) to balance the choice between self-renewal or differentiation. The full
characterisation of the protein profiles resulting from those transcriptional networks,
within the compartments of the HF, remains, however, incomplete. Moreover, the proteins
themselves can be regulated via posttranslational modification (PTMs). One such PTM is
citrullination, carried out by the peptidylarginine deiminase (PADI) family of enzymes.
Although, PADIs have been described in other stem and progenitor cells, their role in hair
follicle stem cell (HFSC) and progenitor lineages have remained elusive.

The main objectives of this thesis are to address the functional consequences of PADI

expression in HFSCs during development.

Paper | identifies Padi4 expression in the developing HF, where it is found to participate
in restricting proliferation and lineage commitment of HF progenitors, as well as playing a
role in the central mechanism for translational control, and by doing so altering the distinct
sequential events that mark HF differentiation progression. As a result, we identify
citrullination as a means to assert regulation of protein function in HFSCs and progenitors.

Paper Il identifies alternative isoforms of PADI2 and PADI3, in oligodendrocytes and HF
differentiated cells, respectively, and show that the alternative isoforms have an
incumbering effect on the enzymatic activity and stability of their conventional
counterparts.

Paper lll is a review paper in which meta-analysis of published human citrullinomes in
health and inflammatory disease reveals that citrullination is a commonplace yet highly
dynamic molecular regulator of protein function. A strong case is made for the
involvement of PADIs and citrullination in hair follicle stem cell biology and inflammatory
alopecia.

Paper IV addresses the involvement of transcription factor ID1 in self-renewal and
differentiation of epidermal progenitor cells during development. This study describes
how ID1facilitates synchronisation of progenitor proliferation and differentiation via TCF3-
binding, and establishes a novel axis of coordination for how BMP-induction of Id1

expression via pPSMADI1/5 is supressed by CEBPa.

The combined efforts within this thesis demonstrate the clear and overarching
importance of PADIs and citrullination in skin developmental physiology.
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1 Introduction

11 The mammalian skin

111 Skin as a protective barrier

The skin, largest organ (D'Orazio et al., 2013) and arguably most definitive external feature
of a mammalian individual as it marks the border between the physical self and the
outside world. Encapsulating the internal world of bodily fluids, tissues, and cells, whilst
simultaneously vigilantly protecting the precious and fragile internal environment from
outside harm as presented by health-detrimental pathogens, injurious chemical and
mechanical trauma, DNA-damaging UV radiation, and perhaps more than anything,
providing waterproofing from the outside in and at the same time preventing leakage from
the inside out. The skin also constitutes a major contributor to thermoregulation as it
allows the passages of venules and arterioles to the surface of the body to increase or
decrease loss of body heat, making use of the interface between the internal and external
worlds that meet at the border. More than that in terms of thermoregulation, the skin
contains the organ for sweating and a degree of insulation in form of subcutaneous and
dermal fat deposits. In short, your skin keeps you safe within yourself, at just the right
temperature.

Anatomically, the skin can be subdivided into two major compartments: the overlying
epidermis and the underlying dermis. The epidermis composes the outermost protective
barrier and consists of a multi-layered squamous epithelium which at regular intervals will
stretch downwards and form hair follicles (HFs). The underlying dermis, on the other hand,
is a connective tissue with a supportive role and contains a variety of different cell types
such as dermal fibroblasts, immune cells, and adipocytes. The epidermis and dermis have
in turn a high level of suborganization and are separated by the basement membrane, a

sheet of extracellular matrix rich in collagen IV and laminin (Watt, 2014)

11.2  Anatomy of the adult interfollicular epidermis

The epidermis is subdivided into the interfollicular epidermis (IFE) and associated
structures, namely (and perhaps most notably) the HFs, as well as the sebaceous glands
and, in humans, sweat glands. The main cell type of the epidermis are the epithelial cells
called keratinocytes, so named for their characteristic keratin filament expression.
Lacking the outer protective shell of insects and crustaceans, most vertebrate species
have evolved to utilize the keratin filaments to form a dense cytoskeletal structure to
withstand the physical stresses the outside world continually subjects the skin to. Most
keratinocyte subpopulations have further been classified based on their divergent and

stereotypical expression of different keratin proteins both in the IFE and the HFs.



As mentioned, the epidermis is structurally highly organised — the stratified IFE is divided
into four layered segments based on cell morphology and levels of differentiation, as
determined by their dynamically shifting expression of different keratins and other

structural proteins.

The basal layer, or Stratum Basale, consists of a single layer of proliferating,
undifferentiated progenitors which maintains the entire epidermis by perpetuated cell
division. Basal IFE cells are classically distinguished by the protein expression of keratins
K5 and K14 as well as Stem cell antigen-1(Scal) (U. B. Jensen et al, 2008). Additionally, the
basal layer is anchored to the basement membrane. The anchorage promotes the
proliferative identity and restricts differentiation — only by delamination from the
basement membrane can the keratinocytes acquire a fully differentiated characteristic

(a process that is discussed at length below).

Basal cells that do delaminate generate the spinous layer, or Stratum Spinosum. The
spinous layer consists of differentiated, postmitotic cells. Spinous cells have lost their
integrin and K5/K14 expression and are instead marked by the differentiation markers
K1/K10 and Involucrin (IVL) (Humbert et al, 2017; Watt, 1983). Stratum spinosum consists
of several layers of cells, which progressively differentiate as they gradually rise towards
the surface of the skin, concomitant with increased lipid metabolism. Spinous cells are
characterized by their spiny appearance (hence the name) owning to the highly
specialized intercellular junctions called desmosomes (Kowalczyk & Green, 2013) which
provide strength and flexibility to the epidermis (Garrod & Chidgey, 2008).

The granular layer, Stratum Granulosum, is also marked by K1 and K10, but has massively
increased the production of IVL as compared to the spinous layer. IVL, together with
Loricrin (LOR), makes up the major compartment of the cornified envelope, an insoluble
structure of crosslinked proteins and lipids functioning to mediate the epidermal barrier
(Candi et al, 2005). The granular layer also prevents transcutaneous water loss through

the formation of tight junctions (Yokouchi et al., 2016).

Finally, the uppermost layer of the skin, the Stratum Corneum, consists of denucleated,
dead cells whose plasma membrane has been replaced by the cornified envelope (Candi
et al, 2005). The cells of the cornified layer are shed off in what is called desquamation,
and is the main reason for need of the continuous proliferation of the basal cells — to
replenish the cells lost due to the constant wear-and-tear of the outermost layer of the
skin (Matsui & Amagai, 2015).

Although the vast majority of the cells in the epidermis are keratinocytes, there are other
cell types as well, including but not limited to, blood vessels, sensory cells of the peripheral
nervous system (Zimmerman et al, 2014), melanocytes (Lo & Fisher, 2014), and cells of

the adaptive and innate immune system (A. V Nguyen & Soulika, 2019) (predominantly T-



cells and Langerhans cells (K. Clayton et al, 2017)), all contributing to the function of the

epidermis.

11.3  Molecular features of epidermal homeostasis

Instrumental to the proliferative and undifferentiated characteristics of the basal
keratinocytes is the basement membrane, the epithelial extracellular matrix (ECM) that
separates the epidermis from the dermis. The basal keratinocytes express several
different integrins, predominantly a3p1 and a6B4, which provide anchorage to the
basement membrane through linkage to secreted laminins therein, (Hsu et al, 2014) and
in this way restrict delamination and in turn differentiation (Watt, 2002). To sustain
balanced levels of proliferation the basal layer receives several signals from the underlying
dermal fibroblasts, forming a dermal niche, in form of secreted growth factors such as
insulin-like growth factors (IGFs), fibroblast growth factors (FGFs) 7 and 10, and epidermal
growth factor receptor (EGFR) ligands (Hsu et al,, 2014). Basal cell autonomous expression
of positive and negative regulators of these incoming factors are employed in an auto- or
paracrine fashion to fine-tune the cells’ proliferative response. Such regulators include
TGFa, TGFB, and Mig6, which work in concert with the incoming dermal niche factors, but
have the potential to induce hyper- or hypoproliferation of basal keratinocytes,
depending on their respective positive or negative effect on growth factor signalling
(Ferby et al, 2006; Kahata et al, 2018; Vassar & Fuchs, 1991). Another important regulator
of basal proliferation is p63, which has been shown to be essential for the proliferative
potential and stem cell state of basal keratinocytes. Although mostly described in
embryonic epidermal development, p63 is also implicated in adult basal layer progenitors
(De Rosa et al, 2019; Pellegrini et al, 2001). By binding up to 2000 genes (Senoo et al,,
2007; A. Yang et al, 2006), p63 regulates proliferation through acting both as a
transcriptional activator of basal layer genes (including integrins a3/5/6 and B4, keratins
5 and 14, and several progenitor-associated transcription factors) and as a repressor of
antiproliferation genes (including p21, 14-3-3¢5, and Pten) (Botchkarev & Flores, 2014;
Senoo et al, 2007; Truong et al, 2006).

Although the role of basal keratinocytes is to continually provide new cells for the upper
epithelium as it is shed through wear-and-tear, the question for how the proliferation-to-
differentiation dynamics are maintained is left somewhat open. Addressing this question,
two models for basal cell proliferation and differentiation have been put forward — the
hierarchical and stochastic models.

The hierarchical model proposes that each stem cell of the IFE is slow cycling and divide
only rarely but gives rise to progeny which are highly proliferative transit-amplifying cells
(TACs) (Hsu et al, 2014), whom after several rounds of divisions all delaminate and
differentiate upwards in the epidermal architecture. The hypothesis for the hierarchical

model was formed early in the field of epidermal stem cell research where observations



of morphology and proliferation proposed the concept of epidermal proliferative units
(EPUs) (Potten, 1974), in which a slow-cycling stem cell gives rise to about 10 TCAs which
all undergo differentiation after a (seemingly) predetermined number of divisions. The
idea of the EPU was later supported as studies utilizing mutagenic or retroviral cell-
labelling (Ghazizadeh & Taichman, 2001; Mackenzie, 1997; Ro & Rannala, 2004) were able
to demonstrate clonal expansion in a columnar fashion where clone size remained
unchanged over time. Moreover, the concept of epidermal progenitor hierarchy gained
further traction when a more recent study (Mascré et al, 2012) was able to demonstrate
that the basal layer is maintained by two interdependent stem/progenitor cell population
where a small number of Krti4-expressing slow-cycling label-retaining stem cells, with the
capacity to self-renew, gave rise to an intermediate Ivl-expressing fast-cycling progeny
of committed progenitors with the capacity to undergo a fixed number of cell division
before exiting cell cycle and univariably differentiate, just as TACs where described to do
in the EPU. Additionally, other studies (Gomez et al., 2013; Sada et al,, 2016) described the
existence of two distinctly different stem cell populations when studying behaviour
kinetics of basal layer progenitors in scale and interscale regions of the mouse tail. Lineage
tracing and mathematical modelling suggested that the basal layer consists of two
spatially independent stem/progenitor populations with different proliferation
frequencies (cell cycling-rates) and preferences for lineage differentiation in terms of the
specific markers the differentiated progeny expressed depending on scale/interscale
locality (Gomez et al,, 2013). The basal layer cells were found to be controlled by epidermal
Eda, WNT/B-cantenin, and Lrigl, and marked distinctly by either Dx/1 and Lgr6 (interscale)
or Slcla3 (scale) (Sada et al, 2016). Collectively, these studies suggest that the different
basal cell populations are not equally regulated transcriptionally or by signalling, nor do
they display a random proliferation behaviour or differentiation program, indicating that
they are not competing neutrally, but specifically.

In contrast to the hierarchical model, the stochastic model proposes that the basal layer
consists of an equipotent progenitor population which compete neutrally with equal
chance of each cell division giving rise to either 1) one cell that exit the cell cycle and
differentiate, and one basal progenitor cell that will continue to divide; 2) two basal
progenitor cells; or 3) two differentiated cells.

Several lineage tracing studies together with mathematical modelling have supported the
stochastic model in several skin regions, suggesting that in randomly labelled basal cells,
although individual clone sizes differ, fate choice is balanced over time and contributes to
the population level homeostatically (E. Clayton et al, 2007; Doupé et al, 2010; Fullgrabe
et al, 2015; Lim & Nusse, 2013; Piedrafita et al, 2020). Moreover, a study using live imaging
in combination with lineage tracing to track cell fate choices was able to demonstrate
that although the cell fate decisions of the basal layer was random, the delamination

direction of differentiating progeny adhered to the pre-organized architecture of the



suprabasal epidermis into what the authors termed epidermal differentiation units (EDU,
in a wink to the EPU) (Rompolas et al, 2016). In the EDU each basal cell divides
stochastically but the differentiating progeny is funnelled into existing suprabasal spaces
left by differentiated cells as they migrate upwards due to the demand of the ever-
shedding corneal layer, giving rise to columnar shaped cell clones. In this way there some
reconciliation between the two models as the EDU may help to explain the columnar
observations that originally defined the EPU. Moreover, it is noteworthy that in the Mascré
et al. study that demonstrated the existence of a slow-cycling pool of stem cells that gave
rise to a fast-cycling population of committed progenitors, essentially supporting the
hierarchical model, the committed progenitors in question adhered to the stochastic
model during their lifetime as proliferative basal layer cells and was able to contribute to
tissue homeostasis for up to a year prior to the “decision” of dividing into two post-mitotic
cells.

In light of these models, single cell analyses have identified the existence of several
transcriptionally divergent IFE basal layer progenitor populations (Dekoninck et al, 2020;
Ghuwalewala et al, 2022; Haensel et al, 2020; Joost et al, 2016, 2020; Tan et al., 2013),
confirming stem cell/progenitor heterogeneity. Although the basal cells may not then be
entirely equal in performance, they appear to contribute to homeostasis in a manner akin
to the stochastic model. The heterogeneity may reflect a difference in cell state rather
than different cell type, since, although transcriptionally divergent, they appear follow a
single differentiation program (Joost et al, 2016; Lin et al, 2020; Rognoni & Watt, 2018).
Even so, there is still the observation that tail scale and interscale regions can be
distinguished by distinctive markers in the respective suprabasal progeny. It appears,
however, to be a singular event in the mouse IFE not observed elsewhere, possibly as a
result from the transcriptional and marker disparities in the stem cell populations that
giverise to each region, or possibly as a result of the particular spatially organised features
of the scale/interscale structures (which are also tightly linked to the organised
localisation of hair follicles in the tail) (Ghuwalewala et al,, 2022; Gomez et al., 2013; E. Roy
et al, 2016; Sanchez-Danés et al, 2016).

Along these lines, the difficulties to resolve the hierarchical/stochastic debate may largely
come from that the interpretations of the previous studies have relied on assumptions
for the parameters that define a stem cell, namely its basal localisation and selective
marker expression, its cycling rate, and its ability to divide (at least once) prior to
delamination (Gonzales & Fuchs, 2017). The more unbiased single-cell sequencing studies
have subsequently been able to demonstrate that basal cells exist in a heterogeneity of
cell states across the basal layer, in that basal cells can be both fast-cycling long-term
inhabitants of the basal layer, as well as being slow-cycling without necessarily giving rise
to TAC progeny as an intermediate (Ghuwalewala et al,, 2022; Haensel et al., 2020; Joost
et al, 2020).



To exemplify, Ghuwalewala et al. (Ghuwalewala et al, 2022) made a distinction between
label retaining cells and non-label retaining cells to mark which cells do and do not remain
in the basal layer long-term and how the two cell populations behave in terms of
proliferation and differentiation. Interestingly, the two cell populations performed very
similarly in proliferation kinetics and differentiation dynamics, highlighting that both fast
and slow cycling basal layer cells contribute to the maintenance of the basal layer as well

as giving rise to differentiating progeny at similar levels.

Additionally, another recent study (Cockburn et al, 2022) demonstrated that classical
differentiation markers (most predominantly Krt1O, followed by Krtl and Krtdap) were
upregulated long before the delamination event, representing a commitment to
differentiation, yet retaining basal cell marker expression, locality, and morphology.
Moreover, some of the cells expressing the differentiation markers preserved their mitotic
capacity. Although all such cell divisions were symmetrical (in that they would both
terminally differentiate), both daughters of the basal KrtlO+ cell were not obliged to
differentiate immediately, as one of them could remain in in the basal layer and undergo

another round of division.

Still, another study (Miroshnikova et al, 2018) demonstrated that in embryonic epidermis,
local crowding of basal cells induced delamination in stochastically selected cells, which
due to density-dependent shifts in the mechanical forces affecting cell shape
experienced low cortical tension and increased cell-cell adhesion, which resulted in
initiation of differentiation. Only after these events did the cells delaminate. However, a
subsequent study of adult epidermal homeostasis (Mesa et al, 2018), found that
differentiation and delamination is the delimiting factor for proliferation, that only after
the delamination of a neighbouring cell will mitoses be triggered to fill the gap left by the
differentiating cells. In either case, cell state was determined by the local environment
created by the nearest neighbouring epidermal cells, and not by innate, cell-intrinsic,

properties for being slow or fast cycling.

At any rate, delamination from the basement membrane is demonstrably tightly linked to
differentiation and transformation from a dividing cell into a post-mitotic keratinocyte
that will contribute directly to the barrier function of the skin. And as shown (Cockburn et
al, 2022), the transcriptional events that lead to differentiation appear to be instigated
prior to delamination. Delamination is in turn achieved by downregulation of integrins to
allow release from the basement membrane. Ostensibly, there is a spectrum of different
types of integrins expressed by basal cells, as well as the levels at which they are
expressed, at different sites along the skin (Watt & Fujiwara, 2011). These differences are
associated with readiness to detach from the basement membrane and have thus been
correlated with stem cell identity of basal cells, where cells with high integrin-expression
creates a more adhesive environment and are deemed as more stem-like (U. B. Jensen et



al, 1999; Jones et al, 1995), further highlighting the heterogeneity of progenitor cell states

in the basal layer.

