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“A theory is something nobody believes, except the person who made it.

An experiment is something everybody believes, except the person who made it.”

-Albert Einstein

II



ABSTRACT

Human hair follicles are complete organs which develop early  during embryogenesis 
and posses under normal conditions a long life self renewal capacity and skin repair po-
tential under wounding conditions.  The functioning of human hair follicles might be af-
fected by several factors that are not yet fully understood.
The full understanding of the ongoing mechanisms in hair follicle biology is of great 
relevance due to its impact on the research fields of dermatology, aging, cosmetics and 
tissue engineering.

Much work has been done since the early  sixties and extensive knowledge has been 
obtained about the potential of hair follicle cells.  Nevertheless, the study of human hair 
follicles is still limited due to the lack of specific markers that define stem cell popula-
tions and their progeny.

This work contributes to the characterization of epidermal, mesenchymal and extracellu-
lar matrix components of human hair follicles.  Based on gene microarrays of laser mi-
crodissected anagen human hair follicles, it was possible to identify the in situ gene 
expression of the epidermal and mesenchymal compartments, and compare the pro-
genitor cells with the correspondent transient amplifying cell populations.

On the basis of the in situ gene expression profiling was possible to revise expression of 
known “markers”, and define new extracellular markers for epidermal and mesenchymal 
stem cell niches and further differentiated cells populations at the mRNA level.

Using the same cell experimental design, the extracellular matrix components for grow-
ing (anagen) hair follicles were defined.

Relevant differences between connective tissue and dermal papilla fibroblasts, the two 
mesenchymal components of hair follicles were described.

Cartilage oligomeric matrix protein (COMP) is detected in this work as an essential 
component of the human hair follicle extracellular matrix through the hair cycle which is 
specifically expressed by connective tissue fibroblasts in situ and in vitro.

In this work is hypothesized that altered COMP expression might be associated with 
scant fine hair as in the case of some chondrodysplasia and scleroderma patients.  To-
gether all this reveals for the first time that COMP is part of the ECM of human hair folli-
cles and suggests its important function in normal human hair biology.
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Zusammenfassung

Menschliche Haarfollikel sind komplette Organe, die während der frühen Embryona-
lentwicklung gebildet werden und unter normalen Bedingungen lebenslang Fähigkeiten 
zur Selbsterneuerung und zur Hautreparatur haben. Die Regulation der menschlichen 
Haarfollikel wird durch einige Faktoren beeinflusst, deren Funktionen noch nicht kom-
plett bekannt sind. Die möglichst vollständige Aufklärung der Haarfollikel-Biologie ist, 
aufgrund des großen Einflusses auf andere Wissenschaftsbereiche wie Dermatologie, 
Alterung, Kosmetik und Tissue engineering, von großer Bedeutung. 

Durch umfangreiche Forschungen seit den frühen Sechziger jahren hat sich ein um-
fangreiches Wissen über das Potential der Haarfollikel angesammelt. Trotzdem sind die 
Untersuchungen über menschliche Haarfollikel, wegen des Fehlens spezifischer Marker 
für Stammzellen und deren Abkömmlinge, immer noch limitiert. 

Die vorliegende Arbeit trägt zur Charakterisierung von epidermalen, mesenchymalen 
und extrazellulären Matrixkomponenten von menschlichen Haarfollikeln bei. Auf der Ba-
sis von Gen-Mikroarrays von Laser-Mikrodissezierten anagenen menschlichen Haarfol-
likeln war es möglich, die in situ-Genexpression von epidermalen und mesenchymalen 
Kompartimenten zu messen und die Progenitorzellen mit den korrespondierenden, sich 
transient-vermehrenden Zellpopulationen zu vergleichen. 

Basierend auf der in situ-Genexpressionsprofilierung war es möglich, die Expression 
von bekannten ,Markernʻ zu überprüfen, und neue extrazelluläre Marker für epidermale 
und mesenchymale Stammzellnischen und für weiter differenzierte Zellpopulationen auf 
dem mRNA-Level zu bestimmen. 

Unter Nutzung der gleichen experimentellen Methoden konnten die Extrazellulärmatrix-
Komponenten für wachsende (anagene) Haarfollikel bestimmt werden. 

Wichtige Unterschiede zwischen den Fibroblasten des Bindegewebes und des Papillar-
körpers, den beiden mesenchymalen Komponenten des Haarfollikels, konnten be-
schrieben werden.

Das oligomere Knorpel-Matrixprotein (cartilage oligomeric matrix protein – COMP) wur-
de in dieser Arbeit als essentielle Komponente der Extrazellulärmatrix des menschli-
chen Haarfollikels während des Haarzyklus gefunden, welches spezifisch durch die 
Fibroblasten des Bindegewebe in situ und in vitro exprimiert wird. 

In dieser Arbeit wird die Hypothese aufgestellt, dass geändert COMP Expression in 
Verbindung mit spärlichem und dünnem Haar stehen kann, wie z.B. bei Chondrodyspla-
sie- und Sklerodermie-Patienten.  Insgesamt wird zum ersten Mal gezeigt, dass COMP 
ein Teil der ECM von humanen Haarfollikeln ist und eine wichtige Funktion in der huma-
nen Haarbiologie spielt.
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1. Introduction

The study of human hair follicle, its formation, maintenance and renewal has been the 
interest of many scientist for more than 40 years, not only in the cosmetic industry but 
also in the regenerative medicine due to their role in skin regeneration under wounding 
conditions.  For this reason hair follicle cells have been also explored to generate or-
ganotypic cultures of skin replacements.

Skin is by far the largest organ in 
humans and its damage after 
traumas, disease, burn or surgery 
has dramatic consequences.  
Skin engineering is a relevant 
source for therapy in combating 
acute and chronic skin wounds, 
however at this time, there are no 
models of bioengineered skin that 
completely replicate the anatomy, 
physiology and biological stability 
of uninjured skin (fig 1.1).  Skin 

substitutes should have essential characteristics, such as easy handling at the wound 
site, providing vital barrier function with appropriate water flux, be readily  adherent, have 
appropriate physical and mechanical properties, undergo controlled degradation, being 
sterile, non-toxic, non-antigenic and evoking minimal inflammatory reactivity (1).

Many questions remain open in the biology of human HFs where functional assays are 
hindered and in vitro organotypic HF systems have not achieved final differentiation of a 
hair shaft (161-165).  Regeneration of HF have been achieved with murine DP cells in 
nude mice (154-157).  In humans, HF replacement by follicular unit implantation is per-
formed with high costs (158, 159) and variable results, (160) thus replacement of “dam-
aged” or inactive (miniaturized) hair follicles is still a challenge.

novel, smart skin replacement therapies. Such matrices
should attempt tomodel the properties ofECMin that, as
far as it is feasible, they have the ability to release a
multitude of growth factors, cytokines and bioactive
peptide fragments in a temporally and spatially specific
event-driven manner. This timed and focal release of
cytokines, enzymes and pharmacological agents should
promote optimal tissue repair and regeneration of full-
thickness wounds. Tissue engineering generally requires
an artificial ECM that can be assimilated into the body
when the new tissue is regenerated. Materials for such a
matrix could be naturally occurring substances such as
collagen or could be prepared from biodegradable
polymers. Resorption, along with adequate cell adhesion
onto the matrix surface, gives the biological materials an
attractive potential in tissue regeneration.

A major consideration when developing a tissue
engineering strategy for promoting repair and regen-
eration is to identify suitable sources of cells and
mechanisms by which they can function and interact
properly. These cells would also have to be abundant
enough to be able to carry out the regeneration process
completely. Developmental biology conundrums such
as regional specification of the embryo posed a great
many questions 20 years ago but by now are almost
solved. Unfortunately, progress towards a definitive
understanding of morphogenetic movements, the absol-
ute timing of developmental events and the regen-
eration of missing parts has been slower (Slack 2003).
Recently, however, some of the major advances in
molecular biology have been applied to the under-
standing of wound healing, development and regenera-
tive processes (Harty et al. 2003). Tissue engineering as
a discipline is becoming more aware of this knowledge
base and there are now moves towards designing
artificial tissues and organs using both cells and
specifically designed materials. This review article
outlines how our present understanding of materials

science, regeneration biology and current advances in
proteomics and genomics could be incorporated into a
multidisciplinary translational research approach for
developing novel smart matrices.