Moreover, Notch have been shown to be highly important in both late and early stages of
keratinocyte differentiation. Functioning right at the transition from undifferentiated basal
cell to differentiated suprabasal cell, Notch is active at the junction between basal and
spinous layer cells (Nowell & Radtke, 2013). Accordingly, Notch 1-3 is expressed in the
suprabasal cells together with Notch ligand Jagged-1(JAGI), whereas basal cells express
JAG2. When the Notch receptors (1-3) binds either of their ligands (JAG 1 or 2) on
neighbouring cells, Notch is cleaved sequentially; first extracellularly by a disintegrin and
metalloprotease (ADAM), and then intracellularly by y-secretase to release its intracellular
domain (NICD), which translocates to the nucleus where it binds transcription factor RBP-
J (Watt et al, 2008). Upon binding, the role of RBP-J is two-footed: Notch signalling both
induces expression of differentiation genes and suppresses expression of basal layer
genes, two effects that are independently regulated. A canonical target of RBP-J is Hes],
a basic helix-loop-helix (bHLH) transcription factor, which when induced by Notch/RBP-
J signalling enhances the expression of differentiation proteins Krt7 and Krt1O (Blanpain et
al, 2006).Moreover, Notch signalling represses cell-cycle progression and restricts
proliferation via induction of p2I/WAFI/Cipl expression, a tumour-suppressor gene
facilitating growth-arrest. Activation of p21 is both directly induced by RBP-J binding to
its promoter, as well as indirectly by increased NFAT signalling, mediated via HES1 (which
represses NFAT inhibitor calcineurin) (Jaiswal & Singh, 2022; Mammucari et al, 2005).
Furthermore, in a mechanism that is controlled separately from cell-cycle withdrawal,
Notch-signalling suppresses several basal cell markers, including p63 and several
integrins (Blanpain et al, 2006; Lefort et al, 2007; B.-C. Nguyen et al, 2006), as integrins
themselves confer signalling for suppression of differentiation, rather than just providing
physical attachment to the basement membrane (Evans et al, 2003; Watt, 2002; Watt et
al, 2008). Moreover, Notch-dependent suppression of p63 acts via upregulation of
CCAAT-enhancer-binding protein-a (CEBPa) and B (Lopez et al, 2009; X. Wang et al,
2008), together with concomitant suppression of interferon response factors (IRFs)
(Restivo et al., 2011). Additionally, there is a reciprocal signalling crosstalk between Notch
and p63, where in basal cells, p63 negatively regulates the expression of Hes1(Botchkarev
& Flores, 2014; Nowell & Radtke, 2013), thus counteracting the pro-differentiation activity
of Notch. In this way there is a mutual antagonism between p63 and Notch that may help

to maintain a balanced proliferation-to-differentiation transition in the epidermis.

11.4 Anatomy and activity of the adult hair follicle

The defining feature of the IFE is that it is ‘interfollicular, meaning that it semantically can
only be defined by the structures between which it is located — namely the hair follicles
(HF). The HF is arguably one of the most prominent features of mammalian skin. It is

formed as an epithelial appendage of the IFE that invaginates downwards through the



dermis to form a funnel or tube-like structure, out of which the characteristic hair strand
grows. Functionally, more than just providing the hair strand, the hair follicle forms the
pilosebaceous unit (PSU) together with the sebaceous gland, which lubricates the skin
and serves as an anchorage point for arrector pili muscle (Schepeler et al,, 2014), sensory

neurons (Zimmerman et al,, 2014) and to some extent blood vessels (Hsu et al, 2014).

The HF displays a particular microanatomy divided into several distinct segments (Figure
1; (Schneider et al,, 2009)). The uppermost part of the HF is called the infundibulum and
connects the IFE to the HF (Figure 1A). Transcriptionally, the infundibulum is more similar
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Figure 1. (A) Cross section of a human hair follicle during anagen, showing the permanent
infundibulum and isthmus, and the anagen-associated suprabulbar and bulbar area of the hair
follicle. (B) High magnification image of the isthmus. The dashed square indicates the
approximate location of the bulge, where hair follicle stem cells reside. (C) High magnification
image of the bulb. Matrix (M) is made up of proliferating TACs. (D) Schematic drawing
illustrating the concentric layers of the outer root sheath (ORS), inner root sheath (IRS) and Hair
shaft. The inner root sheath is composed of four layers: Companion layer (CL), Henle's layer,
Huxley's layer, and the inner root sheath cuticle (BM: basal membrane; APM: arrector pili muscle;
CTS: connective tissue sheath; DP: dermal papilla; M: matrix; HS: hair shaft, IRS: inner root sheath;
ORS: outer root sheath; SG: sebaceous gland). (Schneider MR, Schmidt-Ullrich R, Paus R. The
hair follicle as a dynamic miniorgan. Curr Biol. 2009 Feb 10;19(3):R132-42. doi:
10.1016/j.cub.2008.12.005. PMID: 19211055.) © Elsevier, 2009. Reprinted with permission.
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to the IFE than to the lower parts of the HF (Joost et al, 2016, 2020). Below the
infundibulum follows the junctional zone, which is the entry point for the lipid-filled,
antimicrobial sebum secreted from the sebaceous gland. The sebum passes upwards
through the infundibulum to lubricate the hair strand and the surface of the skin. Exploring
the HF further downwards, following the junctional zone is the isthmus (Figure 1B), a short
transitional segment between the opening of the sebaceous gland above and the
attachment of the arrector pili muscle below, connecting the upper parts of the HF to the
lower, stem cell rich, regions. The isthmus is also the site of a small group of stem cells
defined by their expression of LRIGT (Jensen et al,, 2009) and LGR6 (Fullgrabe et al.,, 2015;
Snippert et al,, 2010), and contribute to maintaining the upper HF during telogen, as well
as readily responding to wounding in the instance this occurs in the overlying IFE (Joost
et al, 2018). Continuing below the isthmus, the lower adult HF consists of the bulge and
the hair germ (Figure 2B and 2C), which both comprises of undifferentiated hair follicle
stem cells (HFSCs). The hair germ, located just below the bulge cells, is also in direct
contact with the underlying stromal niche, the dermal papilla (DP) (Figure 2C). The DP is
made up of mesenchymal fibroblasts and functions as a specialised dermal signalling
centre to provide the stem cells of the hair germ and bulge with activating or deactivating
signals (Clavel et al., 2012; Rompolas & Greco, 2014).

The hair follicle undergoes cycles of growth (anagen), degeneration (catagen), and
dormancy (telogen) (Muller-Réver et al., 2001). The HFSCs are instrumental for hair cycle
progression in coordination with dermal signalling. The bulge and hair germ stem cell
populations share some molecular signatures but differ in their respective mode of
quiescence maintenance and responsiveness to activation. Bulge stem cells are
characterized by the simultaneous expression of CD34, SOX9, K15, and to some extent
Lgr5 (Joost et al, 2018; Mardaryev et al, 2011; Schepeler et al., 2014), whereas hair germ
cells can be distinguished as ID1/ID3-positive CD34-negative cells expressing high levels
of P-Cadherin (Genander et al., 2014; Greco et al, 2009; Joost et al, 2020; Muller-Réver
et al, 1999).

115 Mechanisms of hair follicle stem cell activation — telogen to anagen

Telogen, the resting state, has been shown to be the default state of hair follicles, as an
energy-efficient mode which is highly responsive to various stimuli and insults to initiate
hair regeneration (Geyfman et al, 2015). Telogen can be subdivided into refractory
telogen, a period when anagen cannot be re-initiated by stimulation, and competent
telogen, when the hair follicle is highly sensitive to activation (Plikus & Chuong, 2014). The
balance and ratio between activating (WNTs, FGF-7, FGF-10) and inhibiting (Bone-
morphogenic proteins (BMPs) and FGF-18) cues, determines when HFSCs become
activated (Geyfman et al, 2015).



During telogen, high BMP and low WNT signalling maintains HFSC quiescence (Hsu et al,,
2014). Differentiated K6+ inner bulge cells secrete BMP6, whereas BMP2 and BMP4 is
produced from subcutaneous adipocytes and dermal fibroblasts, respectively (Hsu et al,,
2011; Plikus et al, 2008). Additionally, the potent quiescence factor FGF-18 is produced
mainly by K6+ inner bulge cells, and to some extent by CD34+ bulge cells (Kimura-Ueki et
al, 2012) and DPs (Greco et al, 2009). FGF-18 reaches peak upregulated expression in
early (refractory) telogen, but actively downregulated (presumably via Foxpl in the bulge
(K6+ and CD34+ cells both) (Leishman et al, 2013)), in late (competent) telogen, in a
process thought to prime the HF to anagenic signals — yet not inducing anagen itself.
During late telogen, dermal niche signalling contributes to lowering the threshold for HFSC
activation when BMP2 and BMP4 are downregulated in their respective mesenchymal
constituent, but also as adipocyte precursor cells begin to express and secrete platelet-
derived growth factor-a. (PDGFa) to activate PDGFR-signalling in dermal papillae (Festa
et al, 2011). Moreover, expression of activating factors FGF-7, FGF-10, TGFB2, and BMP-
inhibitor Noggin is elevated in the dermal papilla (Greco et al,, 2009; Oshimori & Fuchs,
2012). Prior to actual telogen-to-anagen transition, activated WNT signalling in the hair
germ is signified by stabilisation and nuclear localisation of the well-established WNT
effector B-catenin (Lo Celso et al, 2004; Lowry et al, 2005), together with expression of
B-catenin cofactors lymphoid enhancer factor-1 (LEF1) and T-cell factor (TCF) proteins
(Greco et al, 2009). Additionally, the activated WNT signalling in the late telogen hair germ
occurs concomitantly with increased expression of Ki67 and MAPK activation, indicative
of activated proliferation signalling. Collectively, in the hair germ during late telogen,
accumulation of DP-derived BMP-inhibition together with a gradual decrease of FGF-18
expression, acts in concert with FGF-7/10 signalling to achieve an elevated activation of
WNT, as shown by both B-catenin stabilisation as well as a gradual transcriptional
upregulation of WNT ligands (Greco et al, 2009; Kandyba et al, 2013; Y.-H. Li et al, 2013;
Lim & Nusse, 2013; H. Yang et al, 2017), to cumulatively direct the hair germ stem cells
towards a state of substantial proliferation — and once the tipping point is reached,

anagen ensues (Lim & Nusse, 2013).

Subsequently, as anagen proceeds irrevocably, activated hair germ stem cells give rise to
what is called the matrix — a pool of highly proliferative, undifferentiated transit amplifying
cells (TACs). The matrix will start to secrete Sonic hedgehog (SHH) which in turn activates
the bulge hair follicle stem cells (Hsu et al, 2014; Hsu et al., 2014). The bulge cells have up
to this point remained largely quiescent in a WNT/B-catenin inhibitory state in which they
partly supress WNT target gene transcription via TFC3/4-binding (Lien & Fuchs, 2014),
and partly where they themselves express WNT-repressors such as Dkk3, Wifl, and Sfrp.
In addition, the bulge cells are also being subject to active WNT-inhibition via BMP
signalling (Lim & Nusse, 2013) (as exemplified by a BMPRla KO model where Lefl was
upregulated, and B-catenin stabilized (Plikus et al, 2008), as was Wnt7a in another BMPRIa
cKO (Kandyba et al, 2013)) where BMP-effector pSMAD1/5 binds to enhancers and



promoters of key stemness genes that also mediate quiescence (Adam et al, 2018;
Genander et al, 2014). Activated bulge stem cells will divide, migrate out from the bulge
and eventually form the Outer root sheath (ORS) (Figure 2D). The ORS is a basal
population of proliferative, undifferentiated K14+/K5+ cells expressing stem cell marker
LHX2 (Folgueras et al., 2013; Rhee et al, 2006; H. Yang et al, 2017) that will expand and
eventually envelope the entire HF all throughout the hair cycle (Rompolas et al, 2013;
Sequeira & Nicolas, 2012). The lowermost portion of the ORS, which covers the bottom of
the anagenic HF, is called the lower proximal cup and forms an interface between the ORS
and the matrix (Xin et al, 2018). Furthermore, SHH from the matrix also signals to the
dermal papilla to intensify the secretion of FGF-7 and Noggin to sustain proliferation of
the lower ORS and the matrix itself (Hsu et al., 2014).

11.6  Specification and differentiation of hair lineages

To form a proper hair, the growing hair follicle requires several specialized cell populations,
each originating from specific lineages following spatially and temporally controlled
trajectories of differentiation (Yang et al, 2017). The differentiated lineages of the HF are
ordered in seven concentric rings within the HF (Figure 2D), and are from outermost to
innermost: 1) the companion layer; 2) the inner root sheath ([IRS] — in turn made up by
three sublayers: Henle, Huxley and IRS cuticle); and 3) the hair shaft ([HS] also containing
three sublayers: cuticle, cortex and medulla) (Joost et al, 2020; Schneider et al, 2009).
All these layers can be distinguished from one another by their distinct keratin and

structural protein expression patterns (Langbein et al, 2010).

During hair growth, the matrix cells adjacent to the DP become specified into distinct
subtypes of lineage committed TACs according to a spatial organisation, in turn
determined by a pre-ordered arrangement of signals emanating from the DP in an
epithelial-mesenchymal crosstalk, manifesting a micro-niche (Yang et al, 2017). Initially,
TAC progenitors thus far unspecified in their commitment to either IRS and HS lineages,
display nuclear localisation of LEF1, which has translocated to replace the occupancy of
TCF3/4 on key gene enhancer elements in order to facilitate proliferation (in a move
initiated just prior to onset of anagen in hair germ cells where TCF3/4 induce the
expression of WNT inhibitors (e.g. Dkk3 and Znrf3)) (Adam et al, 2018). Next, specification
occurs while the cells are still in a highly proliferative state, and they subsequently expand
along their respective lineage. Moreover, lineage specification transpires via remodelling
of cell identity-specific chromatin accessibility and epigenetic marks (such as H3K27ac),
which modulate the binding sites for lineage specific transcription factors(Adam et al,,
2015), perpetrating dynamic shifts in gene expression (Adam et al,, 2018). The subsets of
TACs can consequently be identified by their distinct intrinsic transcription factor
expression profile (Joost et al, 2020), which is the result of divergent exposure to BMPs
and WNTs from the DP together with the effectors and repressors of these pathways, and



the crosstalk between them (Ghahramani et al., 2018; Joost et al, 2020; Schneider et al.,
20009).

Thusly, the TACs committed to the HS lineages follow a complicated route of initially being
reliant on high levels of BMP signalling, acting via pPSMADI1/5 binding of HS signature genes.
However, in the later stage, terminally differentiating HS cells will express enhanced levels
of LEF1 together with nuclear translocation of B-catenin (WNT) and follow a migratory path
centrally in the HF (DasGupta & Fuchs, 1999). Fully formed HS will ultimately express K6,
K40 (AE13), and K75 (although K75 will also be expressed to some extent by the

companion layer).

On the other hand, TACs specified towards the IRS lineage will in the initial stages of
specification rely on low levels of BMP signalling, inducing the expression of Gata3. In turn,
Gatag3 is essential for commitment to, and expansion of, the IRS lineage (Kaufman et al,
2003). The levels of BMP signalling are gradually elevated in the IRS lineage as the TACs
progressively become more differentiated, to sustain expression of IRS genes such as Idl-
3 and Cux! (Genander et al., 2014; Joost et al., 2020). IRS specification is also reliant on
Notch signalling, as exemplified by Notch/RBPJ target gene Hesl expression (Adam et al,,
2018; Joost et al., 2020). Terminally differentiated IRS will ultimately be distinguishable by
K71 and Trichohyalin (TCHH or AE15) expression (Joost et al, 2016, 2020; Langbein et al,,
2010).

Interestingly, LEF1 remains nuclear as the differentiation trajectories of each cell fate
lineage progress, even though the differentiation of the IRS lineage is defined by a BMP-
high, WNT-inhibitory, state. Even more intriguing is the fact that enhancer elements of the
Lefl gene itself is bound by BMP effector pSMADI/5 in HS-TACs. This dichotomy is
achieved by LEF1 occupancy on genes that in turn are modulated by BMP and Notch/RBPJ
effectors (Adam et al, 2018). In this way, the crosstalk between these contradictory
signalling pathways achieves a thin but highly precise balancing act of perfectly executed
transcriptional programs that generate the distinct differentiated cell populations that

makes up a mature hair.

117  Translational coordination in epidermal progenitor specification

Additionally, the distinct and highly coordinated transcriptomic changes the progenitor
and differentiating cells undergo to end up as terminally differentiated, also involves
important dynamic shifts in protein translation. Crudely speaking, quiescent stem cells
(such as bulge HFSC and pre-activated hair germ HFSCs) display low global translation,
whereas lineage committed progenitors positioned right at the cusp of becoming
differentiated display high levels of translation (Saba et al, 2021; Signer et al, 2014).
Conversely, stem cells retain a high level of ribosomal biogenesis through higher rates of
rRNA synthesis (through RNA polymerase | and Ill) and upregulated ribosomal (r)-protein
expression (through RNA polymerase Il and conventional translation of mRNA for protein



synthesis), than their immediate progenies. Located at the heart of the translational
machinery is the mechanistic target of Rapamycin (mTOR). Low levels of translation are
directly linked to low levels of mTOR abundance and activity. mTOR has a dual role in
translation (G. Y. Liu & Sabatini, 2020): one is activation of the cap-dependent mRNA
translational machinery involving elF4E-binding protein (4E-BP) and eukaryotic initiation
factor 4F (elF4F) complex formation, the other is ribosomal biogenesis induction via a
phosphorylation cascade of r-protein S6 by S6 Kinase (S6K). It may seem contradictory
that stem cells retain high levels of ribosomal biogenesis while simultaneously display low
levels of translation and mTOR, when mTOR also induces ribosomal biogenesis. This
contrast is thought to be achieved by the coordinated activity of other signalling
pathways and regulatory mechanisms which can engage RNA polymerases | and lll for
rRNA synthesis and the production of r-proteins (as well as the eukaryotic ribosomal
biogenesis factors and small nucleolar RNAs required for rRNA processing) (Saba et al,,
2021).

Specifically in the HF, the stem cells (bulge HFSC and pre-activation hair germ cells)
exhibit markedly lower protein synthesis than the proliferative progenitors of the matrix,
and the highest levels of translation can be observed during anagen in the IRS lineage, in
both committed progenitors and terminally differentiated compartments (Blanco et al,
2016). This is correlated with increased mTOR activity (as evidenced by increased
phosphorylated S6) in activated hair germ at the onset of anagen (Deng et al, 2015; H.
Yang et al, 2017), through a process where mTOR effectively signals back to supress BMP
to assist in the continuing proliferative activation in the matrix (Deng et al, 2015).
Moreover, epidermal morphogenesis and barrier formation is regulated by a tight
relationship between ribosomal homeostasis (via ribosomal rescue factor Pelota,
encoded by the Pelo gene) and mTOR activity, where dysregulation of Pelo results in the
aberrant upregulation of mTOR and protein synthesis causing severe skin barrier defects
(Ding et al,, 2016; Elkenani et al,, 2016; Liakath-Ali et al., 2018). To take the matter further in
highlighting the involvement of translation in epidermal progenitor cell commitment; in
the event of oncogenic stress (Cai et al, 2020), as manifest by HRAS mutation-driven
hyperproliferation, the progenitor cells of the epidermal basal layer were able to contain
the tumour outgrowth by inhibiting self-renewal and driving differentiation through a

process of upregulated translation, in this way linking cell fate with translation rates.

11.8  Termination of hair growth — Catagen

As the hair follicle grows downwards during anagen, BMP-inhibitory signals and SHH
produced by the dermal papilla and the matrix respectively, are physically pushed away
from the bulge HFSC, which duly reassumes quiescence (Hsu et al, 2014). Hence the
enveloping ORS will not expand to accommodate lengthening of the HF, and the HF will
not grow any further. Moreover, TACs have a limited number of divisions before they

terminally differentiate, meaning that the matrix will eventually be diminished (Alonso &



Fuchs, 2006). Differentiation will thus slow and the HF will enter the regressive phase of
catagen, the transitional state of degeneration between anagen and telogen (Alonso &
Fuchs, 2006). The hallmark of catagen is apoptosis, where the IRS and almost all
proliferating cells are eliminated, with the exception of some ORS (former bulge) cells (Y.-
C. Hsu et al, 2011). Cells found in the upper and middle ORS will escape apoptosis and
contribute to the new forming bulge and hair germ respectively, and subject to activation
and hair growth in the next hair cycle. Accordingly, after a completed hair cycle, the bulge
cells are the origin of the hair germ although these different stem cell population respond
differently to the anagen-initiating stimuli (Greco et al, 2009).

The receding bottom of the HF will seal off into what is called the club and move upwards
as the surrounding cells apoptose, until it reaches the upper permanent isthmus of the
HF. The HS will hereafter be called the club-hair. The DP will trail the club upwards to
reassume its place adjacent to the newly re-established hair germ and once again exert
its suppressive behaviour on the HFSCs, entering (refractory) telogen (Alonso & Fuchs,
2006). Molecular cues for anagen-to-catagen transitions remain obscured, however
there is some evidence that FGF-5, BMP2/4, and TGFI1 signalling can induce catagen,
together with crosstalk between K17 and TNFa downstream effector NF-«B, which can
regulate the rate of apoptosis (Alonso & Fuchs, 2006; Schneider et al, 2009; Tong &
Coulombe, 2006).

After the massive apoptotic event of catagen, the hair follicle re-enters telogen and
quiescence. As the individual gets older, the telogenic phases get longer. This has been
attributed to age-associated stem cell intrinsic alterations, rendering hair follicle stem

cells less likely to respond to activating cues from the environment (Keyes et al,, 2013).

11.9 Development of the murine epidermis and hair follicle

Skin is of dual germ layer origin where epidermis develops from the ectoderm and dermis
from the mesoderm. WNT activation in the ectoderm counteracts FGF responsiveness
and induces BMP expression, which promote an epidermal fate (Fuchs, 2007). Epidermal
specification occurs when the surface ectoderm initiates expression of p63 (at
embryonic day E8.5) and the newly formed epidermal progenitors express Krt8 (Koster
et al, 2004; Zhao et al, 2015)). In a process involving massive chromatin landscape
remodelling and the directed action of p63 with coordination of WNT/B-catenin to
express K14/K5 (at E9.5), this leads to the formation of the epidermal basal layer (Fan et
al, 2018; Koster & Roop, 2007)). Shortly after, the basal layer epithelium gives rise to a
second layer of cells called the periderm (M'Boneko & Merker, 1988), a protective barrier
of sorts that prevents pathological adhesion of immature epithelia during development
(Richardson et al, 2014). However, as periderm gets shed as soon as the barrier function
of stratified and differentiated epidermis has been established, it is not a permanent

constituent of the epidermis, and the formation of periderm is not considered the earliest



event of epidermal stratification. Instead, onset of stratification occurs at approximately
E12.5 (Lechler & Fuchs, 2005) when the basal layer gives rise to another transient
suprabasal proliferative cell layer betwixt the basal cells and the periderm. In this
intermediate cell layer, p63 cooperates with Notch to induce K1 expression, rendering the
cells both K1+, K14+, and proliferative (Hu et al., 2018). Differentiation of the intermediate
layer into spinous keratinocytes occur at El4-15 as the cells downregulate K14/K5,
emphasizing K1 expression while inducing K10, as well as become post-mitotic (Damen et
al, 2021; Koster et al, 2004, 2007; Koster & Roop, 2007). Henceforth, proliferation only
occurs in the basal layer (see section: 1.1.3 “Molecular features of epidermal homeostasis”).
The maturation into K1+, post-mitotic spinous cells from K1+, mitotic intermediate cells is
also dependent on p63 via the control of IKKa, IRF6, and 14-3-3c, who work in concert to
withdraw the cell from the cell cycle (Koster & Roop, 2007). The subsequent formation of
the granular layer by differentiation of the spinous cells is strongly influenced by an
increasing extracellular calcium (Ca?*) concentration gradient. Ca?* signalling converges
on protein kinase C (PKC) to induce the terminal differentiation markers Loricrin, Filaggrin,
and transglutaminases. Furthermore, Notch signalling in interaction with its ligand JAG1
has also been implicated in inducing Loricrin and Filaggrin expression, and in turn proper
granular layer differentiation (Nickoloff et al, 2002). It is within the granular layer the
barrier function of the epidermis is established with the expression of desmosomes
(Garrod & Chidgey, 2008; Kowalczyk & Green, 2013) and tight junctions (Yokouchi et al.,
2016), a prosses heavily influenced by the expression and activity of transcription factor
KLF4 (Segre, 2003).

At the point when the epidermis is consisting of a single layer of epithelial cells, interaction
with the underlying mesoderm leads to the specification of the epidermal appendages,
such as HFs. HF formation is subdivided into distinct morphologically developmental
stages. Firstly, WNT/B-catenin signalling is indispensable for epidermal keratinocytes to
condense locally and form the hair placodes, evenly spaced invaginations into the dermis.
After epidermal specification (which was the result of WNT-mediated attenuation of
sensitivity to FGF with induced expression of BMP), the basal layer expresses WNT (Park,
2022), and by some elusive molecular mechanism some of the basal layer cells become
further responsive to WNT and some do not (Fuchs, 2007). The unresponsive cells form
the IFE, whereas the WNT responsive cells receive FGF7 and -10 signals (via the expression
of FGF-receptor FGFRIIIb) (Petiot et al, 2003) and BMP inhibitor Noggin (Botchkarev et al,,
1999) from the underlying dermal mesenchyme. Moreover, the initiation of the hair
placode involves the upregulation of LEF1 with concomitant reduction of TCF3 (H. Nguyen
et al, 2006), where LEF1 associates with B-catenin and displaces TCF3 form its target
genes, and LEF1 deficient mice display a marked reduction in the number of hair follicles

formed embryogenically (van Genderen et al, 1994).



After specification of epidermal cells into the hair follicle lineage, the placode starts
expressing morphogens such as WNT and SHH, which coordinate the spatial distribution
and proliferative behaviours of the growing HF to specify cell fate (Matos et al, 2020;
Ouspenskaia et al, 2016; Z. Xu et al, 2015). SHH expression also leads to the recruitment
and condensation of mesenchymal cells to form the dermal condensate, located just
below the placode. The dermal condensate matures into the dermal papilla. Signalling
emanating from the dermal papilla induces proliferation and directed growth of the
developing hair follicle through additional mesenchymal-epithelial crosstalk (Clavel et al,,
2012; Fuchs, 2007).

The formation of placodes in mice occurs in waves, where the first wave at E13.5-E14.5
results in primary guard hairs, a process dependent on Ectodysplasin isoform Al (EDA-
A1)/EDAR/NF-xB signalling. The EDA-A1/EDAR pathway signals via NF-xB to induce Shh
and cyclin D1 upregulation leading to placode growth, and it may also induce WntiOb
expression and activates B-catenin signalling by stabilisation and activation of LEFI
(Schmidt-Ullrich & Paus, 2005). Moreover, B-catenin/LEF1 working in conjuncture with
BMP inhibition, achieved by EDA-mediated expression of connective tissue growth factor
(CTGF) and follistatin (Pummila et al, 2007), results in the inhibition of E-cadherin, an
important cell adhesion protein, which allows downward growth of the expanding hair
follicle (Jamora et al., 2003).

The second and third waves of hair placode formation occurs between E16 and PO,
respectively, and results in secondary awl, auchene, and zigzag hairs, a process
independent of EDA-AI/EDAR/NF-B, but which requires Noggin and LEF1 (Fuchs, 2007,
Schmidt-Ullrich & Paus, 2005; Schneider et al, 2009). Although the hair types differ in
their initiation process, they subsequently follow the same developmental pathways and
require the same molecular cues for proliferation and differentiation. The activated
growth brought about by the different signalling events occur in a cell population which
is, just as in anagen, called the hair germ, and will form the basis for the expanding HF and
the differentiated lineages with in it that gives rise to the hair itself.

During growth of the hair follicle, stem cell markers that initially were co-expressed in cells
of the placode (eg. Sox9, Lgr6, and Lrigl) segregate to set the foundation for the cellular
heterogeneity observed in the mature HF (Schepeler et al, 2014; Snippert et al., 2010). The
ORS will be formed by the K14+ cells that maintain contact with the basement membrane
and are dependent on SOX9 for their continued maintenance of their cell identity
(Mikkola, 2007; Vidal et al, 2005). At E16, as the HF grows downwards and forms an
elongated structure referred to as the peg, the dermal papilla starts to become
enwrapped by the most proximal cells, i.e. the hair germ, analogous to anagen. The cells
around the dermal papilla will form the matrix, which are, just as described in anagen, a
highly proliferative population of cells that through sustained reciprocal epithelial-

mesenchymal signalling will give rise to the differentiated structures of the hair follicle.

20



The initial differentiation lineage to appear in the peg is the IRS. Essential for specification
of matrix cells to differentiate into IRS precursors are GATA3 and CCAAT displacement
protein (CDP, encoded by the Cutll gene) (Fuchs, 2007; Mikkola, 2007; Schmidt-Ullrich &
Paus, 2005) in a process seemingly involving both the CDP and GATA3-mediated
suppression of c-myc and p2], and the recruitment of histone deacetylases (HDACs) to
repress target genes through epigenetic control (Ellis et al., 2001; Kaufman et al,, 2003).
Moreover, GATAS3 being a pSMAD target indicates active BMP signalling, where ablation of
Bmprla abrogates IRS differentiation altogether (Andl et al, 2004; Kaufman et al,, 2003).
Additionally, Notch pathway signalling is crucial for maintaining the IRS differentiation
trajectory and cell fate (Estrach et al,, 2006; Pan et al, 2004; Watt et al., 2008).

At around E18-19, the dermal papilla will be fully enveloped in what is called the bulb, and
the first signs of the HS emerges within the hair follicle. HS specification is, as described
for in anagen, fully dependent on WNT/B-catenin signalling (Merrill et al, 2001), as
exemplified by several cortex and HS-cuticle keratins being direct WNT target genes
(Fuchs, 2007; Merrill et al., 2001). Interestingly, BMP signalling (via BMPRIa) is required for
cell cycle exit and fate commitment of matrix cells to both the IRS and HS lineages
(Genander et al, 2014; Kobielak et al,, 2003; Mikkola, 2007; Ming Kwan et al, 2004).

Maturation and growth of the HF will continue for another 7-8 days and reach full maturity
when the bulb reaches the bottom of the dermis, usually at around P6. Matrix cells will
continue to proliferate, and the HS will protrude visibly through the skin. Hair growth will
be sustained until the onset of the first catagen, sometime between postnatal day P14
(neck) to P18 (lower back/tail) to initiate the first hair cycle. The embryonic formation of
the hair follicle until the onset of catagen is referred to as morphogenesis, and although it
shares a lot of features with anagen, is considered separate from the hair cycle (Alonso &
Fuchs, 2006; Fuchs, 2007; Maller-Réver et al, 2001; Schmidt-Ullrich & Paus, 2005;
Schneider et al,, 2009).

Morphogenesis and the first postnatal hair cycle are highly synchronized in mice,
occurring in waves across the skin. However, synchronization is lost over time and
becomes less and less apparent as the mouse ages (Alonso & Fuchs, 2006; Mller-Réver
et al, 2007; Schneider et al, 2009). The molecular reasons for this are not entirely clear
(Plikus et al., 2008).

To conclude, skin and hair follicle biology is a powerful model system in which to study
stem cell behaviour. Both during development and adult homeostasis are the highly
organised signalling cues and transcriptional networks at such a complex level that new
insights about cell biology is being revealed with each new study, even though the
epidermal cell research field has been going for close to a century (Ferreira et al., 2021).
As more research is being poured into this area, more and broader insights into

fundamental cell biological aspects will be uncovered.
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1.2 PADIs and citrullination

Citrullination, or deimination, of proteins is a

post-translational modification where the HZN\(NH HZN%

positively charged amino acid arginine is NH PADI NH
converted to the neutral amino acid citrulline +H,0 @» + NH3
(Figure 2). Peptidylcitrulline, the presence of

the non-essential amino acid citrulline within ""F\N N}.—' EN N\H,.r'
a protein, is thus not a product of translation H fe} H o)

but must be generated via enzymatic

. e .. . . Peptidylarginine Peptidylcitrulline
catalysation within an existing peptide chain.
Peptidylcitrulline is also distinct from Figure 2. Citrullination of peptidylarginine by

unbound citrulline which is an intermediate  PADI enzymes results in peptidylcitrulline, in the
. presence of Ca?*
metabolite of the urea cycle.

Protein bound citrulline was first described in 1958 (Rogers, 1958), and was shortly after
found to be an integral constituent within peptide sequences (Rogers, 1962). In 1977, it
was shown that citrullination was the result of enzymatic catalytic activity (Rogers et al,
1977), and in 1981 the first enzymes carrying out citrullination were described (Fujisaki &

Sugawara, 1981).

Catalysing citrullination are the highly conserved, calcium dependent, Peptidylarginine
Deiminase (PADI) enzymes. PADIs exist across the animal kingdom, expressed in bacteria,
fungi, and eukaryotic vertebrates (Crisp et al, 2015). A recent study demonstrated that
PADIs was acquired by vertebrates by horizontal gene transfer from cyanobacteria
(Cummings et al., 2022), whereas fungi and actinobacteria have developed enzymatically
similar but structurally different PADI proteins — the cyanobacteria/vertebrate PADIs
consists of a three-domain structure whereas the fungi/actinobacteria consists of two.
Although the physiological purpose of fungal PADIs is unknown, they are catalytically
active and are able to citrullinate peptides in a manner akin to mammalian PADIs (El-
Sayed et al, 2019). Interestingly, other eukaryotes such as yeast, flies, and worms lack
PADIs altogether (Crisp et al., 2015), suggesting that the evolutionary pressure to evolve
PADIs did not take place in the Last Universal Common Ancestor, and no horizontal gene
transfer occurred into the invertebrate eukaryotes (although the possibility of gene loss
may still exist (Salzberg, 2017)). However in terms of evolution, the catalytic domain of
PADIs contains a most highly conserved structural moiety, termed a pentein fold, which
comprises a trio of Cys-His-Asn that carries out the core catalytic hydrolysis event of the
citrullination itself (Linsky & Fast, 2010), suggesting that the PADI proteins have gained
their chemical catalytic ability from a far more ancient source than cyanobacteria.
Additionally, human pathogens Porphyromonas gingivalis and Giardia Lamblia both have
citrullinating enzymes, called pPAD (Goulas et al, 2015) and gADI (Touz et al, 2008),
respectively, which are evolutionary independent from PADIs. While genetically unrelated
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to eukaryotic PADIs, the pPAD and gADI catalytic domain also contain the pentein fold,
further highlighting the positive selection for this type of structure, and are also able to
citrullinate substrates of eukaryotic PADIs (Wegner, Wait, et al, 2010). In an interesting
turn of events, even plants may have the ability for protein citrullination. A recent study
(Marondedze et al, 2021) discovered citrullinated proteins in the Arabidopsis thaliana
proteome and were subsequently able to identify a catalytic motif in the genome, based
on sequences for bacterial PADI catalytic domain. Although the identified enzyme (with
the catchy name At5g08170) may not be homologous to PADIs, it functions in a calcium
dependent manner (similar to PADIs) and generates citrullinated proteins. Collectively,
these findings suggest that protein citrullination is an evolutionary advantageous PTM so
highly specialized it is utilized to carry out functions other PTMs cannot, further expanding
the levels of regulation of protein biology, and has been incorporated into complex
biological processes across most kingdoms of life.

The evolutionary pressure on PADIs in vertebrates has been such that several gene
duplications have occurred over time. Thus, there are currently five different mammalian
PADIs described, namely PADI, 2, 3, 4, and 6. There is no longer a PADI5, since when PADI5
was first identified in humans it was believed to be a novel PADI protein. It was later found
that PADI5 was the human homolog of rodent PADI4, and was thus renamed (Vossenaar
et al, 2003). However, before the approval to fuse the PADI4 and PADI5 nomenclature,
PADI6 had already been discovered (Chavanas et al, 2004; Wright et al, 2003) and the
fact of the matter was settled. The enzymatic activity of these removes the imine group
of the arginine sidechain and replaces it with a ureido group (Figure 2), changing the
overall charge of the protein and affecting intra-ionic interactions within the protein
(Vossenaar et al, 2003). The exact effects of citrullination of the target protein is highly
contextual and depend largely on the location within the peptide in which it occurs and
may impact on protein biology by altering conformation, stability (as in degradation or
turn-over), subcellular localisation, binding capabilities (to RNA, DNA, or other proteins),
or interaction with other PTMs, either facilitating or antagonising covalent adduct such as

acetylation or methylation (Christophorou, 2022).

In mammals, the PADI enzymes have classically been described to be differentially
expressed according to both tissue type and subcellular localization (Table 1)
(Christensen et al., 2022; Vossenaar et al, 2003). PADI1 expression was first observed in
epidermis and uterus (Guerrin et al,, 2003; Ishida-Yamamoto et al,, 2002; Nachat, Mechin,
Charveron, et al,, 2005; Nachat, Méchin, et al,, 2005; Rus'd et al., 1999; Terakawa et al., 1991),
but has later also been implicated in preimplantation embryos (Zhang et al, 2016). PADI2
has the most widely distributed tissue expression, being described in the pituitary gland,
brain, spinal cord, uterus, spleen, breast, pancreas, skin, immune cells, and skeletal muscle
(Beato & Sharma, 2020; Falco et al., 2019; Van Beers, Zendman, et al, 2013; Vossenaar et
al, 2003; S. Wang & Wang, 2013). On the other hand, PADI3 expression has been
suggested to be limited to epidermis and hair follicles (Kanno et al., 2000; M. C. Méchin et
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al, 2020; Nachat, Mechin, Charveron, et al,, 2005; Nachat, Méchin, et al, 2005; Vossenaar
et al, 2003). Moreover, arguably the most studied PADI is PADI4, which has been
described extensively in cells of myeloid origin such as leukocytes, bone marrow, spleen,
blood, and lymphocytes, but also in embryos and various stem cell systems
(Brahmajosyula et al, 2010; Brahmajosyula & Miyake, 2013; Christophorou et al., 2014; Kan
et al, 2012; Nakashima et al, 2013; Young et al,, 2022). PADI6 expression is detected in the
oocytes in human ovaries, testes, and in the early murine embryo (Chavanas et al., 2004;
Kan et al, 2011; Wright et al., 2003)).

PADI enzyme  Tissue Subcellular localization
PADII | Epidermis, uterus Cytoplasm
PADI?2 | Pituitary gland, brain, spinal cord, uterus, spleen, Cytoplasm/Nucleus

breast, pancreas, skin, immune cells, skeletal muscle
PADIS | Epidermis, hair follicles, trophoblast Cytoplasm

PADI4 | Immune cells, mammary gland epithelium, mESC, Nucleus
1PSCs, pre-implantation embryos, brain,

haematopoietic stem cells

PADI6 | Ovaries, egg cells, testis, early embryo Cytoplasm
Table 1. Conventional view on PADI distribution

From an evolutionary viewpoint, PADI2 is considered the ancestral PADI (Christophorou,
2022; Cummings et al, 2022; Villanueva-Canas et al, 2022), whose gene duplication and
modification has given rise to the other PADIs, to possibly generate a tissue appropriate
substrate specificity or as a result of divergent demands in protein biology regulation due

to specific tissue functions.