2. SKIN AND PRESENT CONCEPTS OF TISSUE
ENGINEERING

The skin, the largest organ of the body in vertebrates, is
composed of the epidermis and dermis with a complex
nerve and blood supply (figure 1). A third layer, the
hypodermis, is composed mainly of fat and a layer of
loose connective tissue. These three layers play an
important role in protecting the body from any
mechanical damage such as wounding. The epidermis
is thin and totally cellular, but has sufficient thickness
to provide vital barrier function. Mammalian epidermis
and its appendages (hair, nail, sweat and sebaceous
glands) maintain homeostasis by constant recycling of
the basal cell layer. The epidermis is also exposed to
ultraviolet radiation, and the resulting damage is one of
the factors contributing to the constant sloughing of
cells from the stratum corneum, which are replaced by
migrating cells from the basal layers (Alonso & Fuchs
2003). The dermis situated directly below the epidermis
constitutes the bulk of the skin and is composed of
collagen with some elastin and glycosaminoglycans
(GAGs). The major cell type present in the dermis is
fibroblast, which is capable of producing remodelling
enzymes such as proteases and collagenases, which play
an important role in the wound healing process. The
hypodermis is the layer located beneath the dermis and
contains a considerable amount of adipose tissue that is
well vascularized and contributes to both the mechan-
ical and the thermoregulatory properties of the skin.

The challenge facing the tissue engineer is to
combine novel materials with living cells to produce a
skin equivalent which is both functional and durable,

hair follicle

nerves

blood vessels

sweat gland

adipose tissue

epidermis

dermis

hypodermis

Figure 1. A schematic of the structure of skin.

414 Review. Tissue engineering of replacement skin A. D. Metcalfe and M. W. J. Ferguson

J. R. Soc. Interface (2007)

Figure 1.1: Schematic structure of the skin. 
(1) Metcalfe 2007
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Many questions in the biology of human HF await to be answered in order to validate 
information gained with murine models, which despite their great similarities, exhibit 
relevant differences to human HFs.  Much work has been done based on immunolabel-
ing, limited however by the availability  of specific antibodies and known molecules.  In 
particular, there is lack of specific markers for the stem cell regions.  Recent efforts to 
characterize the gene expression profile of human hair follicles, using laser microdis-
sected outer root sheath (ORS) keratinocytes, suggested a set of markers to enrich 
keratinocyte stem cells (KSCs) from the bulge (23).  Moreover, this data is controver-
sially discussed for CD200 (27) and CD34 expression (20, 23, 153).

This all indicates that further characterization of different components of human hair fol-
licles is required.

1.1. Hair follicle morphology

The hair follicle (HF) posses self regenerative capacity under normal conditions during 
life time, making this organ an interesting model for stem cell maintenance, differentia-
tion, and relevant epithelial-mesenchymal interactions.

The hair follicle is conformed by 
epidermal, mesenchymal and neu-
ronal crest originated cells.  

The epidermal cells (keratinocytes) 
are organized in a cylindric form to 
finally differentiate into the hair 
shaft.  The mesenchymal compo-
nents form the connective tissue 
sheath (CTS) and the dermal pa-
pilla (DP).  The neural crest origi-
nated cells are melanocytes.  In 
addition, the DP and CTS are rich 
in blood vessels (fig 1.2).

Figure 1.2:  Hair follicle morphology. (Mod Klein 1993)
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The HF is conformed by epithelial cells (keratinocytes), that form six highly  organized 
concentric ring like structures with diverse differentiation stages at the root sheaths.

The root sheaths are formed by distinct epidermal components, and are continuous with 
the epidermis.  The “bulge” is the ORS at which the arrector pili muscle (APM) is at-
tached.  The APM attaches the HF with the epidermis, allowing that the HF stands, pro-
ducing skin goose bumps.

The inner root sheath (IRS) is divided into the cuticule, the Huxley´s and Henle´s layers.  
The Henle´s layer is the first layer of the anagen follicle to keratinize and interfaces the 
ORS.  Huxley´s layer is the major component of the IRS (167) (fig 1.2).

The anagen hair follicle might be 
considered into two sections: The 
permanent region, delimitated by the 
APM muscle insertion, and a non 
permanent region, which undergoes 
regression during the hair growth 
cycle.

The melanocytes reside along the 
outer root sheath, bulge and hair 
matrix, but the pigment is trans-
ferred only from the matrix to the 
hair shaft during the HF growing 
phase.

The mesenchymal components of 
the hair follicle form the dermal pa-
pilla (DP) at the  bulb, and the con-

nective tissue (CT), where the connective tissue fibroblasts form the connective tissue 
sheath (fig 1.3).

Non Permanent Region

Arrector pili muscle 
(APM)

Hair shaft

Sebaceous gland
 (SG)

Connective tissue 
(CT)

Outer root sheath
 (ORS)

Basal Membrane 
(BM)

Inner root sheath
 (IRS)

Epiderm
is

Subcutis

Bulge 
(BLG)

M
ed

ul
a

Matrix

DP

 Permanent Region

Dermal papilla

Bulb

Figure 1.3: Diagram of Hair Follicle morphology. 
The permanent region is delimitated by the insertion point 
of the arrector pili muscle at the bulge (BLG).
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1.2. Human hair follicle morphogenesis 

Hair follicle development including morphogenesis and differentiation with consequent 
hair shaft formation are a result of neuroectodermal-mesodermal interactions, (168, 
169).  In humans, the embryonic skin is formed at <60 days estimated gestational age, 
(EGA) as simple epithelium, and undergoes transition into fetal skin, marked by stratifi-
cation of the epidermis.  The first identifiable scalp hair follicles appear about 4 to 5 
months of fetal age.

The HF morphogenesis is divided into eight developmental stages that are part of three 
principal process: Induction, organogenesis and cytodifferentiation (3) (fig 1.4).

The follicle morphogenesis can be subdivided into three stages: induction and initiation 
(hair germ), elongation (hair peg) and differentiation (bulbous hair peg, and laguno folli-
cle).

Induction
The first morphological structure during follicle formation is the placode (170), recog-
nized as an aggregation of keratinocytes.  Early dermal signals, (BMP inhibitory factors , 
noggin and FGF10/FGF7, receptor FGFRIIIb) (139, 149, 171) and ectodermal Wnt sig-
nals are fundamental in instructing the epidermis to grow downwards and form the hair 
bud or placode (10, 146, 166, 172-174).   

Moreover, a complex negative feedback is suggested by the expression of Wnt inhibi-
tory factor 1 (WIF1) in placodes. Additional signals such as TCF3 (down-regulation) 
(175) and LEF1(up-regulated) (136) are considered markers for placode formation. 

HF development. We then go on to discuss the cross-talks

between the various signaling pathways leading to hair follicle

formation in mice and present a summarizing working

hypothesis.

The morphological and cytodynamic basis
of HF development: an overview
HF formation has been divided into eight distinct develop-

mental stages (0–8), whose fine morphological details in man

and mice are reviewed elsewhere.(9,10) Morphologically, the

initiationofHFdevelopment beginswithwhat has been termed

‘‘crowding’’ of epidermal keratinocytes, which become en-

larged and elongated, and get organized in microscopically

easily recognizable hair placodes (stage 1; see Fig. 1).(10)

Placode formation is succeeded by a condensation of

specialized fibroblasts with inductive properties in the under-

lying mesenchyme. The signaling cross-talk between this

mesenchymal condensate and the epithelial hair placode

Figure 1. Upperpart:Themost-important developmental stagesofmousepelagehair follicles divided in induction, organogenesis and
cytodifferentiation. Below: The best-studied molecular players of each stage. In red are the essential pathways for hair follicle
development, which, when blocked, end at that particular stage. Hair follicles form due to the interaction between the embryonal epithelium
(in yellow) and the underlying mesenchyme (in blue). In the beginning, gradients of activators and inhibitors of hair follicle development
generate awell-circumscribed inductive field (stage 0). Subsequent signals are needed to organize the underlyingmesenchyme giving rise
to the dermal papilla (stage 1–2). The dermal papilla itself sends backmorphogenic and growth signals to the ectoderm to eventually form
the hair follicle (from stage 3 on, organogenesis). Note that, with the exception of Wnt10a and Wnt10b, Wnt stands for probably different
Wnts in eachcasewhose identity is still unknown. TheEdaA1/EdaR/NF-kBpathway is activatedat stage1 (induction; placode formation) at
E14 only in primary guard (tylotrich) hair follicles. Since the current review focuses on hair follicle induction and very early organogenesis,
only molecular players involved in stages 0–2 of hair follicle development are discussed in the text. For reference see GATA3,(91) Fgfr2-
IIIb;(95) homeobox (HMG box) genes HoxC13,(96,97) Sox18,(98,99) Msx1,(100) Msx2;(101,102) and reviews about Hox genes (see Ref. 103 and
references therein). CAPITALS: signaling molecules; italic: transcription factors.

Review articles
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Figure 1.4:  The most important developmental stages of mouse pelage hair follicles 
Schmidt Ullrich 2005 (3)
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TCF3 is required to maintain epithelial progenitor status, while LEF1 is important for fol-
licle morphogenesis.

The dermal signals (DP) determine positioning of placodes and specify  their commit-
ment as shown with inter-species experiments (mice, chicks, humans) (166). 

Organogenesis
Elongation of the hair placode is followed by a condensation of fibroblasts, which is 
shaped by the signaling cross-talk between the mesenchymal aggregate and the epithe-
lial hair placode to form the pre-dermal papilla.  The signaling between epithelial-
mesenchymal components drives proliferation of both structures and allows the forma-
tion of the dermal papilla (DP) in the mesoderm (8, 176); a process that is Sonic hedge-
hog (Shh) gene dependent.  DP formation is followed by starting the down-growth of the 
ectodermal placode.

Elongation of hair germs, continues through the first and the second trimester in hu-
mans when the enclosed DP structure is formed.

Cytodifferentiation
Epithelial cells with a stem cell like character migrate to the base of the follicle and sur-
round the dermal papilla, forming the hair matrix (152), establishing active epithelial-
mesenchymal interactions (EMI), where in response to signals from the DP, matrix cells 
differentiate and move upwards to originate the inner root sheath (IRS) and the fiber 
(177, 178).  The mesenchymal cells remaining along the sides of the follicle become the 
connective tissue sheath (CTS), the mid-region of the follicle is organized into the seba-
ceous gland and the bulge (insertion point for the arrector pili muscle, APM).  The bulge 
defines the permanent and non permanent regions of the follicle during the hair cycle.

The bulbous hair peg is visible at week 15 and the fetal skin is organized into concentric 
layers of the ORS, IRS and hair fiber.  At week 19, the first laguno (embryonal hairs) 
emerge from the skin and define the distribution pattern which is maintained through 
life.

Melanin production, differentiation of keratinocytes into sebocytes or precursors of the 
apocrine (sweat) gland are suggested during this stage as well.  The distal follicle epi-
thelium is populated by immigrating Langerhans cells and T cells and an increasing 
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number of mast cells and macrophages home into the HF at the perifollicular mesen-
chyme (3).

The mature hair follicle is finally  formed by seven concentric rings of terminally differen-
tiating cells derived from the matrix cells and surrounded by  the cortex and the cuticule 
of the hair shaft.  The dermal papilla is localized at the bulb separated from the hair bulb 
by its surrounding basement membrane.  The DP is surrounded by melanocytes and 
matrix cells which continue to proliferate and differentiate, yielding a period of active 
growth known as anagen.

1.3. Hair follicle cycle

Cycling is a unique characteristic of the hair follicle in mammals and seems to be ge-
netically programmed by the proliferation and differentiation timing of the matrix cells (4, 
166), the size and stimulatory output of the dermal papilla and external factors during 
growing (anagen) phase.

The principal phases of the follicle cycle are anagen (growing), catagen (regression),  
and telogen (resting) (Fig 1.5).

Anagen
Anagen is the active phase of the HF, and extends from the termination of the inactive 
phase, telogen, to the beginning of the regressing phase, catagen. This phase involves 
the complete re-growth or regeneration of the lower, cycling portion of the follicle.  The 
epidermal cells surrounding the dermal papilla form the germinal matrix are constantly 
dividing, and as new cells are formed they push the older ones upward and eventually 
out.  During this phase the hair scalp  grows about 1 cm every 28 days.  Since there is a 
limit to the time a follicle stays in anagen, there is also a limit to the length of the hair 
shaft.
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The anagen phase is further 
subdivided into six sub-
stages. These are:

Stage I: growth of the der-
mal papilla and on-set of mi-
totic activity in the germ-like 
overlying epithelium

Stage II: bulb  matrix cells 
envelope the dermal papilla 
and begin differentiation.

Stage III: bulb matrix cells 
show differentiation into all 
follicular components.

Stage IV: matrix melano-
cytes reactivate.

Stage V: hair shaft emerges 
and dislodges telogen hair.

Stage VI: new hair shaft 
emerges from skin surface.

Although the sub-stages were initially described for the mouse, the same sequence of 
phenomena can be observed in other animals and in humans. There is generally little 
variation in the duration of each stage between species, except for anagen VI, which is 
the period during which the hair is produced at its maximum rate (4).

Anagen to catagen transition
The matrix cells are referred to as transient-amplifying cells because they undergo a 
limited number of cell divisions before differentiating.  Some molecular regulators of the 
anagen to catagen transition have been identified, but their exact mechanism of activity 
is still unknown.  Fibroblast growth factor-5 (Fgf-5) may trigger catagen onset in mice 
follicles.
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 Development and Cycling of Hair Follicles.
Selected stages of the morphogenesis of hair follicles and the three stages of follicular cycling (anagen, catagen, and telogen) are
shown. The roman numerals indicate morphologic substages of anagen and catagen. The pie chart shows the proportion of time
the hair follicle spends in each stage.
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Figure 1.5: Development and Cycling of hair follicles. 
Paus 1999 (4)
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In humans, transforming growth factor-β 2 (TGF-β2) expression is increased in DP cells 
during catagen induction.  TGFb2 suppresses epithelia cell proliferation, and induces 
subsequent apoptosis of epithelial cells, inducing catagen.  Highly coordinated proc-
esses of TGFb molecules for regulation of proliferation and apoptosis are suggested 
based on their expression through the catagen induction in a process that might be in-
duced by androgen (dihydrotestoterone) in scalp follicles (13, 179).

There is also an increase in the number of deeply situated perifollicular mast cells. 
(Mast cells play an important role in the body's allergic response).

Catagen
During catagen stage, the hair follicles undergo a controlled process of involution, which 
is a process of progressive degeneration.  The involution process is due to a pro-
grammed cell death (apoptosis) in the majority of follicular keratinocytes (16). Follicular 
melanogenesis (formation of melanin) also ceases during this stage, and some follicular 
melanocytes undergo apoptosis (58). Towards the end of the catagen stage, the DP 
moves upward, coming to rest beneath the hair-follicle bulge.

The mechanisms that control the apoptotic process in the diverse cell compartments 
during this regression phase have been reviewed elsewhere (180).