In addition to their suggested tissue specific expression profiles, PADI enzymes have been
detected in both the cell nucleus and cytoplasm. PADI4 is the only family member
reported to have an exclusive nuclear localization, containing an N-terminal nuclear
localisation signal (NLS) (Asaga et al., 2007; Bicker & Thompson, 2013; Christophorou et al,,
2014; Nakashima et al, 2002). PADI2 has been shown to be able to shuttle between the
nucleus and cytoplasm (Cherrington et al, 2010, 2012; Falcao et al, 2019; Sharma et al,,
2019), whereas PADI1, PADI3, and PADI6 are limited to the cytoplasm.

Digging deeper, the tissue distribution of the different PADI members is not a discrete
manifestation. Indeed, in the example of trophoblast stem cell expression, PADI2 works in
conjuncture with PADI3 to regulate histone citrullination and concomitant DNA
methylation in maintaining the trophoblast stem cell state and facilitating proper
differentiation (Ballasy et al., 2022). Moreover, scrutinizing the Human Protein Atlas (Uhlén
et al, 2015) for PADI protein and mRNA (PADI) expression (Christophorou, 2022), a more
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complex picture arises in terms of tissue distribution, apart from that already described:
PADIT localisation can be extended to oesophagus, testis, kidney and cervix; PADI2 is
observable in digestive and gastrointestinal tract, kidney, bladder, testis and bone
marrow, whereas PADI2 mRNA is detectable in virtually all tissues listed in the database;
PADI3 can be detected in oesophagus and urinary bladder; and PADI4 is, similar to PADI2,
detectable to various degrees in most tissues, most markedly in bone marrow and lung.

Collectively, the evolutionary pressure to acquire, keep, and expand the PADI family
appears to have been relatively high. Keeping this in mind, it is perhaps not unreasonable
to argue that the diversity in tissue distribution that is being nuanced with each new

finding is hinting at a wide functional applicability of PADIs and the citrullination they bring.

1.2.1  Structure of PADIs

The PADIs are structurally also highly conserved enzymes with a high level of sequence
homology, both genetically and in their amino-acid sequences (M.-C. Méchin et al,, 2007).
In terms of the biochemical structure of the PADI enzymes, the most detailed studied
family member is PADI4 (Bicker & Thompson, 2013). As shown by x-ray crystallography,
the tertiary structure of PADI4 is subdivided into three structural domains, the N-terminal
(PAD_N), middle (PAD_M), and C-terminal domain (PAD_C), and contains a total of five
calcium binding sites (Arita et al, 2004). Three of these are located in the N-terminal and
two help bridge the N- and C-terminals. Calcium binding brings about conformational
changes, generating the active cleft in the C-terminal. Calcium must bind all five sites in
order for PADI4 to become catalytically active. Additionally, PADI4 forms a head-to-tail
homodimer to attain full enzymatic activity (Arita et al, 2004; C.-Y. Lee et al, 2017).
Similarly, calcium-binding and homodimerization have also been shown for PADI2 (Slade
et al, 2015) and PADI3 (Saijo et al, 2016). However PADI1 functions as a monomer and
exhibits a broader substrate specificity (Saijo et al, 2016). Additionally, PADI6 seems to
be catalytically inactive in that it is unable to citrullinate substrates which are readily
citrullinated by the other PADIs in vitro (Knuckley et al, 2010). Based on sequence
homology, several calcium binding sites as well as several amino acids in the stipulated
active cleft are missing in PADI6, including Cys of the catalytic triad within the
aforementioned pentein fold, suggesting a structural basis for its enzymatic inactivity
(Chavanas et al., 2004; Raijmakers et al, 2007). However, the high-resolution structure of
PADI6 remains to be reported. Nevertheless, it is still possible that PADI6 may have
completely different substrate preferences than its family members and may require
other cofactors than calcium to function (Raijmakers et al, 2007). Other possibilities
suggests that PADI6 functions by simply binding to other proteins and in this way
facilitates or obstructs its targets’ participation in distinct protein complexes, thusly
conveying a secondary function apart from citrullination. This is perhaps exemplified by
the fact that despite PADI6 not having any (as of yet detectable) enzymatic activity,

genetic mutations causing structural defects in the protein leads to diminished protein
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abundance in oocytes and early embryos, and through a mechanism involving aberrant
formation of cytoskeletal structures, causes early embryonic arrest, and consequently
female infertility (Esposito et al, 2007; Qian et al, 2018; X. Wang et al, 2022; Y. Xu et al,
2016, 2022; Yurttas et al, 2008).

1.2.2 Calcium requirement and other cofactors for PADI activity

What is more, the involvement of calcium for PADI activity is well documented (Arita et
al, 2004; Slade et al, 2015), and as the calcium binding sites are highly conserved
structures in PADII-4 and essential for PADI activity it is clear that it makes out an
important regulating factor for when and how PADIs are recruited. Although many disease
settings (such as Rheumatoid Arthritis (Tilvawala et al, 2018) (discussed in detail below))
or physiological settings (as in skin differentiation (PADI3 (Nachat, Méchin, et al, 2005;
Senshu et al, 1996a)) are associated with high calcium concentrations, the calcium
concentrations used in vitro to analyse PADI activity (0.5-20mM Ca?%, most commonly
used at 5-10mM) greatly exceed physiological intracellular calcium levels (reaching up to
10uM but usually lower than that (Atchison & Beierwaltes, 2013; Christophorou, 2022; Tour
et al, 2007)). Due to this, it has been speculated (Christophorou, 2022) that signalling
pathways regulating the local intracellular calcium environment such as opening of
calcium channels on the plasma membrane or from intracellular calcium stores (like the
endoplasmic reticulum) have been involved in controlling PADI activity. Indeed,
neutrophils stimulated by ionophores or LPS (Neeli et al, 2008) will readily increase their
intracellular calcium concentrations with consequently high PADI4 activity and
hypercitrullination to follow. However, there are observations of PADI activity in cells that
do not undergo these activation steps in terms of calcium influx. In light of this, a search
for co-factors able to sensitise PADIs to lower levels of calcium or being able to active
PADIs even in the absence of calcium, has been initiated. Thus far, allosteric interactors
have been found in Rheumatoid Arthritis (Darrah et al, 2013; Demoruelle et al, 2021), where
a subset of autoantibodies against PADI4 (with cross-reactivity with PADI3 [as of yet not
implicated in Rheumatoid Arthritis]) bind to PADI4 in a way that poises the active site for
activation and effectively lowering the requirements for calcium concentrations.
Additionally, biochemical effectors of PADI activity have been found to include reducing
agent Glutathione (GSH) (Damgaard et al, 2016) and bicarbonate (Zhou et al, 2018).
Bicarbonate was interestingly able to induce PADI4 to carry out citrullination even without
the presence of calcium. GSH on the other hand (Damgaard et al, 2016), was shown to be
a physiological co-factor to the effects of calcium binding, as in vitro assays with
supraphysiological levels of Ca? in the absence of GSH (or non-physiological reducing
agent DTT) did not elicit measurable PADI activity. Conversely, in the presence of high
levels of reactive oxygen species (ROS) PADI2- and PADI4-mediated hypercitrullination
was inhibited (Damgaard et al, 2017). However, the biochemical mechanisms for this
remains to be determined.
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Jointly, these findings suggest that there are many aspects of PADI activity regulation to
uncover with regards to the physiological biochemical mechanisms that may affect
citrullination in both health and disease.

1.2.3 Citrullination in epidermis and hair follicles

In the epidermis, citrullination is an integral part of tissue homeostasis and barrier function
where key components of the cornified envelop such as Filaggrin (FLG), FLG-2, Hornerin
(HRNR), K1, and K10 are citrullinated (C.-Y. Hsu et al, 2011, 2017; Senshu et al, 1996b).
Citrullination of these proteins enhances their crosslinking by transglutaminases,
important for the mechanical resilience of the epidermis and formation of the cornified
envelope. Furthermore, citrullination of FLG and FLG-2 facilitates their proteolysis to
generate free amino acids, whose derivatives are components of the epidermal natural
moisturizing factor (NMF), a collection of hygroscopic molecules that mediate water-
retention in the upper stratum corneum (Cau et al, 2018). Additional citrullinated keratins
in the epidermis include K2, K14, K6, K16, and K17 (M.-C. Méchin et al, 2020) — keratins
associated with proliferation in undifferentiated epidermal progenitor cells.

The literature has traditionally stated that PADI3 is the only PADI in the HF, whereas PADI3
and PADI1 (and maybe PADI2 (M. C. Méchin et al,, 2020) but with some ambiguity) are co-
expressed in the epidermis (Nachat, Mechin, Charveron, et al, 2005; Nachat, Mechin,
Takahara, et al, 2005). Stressing the importance of citrullination in proper skin barrier
function, a recent study (Alioli et al, 2023) found that in reconstructed human epidermis,
PADI1 appears to be the main citrullinating enzyme as its induced downregulation brought
about a significant global decrease of citrullination, with a concurrent downregulation of
LOR, FLG, and transglutaminases, resulting in a diminished cornified envelope and

increased epidermal permeability allowing transcutaneous water-loss.

Turning to the HF, PADI3 is associated with terminal differentiation of HF lineages during
anagen, and citrullinated proteins has so far only been detected in the IRS, medulla, and
cuticle of the HS. The best verified target of PADI3 is Trichohyalin (TCHH), a structural
protein abundant in IRS and medulla, and has an essential part in hair morphology and HF
architecture (Méchin et al, 2007). In fact, TCHH was the first citrullinated protein ever
discovered (Rogers et al, 1977). Citrullination of TCHH facilitates its solubility and
subsequently its aggregation (Tarcsa et al, 1996a, 1997), which is required to provide
mechanical strength in the IRS and enable air entrapment for thermal insulation in the
medulla (Steinert et al, 2003). Additionally, K2, K25, K28 and K71 expressed in the IRS are
citrullinated (Langbein et al, 2010), as well as SIO0A3, which functions to support the
cuticle. Interestingly, all citrullinated proteins in the hair follicle that are not keratins, belong
to the S100-fused protein family (FLGs, HRNR, TCHH, and SI00A3), hinting at a preference
based on function and/or structure for substrate specificity (Knuckley et al, 2010; Tarcsa
et al, 1996b). Of note is that SIOOA3 can be citrullinated by all three of PADI1, 2, and 3
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(albeit in vitro) but the enzymes exhibit divergent preferences for which Arg within the
peptide they citrullinate (Kizawa et al, 2017), proposing that substrate specificity is non-
overlapping and non-random between the PADIs.

However, despite the clear contribution of citrullination to the structural integrity and
function of HF proteins, there remains some inconsistencies in the reported expression
pattern of the PADIs (see “1.2. PADIs and citrullination”) within the HF. Making use of
transcriptomic and chromatin remodelling data sets in studies exploring the dynamic
shifts in HFSC during activation and rest, it is possible to discern Padi3 and Padi4
expression in the activated hair germ (Lien et al, 2011), as well as increased chromatin
accessibility for Padi3 and Padi4 (Adam et al, 2018). Moreover, turning to a single cell
sequencing atlas for mouse skin and HF in anagen (Joost et al, 2020) to probe the cell
type expression of Padi mRNA (as Padil/2/3 have been readily described in these tissues),
Padil and Padi2 are essentially undetectable, whereas Padi3 is expressed in the IRS and
HS medulla of growing HFs (in line with previous reports) but with little to no expression
in the epidermis. Curiously, this analysis also detects Padi4 in a gradual expression pattern
from lowest in the proliferating progenitors committed to HS differentiation, to highest in
the terminally differentiated HS medulla, and to some extent in cortex and the IRS.
Considering the signalling pathways (predominantly WNT and BMP) that govern the
activation of HFSC and lineage specification of matrix cells, it is noteworthy that the
increased chromatin accessibility of Padi3 and Padi4 correlates with pSMADI1/5 binding
sites on the respective gene promoters (Genander et al, 2014), and that both Padi3 and
Padi4 are WNT targets, albeit LEFI-independent (Palmer et al, 2008) and LEF1-dependent
(Adam et al, 2018), respectively. Given the role of PADI4 in hematopoietic stem cells,
where PADI4 physically associates with LEF1 (Nakashima et al,, 2013; Young et al., 2022), it
is tempting to speculate that PADI4 may act to regulate the proliferative potential in
activated HFSCs, although functional studies for PADI4 in the HF are needed to clarify the

role for PADI4 during these cell states.

1.2.3.1 Human skin diseases associated with PADIs

Contemplating its involvement in skin and HF homeostasis, PADI-dysregulation has
unsurprisingly been implicated in several human skin disorders. In psoriasis (Ishida-
Yamamoto et al, 2000) as well as bullous congenital ichthyosiform erythroderma (Ishida-
Yamamoto et al., 2002), K1 citrullination is diminished in lesioned epidermis, resulting in
aberrant crosslinking with FLG. In both these diseases, blistering and scaling is observed
in the lesioned areas, and it is believed that decreased K1 citrullination affects the overall
structural organization of the epidermis. In the case of psoriasis, PADI1 was recently shown
(Padhi et al, 2022) to be downregulated in lesional psoriatic skin with concomitant
decreased levels of citrullinated FLG and K], in a process mediated by interleukin (IL)-22.
Furthermore, another skin disease displaying decreased levels of citrullinated FLG is
atopic dermatitis (AD) (Winget et al., 2016), which also manifest high levels of IL-22 in AD
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lesions (Hanel et al, 2013). Subsequentially, PADI1 was found to be decreased in AD lesions
(He et al, 2021; Padhi et al, 2023), and this correlated with the decreased levels of
citrullinated FLG (Padhi et al, 2023). Similar to psoriasis, PADIl downregulation was
mediated via IL-22, but also by IL-4 and IL-13. Besides, treatment with Janus kinase (JAK)
1/2 inhibitor baricitinio (a targeted therapy of AD (Chovatiya & Paller, 2021)) re-
established the expression of PADI1in IL-4, -13, and -22 treated keratinocytes (as the JAK
pathway elicit inflammation in epidermis in response to these cytokines), suggesting that
an inflammatory environment can act on keratinocytes to adopt a transcriptomic

response that affect epidermal barrier function and in extension leading to disease.

Moreover, mutations in human PADI3 were discovered to give rise to uncombable hair
syndrome (UHS), a rare hair shaft dysplasia that appear in young children and is
characterized by hair follicles that grow in multiple directions with dry, frizzy, and tousled
hair that is impossible to flatten (U. Basmanav et al,, 2016). Out of eleven children with UHS,
nine exhibited PADI3 mutations, whereas one had mutations in transglutaminase and
another in TCHH, highlighting the interdependency of these proteins in generating the hair.

Peculiarly, in a recent study (Diez-Del-Molino et al, 2023) sequencing a cohort of 23
woolly mammoths to probe the positive selection of adaptive traits along the species’
evolution over 700,000 years, several mutations in PADI3 and TCHH was found, which
correlated with those observed in UHS. The authors speculate that perhaps a frizzy hair
phenotype was better adapted to a cold environment. However, if the children afflicted

by UHS are better suited to withstand cold climate, is best left unsaid.

Additionally, central centrifugal cicatricial alopecia (CCCA), the most common form of
scarring alopecia in women of African ancestry, was associated with missense mutations
in PADI3 (Malki et al,, 2019). These mutations were found to result in decreased enzyme
expression, activity, and abnormal intracellular localization. The expression of PADI3
substrates TCHH and SIO0A3 was concomitantly also decreased in CCCA. Manifestations
of CCCA normally occurs after intensive grooming over a period of time, however family
members without hair trauma also exhibited signs of CCCA, indicating a genetic
component of the condition. Subsequently, genetic analysis revealed that the prevalence
of PADI3 mutation was higher in CCCA patients than in the control group, demonstrating
the underlying pathology to be genetic but with external stressors significantly

exacerbating the condition.
Together, these data further link PADI1 and PADI3 to epidermal barrier function and proper

hair differentiation.

1.2.4 Citrullination of histones — a stable epigenetic modification

Because of its nuclear localization, the main reported activity of PADI4 is its ability to
citrullinate arginine residues in histone tails. Histone modifications entail intricate

epigenetic transcriptional regulatory networks, directing adaptive transitions between
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transcriptionally permissive or repressive chromatin states in what is sometimes called
the ‘Histone code’ (Jenuwein & Allis, 2001). Histone modifications include established
ones such as histone methylation, acetylation, and phosphorylation (Fischer et al,, 2008;
Oki et al, 2007), but also more uncommon ones such as serotonylation (Farrelly et al,
2019), ubiquitylation and sumoylation (Bannister & Kouzarides, 2011). Citrullination is now
also an acknowledged histone modification that partakes in chromatin dynamics and
gene regulation and has been credited with both activating and repressive functions in a
context dependent manner (Christophorou, 2022).

Over the years since PADI4 was discovered to citrullinate histone tails (Cuthbert et al,,
2004; Fuhrmann & Thompson, 2016; Hagiwara et al, 2002; Volker et al, 2004; Y. Wang et
al, 2004), the identification of histone citrullination have relied heavily on antibodies.
Subsequent proteomic approaches employing high-throughput mass spectrometry were
largely able to corroborate the histone citrullination profile put forward by the
immunoreactivity assays (Chaerkady et al., 2021; Christophorou et al, 2014; Falco et al,
2019; Fert-Bober et al, 2019; Tanikawa et al, 2018). Accordingly, PADI4 was found to
citrullinate core histones H2A at position H2AR3, H3 at positions H3R2, H3R8, H3R17, and
H3R26, and H4 at position H4R3 (Kolodziej et al, 2014), as well as linker histone HI1 at
position R54 (Christophorou et al, 2014). However, a recent study (Rebak et al, 2022) put
great effort in improving the sensitivity and specificity of quantitative mass
spectrometry-based proteomic detection of citrullination and was able to show
significantly more citrullination sites within the histone tails, including those previously
reported, but also identifying a large number of unreported citrullination sites on all core
histones and linker histone H1, vastly expanding the possibilities and interpretation for how
regularly and commonly citrullination is employed for physiological performances of the

nucleosome.

Nevertheless, Histone citrullination operates in close coordination with other histone
modifications as it can occur at unmodified or monomethylated arginine, and largely acts
to counteract the activity of protein arginine methyltransferases (PRMTs) (Y. Wang et al.,
2004). In general, histone methylation of H3R17 and H4R3 by PRMTs is considered a mark
for activation of transcription. Because PADI4-mediated citrullination antagonises
arginine methylation by PRMTs it was hence considered a repressive mark of transcription
(S. Wang & Wang, 2013), sometimes by direct citrullination of the arginine target site
(H3R17) to outcompete methylation (P. Li, Wang, et al,, 2010), or in coordination with other
histone modifying enzymes (S. Wang & Wang, 2013). In fact, the first enzyme identified to
antagonise histone methylation was PADI4 (Cuthbert et al., 2004).

However, the effects of histone citrullination can be quite dynamic given the context in
which it occurs. And despite the extensive histone citrullination landscape now identified
(Rebak et al,, 2022), no functional data for the newly discovered citrullination sites exist

as of yet (given the recentness of reporting). Therefore, our current knowledge of the
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biological impact of histone citrullinated is based on individual studies addressing the

distinct histone modification within each given context.

As such, to give some examples of how direct histone citrullination may activate gene
expression, citrullination of H3R8 was shown to result in gene activation by disabling the
binding site on the histone tail for the repressive HPla protein (Sharma et al, 2012). HPla
normally binds to trimethylated H3 lysine 9 (H3K9me3) at target promoters to silence
their expression. However, when H3R8 was citrullinated, HPlo. was unable to bind due to
the loss of the adjacent docking site as previously made up by the polar sidechain of
arginine. In activated T-cells, this resulted in upregulation of the cytokines TNFa and IL-8,
as well as several human endogenous retrovirus (HERV) genes, in a manner reminiscent of

that seen in multiple sclerosis.

In addition, methylation of H3K27 by polycomb repressive complex-2 (PRC2) represses
gene transcription, however citrullination of adjacent R26 reduces methylation of K27
30,000-fold in vitro (Clancy et al, 2017), thus facilitating activated transcription.
Interestingly, increased methylation states (mono- to trimethylation) of H3K27 did in turn
slow citrullination rate of H3R26, but only up to 30-fold. Indeed, in ER(+) breast cancer cell
lines, H3R26-citrullination facilitated the upregulation of several oestrogen receptor-o
responsive genes, showcasing the delicate crosstalk of histone modifications and their

contribution to transcriptional regulation.

Moreover, in contrast to the repressive function of histone citrullination ascribed to the
antagonising activity towards PRMTs, another study (Zhang et al, 2011) probed the
chromatin binding of PADI4 and found that it predominantly localised to the transcription
start sites of actively transcribed genes, while interacting with other histone modifying
enzymes and activating histone marks. Interestingly, while histone citrullination was not
probed for in this study, PADI4 chromatin binding showed strong anti-correlated
repressive histone marks H3K9me3 and H3K27me3 trimethylations. While PADI4 cannot
citrullinate trimethylated arginine, it is conceivable that if histone methylation occurs
sequentially, the initial methylation deposit is antagonised by citrullination, and if arginine
is converted into citrulline it will not be reconverted (to be determined if it can) and no

trimethylation can pursue.

To add complexity to the matter, it is not only PADI4 with the capacity to citrullinate
histones, as PADI2 was found to citrullinate H3R26 in human breast cancer cell lines,
leading to chromatin decondensation and transcriptional activation (Guertin et al, 2014;
Zhang et al, 2012). PADI2 also specifically citrullinates H3R2+8+17 in canine mammary
epithelium during the dioestrus stage to regulate the expression of lactation related genes
(Cherrington et al, 2010).

It is evident that citrullination works in collaboration with other histone modifications and

PADI4 exist in a gene-regulatory space together with other posttranslational modifying
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enzymes. However, histone modifications such as methylation, acetylation and
phosphorylation all have antagonising enzymes that removes the modification: Jumoniji
domain containing (JmjC) demethylases for arginine methylation and lysine-specific
demethylases (LSD1), HDACS, and phosphatases, respectively (Bannister & Kouzarides,
20M). No such enzyme has been found for citrullination. De-citrullinating enzymes may
even not exist, owning to the fact that citrullination is not a covalently bound adduct like
the other modifications, but rather the stable transition from one amino acid to another.
Instead, if citrullination is a permanent modification, its removal will likely be dependent
on histone turnover and/or nucleosome exchange (Venkatesh & Workman, 2015). This is
evident by the fact that after a stimulus for citrullination, the citrullination on the target
disappears after a time (Cuthbert et al, 2004). The inability to remove histone
citrullination through enzymatic catalysis may be a way to maintain certain transcriptional
networks that are needed to maintain a specific cell state, e.g. pluripotency, even when
the expression profile of PADIs fluctuate. Indeed, Rebak and Nielsen et al. (Rebak et al,
2022) showed in their proteomics study that even with the treatment of PADI4-specific
inhibitor GSK484 that several histone citrullination sites remained unchanged. The
unchanged histone citrullination sites were found predominantly on linker histone Hi,
implicating that in light of its importance in general chromatin decondensation for
pluripotency maintenance (Christophorou et al, 2014), the ability to maintain an open
chromatin state is favoured when the overall citrullinating ability is challenged. For stem
cells, this may be a way to protect against aberrant signalling for upregulated proliferation
or inaccurate cues for differentiation.

Nonetheless, these reports indicate that there are still many questions to answer
regarding the intricacies of histone citrullination-mediated gene regulation. Collectively,
citrullination of histones may function to regulate transcription directly, but more often it
is with coordination, or by modulation, of other histone modifications and their associated
enzymes. The search continues for the elusive de-citrullinase, or in absence of this, an
adequate explanation for why citrullination is prioritized as a stable modification whose

removal only involves protein turn-over.

1.2.5 Citrullination in stem and progenitor cells

PADI4 expression has been described in several stem cell systems and has been
functionally linked to the maintenance of stemness. PADI4 acts to maintain pluripotency
in both human induced pluripotent stem cells (iPSCs) and in mouse embryonic stem cells
(mESCs) by mediating citrullination of histone Hl. Citrullination of HIR54 at the DNA-
binding site leads to H1 displacement and global chromatin decondensation. Moreover,
PADI4 H3R2+R8+R17 citrullination at Tcll and Nanog promoters correlate positively to their
expression (Christophorou et al,, 2014). In another study not addressing the contribution
of any particular PADI to pluripotency maintenance, the authors instead identified histone

H3R26 citrullination as a mark for chromatin occupancy of SMARCAD]1 in naive-state
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pluripotent human ESCs (Xiao et al, 2017). In this study, SMARCAD1 was identified as a
reader of H3R26Cit and co-localized on the genome not by DNA-binding but by
preferential binding to the histone citrullination. Conversely, knocking down H3R26Cit
increased H3K9me3 at SMARCADI binding regions as well as increased the chromatin
condensation. In this process, the ESCs transitioned form a naive to a primed pluripotency
state, suggesting that histone citrullination is an integral constituent in pluripotency

maintenance.

In another setting of mECS, PADI4 was also found to citrullinate HP1y. HPly is a protein
whose association with H3K9me3 is considered a corepressor of transcription.
Citrullination of HPly inhibits its chromatin affinity, contributing to an open chromatin
landscape. HPly citrullination, and PADI4 expression, decrease with differentiation. This
leads to increased chromatin association of HP1ly, and subsequent repression of genes
associated with stemness, as exemplified by Nanog (Wiese et al, 2019). This further

implicates PADI4 in pluripotency maintenance.

Moreover, PADI4 has been found to regulate proliferation of haematopoietic multipotent
progenitors by facilitating histone deacetylation by HDAC1 (Nakashima et al, 2013),
leading to a LEF1-mediated suppression of c-myc expression, and in this way moderating
the rate of proliferation. Furthermore, PADI4 binds the transcriptional regulator TALI
(Kolodziej et al, 2014) and acts to influence lineage differentiation of haematopoietic
progenitor cells by preventing, through direct H3 citrullination, PRMT6-mediated
H3R2me2 methylation at TALI target genes.

What is more, histone citrullination of H4R3, H3R2+8+17, and H3R26 was found to be
required for early embryo development as treatment with PADI inhibitor Cl-amidine
(Knuckley et al.,, 2010; Luo et al., 2006) reduced citrullination, as well as histone acetylation,
and arrested development at the 2-4 cell stage (Kan et al, 2012). PADI4 was later
discovered in pre-implantation embryos, with concordant H3 citrullination
(Brahmajosyula & Miyake, 2013). Surprisingly, in these early-stage embryos PADI4 is
reported to be localized to the cytoplasm with a gradual translocation to the nucleus as
the embryo develops. In contrast, PADI1 is believed to be the prevailing nuclear deiminase
responsible for histone citrullination (Zhang et al, 2016). More research will have to go into
the potential overlapping functions of the PADIs in early embryogenesis in general, and
the function and localization of PADII in particular, as this has been largely overlooked.
Regardless, histone citrullination is required for the development of the zygote from 2-

cell stage to blastocyst.

In cells where PADI4 is not preferentially expressed, PADI2 assumes the role of histone
citrullinating enzyme. In oligodendrocyte precursor cells (OPCs) (Falcgo et al,, 2019), PADI2
is not implicated in stem cell maintenance, but is instrumental for the correct
differentiation trajectory of precursor cells, via committed oligodendrocyte

intermediates, to terminally differentiated oligodendrocytes. Through citrullination of core
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histones H2B and H3, and linker histone H1 (as well as a host of other proteins) was PADI2
integral to the differentiation process, as shown in mice with oligodendrocyte-specific
ablation of PADI2 that displayed motor dysfunction and diminished myelination of the

corpus callosum.

1.2.6 Non-histone citrullination convey transcriptional regulation and
translational control

PADI4 has been shown to citrullinate a range of different proteins besides histones (Zhai

et al, 2017). Citrullination of non-histone substrates commonly result in effects on

transcription, translation, or RNA processing, highlighting that even though histones are

not directly citrullinated, PADI4-mediated citrullination is a core modulation of key cellular

processes.

For example, PADI4 citrullination of histone acetyltransferase P300 was shown to
counteract PRMT4-mediated methylation of P300, altering the transcriptional
coactivator complex assembly and function in vitro. P300 citrullination affects oestrogen
receptor-mediated transcription (Y.-H. Lee et al, 2005), thus displaying the importance
of demethylimination by PADI4 in hormone-dependent physiological responses in other

ways than by histone citrullination.

PADI4 has also been found to citrullinate the NLS region of the tumour suppressor
inhibitor of growth 4 (ING4), thus disrupting its affiliation with p53 and subsequently
repressing p53-dependent transcription, resulting in suppressed p21 expression (Guo &
Fast, 2011). Suppression of p21 expression in a context where p53 is activated, for example
due to DNA-damage, may help the cell to avoid senescence or apoptosis, and can in this

way bring about tumorigenicity.

Additionally, DNA Methyltransferase 3 Alpha (DNMT3A), an epigenetic modifier that
methylates DNA de novo, was found to be citrullinated by PADI4. Expression of PADI4 and
DNMT3A was positively correlated, as was citrullination with DNMT3A enzymatic activity.
Also, citrullination of DNMT3A increased protein stability and consequently CpG
methylation at the p27 promoter (Deplus et al, 2014), generally considered a mark of
repression. These data, of the close relationship of two epigenetic modifiers who are
seemingly unrelated in their modes of operation, provides insight into how modifications
to both protein and DNA may cooperate and assist in regulating the epigenetic landscape,
a landscape that in turn is essential for genetic regulation. Hence, PADI4 is able to affect

transcription through several mechanisms.

Lastly, PADI4 has also been found to autocitrullinate. Citrullination of several arginine
residues in proximity to the active PADI4 cleft may render the enzyme inactive (Andrade
et al, 2010), or modulate its ability to interact with other histone modifiers by interfering
with protein-protein binding (Slack et al, 2011) adding complexity to the activity and

function of PADI4 in gene regulation.
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1.2.7 Citrullination in translation and RNA processing

There is growing evidence that citrullination is essential in the intermediate steps of post-
transcriptional processing of mRNA to the initiation of translation, including translation
factors and ribosomal proteins. Several studies (Chaerkady et al, 2021; Fert-Bober et al,,
2019; C. Y. Lee et al, 2018; Lewallen et al, 2015; Rebak et al, 2022; Snijders et al., 2015;
Tanikawa et al, 2018) have identified citrullination on RNA-processing proteins, such as
splicing factors, RNA helicases, and factors stabilizing, transporting, and aiding RNA, to
enable translation at one end, and transcription in another. Collectively, the evidence
points towards an integral part for citrullination in RNA biology and remarking upon the
surprising conformity of overlap in citrullinated targets associated with RNA-processing
across studies, this seems to be a conserved and fundamental mechanism for accurate
RNA physiology and biochemistry. In fact, citrullination is implicated in all steps involved
in transcription initiation until the end of translation. As discussed extensively above,
citrullination occurs on histones for the epigenetic control of gene activity, as well as in
the regulation of several transcription factors. However, looking more closely on
transcription itself, RNA polymerase Il (RNAPII) is found to be citrullinated (Sharma et al,,
2019) in a process involving transcription initiation via transcriptional paucity and
elongation. Moreover, many members of the heterogeneous nuclear ribonucleoprotein
(hnRNP) family are continuously being identified as citrullinated. The hnRNPs are a
multifunctional group of RNA- and protein-binding proteins which are highly associated
with RNA-processing, and citrullination of these have been implicated in every aspect of
their function; from interacting with RNAPII for initiation and release of nascent transcripts,
to splicing, stabilisation, and transport of both nascent and mature mRNA (Xie et al., 2021).
Complementary, several RNA helicases are among the RNA-processing proteins found
citrullinated. RNA helicases are just like hnRNPs intricately linked to the whole life cycle of
RNA, from transcription to translation (Naineni et al., 2023). Specifically, RNA helicases are
important for the unwinding of mRNA for accurate binding to translation initiation factors
and translation progression. In addition, many spliceosomal proteins are also citrullinated.
Furthermore, these studies (Chaerkady et al, 2021; Fert-Bober et al, 2019; C. Y. Lee et al,
2018; Lewallen et al, 2015; Rebak et al, 2022; Snijders et al, 2015; Tanikawa et al., 2018)
also identify many proteins involved in ribosomal biogenesis and of mature ribosomal
proteins. Even further implications for the involvement of citrullination in translation is the
finding that several (if not all) key eukaryotic translation initiation factors (elFs) are
citrullinated, which are required for cap-dependent translation initiation. A process where

hnRNPs also are implicated.

The importance for citrullination of ribosome, translation initiation, and RNA-processing
components is stressed by the fact that in the most sensitive and accurate identification
of citrullination to date (Rebak et al, 2022), the citrullination of these proteins were stably
detected both in baseline and calcium ionopohore-stimulated cells, an observation the

authors termed the “core citrullinome”, so well established that hypercitrullination stimuli
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does not affect it. However, whether citrullination is required for accurate ribosome

assembly remains to be seen.

To give some examples of specific studies probing the contribution of citrullination in
terms of translation, citrullination of the histone chaperone protein nucleophosmin (NPM1)
leads to NPMI translocation from the nucleoli to the nucleoplasm, negatively affecting
ribosomal biogenesis (Tanikawa et al, 2009). Prior to the proteomic approaches in
detecting citrullination in ribosomes, several ribosomal proteins had been found
citrullinated, including the 40S subunit ribosomal protein S2 (RPS2). Citrullination of RPS2
antagonises PRMT3-mediated methylation of RPS2 (and vice versa) to regulate ribosome
assembly (Guo et al, 2011). From this study it was speculated that it is possible that PADI4
and PRMTs have co-evolved to fine-tune the regulation of translation, as this constitutes
a high energy expenditure of the cell.

Moreover, PADI2 was shown to citrullinate ribosomal proteins specifically, but also
proteins associated with ribosomal assembly and translation initiation, both in
proliferating OPC and differentiated oligodendrocytes (Falcdo et al, 2019). Further
evidence for the importance for citrullination in translation-associated processes and its
implications in myelinated tissue comes from the study of amyotrophic lateral sclerosis
(ALS) (Tanikawa et al, 2018). PADI4 genetic polymorphisms leads to low PADI4 expression
in ALS, suggesting that PADI4 may have a protective function in neurodegenerative
diseases. Furthermore, there are several examples where protein aggregation during ALS
is inhibited through citrullination. For example, citrullination of RNA-processing proteins
FUS, EWSRI, and TAF15 (collectively referred to as FET) and ribonucleoprotein family
hnRNP, all important for accurate continuation of mRNA translation, was found to inhibit
FET aggregation. Interestingly, both FET and hnRNP proteins are also subject to PRMT1
methylation (Jobert et al, 2009; Passos et al, 2006), further suggesting that citrullination
by PADI4 may be more linked to transcriptional and translational regulation than
previously thought.

Taken together, citrullination is thus as a PTM highly involved in regulating and facilitating
translation and RNA-processing, a process so fundamental that citrullination can no
longer be considered an anomalous event reserved for special occasions. However,
despite the clear consensus regarding the citrullination of the RNA-processing factors,
primarily, and the translation factors, secondly, very little functional analysis has gone into
investigating the biological outcome of these citrullinations. As more evidence for the
existence and abundance of citrullination in these processes accumulate, follow-up
studies addressing their functionality are bound to follow.
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1.2.8 Citrullination in disease — Implications for PADI2, PADI3, and PADI4

1.2.8.1 Anti-microbial defence

As PADI4 was first identified in human myeloid leukaemia HL60 cells (Nakashima et al,,
1999), it is perhaps not surprising that a large share of the information uncovered about
PADI4 has since then been collected from the study of lymphocytes and leukocytes, such
as neutrophils (Neeli et al, 2008), monocytes and macrophages (Vossenaar, 2004), as
well as in dendritic cells (DCs) and in DC- and macrophage-derived osteoclasts
(Krishnamurthy et al, 2019). In neutrophils, PADI4 was shown to be essential for the
formation of neutrophil extracellular traps (NETs), an innate antimicrobial response to
pathogens (Hemmers et al,, 2011; Lewis et al., 2015; P. Li, Lj, et al,, 2010; Thiam et al., 2020;
Y. Wang et al, 2009). In order to neutralize pathogens, neutrophils express PADI4 thereby
inducing hypercitrullination of chromatin, massive chromatin de-condensation and
subsequent expulsion of chromatin from the neutrophil. The NETs entangle and
immobilises the pathogen in question limiting its spread. Neutrophil cell death as a result
of NET release is referred to as NETosis.

As NETs also contain antimicrobial agents produced by the neutrophil it can degrade
virulence factors and also directly kill the pathogen (Agraz-Cibrian et al, 2019; Brinkmann
et al, 2004; P. Lj, Li, et al, 2010; Neeli et al, 2008; Y. Wang et al, 2009). One such agent is
the Cathelicidin antimicrobial peptide LL-37, whose implication in NET-associated
inflammation was shown when citrullinated by PADI2 and PADI4 (Casanova et al,, 2020;
Chapman et al,, 2019) LL-37 displayed weakened microbicidal capability (Al-Adwani et al,,
2020; Kilsgard et al, 2012), as well being worse at lowering levels of pro-inflammatory
cytokines from virus-infected epithelial cells compared to non-citrullinated LL-37
(Casanova et al., 2020).

1.2.8.2 Rheumatoid arthritis

In the inflammatory disease Rheumatoid Arthritis (RA), autoantibodies against
citrullinated proteins are strong diagnostic markers (Hermansson et al, 2010). The anti-
citrulline protein antibodies (ACPAs) are produced by B-cells in the arthritic tissues
starting from early, presymptomatic stages throughout disease-progression. ACPAs are
generally considered one of the causative factors of the autoimmune inflammation seen
in RA (Corsiero et al, 2016; Masson-Bessiére et al, 2000; Van Venrooij et al, 2008).