Telogen
Telogen is considered the resting stage or the period of quiescence in the hair follicle 
cycling process.  When hair follicles enter telogen and stop making hair, they lump their 
last cells onto the end of the fiber.  This lump of cells acts as an anchor to hold the hair 
fiber in the tube of the hair follicle.  The hair is now called a "club" hair as the lump of 
cells on the end gives it a club like appearance.  This non living hair is attached to the 
skin with a "club-like" root, but will eventually  be pushed out and replaced by a new 
growing hair, usually during combing or washing.  The telogen stage typically lasts for 
two to three months before the scalp  follicles enter the anagen stage and the cycle is 
repeated.

Exogen
Shedding of hair is another important aspect of hair growth.  As the shedding phase 
takes place independent of telogen and anagen, it probably utilizes a separate set of 
controls; and has been given a distinct name, “exogen” in hair biology.  Exogen is a 
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highly controlled and timed event in mammals that shed on a seasonal basis.  This fea-
ture is a protective mechanism, which minimizes the possibility  of shedding the protec-
tive fur before new fur is available.  Some researchers noted that it is not unusual for 
human telogen hairs to be retained for more than one follicular cycle.  This observation 
suggests that the anagen phase and the exogen phase are independent events.

1.3.1. Regulators of hair follicle cycle

The regulation of the HF cycle, has been broadly studied, essentially  using murine 
models, where chasing and functional assays are viable.  Although these data is com-
monly extrapolated to the human cycle, fine differences require caution and further cor-
roboration in human follicles.  A broad list of literature is available for diverse factors that 
drive anagen to catagen transition but, how the diverse signals activate potential pro-
genitor cells is still not understood (181).  Table 1.1 lists several modulating factors and 
suggest further literature on the HF cycle regulators.

Table 1.1: Molecules involved in the control of hair follicle cycle.

Regulator of the HF cycle Organism shown Reference

Agonist of Anagen  (5)

VEGF, FGF5, IGF-1, KGF Mice  (6, 7)

Shh. Gli1 Mice  (8)

PDGF / PDGFR Human  (9)

β-catenin Mice  (10)

BMPs Mice  (11)

Antagonist of anagen

FGF5 , THBS  (5)

Catagen inducers

TGFb2 Human  (12-14)
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Table 1.1: Molecules involved in the control of hair follicle cycle. 

Regulator of the HF cycle Organism shown Reference

IL1-β, TNFalpha, TGF-β 1 Mice

Regulators of Hair cycle

K17 /TNFalpha Mice  (15)

Apoptosis regulators Mice  (16-18)

Reviews: Modulators of HF cycle in 
humans 

Human  (2, 4)

1.4. Stem cell niches in human hair follicle

The stem cells are defined as cells that have the capacity to self-renew and generate 
functional differentiated cells (transient amplifying cells) that replenish lost cells 
throughout an organism´s lifetime.  After birth, adult stem cells reside in special micro-
environment termed the “niche”, a term first proposed in 1978, Schofield, who describes 
it as the physiologically limited microenvironment that supports stem cells (182) and 
which is composed of the cellular components of the microenvironment surrounding 
stem cells as well as the signals emanating from the support cells (19).

There are three stem cell niches suggested in the hair follicle:  The epithelial (183), the 
melanocytic at the bulge and/or at the secondary germ (184, 185), and the mesenchy-
mal niche at the dermal papilla (157, 177, 186).

The hair follicle epidermal stem cell niche was one of the first localized in mammals, 
based on the adult stem cells ability  to retain BrdU or 3H-thymidine labels (183).  The 
bulge is localized in the outer root sheath, at the insertion point of the arrector pili mus-
cle (APM) and delimitates the permanent region of the HF.

This epithelial stem cells are multipotent, giving rise to daughter cells that either migrate 
upward to serve as epidermal progenitors for generating epidermal cells during wound 
repair or migrate downward to convert to hair-matrix progenitors (transient amplifying 
keratinocytes (187), which give rise to hair shaft (178, 188, 189) (fig 1.6).
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The bulge area is defined as a 
growth and differentiation restricted 
environment defined by  the pres-
ence of growth inhibitor factors such 
as TGFβ/BMP antagonists (noggin, 
chordin, follistatin) and cell cycle in-
hibitors, and the components of the 
Wnt signaling pathways, including 
inhibitors (DKK, Wif1 and sFRP) 
(190).  There are several reports 
that recognize the bulge cells as 
quiescent cells important for the hair 
follicle cycling (24, 26, 178, 183), 
(fig 1.7 left).

A different theory suggests that bulge cells migrate from the base of the telogen follicle 
to the bulb during anagen onset, and then migrate back up  during catagen.  Although no 
evidence (e.g. label retaining cell studies or lineage analysis) has been presented at the 
bulb of catagen follicles, the secondary germ cells appear to arise from the lowest part 
of the bulge during catagen and repopulate the bulge following injury of the bulge cells 
by hair depilation.  

This theory  supports that 
keratinocytes can “dedifferen-
tiate” to a stem cell state in 
response to wounding (20, 
185) (fig 1.7, right).  In both 
theories (fig 1.7), the signals 
from the dermal papilla are 
required to activate the epi-
dermal stem cells (155, 156, 
191).

ANRV255-CB21-25 ARI 8 September 2005 17:11

Figure 5
Illustration of the epidermal stem cells. Stem cells are located in the bulge region of the hair follicle
beneath the sebaceous gland. Upon activation, stem cells undergo division; the daughter cells retained in
the bulge remain as stem cells while other daughter cells migrate down to become hair-matrix
progenitors responsible for hair regeneration. In neonatal mice or in damaged skin, stem cells can also
migrate upward and convert to epidermal progenitors that replenish lost or damaged epidermis. The
bulge area is an environment that restricts cell growth and differentiation by expressing Wnt inhibitors,
including DKK, Wif, and sFRP as well as BMPs. During the early anagen phase, Wnts from dermal
papilla (DP) and Noggin, which is derived from both DP and bulge (J. Zhang & L. Li, unpublished data),
coordinate to overcome the restriction signals imposed by both BMPs and Wnt inhibitors; this leads to
stem cell activation and subsequent hair regeneration. The FGF and Notch pathways are also involved in
DP function for hair-matrix cell proliferation and lineage fate determination, but their influence on
stem cells is not clear.

targeting and transgenic models to reveal that
signaling molecules, including Wnts, Notch,
and BMPs, have important roles in the reg-
ulation of HF development and regeneration
(Fuchs et al. 2001, Jones et al. 1995, Lavker
et al. 1993, Watt 2001).

Among these various signaling molecules,
two family members are prominent, reflect-
ing their important roles in controlling stem
cell behavior. One is the Wnt signaling
pathway which, through regulating !-catenin
activity, controls stem cell activation, fate
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Figure 1.6: Epidermal stem cells niche (bulge) 
Li 2005 (19)

responsible for continual epidermal
renewal appear to reside in the center
of the EPU, and testing of this concept
in unmanipulated pelage epidermis of
the mouse supports this view (Ito et al.,
2005).

Similar to the epidermis, the hair
follicle generates a terminally differen-
tiated keratinized end product, the hair
shaft, that is eventually shed. Tracing
back a hair shaft cell to its origin in
adult skin is not straightforward. In
contrast to epidermis, the follicle un-
dergoes cyclical regeneration, and has
a more complicated proliferative pro-
file and architecture with at least eight
different epithelial lineages (Figure 1).

Hair is formed by rapidly proliferat-
ing matrix keratinocytes in the bulb
located at the base of the growing
(anagen) follicle. The duration of ana-
gen varies drastically between hairs of
differing lengths. For example, mouse
hair follicles and human eyebrow hair
follicles stay in anagen for only 2–4
weeks while scalp follicles can remain
in anagen for many years. Neverthe-
less, matrix cells eventually stop pro-
liferating, and hair growth ceases at
catagen when the lower follicle re-
gresses to reach a stage of rest (telogen).
After telogen, the lower hair-producing
portion of the follicle regenerates,
marking the new anagen phase. Gen-
erally, in parallel to anagen onset in
humans, the hair shaft is shed during
the exogen stage (Milner et al., 2002).

As the lower portion of the follicle
cyclically regenerates, hair follicle stem
cells were thought to govern this
growth. Historically, hair follicle stem
cells were assumed to reside exclu-
sively in the ‘‘secondary germ’’
(Figure 2), which is located at the base
of the telogen hair follicle. It was felt
that the secondary germ moved down-
ward to the hair bulb during anagen
and provided new cells for production
of the hair. At the end of anagen, the
secondary germ was thought to move
upward with the dermal papilla during
catagen to come to rest at the base of
the telogen follicle. This scenario of
stem cell movement during follicle
cycling was brought into question
when we identified a population of
long-lived presumptive stem cells,
using label retaining cell methods, in

an area of the follicle surrounding the
telogen club hair, and not in the hair
bulb (Cotsarelis et al., 1990). That the
presumptive stem cells localized to a
previously defined area called the
bulge was not appreciated until I read

a description of the human embryonic
follicle by Pinkus (1958)

This bulge, often the most conspi-
cuous detail of the young germ, is as
large as the bulby. The function of
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Figure 1. Hair follicle cycle and anatomy. The hair follicle cycle consists of stages of rest (telogen), hair
growth (anagen), follicle regression (catagen), and hair shedding (exogen). The entire lower epithelial
structure is formed during anagen, and regresses during catagen. The transient portion of the follicle
consists of matrix cells in the bulb that generate seven different cell lineages, three in the hair shaft, and
four in the inner root sheath (IRS). Abbreviations: B, bulge; DP, dermal papilla; H, hair; IRS, inner root
sheath; M, matrix; ORS, outer root sheath; S, sebaceous gland; Sec Grm, secondary germ.
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Figure 2. Location of hair follicle stem cells: two models. In one view, the ‘‘secondary germ cells’’,
named for their similarity to primary germ cells present during development, were thought to contain the
stem cells for the follicle. It was assumed that these cells migrated from the base of the telogen follicle to
the bulb during anagen onset, and then migrated back up during catagen. To date, no direct evidence
(e.g. label retaining cell studies or lineage analysis) has been presented that any epithelial cells in the
bulb survive during catagen. The secondary germ cells found at the base of the telogen follicle appear to
arise from the lowermost portion of the bulge at the end of catagen (Ito et al., 2004). Based on
morphology, the telogen secondary germ generates the new hair and inner root sheath (IRS), although this
needs to be addressed experimentally. The origin and fate of the matrix keratinocytes in the bulb, which
possess an undifferentiated phenotype is an area worthy of exploration. It is not known whether bulge
cells migrate down the follicle during anagen to continuously supply the matrix cells with new cells, or
whether the matrix cells self-renew throughout anagen. Abbreviations: B, bulge; DP, dermal papilla; IRS,
inner root sheath; Sec Grm, secondary germ.

1460 Journal of Investigative Dermatology (2006), Volume 126

G Cotsarelis
Epithelial Stem Cells

Figure 1.7: Localization of hair follicle stem cells: two models. 
Abbreviations: Sec Germ, secondary germ; B, bulge; IRS, inner 
root sheath; DP, dermal papilla.
Cotsarelis 2006 (20)
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In addition, the dermal sheath (connective tissue) derived from mesenchymal cells ad-
jacent to the bulge, have been suggested to provide a niche function at the bulge (19), 
with both the DP and the connective tissue adjacent to the bulge as part of the stem cell 
niche in a HF stage dependent manner.  This correlates with the theory that the bulge 
itself signals the surrounding cells to develop niches (21, 190) (fig 1.8).

Figure 3. Signaling between Stem Cells and Their Niche

Several key concepts about the stem cells and their niches are illustrated here, using the follicle

bulge niche as a model.

(A) The niche is a quiescent and differentiation-inhibited environment. Shown are three

follicles from the skin of a transgenic mouse engineered to regulate histone H2B-GFP (green)

under the control of a tetracycline responsive transcription factor (Tumbar et al., 2004). After

four weeks of postnatal H2B-GFP expression, the gene was shut off, and four weeks later, the

skin epithelium was removed, treated with a red fluorescent dye that intercalates into cellular

membranes, and visualized by fluorescence microscopy. [courtesy of Valentina Greco].

(B) The niche microenvironment undergoes changes in response to various external cues. At

the start of each hair cycle, signaling between the bulge and the dermal papilla (DP) (blue

arrow) stimulates the stem cells to differentiate downward and regrow a new hair follicle. In

response to wounding (pink arrow), the stem cells are stimulated to differentiate upward to

reepithelialize the skin epidermis.

(C) Model for how stem cells and niche cells may develop and be maintained in a tissue.

Transcriptional profiling of the label-retaining cells (LRCs) in the bulge suggests that stem

cells not only receive signals from their niche, but may also signal to the surrounding niche

cells (Tumbar et al., 2004). In parentheses some of the genes are upregulated by 2X in LRCs

versus their closely related progeny. Some secreted factors (e.g., BDNF and CTGF) are

potentially stimulatory for the niche rather than the stem cells. The ability of stem cells to signal

to prospective tissue niche cells and vice versa provides insights into how niches may develop

within a tissue.

Fuchs et al. Page 16

Cell. Author manuscript; available in PMC 2008 May 30.
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Figure 1.8: Model for bulge stem cells organization, A model for how stem cells and niche cells might 
develop and be maintained in a tissue,  based on genes that are higher regulated in bulge cells vs their 
closely related progeny, Murine data. Fuchs 2004 (21)
Abbreviations:  Ep, epidermis; BL, basal lamina; SG, sebaceous gland; DP, dermal papilla; BV, blood 
vessel.

Molecular analysis based on targeting and transgenic models, have revealed that sig-
naling molecules, including Wnts, Notch, and BMPs, have important roles in the regula-
tion of HF development, regeneration and stability (192-195).

The wnt signaling pathway controls stem cell activation through regulating β-catenin by 
favoring HF over epidermal cell lineages (19, 138, 146, 188, 196).  The BMP signaling 
pathway, although required for HF differentiation, opposes the Wnt signaling, and re-
stricts the activation of stem cells, favoring the epidermal fate (11, 197, 198).  These ob-
servations also support the theory that coordination of these events are required to initi-
ate each hair cycle (19, 199).
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The molecular principles that govern the hair morphogenesis have been partly clarified, 
most of them in murine models.  Markers for every differentiation stage in mice (18) are 
missing until to date and the revealed mechanisms in mice models are summarized in 
(3).

1.5. Epithelial-mesenchymal interactions are essential in HF biology

Reciprocal Epithelial-mesenchymal interactions (EMI) are essential for the fate induction 
of various epithelia, HF morphogenesis and growth cycle (20, 166, 200).  This concept 
is previously mentioned in the bud formation and elongation during HF morphogenesis 
and the formation of a new anagen HF (26, 174, 201, 202), it is also involved in the in-
duction of the regressing phase (Catagen) (13, 179).

Although the precise mediators of these EMI are not defined, secreted Wnt ligands 
might be one of the first signals involved in the communication (203).  Many of the EMI 
systems are regulated by a set of genes (morphogenic molecules: FGF, TGFβ, shh, 
wnt, hox gene families) also present in HF during cycling (2, 204).  In this work the 
expression analysis of two pathways is principally analyzed in epidermal and mesen-
chymal HF cells.  The wnt and TGFβ-BMP signaling pathways for which accurate syn-
chronization is required for maintenance of stemness and differentiation process is also 
required for HF formation (135, 190).

These pathways regulate each other (signaling cross-talk) which makes more complex 
to understand the functioning of them in a highly cycling organ such as the hair follicle 
(22).

1.5.1. Wnt signaling pathway

Wnt/β-catenin signaling pathways have been shown to control the specification, main-
tenance and activation of stem cells and deregulation of this pathway results in cancer.