Several studies (Tutturen et al, 2014; Van Beers, Schwarte, et al., 2013; Violeta et al,, 2013;
F. Wang et al, 2016) have in an accumulative effort been able to identify over 100
citrullinated proteins in RA joints, and in this way provided the potential origin of the
targets for ACPAs. Examples of identified citrullinated proteins which ACPAs react
towards include structural proteins such as Fibrinogen, Enolase, Vimentin and Filaggrin
(Hermansson et al, 2010; Van Venrooij et al, 2008; Vossenaar, 2004; S. Wang & Wang,
2013; Wegner, Lundberg, et al., 2010). Furthermore, many studies have associated RA with

37



NET (Fert-Bober et al, 2019; Khandpur et al, 2013; K. H. Lee et al,, 2017), as increased NET
formation has been observed in neutrophils isolated from RA patient synovial fluid.
NETosis was enhanced in neutrophils subjected to ACPAs and the protein content of the
NETs exhibited autoantigens distinct to the RA profile (e.g. citrullinated Vimentin and
Enolase), in a self-perpetuating circle further exacerbating inflammation in the RA afflicted
joints (Khandpur et al,, 2013). However, not all NETs contain citrullinated histones (Holmes
et al, 2019; Tsourouktsoglou et al, 2020) suggesting that the NETs per se may not be the
direct cause of the ACPAs. Instead, there is evidence that PADI2 and PADI4 are expulsed
together with the NETs, citrullinated or not, in the RA synovial fluid, and that these
subsequently extracellular PADIs retain enzymatic activity, further activated by the high
calcium concentration in the extracellular space, and can aberrantly citrullinate proteins
in the synovium (Spengler et al, 2015). To complicate matters further, one study has
shown that viable neutrophils can express extracellular membrane-bound PADI2 and
PADI4, which are enzymatically active, and are in this way suggested to contribute to the

extracellular citrullinome associated with RA (Zhou et al., 2017).

Other cells lining the arthritic synovium expressing PADI4 include B-cells (which are also
the producers of ACPAs), T-cells, macrophages, as well as fibroblast-like and endothelial
cells. However, these cells do not seem to contribute to the synovial fluid RA citrullinome,
but rather express PADI2 and PADI4 as part of a physiological inflammation response, and
display an inflammation progression-dependent PADI4 expression, i.e. the more severe
the inflammation, the higher the expression of PADI4 (X. Chang et al, 2004). Also, apart
from being found in RA synovial fluid, extracellular PADI4 can be found in the fibrin
deposits surrounding the synovial tissue, where PADI4 is closely correlated with apoptotic
cells.

Moreover, in some populations, PADI4 gene polymorphism is strongly correlated with RA
(Y. H. Lee et al,, 2012; Suzuki et al, 2003; Too et al, 2012), but whether PADI4 activity is a
cause or effect of inflammation in RA remains to be elucidated. Nevertheless,
angiogenesis is a principal component of RA and endothelial cells of capillaries of the
newly established vascularity express PADI4 (X. Chang et al, 2004), suggesting that PADI4
can contribute to the pathogenesis of RA, as the disease will not progress without the
formation of vasculature. However, the extent of PADI4’s contribution to this process in
RA is not known.

Also, polymorphisms in PTPN22, a suppressor of leukocyte activation signals, is directly
linked with the inability of PTPN22 to suppress PADI4 activity and thus enhancing
inflammation-stimulated NETosis in RA (H.-H. Chang et al, 2015). PTPN22 is so far the only
identified physiological allosteric regulator of PADI4 activity.

PADI4 could also drive the initial inflammatory response in a feedback-loop (Klopf et al.,
2021; T. Liu et al, 2017; Neeli et al, 2008; Papayannopoulos, 2018; Schén & Erpenbeck,
2018). As neutrophils got activated by macrophage-derived cytokines IL-18, IL-6, IL-8,
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TNFa and IFNy, the neutrophils themselves were able to express and release auto- and
paracrine IL-8 and TNFa. This was in part attributed to a process wherein PADI4
citrullinates four sites of NF-kB within the p65 Rel homology domain, and in this way
enhancing the interaction of p65 with Importin a3 and subsequently facilitating nuclear
translocalisation of p65 to induce expression of its target genes IL-18 and TNFa (Sun et
al, 2017). Interestingly, Importin a3 was later also found to be the main transporter of
PADI4 into the nucleus by interaction with the PADI4 NLS region (Neira et al, 2022).
Similarly, PADI4 could also directly augment inflammation signalling by driving
inflammatory gene expression in granulocytes by citrullination of the transcription factor
E2F-1 (Ghari et al, 2016), leading to the expression of cytokines IL-18 and TNFa which in
turn stimulate NETosis.

Collectively, PADI4 is thus implicated at all levels of RA inflammation and disease

progression.

1.2.8.3 Citrullination in other inflammatory and degenerative diseases

PADI4 is also implicated in the pathogenesis of systemic lupus erythematosus (SLE)
(Garcia-Romo et al., 2011; Knight et al, 2015) and lupus nephritis (LN) (Massarenti et al,,
2019), where again NETosis and autoimmunity are driving disease progression (K. H. Lee
et al, 2017). In the case of SLE, citrullinated LL-37 was implicated in generating a stronger
T-cell response (than non-citrullinated LL-37) and in this way potentially induce an
expansion of autoreactive T-cells (Lande et al,, 2020). Multiple sclerosis is, on the other
hand, characterized by PADI2-mediated hypercitrullination of myelin basic protein, which
together with inflammatory stimuli induce PADI4 expression and leads to increased H3
citrullination and exacerbated inflammation progression (Carrillo-Vico et al, 2010;
Mastronardi et al, 2006; Sharma et al,, 2012; Wood et al,, 2008). Additionally, in Alzheimer's
Disease (AD), PADI4-mediated citrullination in neurons and PADI2-mediated citrullination
in astrocytes is linked to neurodegeneration, release of citrullinated antigens and
consequently, an autoimmune response (Acharya et al, 2012). It is interesting that while
PADI4 is suggested to have a protective function in ALS (Tanikawa et al., 2018), it appears
to facilitate neurodegeneration in AD.

1.2.8.4 PADI4 in tumour biology

Much investigation has gone into PADI4 in the context of p53 and tumour biology.
Normally, PADI4 and HDAC?2 interact with one another and act as a corepressors of p53
target genes by maintaining high levels of histone H3 citrullination, with simultaneous
hypoacetylation at the promoters of p2], GADD45 and PUMA (P. Li et al,, 2008; P. Li, Wang,
et al, 2010). Upon DNA damage, PADI4 and HDAC2 dissociate from the promoter regions
of p21 GADD45 and PUMA, leading to a reduction in citrullination and a concomitant
increase in arginine methylation and lysine acetylation which activates transcription. Both
PADI4 and HDAC2 can also bind directly to p53, a binding which is abrogated upon DNA
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damage in order to, in a p53-dependent fashion, recruit PRMT], PRMT4 and P300 to
induce transcription of p53-target genes (An et al, 2004; P. Li et al, 2008).

Similarly, PADI4 occupancy and citrullination of histones at the OKL38 promoter is
decreased in an p53-dependent manner upon DNA-damage, resulting in OKL38-
mediated apoptosis through mitochondrial release of cytochrome ¢ (Yao et al., 2008). To
complicate matters further, DNA-damage has been shown to increase citrullination levels
at histone H4R3 in a p53-dependent manner (Tanikawa et al., 2012). In this study, PADI4
was shown to facilitate chromatin fragmentation as well as citrullination of Lamin C, a
nuclear membrane protein that congregates at fragmented nuclei, both hallmarks of
apoptosis. Furthermore, mice lacking Padi4 exhibited resistance to radiation-induced
apoptosis, pointing towards an apoptotic pathway dependent on citrullination.
Collectively, these studies highlight the complex nature of histone citrullination, where
decreased histone citrullination facilitates p53-dependent apoptosis, while at the same
time, increased citrullination at other histone sites is able to initiate p53-independet cell
death.

The evident link between pb53 and cancer provides a connection of PADI4 to
tumorigenesis via the p53-PADI4 axis, in which apoptosis seem to play a major role. To
intertwine these proteins further it has been shown that PADI4 contains an intronic p53-
binding site, through which p53 can transactivate PADI4 expression upon cellular stress
(Tanikawa et al,, 2009). Indeed, PADI4 upregulation has been shown in a variety of cancer
cell lines and human tumour tissues, including osteosarcoma, carcinoma of the colon,
oesophagus, ovaries, breast, lung, and stomach (Cui et al, 2016; C. Liu et al., 2019; Mohanan
et al, 2012; Tanikawa et al,, 2012; S. Wang & Wang, 2013; Zhai et al,, 2017; Zhang et al., 20T11;
Zheng et al, 2016). In many of these cancers, PADI4 was associated with the upregulation
of a plethora of genes of various functions, and not solely classically p53-target genes.
The PADI4-p53 pathway may well be affected in these situations, but PADI4 upregulation
is nevertheless linked to regulation of transcription. Studies (Zhang et al,, 2011) using the
MCF-7 breast cancer cell line have shown that PADI4 associates with ELK-1 at the c-Fos
promoter, a proto-oncogene that dimerize with c-Jun to form transcription factor
complex AP-1. Following Epidermal Growth Factor (EGF) stimulation, ELK-11is citrullinated.
This in turn enables the subsequent phosphorylation of ELK-1 by ERK, allowing histone
acetylation by P300, with the transcriptional activation of c-Fos (Zhang et al,, 2011). Other
genes that are upregulated in concert with upregulation of PADI4 (in a seemingly p53-
independent manner) include CXCR2, KRTi4, TNFa (Zheng et al,, 2016) and CA9 (C. Liu et
al, 2019), to mention a few.

Moreover, increased expression of PADI4 in liver metastasis and citrullinated collagen
type | in the surrounding ECM was found when compared to unaffected liver or the
primary colorectal tumour and its surrounding ECM (Yuzhalin et al,, 2018). This work also

suggests that citrullination in the ECM may help in mesenchymal-to-epithelial transition
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(MET), aiding in metastasis establishment and malignancy. Inversely, knockdown of PADI4
in breast cancer cells induced TGFf signalling and increased epithelial-to-mesenchymal
transition (EMT) (Stadler et al, 2013). PADI4 was show to citrullinate Glycogen synthase
kinase-3pB (GSK3B) and thus enable its nuclear localization, which in turn is necessary for
the maintenance of an epithelial phenotype of tumour cells. Both these studies suggest
that PADI4 is involved in directing the tumour cells towards an epithelial phenotype, but

differ in their conclusions whether PADI4 in cancer facilitates or impedes malignancy.

What is interesting with the work that has been performed with PADI4 in association with
p53 and cancer, are the type of cells and tissues in which PADI4 expression is shown and
functional. There may of course be vastly aberrant transcriptional and proteomic profiles
in many of the cancer tissues and cell lines being used, nevertheless PADI4 is commonly
upregulated in tumours when compared to the healthy tissue. That there are detectable
levels of PADI4 in the healthy tissue to begin with is by itself interesting, highlighting a
more dynamic and varied expression pattern of PADI4 than previously anticipated
(Vossenaar et al., 2003).

1.2.8.5 PADI3 in tumour biology

PADI3 was recently shown to be expressed in the human colon (X. Chang et al, 2019).
Downregulation of PADI3 in colon cancer, as compared to adjacent colon tissue, was
correlated with suppression of the tumour suppressive Sirt2/AKT/p21 pathway, thus
facilitating tumour growth. Overexpression of PADI3 also resulted in diminished
tumorgenicity in cell lines and in vivo. However, citrullination was not probed in this study,

and the mechanisms by which PADI3 effect tumour growth remains unclear.

Also, PADI3 expression negatively correlated with the expression of Cyclin-dependent
kinase regulatory subunit 1(CKST) in colorectal cancer (Chai et al., 2019). CKS1 is essential
for cell proliferation, and its expression is facilitated by Heat shock protein 90 (HSP9O).
PADI3 was shown to correlate with the downregulation of HSP90 and thus inhibiting CKS1
expression, a process that was reversed upon PADI3 downregulation in colorectal cancer.
Whether HSPOO is a direct substrate of PADI3 remains to be investigated.

These are the first studies of non-epidermal PADI3 expression, and recent work report
expression of PADI3 in breast, oesophageal, gastric, hepatocellular as well as lung cancer.
With the reported divergency of PADI-expression in mind, this may very well be true,
however, needs to be thoroughly investigated and corroborated before any claims can
be made about what contribution PADI3 has to these tissues, and whether PADI3

functions as a tumour suppressor or not.

1.2.8.6 PADI2 in tumour biology

In epithelial cells, PADI2 has been described in breast cancer, being transcriptomically

profiled both in primary breast tumours as well as in luminal breast cancer cell lines (Beato
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& Sharma, 2020; Blick et al., 2010; Mackay et al., 2009). Building of these data together
with the finding of physiological histone citrullination by PADI2 in canine mammary
epithelium (Cherrington et al, 2010), PADI2 was found in human mammary gland epithelia
and subsequently in MCF-7 breast cancer cell line (Cherrington et al, 2012). In MCF-7
cells, PADI2 associated with chromatin and was found to regulate a unique subset of
cancer-associated genes.

Moreover, PADI2 appears to promote epithelial-to-mesenchymal transition (EMT), and
analyses of large cohorts of breast cancer patients revealed that upregulation of PADI2
correlated with poor prognosis (Beato & Sharma, 2020; Curtis et al, 2012; Gyérffy et al,
2010; Koboldt et al, 2012; Sharma et al,, 2019). Moreover, seeking mechanistic clarity to
the correlation or causative implication of PADI2 in tumour biology, human PADI2 was
overexpressed in skin of mice and was identified as an oncogenic driver of tumour
formation (McElwee et al,, 2014), where PADI2 indeed promoted EMT, with higher migration
capability and invasiveness (Mohanan et al,, 2017).

PADI2 has also been shown to play an important role in bone marrow mesenchymal stem
cell (BMMSC) in multiple myeloma (MM) (McNee et al., 2017). Here, PADI2 was found to
overexpressed in BMMSCs in MM patients. It was found that increased PADI2 resulted in
induced upregulation of IL-6 expression in a process wherein PADI2 aberrantly

citrullinated histone H3R26, leading to chemotherapeutic resistance to bortezomib.

Collectively, PADI2 upregulation in various cancers, breast cancer in particular, correlates
with adverse consequences for tumour progression, indicating that PADI2 may actually
be part of the oncogenic mechanism. Research into the relevance for PADI2-mediated

citrullination in cancer may open up new avenues for therapeutic interventions.
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2 Research aims

PADI expression and citrullination goes hand in hand. The expression profile of the PADI
enzymes grows ever more dynamic with each new study, and the once rigid dogma for
the distribution of each PADI member is well underway to be expanded and nuanced.
Accordingly, the functional outcome of PADI expression pattern is the deposition of
citrullination. As the skin is an inexhaustible source for understanding developmental
biology, the involvement of transcriptional regulatory networks to execute accurate
developmental processes are of vital importance to understand. As such, the collective
effort contributing to the current thesis has aimed at understanding when and how PADlIs
are expressed and contribute to epidermal and hair follicle development, and how
specific regulatory elements carry out appropriate developmental programmes.

2.1 Paper l: PADI4 restricts proliferation of hair follicle progenitor cells
by rewiring translation

Serendipitous identification of Padi3 and Padi4 containing BMP-response elements
(pPSMADI1/5-binding to Padi3 and Padi4 chromatin) in regenerating and lineage committed
HF progenitors (Adam et al., 2018; Genander et al, 2014; Lien et al, 2011), and given the
implications for PADI4 in stem cells, prompted the investigation into any possible function
of PADI4 in HF stem and progenitor cells. Thusly, analysing the expression and function of
PADI4 in hair follicles during development, this paper aimed at answering the following
questions:

1. How does the expression profile of Padi4 during hair morphogenesis look like?

2. In what way is PADI4 implicated in progenitor proliferation and differentiation in
the different HF lineages?

3. What citrullinated targets are there in hair follicle development?

4. What is the functional outcome of those citrullinations?

2.2 Paper ll: Co-expression of PADI isoforms during progenitor
differentiation enables functional diversity

Database annotation and RNA sequencing suggested the existence of effectively more
than one isoform of both PADI2 and PADI3. Testing the hypothesis that there might be at
least two isoforms of PADI2 and PADI3 in mouse oligodendrocyte precursors and hair

follicle progenitors, respectively, this study aimed at answering the questions:

1. Are the transcriptomic indications for multiple isoforms of Padi2 and Padi3
resulting in physical proteins?
What would the structure of the resulting proteins be?
Are the stipulated alternative isoforms enzymatically functional, and if so: do they

differ in activity from their canonical counterparts?
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4.

5.

Would any alternative isoforms differ in tissue distribution from their canonical
counterparts?
What is the reasoning for retaining several protein isoforms?

2.3 Paper lll: A Hairy Cituation — PADIs in Regeneration and Alopecia

A review paper aimed at addressing the influence of PADI expression and citrullination

on hair follicle stem cells and inflammation in alopecia, trying to answer:

How does the citullinome differ from non-inflamed to inflamed tissue, are the
citrullination targets similar (hinting at a set biological function for citrullination)
or do they differ (suggesting a dynamic, context dependent, utilisation)?

Can we use published data sets from studies of hair follicle stem cells, unrelated
to citrullination, to probe a possible expression pattern and participation in
signalling pathways of PADIs?

Is it possible to draw any conclusion from other stem cell systems to infer
understanding for PADIs in hair follicle stem cells during regeneration and
differentiation?

Can we combine the knowledge from how PADIs interact with other
posttranslational modification enzymes with how these modifiers are expressed
in hair follicle stem cells to infer function of PADIs?

Are the implications for PADI expression and citrullination in inflammation, in both

epithelial and immune cells, applicable to alopecia?

2.4 Paper IV:ID1and CEBPA coordinate epidermal progenitor cell

differentiation

Functionally, ID1 lacks a DNA-binding domain, and instead exerts its function by binding

basic helix-loop-helix (bHLH) proteins and can in this way regulate transcriptional control

of stem cell proliferation and differentiation dynamics. Although observed in basal layer

epidermis, the role for ID1 in the developing epidermis has remained poorly understood.

Given IDT's role in lineage specification during hair follicle lineage growth, this study set

out to investigate the functional consequence of ID1 expression in embryonic epidermis.

Investigating the expression and functional consequence of ID1 activity in embryonic

epidermis, this study aimed at answering:
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Is there a functional relevance for ID1 during epidermal development?

What are the binding partners of ID1in the developing epidermis and how are they
related to either stem cell characteristics or epidermal stratification?

How can the expression dynamics of ID1 and its stipulated binding partners be
correlated to stratification of epidermis?