There are three branches of the Wnt signaling pathway: the β catenin pathway (canoni-
cal pathway); the planar cell polarity pathway, and the Wnt/Ca2+ pathway.
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The Non-canonical Wnt pathway, lack of wnt ligand stimulation and leads to the epider-
mal cell fate during HF morphogenesis.

Planar cell polarity (PCP) signaling leads to the activation of the small GTPases RHOA 
(RAS homologue gene-family member A) and RAC1, which activate the stress kinase 
JNK (Jun N-terminal kinase) and ROCK (RHO-associated coiled-coil-containing protein 
kinase 1), leads to remodeling of the cytoskeleton and changes in cell adhesion and 
motility.  WNT-Ca2+ signalling is mediated through G proteins and phospholipases and 
leads to transient increases in cytoplasmic free calcium that subsequently activates the 
kinase PKC (protein kinase C) and CAMKII (calcium calmodulin mediated kinase II) and 
the phosphatase calcineurin.

In absence of Wnt, unbounded β-catenin is phosphorylated by the Gsk3β (glycogen 
synthase kinase 3β) kinase complex and degraded via the ubiquitin-proteosome path-
way.  The DNA-binding protein of the Lef-1/Tcf family will not start transcription without 
complexing β-catenin.

In the canonical pathway 
secreted Wnt ligands binds 
to a specific family  of seven 
transmembrane receptors, 
the frizzled (FZ) proteins 
and to its coreceptors from 
the low density lipoprotein 
receptor-related protein 
(LRP) family, LPR5/6.  Wnt 
leads to stabilization of cy-
toplasmic β-catenin by inac-
tivation of the Gsk3β kinase 
complex via the now acti-
vated dishevelled (Dsh) pro-
tein.  Stabilized phosphory-
lated β-catenin is translo-
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Figure 1.9: Wnt signaling pathway.
Left panel: lack of Wnt stimulation describes the non canonical wnt 
pathway, and leads to epidermal cell fate.  The right panel: or Ca-
nonical wnt pathway, describes the activation and subsequent tran-
scription of target genes, which leads to hair follicle fate.
SchmidtUllrich 2005(3)
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cated into the nucleus and complexed with the DNA-binding protein Tcf/Lef, that carries 
out its transactivational activity (205).  Target genes of the canonical Wnt pathway in-
clude key  cell cycle regulator such as cyclin D and c-Myc (involved in melanogenesis), 
but also hair specific keratins and leads to transcription of target genes which, leads to 
HF fate (fig 1.9) (192).  The β-catenin/Tcf/Lef target gene activity is commonly used as 
“Wnt reporter activity”, moreover it is necessary to keep in mind that β-catenin can be 
stabilized by non-Wnt mechanisms (206).  The down-stream effector of the canonical 
Wnt pathway, β-catenin, is a major structural protein in the adherens junction of the cell 
where it forms complexes with cadherins and thus it is cell-cell communication.

Wnt signaling is altered by inhibitors such as Dkk (Dickopf, Dkk1), and secreted frizzled 
related protein (sFRPs) and co-receptor like Lrps (3) and smad 7(mediates β-catenin 
degradation) (207).

1.5.2. TGFβ signaling pathway

A wide spectrum of cellular functions such as proliferation, apoptosis, differentiation and 
migration are regulated by 
TGF-β fami ly members 
(TGF-β, BMP, GDF and ac-
tivin).  TGF-β family member 
activate two distinct signaling 
pathways from cell surface 
receptors to the nucleus.  
Types I and II receptors are 
necessary for ligand binding.  
The type II receptor kinase 
phosphorylates the type I re-
ceptor upon ligand binding 
and then type I receptor ki-

nase activates R-Smad, Smad2, or Smad 3.  The phosphorylated R-Smad becomes 

pathway. In addition, the latest member of this
family to be discovered, caspase-14, is specifically
localized in mouse and human skin and has been
suggested as a participant in terminal differentia-
tion of keratinocytes [18—21].

It is crucial to understand the precise pathway(s)
leading to the apoptosis of follicular epithelial cells.

2.2. Localization of TUNEL-positive cells
during the anagen–catagen transition

Precise analysis of apoptotic cell death during the
transition phase has revealed that sequential cell
death occurs from the lower bulb to the upper
outer root sheath (ORS) until the formation of club
hair [22]. In late anagen to very early catagen
follicles, some cells in the lower part of Henri’s
layer and the middle of Huxley’s layer are TUNEL-
positive. The positive reaction seems to be related
to keratinizing areas. In the very early catagen hair
follicles, there is a slight increase of TUNEL-posi-
tive cells around the dermal papilla. In early cata-
gen hair, indention of the epithelial component
just above the DP becomes obvious and this
portion is strongly positive for TUNEL reaction,
showing broad and profound apoptotic cell death
at this stage. In mid-catagen, when the long
epithelial strand is formed, strongly TUNEL-posi-

tive cells appear in the upper area of the epithelial
component and a part of the lower regressing
strand. These features clearly show the elimina-
tion of follicular keratinocytes by apoptotic cell
death.

3. TGF-b plays essential roles

3.1. Mechanism of TGF-b signal
transduction

The TGF-b family contains two subfamilies, the
TGF-b/activin/nodal subfamily and the BMP/GDF/
MIS subfamily [23]. They are potent cytokines,
which control a plethora of biological reactions
[24—26]. They are also known to be inducers of
apoptosis in certain cell types [27]. The biological
roles of TGF-b and its signaling mechanisms have
been extensively studied and reviewed elsewhere.
Fig. 2 shows a schematic diagram of the signal
transduction pathway for TGF-b. Briefly, a TGF-b
ligand binds to TGF-b receptors type I and type II,
and type II receptor phosphorylates type I receptor,
leading to its activation [28]. TGF-b signals are
mediated via two pathways, Smad [26] and/or
TAK1 [29]. Three classes of Smads, the receptor-
regulated Smad (R-smad), the co-mediator Smad

Fig. 2 TGF-b signal transduction. There are two distinct signaling pathways from cell surface receptors to the
nucleus. Types I and II receptors are necessary for ligand binding. Type II receptor kinase phosphorylates type I
receptor upon ligand binding and then type I receptor kinase activates R-Smad, Smad2 or Smad3. The phosphorylated
R-Smad becomes associated with Co-Smad, Smad4, and the active Smad complex recruits transcription machinery.
Another cascade includes an MAPKKK, TAK1. TAK1, in association with the activator TAB1, phosphorylates MAPKKs,
including MKK4 and MKK7, leading to the activation of MAPK, JNK and/or p38 kinase.

Role of TGF-b2 in the human hair cycle 11

Figure 1.10:  TGB-β signal transduction. Hibino 2004 (13)
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associated with Co-Smad, Smad4.  The Smad complex activates specific genes 
through cooperative interaction with other DNA-binding proteins in the nucleus.

Another cascade includes MAPKKK and TAK1.  TAK1 in association with the activator 
TAB1, phosphorylates MAPKKs, including MKK4 and 7, leading to the activation of 
MAPK, JNK and / or p38 kinase (13) (fig 1.10).

TGF-β signalling has been described to control hair growth and transition from anagen 
to catagen by increasing expression of TGF-β2 in DP cells (13).

Bone morphogenic proteins activation by BMPRII results in mobilization of member of 
the SMAD family  of proteins (SMAD1, SMAD5, SMAD8).  Ligand inhibitors for BMPs 
are Noggin, chordin and DAN, while for TGF-β ligands, (LTBP1, THBS1 and decorin) 
and for activin A (follistatin).  BMPs signaling has been shown to inhibit anagen induc-
tion by antagonizing Wnt/β-catenin activity  (208) and BMPR1A deficiency enhances β-
catenin stabilization in the epidermal HF niche, which suggests that BMP sustains 
stemness in the bulge niche by blocking activation, moreover balancing BMP signaling 
in the SC niche seems essential, since is also involved in promoting premature HF dif-
ferentiation (209).

BMP pathway are known to be 
required for the interaction be-
tween DP cells and Matrix 
keratinocytes to maintain the 
anagen state of hair follicles   
synergistically  with the inacti-
vation of Wnt by DKK1 and 
DKK2 (14).  Coordinated in-
teraction between TGFβ-BMP 
(controlled by SMAD proteins) 
and Wnt pathway drives hair 
follicle from growing anagen 
phase to degrading catagen 
and defines activation or qui-
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activin/Vg1-like (members of the TGF-! subfamily) and 

Wnt activity, and inactivation of either pathway leads to 

significant reduction in Xtwn transcription [127]. The two 

pathways were found to converge at the promoter of Xtwn, 

where Smad4, !-catenin, and Lef1 form a complex and 

bind to adjacent regulatory elements to co-regulate Xtwn 

expression. The interaction between Smad4 and !-catenin 

is mediated by Lef1, and their cooperation was soon cor-

roborated in mammalian cells [128]. Interestingly, not all 

Wnt target genes in the same organizer cells are regulated 

by Smad4 [127], and neither Xtwn nor Xsia is affected 

by BMP, which also signals through Smad4 [129]. These 

findings suggest that cross-talk between the transcription 

(co)factors of different pathways is target gene-specific 

and is dependent on the context of target gene promoters 

as well as other relevant co-factors (Figure 3). 

Besides Xtwn and Xsia, several other genes are jointly 

regulated by Smads and !-catenin/Lef in a similar manner 

as described above. During mouse embryonic development, 

Wnt and BMP collaborate to upregulate the Emx2 and Msx2 

genes that play important roles in neural development, 

and critical elements in the promoters of both genes were 

found co-occupied by the Smad/!-catenin/Lef1 complex 

[130, 131]. In human embryonic carcinoma cells, Msx1, 

Msx2, and Id2 were synergistically induced by Wnt3-A 

and BMP-4 [132]. In mouse gastric cancer cells, the pro-

tumorigenic protein gastrin is activated by both Wnt and 

TGF-! [133]. Interestingly, although the promoter of gas-

trin contains both Smad and Lef/Tcf binding sites, either 

site alone is sufficient to recruit the Smads/!-catenin/Tcf4 

complex. Smads and !-catenin/Tcf4 can function as mutual 

co-factors, and the interaction between these proteins is 

thought to be stabilized by the p300 co-activator protein 

[133]. The implication of cooperative TGF-! and Wnt 

signaling in tumor progression has recently been examined 

by Labbé et al. [134], who identified several shared target 

Figure 3 TGF-!/BMP and the Wnt pathway. The most common format of TGF-!/Wnt cross-talk occurs in the nucleus, where the 

Smad and Lef/!-catenin synergistically regulate a set of shared target genes. TGF-!/BMP and Wnt can determine the ligand 

production of each other (see text and Figure 4). In addition, protein interactions in the cytoplasm (such as Smad7-Axin binding) 

also link the two pathways in various settings.
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Figure 1.11: Signaling cross talk between TGFb-BMP and 
Wnt pathways.  Smad and Lef/β-catenin synergistically regulate 
a set of shared target genes.  These two pathways can determine 
the ligand production of each other, and protein interactions in the 
cytoplasm (Smad-7-Axin) also links these pathways.
Guo 2009 (22)
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escence of bulge cells (207) (fig 1.11).

Maintenance of an active Wnt pathway is essential for the maintenance of HF induction 
capacity, BMP must be blocked to allow Wnt activation.  Blockage of BMP in hair follicle 
has been reported to involve molecules such as noggin (blockage of BMP4) and 
FGF10, FGF7 and FGFRIII.

The relevance of the TGF-β  pathway for normal hair follicles was shown already for 
more than 20 years (210), nevertheless the complexity  of the regulation of this pathway 
in HF is not completely understood.  The TGF-β pathway is required for hair placode 
formation, epidermal development (207), apoptosis during hair follicle regression (13, 
211) and keratinocyte proliferation control (212).  It is related as well to maintenance of 
the bulge cells quiescent character (26).

1.5.3. p53 signaling pathway

The activation of the tran-
scription factor p53 is in-
duced by a number of stress 
signals, including DNA dam-
age, oxidative stress and ac-
tivated oncogenes.  The p53 
protein is employed as a 
transcriptional activator of 
p53-regulated genes which,  
results in three major out-
puts: cell cycle arrest, cellu-
lar senescence or apoptosis. 
Other p53-regulated gene 
functions concern the repair 

of damaged DNA or setting up positive and negative feedback loops that enhance or 
attenuate the functions of the p53 protein and integrate these stress responses with 
other signal transduction pathways (fig 1.12).

Figure 1.12: P53 signaling 
p53 binds DNA and activates expression of several genes encoding 
for p21 (WAF1) that binds to G1-S/CDK and S/CDK important for 
G1/S transition, inhibiting their activity.
http://p53.free.fr/p53_info/p53_Pathways.html
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Two homologues of p53 are known; p63 and p73.  The p63 tumor suppressor is a tran-
scription factor that regulates the progression of the cycle and apoptosis in response to 
environmental stimuli such as DNA damage and hypoxia. p63 is required for normal de-
velopment of the epidermis and HF formation and is highly expressed in the basal (pro-
genitor) layers of many epithelial tissue, such as cornea (48), epidermis (35) and as a 
signal necessary to specify  HF stem cells (213, 214).  In hair follicles, p53 is also in-
volved in apoptosis and is essential for chemotherapy-induced hair loss (215) and is as-
sociated with hair follicle regression by mediating apoptosis (216, 217).

1.6. Epidermal originated cells (outer root sheath)

The epidermal components of the hair follicle are organized in a cylindric structure, with 
different grades of differentiation.  The outer most layer is the outer root sheath (ORS) 
and this work concentrates on the characterization of this layer due to their cellular 
composition and stem cell potential.

The ORS is established early during HF morphogenesis by the downward migration of 
epithelium and maintains itself contrary  to the rest of the keratinocytes layers (IRS and 
shaft), independent of the bulbar matrix by basal cell growth (218).

The ORS thickness variates along the anagen HF, single layered above the bulb, but 
multilayered at the sebaceous gland (SG) level with characteristic cuboidal cells and 
high glycogen expression (fig 1.13).

The quiescence state of the ORS keratinocytes have been disputed, due to their active 
role in hair cycle control and their quiescent state at the bulge.  The basal cells of the 
ORS below the sebaceous duct divide and replenish this layer (219) and might produce 
catagen inducing factors (6, 220).  Moreover, recent reports have further confirmed that 
there is a subpopulation of the bulge which, is not permanent and undergo apoptosis 
during catagen (185), suggesting that the bulge population is not uniform.
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The bulge:  Unna (1876) named the bulge area 
of the adult hair follicle the hair bed (Haarbett) 
believing that the club hair became implanted 
there and derived additional growth from it.  
Stöhr gave it the name “Wulst” (bulge or swel-
ling) and has been defined to mark the end of 
the permanent region of the hair follicle (20) (fig 
1.13).

In mouse follicle the shape of the bulge results 
form displacement of the outer root sheath (ORS) by the club hair.  In human follicle, the 
bulge appears as a true thickening of the ORS, but becomes less apparent with age 
(20).

The bulge is recognized as the epithelial and melanocytic stem cell niche of hair follicles 
(53, 221) and is defined based on the following parameters:

Quiescence:  Is a major stemness characteristic, and is defined by bulge stem cells 
label-retaining capacity (24, 26, 178, 183), but which during anagen onset leave the 
niche and proliferate.

Colony-forming efficiency (CFE): Is thought to correlate to the number of SCs in a tis-
sue, although the calculation of the transient amplifying cells and SCs, is controversial 
in human HF due to the long anagen (222) stage and in vitro modifications caused by 
used culture conditions to maintained the cells.