3 Methods

3.1 Methods to detect citrullination

Methods to detect citrullinated proteins has mainly entailed antibody-based assays for
immunohistochemistry and western blot. One of the more popular methods utilizes an
anti-modified citrulline antibody (AMCA) assay where a peptidylcitrulline is chemically
modified to receive an additional ureido group adduct, which is then recognizable by an
anti-modified citrulline antibody (Senshu et al, 1992). This has proven useful when
highlighting hypercitrullination in RA. Similarly, the preferred method to detect histone
citrullination is by usage of anti-citrullinated histone antibodies (anti-HisCit) which
specifically will recognize either H3R2, H3R8, H3R17 (individually or collectively (i.e,
R2+R8+R17), or in any combination), H3R26, or H4R3, respectively. Quite understandably,
these approaches are rather limited in terms of identifying novel substrates for
citrullination, not to mention being able to robustly confirm citrullination sites with high
confidence. Not to mention the relatively large amount of starting material needed to
accurately perform immunoreactive assays, as is can be difficult to come by when
considering patient material or animal tissue. To overcome this, recent studies applied
Mass Spectrometry (MS) for the definitive determination of citrullination sites of
candidate proteins (Christophorou et al, 2014; Falc&o et al, 2019; Goéb et al, 2009;
Hermansson et al, 2010; Snijders et al,, 2015; F. Wang et al,, 2016). In recent publications, a
high throughput quantitative proteomic approach has been used by employing MS to
yield what is referred to as the “citrullinome” (Chaerkady et al, 2021; Fert-Bober et al,,
2019b, 2020; C. Y. Lee et al, 2018; Lewallen et al., 2015; Tanikawa et al., 2018; Tilvawala et
al, 2018; Tutturen et al,, 2014; Van Beers, Schwarte, et al., 2013). These studies revealed a
pervasive occurrence of citrullinated proteins in most tissues examined, concomitant
with the expression of PADI protein. PADI2 was the most prevalent family member
detected (highest expression, widest tissue distribution) followed by PADI4, again
exemplifying that citrullination is more frequent than previously estimated. Under
physiological conditions, functional classification of citrullinated proteins revealed that
citrullination was primarily associated with categories of cytoskeletal organisation and
RNA-binding, as well as metabolic pathways, processes that are shared between most
cell types. However, in a hyper-citrullinated library, where tissue samples were incubated
with all PADI enzymes so as to citrullinate as many sites as possible, the type of proteins
found citrullinated where specific to the physiological function associated with the tissue

in question.

Drawbacks of the MS approach to identify citrullination is that it is biased towards highly
abundant proteins, or inversely — low abundant peptides will be difficult to distinguish
from the background of the full proteome, in concurrence with the unmodified peptide

being in a much higher ratio, further masking the modified peptide. However, this may help
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to explain why broad cellular processes are enriched among the citrullinated proteins
during physiological conditions, and may also explain why a more cell function-specific
citrullinome profile emerges when PADIs are enriched to yield a substantially higher

number of citrullinated proteins.

Additional downsides when performing MS data-analysis is that the mass-shift on a
citrullinated peptide compared to its unmodified counterpart is no more than 0.9840 Da,
which incidentally is the same as another, and more frequent, PTM called deamidation,
which occurs at asparagine and glutamine residues. Deamidation can hence be mistaken
for citrullination if care is not taken (Fert-Bober et al, 2019). Using trypsin for enzymatic
digestion in sample preparation for MS is common, however since trypsin cleaves after
arginine, citrullination will mask this cleavage site (Bennike et al, 2013). In automated
database searches for peptide spectrum matches is it therefore likely that a C-terminal
citrulline constitutes a false positive, and will have to be validated further with, for
example, the delta retention time shift (the difference in retention time two matched
peptides exhibit depending on their respective modification state, i.e, the 0.9840 Da
mass shift a citrullination entail). An additional drawback is that the databases may
disregard a citrullination-induced missed cleavage as a technical ‘missed cleavage’
owning to the less-than-100% digestion efficiency of trypsin, resulting in a false negative.
Another way to validate citrullinated peptides and to determine the citrullination site is to
use the collision-induced dissociation (CID) spectra of fragmented molecules to detect
the neutral loss of isocyanic acid (-NHCO), which results in a -43 Da mass shift as
isocyanic acid is dissociated from the citrulline residue (Hao et al,, 2009). Despite these
limitations, MS has proven an essential tool to discover, identify, and validate citrullinated
peptides in a variety of tissues, both in health and disease (Raijmakers et al, 2012; Verheul
et al, 2018). Yet, it was not until recently that a robust enough protocol was developed
(Bekker-Jensen et al, 2017) for in-depth and accurate high resolution proteomic
detection that could be deployed to extraordinarily improve on the amount of
citrullinated proteins that could be detected and the citrullination sites within those
proteins. To put things into perspective, previous studies (Christophorou et al, 2014;
Falco et al, 2019; Fert-Bober et al, 2019) probing the physiological citrullinome in mouse,
in three different cell lines, could when combined into a single data set amount to roughly
1200 citrullinated proteins, whereas the improved MS approach used by Rebak et al.
(Rebak et al, 2022) in human HL60 cells (and stimulated to differentiate into
granulocytes) were able to detect 4,008 proteins representing 14,056 citrullination sites,
all ascribed to PADI4 alone. This proves that mass spectrometry is a most powerful tool
in analysing citrullination, and that there is still much of protein citrullination biology left

to discover.

In Paper |, we employed liquid chromatography-tandem mass spectrometry (LC-MS/MS)
to detect citrullination in lysates from mouse primary keratinocyte progenitors. The

sensitivity for citrullination was on par with previous studies (263 proteins to be exact).
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The validation of the indicated citrullinations were based on the database search for a +1
Da shift not corresponding to deamidation, and the peptides were manually verified not
to contain a positive citrullination on a C-terminal arginine, as a true citrullination would
obstruct cleavage by trypsin. Moreover, we used tandem mass tagging (TMT) in the global
proteomic analysis of each sample. TMT is an isobaric stable isotope labelling technique
(Zecha et al, 2019), which enables the relative quantitative measurement of each
identified protein as each sample is uniquely labelled. Subsequently, all samples can then
be combined and processed together in the same mass spectrometry run. In addition,
the identification of proteins allows its quantitative measurement due to that each protein
within a given sample have the same mass tag. Quantification is thusly based on the TMT-
reporter ion intensities, and in this way the different levels of a protein can be compared
between samples.
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4 Results

4.1 Paper I: PADI4 restricts proliferation of hair follicle progenitor cells
by rewiring translation

Using embryonic and early neonatal timepoints relevant for hair morphogenesis (i.e,
E18.5-P1 for the growth phase of differentiation initiation (Schmidt-Ullrich & Paus, 2005))
this study set out to characterize the expression pattern of PADI4 in hair follicles during
development. Using FACS isolated TACs and differentiated cells at P2 and P4, we were
able to detect expression of Padi4 at both timepoints. Building on those data, using in situ
hybridization for Padi4 mRNA, Padi4 was detectable at developmental timepoints
reaching from E18.5 to P1. Specifically, Padi4 localised mainly to structures associated with
the HS; in what can be described as the precortex, (i.e. HS-lineage committed precursor
cells) (DasGupta & Fuchs, 1999) at PO, and later in the medulla at P1. Also, at anagen, Padi4
was expressed in all matrix TACs, in the compartments of proliferative and lineage
committed cells, yet with highest signal in the fully formed HS.

Based on these observations, a Krtl4-Cre:Padi4"" (PADI4 KO) mouse was generated to
achieve a skin-specific genetic ablation of Padi4 from the onset of Krti4-driven Cre
expression (at E12.5-13.5 (Beronja et al, 2010; Vasioukhin et al., 1999)). Phenotypically,
mice lacking PADI4 displayed an increased proliferative capacity in the matrix at E18.5,
specifically in the HS committed LEF1+ TAC population, which later conferred an
expansion of the total number of LEF1+ cells within the HF as well as a more progressed
differentiation of the HS. Notably, the expansion did not occur at the expense of the IRS

lineage, which demonstrated no shifts in lineage commitment or differentiation.

Moreover, in primary mouse keratinocyte progenitors an overexpression of PADI4 (PADI4
OE) displayed a decrease in proliferation (opposite to the effects of KO), suggesting that
PADI4 acts to restrict the proliferation frequency of epidermal progenitors.

Performing high-throughput liquid chromatography-tandem mass spectrometry (LC-
MS), we were able to identify the PADI4-dependet citrullinome where citrullinated
proteins enriched for functional processes associated with RNA-processing, the
cytoskeleton, and translation. Citrullinated proteins included translation initiation factors,
RNA-helicases, and hnRNPs, to mention a few. Further employing quantitative (TMT-
labelling) proteomic analyses we turned to the proteome of the different conditions (WT,
KO, and OE) for an explanation for the upregulated proliferative phenotype observed in
KO - the KO proteome was highly enriched for processes associated with ribosomal
biogenesis and translation.

Indeed, rRNA synthesis was correspondingly increased in KO. Although translational
output was correspondingly increased in KO and decreased in PADI4 OE in vitro, rRNA

synthesis was unaltered in OE.
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Thus, analyses of protein synthesis in developing hair follicles revealed that lack of PADI4
enhanced global translation, even to some extent in proliferating TACs, contrary to WT
where proliferation is separated form upregulation of translation (Blanco et al., 2016).

For mechanistic understanding, characterisation of key translational effectors revealed
that in PADI4 KO the engaged activation of the AKT/mTOR pathway ultimately resulted in
enhanced cap-dependent translation initiation, notably by circumventing the need for
4E-BP1, which demonstrated both downregulation and abolished phosphorylation.
Additionally, mTOR-dependent signalling driving ribosomal biogenesis was also
accelerated in PADI4 KO.

Taken together, the results of Paper | represent the first functional study of PADI4 in
developing hair follicles, where its expression and biological relevance is described to
contribute to the proliferative capacity and lineage commitment of hair follicle
progenitors. Mechanistically, we map the PADI4-dependent citrullinome and unearth a
citrullination-based regulation of translation and ribosomal biogenesis in epidermal

progenitors.

4.2 Paper lIl: Co-expression of PADI isoforms during progenitor
differentiation enables functional diversity

Revisiting previously published (Falcgo et al, 2019) RNA-sequencing data from primary
oligodendrocyte precursors (OPCs) suggested a second, albeit potentially truncated,
isoform of Padi2. Later, PCR walking confirmed its existence (a method to probe an
unknown genomic sequence adjacent a known sequence by “walking” through PCR
products generated by primers originating from the known genomic sequence (Shapter
& Waters, 2014), and its transcription start site was localised to a downstream accessible
intronic region as a functional alternative promoter, bound by CCCTC-binding factor
(CTCF) and enriched for H3K27ac and H3K4me3, indicating chromatin accessibility and
active transcription. The alternative isoform was named Padi2 5 whose mRNA was inferred
to be translated into a 449 amino acids long protein truncated at its N-terminus (as
compared to the 673 amino acids long canonical PADI2a). The resulting protein was 3D
reconstructed and displayed a complete absence of the PAD_N domain and partial lack

of PAD_M, including at least one Ca*-binding site.

Physiological incidence of Padi2f was later investigated in FACS isolated OPCs, as well as
in juvenile (P21) and mature (P60) oligodendrocytes, and was found to be incrementally
expressed with progression of differentiation, just as Padi2¢, suggesting that Padi2f is
dynamically regulated in oligodendrocyte lineage maturation in vivo. Functionally, Padi2s
appeared to inhibit oligodendrocyte differentiation in an opposing effect to Padi2 ¢, which
is known to have a differentiation-promoting effect. Combined siRNA silencing of both
Padi2a and Padi2 S resulted in enhanced differentiation, akin to Padi2f silencing alone. In

this way was Padi2f proposed to restrict oligodendrocyte lineage progression.
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Reasoning that Padi2f3 could inhibit oligodendrocyte differentiation by modulating the
activity of Padi2a, we next set out to probe the interacting effects of PADI2 on PADI2a
on protein level by overexpression PADI2B in OPC cell lines. Even though PADI2f3 was
overexpressed it could initially not be detected by immunoblotting, and only after the
simultaneous treatment with a proteasome inhibitor was PADI2f3 observed. This
suggested that PADI2f is unstable, expression is transient and possibly relatively low, yet

is enough to moderate the effect of PADI2a in oligodendrocyte lineage differentiation.

Moreover, the existence of an alternative PADI2 isoform lent credence to the physical
manifestation of an annotated, yet unconfirmed, PADI3 isoform. Both transcriptional and
protein database predictions for a second PADI3 isoform suggested the existence of a N-
terminally slightly shorter (corresponding to 10 amino acids) protein, duly named PADI3p.
3D generated models displayed a vestigial initiation of the N-terminal thought to affect
dimerization or substrate binding.

Utilising FACS and in situ hybridisation Padi3f was detected and localised in the
developing hair follicle, with slight expression in the proliferative progenitors of the hair
follicle only to increase with lineage commitment and differentiation. Moreover, Padi3«a
and Padi3f appeared to co-localise in the hair follicle, suggesting a common feature of
activity as their respective expression was not spatially restricted to different

compartments.

Although N-terminus truncation of PADI3B did not affect its subcellular localisation (it
remained cytoplasmic just as PADI3a), PADI3B was found to be enzymatically inactive.
Additionally, co-expression of PADI3a. and PADI3f resulted in the diminished catalytic
activity of PADI3o. Furthermore, the two PADI3 isoforms co-precipitated with each other,
hinting at the ability for heterodimerisation. Yet, when co-expressing the isoforms, both
PADI3a and PADI3p levels decreased. Taken together, these data suggest an antagonistic
effect of PADI3B on PADI3a. Whether the observed decrease in enzymatic activity upon
co-expression is due to an inhibitory effect on catalytic ability, or a result of decreased
protein stability remains to be seen.

Collectively, the results of Paper Il were able to demonstrate the existence and
physiological applicability of alternative PADI isoforms. PADI2 and PADI3 are seemingly
unrelated in tissue distribution and substrate preferences, which results in vastly different
biological functions, yet both PADI2 and PADI3 display transcriptional divergence and
generate two isoforms with which the canonical, enzymatically relevant, isoform can
interact with to modulate its own function or protein stability.

4.3 Paper llI: A Hairy Cituation — PADIs in Regeneration and Alopecia

As this is a review paper the results are not those of an original research paper.

Nevertheless, performing a meta-analysis by reanalysing published proteomic data from
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healthy and inflamed human tissue reporting on the citrullination content within their
datasets, we were able to revaluate the citrullinome in health and inflammation to portray
the dynamic differences between these conditions. Commenting on those dynamics it
was possible to conclude that citrullination is not an acute effect of altered cell state, but
an integrated constituent of protein biology in all conditions and most cell types.

Moreover, as the review focused on PADIs and citrullination in hair follicle stem cells
(HFSC), by revisiting published data looking at dynamic chromatin accessibility and
transcriptomic changes in HFSCs during activation, regeneration, and lineage
commitment, arguments for active transcription of Padi3 and Padi4 could be made. Also,
by inferring observations about PADIs from other stem cell systems (e.g. the
hematopoietic), and the known interaction of PADI4 with other enzymes catalysing PTMs
(HDACs, PRMTs) together with the established functions of those PTM enzymes in the hair
follicle, functions for, primarily, PADI4 could be reasoned.

Lastly, the collective research into the influence of citrullination on autoimmune
inflammatory diseases was compiled, and used to propose a model for how citrullination
at all levels of inflammation could contribute to the onset and progression of alopecia.

Jointly, the results of Paper Ill make a strong case for the ubiquity of citrullination in most
cellular programmes, and the presence and probable function of PADI3 and PADI4 in hair
follicle progenitors. As well as establishing the role for PADIs and citrullination in

autoimmune inflammatory alopecia.

4.4 Paper IV:ID1and CEBPA coordinate epidermal progenitor cell
differentiation

Reanalysing an available single-cell RNA-sequencing dataset of early epidermal
development (Fan et al., 2018; Genander et al., 2014), specifically looking at E13, revealed
two main clusters: one associated with progenitor cell markers (Krt15, cluster 1) and the
other with differentiation cell markers (Krtdap, cluster 2), with corresponding Gene
Ontology profiling for both clusters. Id1 was expressed in both clusters, but with significant
enrichment in cluster 2. In line with this, ID1 protein localised to epidermal progenitors at
E13.5, but as stratification became more progressed, ID1 became gradually more
prominent in the basal layer with diminished expression with delamination and
differentiation. In vitro data corroborated the downregulation of both Idl mRNA and
protein during differentiation but noticed a lingering ID1 protein abundance at the onset
of differentiation, suggesting a role for ID1 at the transitioning stage of epidermal
progenitors committing to differentiation.

To study the functional consequence of Id1 expression in epidermal development, in utero
lentiviral injection of embryos with small hairpin (sh) RNA targeting Idl resulted in a

severely thinner epidermis as the thickness of both the basal K14+ layer as well as the
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spinous K10+ layer was reduced. There was also an increased frequency of cells doubly
labelled with basal and suprabasal markers, as well as the anomalous display of
proliferation in the suprabasal layer. The overall proliferation was however reduced.

Additionally, silencing of Idl resulted in decreased proliferation in progenitors in vitro, yet
when asked to differentiate, Id] silencing resulted in preservation of proliferation in
differentiated cells, which normally should become post-mitotic in the differentiation
process. Likewise, differentiation genes were dysregulated in that they were upregulated
in the progenitor state but failed to be properly induced upon receiving cues for
differentiation, suggesting that in the absence of ID1, epidermal progenitor cells cannot
properly commit to differentiation and shut down the proliferative machinery.

Moreover, RNA-sequencing of shidl transduced epidermal progenitors in vitro also
exhibited an increased spinous cell genes expression profile as well as a downregulation
of adhesion genes ltgab, Itgbl, Itgb4, and Lama3, all associated with basal layer progenitor
cell identity. Further manipulation of Id7 by overexpression (OE) reversed the phenotype
and resulted in enhanced proliferation and RNA-sequencing revealed downregulation of
spinous differentiation genes, hampering but not inhibiting differentiation.

By isolation of ID1-binding complexes, the class | bHLH transcription factors TCF3, TCF4,
and TCF12 could be identified as ID1 binding partners.

Combination of the most differently expressed genes that overlap in shidl and Idl OE
transcriptomic profiles, provided a gene list of ID1 candidate targets. Then, using
transcription factor binding motif analysis for bHLH binding motifs on the target
promoters, the TCF target genes could be identified as being directly influenced by ID1.
Knockdown of Tcf3 revealed a downregulation of markers of differentiation consistently
upregulated upon Idl silencing, suggesting that ID1 maintains the progenitor
transcriptomic profile by sequestering bHLH proteins such as TCF3.

Given that CEBPa was activated upon Id1 silencing, analysis of CEBPa. expression revealed
a decrease when silencing Tcf3, and subsequent ChIP-gqPCR confirmed TCF3 binding to
Cebpa promoter and enhancer. However, TFC3 binding was not sufficient to drive Cebpa
expression. Instead, it was found that CEBPa was able to bind the pSMAD1/5 binding motif
of the Idl promoter, and this was interpreted as the way by which CEBPa suppresses BMP-
induction of Idl. Another interpretation conceives that CEBPa binds and sequesters the
pSMADI/5 proteins themselves and in this way supress Idl expression. Either way, as
CEBPa gets upregulated in differentiation it acts to suppress /d], which in turn gradually
releases its sequestration of bHLH proteins such as TCF3, and these can then go on to
induce expression of differentiation genes. However, as TCF3-biding was not sufficient to
drive Cebpa expression, what the inductive cue for its expression, as its exact mode of /d1
suppression, are remains to be elucidated.
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Taken together, the results of Paper IV establish ID1 in a central position for proper
execution of proliferation and differentiation in the epidermis in the process of
stratification. They also establish a hitherto obscured signalling axis between ID1, CEBPq,
and BMP via bHLH transcription factors such as TCF3, essential in balancing proliferation
and differentiation in developing epithelium.
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5 Discussion

The skin, defining feature of individuality and sharp border between the self and the rest
of the world, is a marvel of coordination between stem cell self-renewal, differentiation,
and specific organotypic performance. The orchestrated transcriptional networks that is
the result of extensive molecular signalling, give rise to complex structures of different cell
identity to ultimately form the epidermal barrier and the hair, for protection and warmth.
This thesis discusses the various molecular mechanisms at play in the epidermal and HF
stem cells needed for their self-renewal and timely organised differentiation pathways.

In Paper | we showed the dynamic expression of Padi4 in HF TACs as they commit to, and
proceed with, differentiation. Investigating PADI4 in hair morphogenesis, genetic ablation
of Padi4 in developing HFs resulted in increased proliferation and an expansion of the
WNT responsive LEF1+ HS-TACs as well as increased HS differentiation. Physiologically,
WNT signalling is important for HS maturation, whereas BMP is important in the IRS lineage.
Given that removal of Padi4 results in enhanced HS maturation, points towards an
impeding role for PADI4 on WNT signalling in the HS. As the IRS lineage is not affected by
Padi4 ablation, this in turn suggests that the BMP signalling in the IRS cells do not employ
PADI4 for their maturation. The results are such that the accelerated effect of WNT in the
HS lineage does not spill over and impinges on IRS, further suggesting that BMP can keep
WNT at bay without the use of PADI4. Instead, these data, together with the finding that
Padi4 is a pSMADI/5 target gene (Genander et al, 2014), suggest that BMP induces Padi4
in the HS as part of the reciprocal crosstalk between WNT and BMP in the HF during
lineage specification for correct spatiotemporal execution of hair formation.

By identifying the PADI4-dependent citrullinome we were, in line with previous studies,
able to implicate RNA-processing, ribosomal biogenesis, and translation as key processes
where citrullination is involved. Building on this, the main finding was that lack of PADI4
brings about upregulated translation and rRNA synthesis (for ribosomal biogenesis).
Interestingly, in contrast to KO, rRNA synthesis was unaltered upon PADI4 OE, suggesting
that as heightened citrullination does not correspond to reduced rRNA transcription the
citrullination in this system does not act as an accelerator or obstructor per se, but a
prerequisite for accurate and appropriate performance of this process.

Additionally, the finding that upregulation of translation also occurred in proliferating
TACs, in contrast to WT where elevated translation is a sign of differentiation and thereby
separated from proliferation (Blanco et al, 2016), proposes that the spatiotemporal
aspect of proliferation restriction and enhancement of translational machinery is
disjointed in PADI4 KO, i.e. differentiation-associated upregulation of translation can be
initiated before cell cycle exit.

55



Moreover, translation was found to be upregulated via a process involving AKT/mTOR
signalling, hence the clear assumption would be that this involves 4EBP1 phosphorylation
by mTOR, to release elF4E to freely participate in translation initiation. However, in PADI4
KO both p-4EBP1 and total levels of 4EBP1 were decreased. Conceivably, citrullination of
4EBP1 may then be required for its function, either by facilitating its phosphorylation,
general stability, or binding to elF4E. If citrullination is required for phosphorylation, one
would expect less translation in its absence, as phosphorylation is needed for the release
of elF4E for cap-dependent translation. Yet, in the absence of PADI4, translation proceeds
without phosphorylated 4EBP1. However, the reduced levels of the protein in total might
offer an explanation for these seemingly contradictory observations: it has been shown
that unbound, unphosphorylated 4EBP1 is degraded via ubiquitinylation, whereas
unbound, phosphorylated 4EBP1 is stabilised and refractory to degradation (Elia et al,
2008; Hinnebusch, 2012; Yanagiya et al, 2012). In the absence of citrullination, this
suggests two things: on the one hand, phosphorylation cannot happen; and on the other
hand, 4EBP1 does not (cannot) bind elF4E. Hence, lacking PADI4, 4EBP1 ends up unbound
and unphosphorylated, and is degraded.

Another possibility is that citrullination of 4EBP1 has nothing to do with either binding
ability or phosphorylation, but is instead required for the correct conformation of 4EBP],
where lack of citrullination results in a misfolded protein that is degraded based on its
erroneous tertiary structure.

Nevertheless, these speculations propose the idea that without citrullination, 4EBP1
protein is not available, thus elF4E is unbound and goes freely to initiate cap-dependent
translation. In turn the demand for ribosomal biogenesis increases, mTOR is this activated
in a feedback loop and activates its pathways associated with ribosomal biogenesis (via
P70S6K and S6). Although we were not able to detect citrullinated 4EBP1in our dataset, it
has been found citrullinated in the recently massively improved mass spectrometry

endeavour by Rebak et al. (Rebak et al., 2022), warranting further investigation.

In Paper Il we describe the previously unverified alternative isoforms of PADI2 and PADI3
in physiological settings of progenitor cell differentiation progression. Both novel isoforms
(named PADI2B and PAD3B, respectively) are the result of alternative promoter usage for
transcription initiation and both result in truncated proteins. They also appear to
modulate the behaviour or function of their respective canonical counterparts (the a-
isoforms). Where PADI2B appears to work in an opposing manner to PADI2a on
oligodendrocyte differentiation, PAD3B appears to lower the catalytic activity and
stability of PAD3a.

As shown by siRNA silencing, Padi2f was proposed to restrict oligodendrocyte lineage
progression, in a process where it possibly is needed to fine-tune various differentiation

cues to execute properly timed oligodendrocyte maturation. Dysregulation of
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oligodendrocyte differentiation and axon myelination have been described in various
neurodegenerative diseases, such as multiple sclerosis, and in fact PADI2 was found to
citrullinate myelin basic protein (MBP) (Wood et al, 2008) which was found to be
detrimental for its function (Caprariello et al, 2018; Moscarello et al, 2013; Musse et al,
2008). Therefore, the fine-tuning and timely execution of oligodendrocyte differentiation
is non-trivial, where the involvement of PADI2a, and now also PADI2p, is becoming clearer.

Similarly, PAD3B was co-expressed with PADI3a in the HF differentiating lineages,
suggesting that its effect on protein stability is a means to fine-tune the catalytic activity
of PADI3a in these cells. Whether the observed decrease in enzymatic activity upon co-
expression is due to an inhibitory effect on catalytic ability, or a result of decreased
protein stability remains to be seen. It will however be interesting to see what effect
aberrant citrullination may have on the structural proteins that are the physiological
substrates of PADI3, if PADI3o. and PAD3p can be individually targeted for selective

ablation.

Given the observation that PADI2p is unstable, expression is transient and possibly
relatively low, however still sufficient to modulate the effect of PADI2a in oligodendrocyte
lineage differentiation, together with the observation that PADI3f alters stability of
PADI3aq, it is feasible that co-expression halters citrullination. This proposes the idea that
the utilization of alternative isoforms to modulate the activity of the main isoform is a
circuitous way of coping with not having a de-citrullinase, to impede the effects of
citrullination in the contexts where the alternative isoforms are expressed. However, our
data further suggests that the two B-isoforms seems to be obligatorily following the
expression of the a-isoforms, proposing that they would always subdue activity. Follow
up studies would have to address whether the distinct transcription start sites identified
in the current study could be regulated separately to confer the function of the -
isoforms. In any case, the possibility remains that they may also carry out other functions

in addition to impeding their respective canonical counterparts.

The finding of two operative alternative isoforms of two separate PADI genes may
additionally shine some light on the evolutionary origin of possessing and expressing
several distinct PADI genes in the mammalian (and other) genomes. It is thought that the
different PADIs have consecutively arisen via gene duplication of an ancestral PADI gene
(argued to be PADI2 (Christophorou, 2022; Golenberg et al, 2020)). Perhaps this
happened via a process where they first arose as alternative isoforms making use of
alternative promoter sites and then gradually transitioned into bona fide genes, during
millions of years of evolution. It is altogether perceivable that the observation of PADI2f3
and PADI3p is a continuation of that evolutionary process and that given enough positive
selection over time, these will develop in genes in their own right someday. Only time will
tell.
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In Paper lll we discuss the current understanding of PADIs and citrullination in HF stem
cell and inflammatory biology. The main conclusion from this review is that citrullination
is highly dynamic and general mechanism of protein biology in both health and disease.
We were able to draw parallels from various stem cell contexts to infer function of PADIs

in tissues and cells where they have been observed but not functionally characterized.

Moreover, scrutinizing the literature for PADI expression and function during bouts of
inflammation, and gathering how the settings of inflammation (where citrullination is
implicated) in various autoimmune disorders highly resemble those observed in alopecia,
it was possible to generate a model in which citrullination takes a central place in
inflammatory alopecia, and even pinpointing certain types of alopecia as autoimmune
diseases. Lastly, what also emerged from the literature, was that essentially all cells
involved in the inflammatory cascade express PADIs in one way or another, including

epithelial cells, innate immune cells, and adaptive immune cells.

The proposed model is based on the current understanding of citrullination in
inflammation as it has been investigated in a myriad of different contexts and might thusly
not be complete. Also, as discussed above, the tools used to identify citrullination thus
far may not provide the full picture. However, with the continued development of tools to
accurately assess citrullination, it will be interesting to follow how the continual research

into its role in inflammatory alopecia, and other diseases, as it unfolds.

Paper IV highlights the involvement of ID1in the processes of progenitor cell proliferation
and differentiation during epidermal development. The study uncovers an
interdependence between ID1, BMP, TCF3, and CEBPa to correctly execute the
appropriate transcriptional programmes that govern epidermal homeostatic
stratification. First, ID1 is duly established as a major contributor to the epidermal
progenitor state, where upregulation of Idl results in increased proliferation and
downregulation correspondingly increases markers for differentiation. Targeting the
embryonic epidermis as early as E9.5 by ultrasound-guided injection of lentiviral shRNA
to silence Idl expression, the phenotype is striking in that the overall thickness of the
epidermis is decreased concurrent with diminished proliferation. Yet as development
progresses, even though overall stratification is perturbed, all markers for the different
epidermal layers can be found, albeit in a massively compressed compartment, at least
as far as the spinous layer is concerned. Our study did not include data of any potential
barrier defects, yet to investigate the long-term effect of ID1 ablation on barrier formation
and function would be of interest to address whether tight junctions within the granular

layers would still be intact.

Moreover, bHLH transcription factor TCF3 was established as an ID1binding partner during
within epidermal progenitors, and subsequently the binding of TCF3 to Cebpa promoter

and enhancer regions was demonstrated.
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Additionally, CEBPa. was shown to bind the pSMADI1/5 binding motif of the Idl promoter,
and in this way was able to show that CEBPa suppresses BMP-induction of Idl.

During epidermal stratification in homeostasis Id1 gets downregulated with differentiation
and Cebpa gets upregulated. Our study showed that CEBP drives the decrease in ID1 by
suppressing its induction by BMP by competing with pPSMADI1/5 biding.

TCF3 is interesting with regards to its relationship with LEF1 in hair follicle progenitor
activation and hair placode formation. When WNT signalling is activated, LEF1 associates
with B-catenin and translocate to the nucleus where it outcompetes and displaces TFC3
from their shared binding sites on the chromatin (Adam et al,, 2018; H. Nguyen et al, 2006).
In the epidermal progenitors within the study, ID1 sequesters TCF3, and its targets remain
inactivated, in terms of differentiation genes. It would therefore be of interest to
investigate whether LEF1is occupying any of the TCF binding sites in the presence of ID1.
If that would be the case, as WNT is the activator of nuclear translocation of LEF1 and BMP
the inducer of ID], there would be a synergistic effect of WNT and BMP signalling.
Moreover, the effect of Notch signalling on epidermal differentiation is well established
(Blanpain et al, 2006). Since the binding alone of TCF3 to the Cebpa promoter was
insufficient for the induction of gene expression, perhaps an investigation into whether
Notch effectors are part of inducing Cebpa expression to enable downregulation of ID1is

warranted.
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6 Conclusions and outlook

As far as model systems go for the study of stem cell behaviour in terms of proliferation
and differentiation, and the mechanisms that drive these processes, few are as powerful
as the epidermis and hair follicles. Given the implications for the broad contribution of
citrullination to principal cellular processes, it was only a matter of time before the

potential of PADIs was investigated in hair follicle stem cells.

As discussed, many reports that go looking for PADIs find them. The drawback from this
is that the approach is often limited to one tissue or system of cells (such as various stem
cells or immune cells). The result is thus that the standing belief is that tissue distribution
of PADIs is limited and discrete. However, when turning to more unbiased databases such
as single cell datasets or the Human Protein Atlas, PADI expression materialises as highly
diverse. One reason for the discrepancies could be varied expression pattern owning to
species differences, primarily between human and mouse. If so, this could be seen as yet
another example of the dynamic utility of citrullination. Other, more mundane, reasons for
the inconsistencies between the database annotations and the more directed searches
for each individual PADI may come from the tools used to detect both citrullination and
the proteins themselves. As these tools are being developed to become more sensitive,
in combination with more unbiased approaches such as single cell sequencing (and/or
spatial transcriptomics) the existence of PADIs within complex tissue will only become
clearer. What this exercise in deduction really stresses, is that when looking for PADIs, one

must keep an open mind and follow wherever the citrullination may lead.

In terms of PADI activity activation, the finding that certain factors can sensitise PADIs to
lower concentrations of calcium or activate PADIs even in the absence of calcium (shown
by bicarbonate) encourages continued search for other cofactors to help explain the
activity of PADIs in low calcium environments. Perhaps as the field turns to embryonic
development, there are undisclosed cofactors that underly the effect seen on PADI,
PADI2, PADI4, and even PADI6 in oocytes and preimplantation embryos. Moreover, are
there cofactors which preferentially activate alternative isoforms of PADIs, or with
diverging preferences for different (currently described) PADI members present in the
same cell, such as PADI2 and PADI4 in certain stem cells and immune cells? It will be

interesting to follow the therapeutic implications for any newly discovered cofactors.

Within the concept of the “core citrullinome”, citrullination emerges not as something
special and unusual only to rear its ugly head in suffering in disease, but something deeply
integrated into the fabric of life. Then, however, the question arises about why the effects
of PADI4 KO are not greater? To offer a humble opinion, there might be much more
redundancy between PADI proteins than currently thought. Also, there might be the
existence of further alternative PADI isoforms (as shown with PADI2B and PADI3B). Indeed,
there are database annotations for additional PADI2 and PADI4 isoforms in human that
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awaits verification and functional assessment. Arguments for this opinion are based on
that no study has KO'd all five PADIs simultaneously, neither have the studies with full
body KO of, for example, Padi4 addressed the efficiency or magnitude of translational
output. Moreover, it is possible that full KO of Padi4, which are achieved by deletions in
exons (Hemmers et al, 2011), leaves any unidentified alternative isoforms unaffected,
especially if these are under separate transcriptional control (although the available
Padi4”- KO available (Hemmers et al., 2011) has the active site of PAD4 removed, there
may still be implications for isoforms lacking these as shown by the effects of PADI6 and
our B-isoform study). As our own studies have shown, although the effects on translation
are significant, they are not such that the overall phenotype on skin specific ablation of
PADI4 are adverse, detrimental, or even result in gross anatomical manifestations, under
the normal conditions we have studied them in. The implications for citrullination in
ribosomal biology are then that it may be dispensable for overall function, but required
for the accurate performance of those functions, as its removal perturbs protein
synthesis. Given these results the next step is to investigate citrullination in translation in
tumour biology, as many cancer types exhibit upregulated translation to uphold the high
demand for growth that cancer entails (Robichaud et al, 2019; Ruggero, 2013; Song et al,,
2021). Hence, in cancerous conditions, it is possible that the hitherto mild phenotype of
PADI4 KO in hair follicles would be drastically different. Moreover, if KO of a seemingly
important regulating feature does not result in a severe effect, it is possible that there is
some hidden mechanism in place to protect against the loss of that feature in the face of

changing conditions.

Perhaps also the coining of the term “core citrullinome” can give hints to why no de-
citrullinating enzyme is identified yet. Conceivably, the maintenance of citrullination within
these core biological processes may be innate in correct protein function to a degree
where a cell cannot afford spending effort on removing the citrullination, but instead rely
on protein turnover for its removal, i.e. that citrullination only disappears together with the
protein it has become part of. Yet, citrullination appears to not be a mark for degradation
of proteins, thus the cells would have to rely on normal rates for protein turnover for the
modification to disappear. As most ribosomal proteins are synthesised de novo upon the
requirements of the cell this synthesis would then also, invariably, include citrullination.
This is not to say that there are no de-citrullinating enzymes, the discovery of one would
explain so much — why citrullination is not found on every copy of a given protein,
especially on particularly stable proteins, or how it disappears over time in histones if it is
not by protein turnover, and provide yet another level of regulation of epigenetic

transcriptional control.

These speculations go to show that the field is, despite its chronological age (dating back

to 1958), still in its infancy. Only with more accurate methods of detection in combination
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with asking the right questions, can the true functions and contributions of citrullination

be unearthed.

Thus, as MS methodology is being further developed to increase sensitivity and resolution
for the detection of citrullination, the contribution of citrullination to autoimmune
diseases such as RA, lupus, and skin disorders, as well as neurodegenerative diseases such
as multiple sclerosis, amyotrophic lateral sclerosis, and Alzheimer's disease, where
citrullination only just has been hinted at, can be thoroughly investigated. Moreover, a
more detailed classification of PADIs and citrullination in cancer may open up novel areas
of treatment or offer explanation to why some treatments are ineffective in some cancers.
It will also guide the functional studies of specific citrullinated targets within the
categories of RNA-processing and translation, as shifts in these fundamental biological
processes are bound to entail significant proteomic alterations. The continued
development of specific and sensitive methods to implement the great potential of MS
will only help in unearthing the hidden secrets still locked away within the depths of

citrullination.

Given that our study (Paper 1) was conducted prior to that of Rebak et al. (Rebak et al,,
2022), we could not rely on their high resolution citrullination detection. Future work will
have to delve deeper into the citrullinome in keratinocyte progenitor, and may help to
discern the PADI3- and PADI4-dependent citrullinomes. Additionally, the combination of
high-resolution MS with single cell RNA-sequencing will yield an unprecedented powerful
insight to the contribution of PADI4 in hair follicle development and into where, when, and
how citrullination is deployed. If it turns out that histone citrullination is as integral in
homeostatic hair follicle development as anticipated, the functional studies that can

come of this brings with them great potential.
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