Multipotency: Bulge cells can differentiate into all epithelial cell types in the lower hair 
follicle (26), whether all bulge cells have the same potential or how many are required 
for HF formation, remains an enigma (189, 223).

The bulge contributes to the epidermis under wounding conditions.  When combined 
with neonatal dermal cells, murine bulge cells maintain their SC character in vitro (20).

Molecular signature of stemness: Expression of adhesion molecules involved in stem 
cell niche interaction, expression of TGFβ /BMP inhibitors (10, 23, 200) and Wnt path-
way inhibitors, and active Shh signaling pathway (200).
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area. By combining positive and negative selection markers iden-
tified on bulge cells by microarray analysis and confirmed by 
immunohistochemistry, we enriched living human bulge cells 
and assessed their biological behavior in an in vitro colony-form-
ing KSC assay. This report describes the systematic transcription-
al profiling of human bulge cells and the first demonstration to 
our knowledge of directed enrichment of putative human hair 
follicle stem cells.

Localization of LRCs defines the human anagen hair follicle bulge region. 
Our initial goal was to isolate the KSC-enriched cell population 
from the bulge area of human hair follicles and compare global 
gene expression patterns to those of other defined regions of 
human follicles. Since slow-cycling LRCs are believed to represent 
stem cells and to be located in the bulge area of rodent follicles 
(3, 5–7), we used the distribution of LRCs in human follicles to 
define the boundaries of the human bulge. For the detection of 
LRCs in human hair follicles, human scalp samples were trans-
planted onto the backs of nude mice and labeled by continuous 
BrdU administration (13). After completing the 4- to 6-week label-
ing and 10- to 12-week washout periods, xenografts were har-
vested, and serial transverse (horizontal) sections were prepared 
to accurately localize LRCs. LRCs were detected in the outermost 

layer of the ORS above the arrector pili muscle insertion point and 
below the sebaceous gland (Figure 1, A and B). Thus, the location 
of the sebaceous gland defines the upper border and the arrector 
pili muscle insertion point defines the lower border of the human 
anagen bulge (Figure 1, B and D). We subsequently determined 
that the anatomical location of LRCs in human follicles could be 
defined in frozen sections using the mAb C8/144 (cross-reactive to 
keratin 15 [KRT15]) (13); the anti-desmin mAb D33, which detects 
the arrector pili muscle; and the location of the sebaceous gland 
(Figure 1, C and D). C8/144B stained KRT15 in the outermost 
layers of the ORS below the upper level of the sebaceous gland, 
but the staining did not always extend inferiorly to the arrector 
pili muscle insertion point (Figure 1D). Since LRCs were present 
in the ORS at the level of the arrector pili muscle insertion site 
in the xenografting study (Figure 1B), the anti-desmin mAb D33 
was necessary to identify the insertion point and define the lower 
boundary of the human bulge (Figure 1C). For the purpose of this 
study, the human bulge corresponds to the KRT15+ ORS extend-
ing precisely from the region of the sebaceous gland to the arrector 
pili muscle insertion site (Figure 1D). Approximately 20% of ORS 
cells in the bulge region were LRCs.

Isolation of total RNA from bulge ORS cells and other well-defined 
regions using N-LCM. Immunohistochemical detection of BrdU in 
LRCs requires fixation and cellular permeabilization, and intact 
RNA cannot be accurately recovered from permeabilized LRCs for 
microarray analysis. To overcome this problem, human bulge cells 
and hair follicle cells from other well-defined regions (Figure 2A) 
were collected by an N-LCM approach from fresh frozen sections 
(22), and gene expression was analyzed by microarray analysis. 
Serial transverse sections of 5-mm scalp punch biopsy specimens 
from healthy volunteers contained approximately 40–50 anagen 
follicles per section. Since immunohistochemistry and quantita-
tive recovery of intact RNA cannot be performed on the same sec-
tion, every fifth serial frozen section was stained with C8/144B 
and D33 to determine which transverse sections contained bulge 
regions of anagen follicles. Only hair follicles with the character-
istics described above were sampled. In addition, only intervening 
unstained sections that were known to contain bulge regions were 
used for N-LCM (Figure 2, B and C).

This approach allowed the maximum number of ORS cells to 
be isolated from each bulge on each slide. The standard method 
for the histopathological evaluation of follicles in human scalp by 
vertical sectioning would not have permitted N-LCM–microarray 
analysis because most follicles would be cut tangentially, with 
far fewer bulge ORS cells available for N-LCM isolation. This 
approach was also used to sample other anatomical regions from 
serial sections of the same follicle (Figure 2A).

µ

Figure 1.13:  Illustration of the human 
hair follicle bulge. 
Ohyama 2006 (23)
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1.6.1. Markers for ORS keratinocytes

Bulge cells in human hair follicles are difficult to identify morphologically  and the lack of 
specific markers has hampered their specific isolation, particularly from human samples 
where functional assays are not possible.  Murine bulge cells have been partially  char-
acterized based on the expression of the keratin 15 (K15) promoter (26) as a marker for 
undifferentiated stage (24, 25).  Moreover, K15 is not exclusively expressed by bulge 
cells but in the complete basal epithelium and ORS keratinocytes of anagen HFs, (24, 
27).  Despite all this,  K15 expression is a good marker for inactivated keratinocytes, at 
the ORS.  Expression is down-regulated in activated, differentiated keratinocytes from 
stratified epithelia (25).

Further attempts to find specific markers for the bulge region, based on laser micro-
dissection of human HFs (23 have shown some differences with the murine bulge 
markers (28).  Some molecules e.g. CD34 have already shown to be expressed by mice 
bulge cells but not in human HF (20) or show controversial results in human HF: e.g. 
CD200 (23, 27).  

Table 1.2: Molecules reviewed as bulge markers.
(NE)*: Not exclusive

Maker function Mice Human Reference

Keratin 15 structural Bulge ORS  (24-27)

CD34 hematopoietic niche X No / lower 
ORS cells

 (12, 20, 27-29)

Keratin 19 structural X (NE)*  (27)

CD200 Immunoprivilege X (NE)*  (23, 27)

Follistatin Frizzled receptor X  (23)

label retention 
(BrdU or thymidine)

quiescence marker X X

Sox 9 Essential for ORS differentia-
tion and formation of hair 
stem cell compartment.

X X  (30)

None of the here mentioned molecules have shown to be exclusively  expressed by 
bulge keratinocytes and there is not a single molecule that works as specific marker to 
label the human bulge keratinocytes with stem cell character. Molecules which have 
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been used to label bulge keratinocytes, are reviewed somewhere else for mice hair folli-
cles (47).  The table 1.2 highlights some of the differences found between mice and 
human expression, a complete table of putative markers for hair epithelial cells is listed 
somewhere else (186).

The bulge houses not only keratinocyte but also melanocyte stem cells, which prolifer-
ate at anagen onset and repopulate the anagen HF with melanocytes that generate 
melanin leading to pigmentation of the hair (52).  In addition, the bulge is suggested as 
reservoir for immature Langerhans (224) and Mast cells (225).

1.6.2. Keratins 

Keratins are typical intermedia filament (IF) proteins of epithelia, relevant for the me-
chanical stability  and integrity  of epithelial cells and tissues.  Moreover, some keratins 
also have regulatory functions and are involved in intracellular signaling pathway, such 
as protection from stress, wound healing and apoptosis.  The actual nomenclature for 
keratins, divided into epithelial keratins, hair follicle specific keratins (root sheath) and 
hair keratins have been recently reviewed (36, 227) together with their transcriptional 
regulation (228).  The expression of keratins is used to define the differentiation grade of 
keratinocytes in epithelial tissues, skin and hair follicle.  The keratins here used are 
listed in table 1.3.

Table 1.3:  Keratins used to label HF keratinocytes in this work.

Maker Description Reference

Keratin 15 K15 is an acidic type I keratin and is  down-regulated in activated epidermal kera-
tinocytes.

(24-27)

Keratin 5 K5 is expressed in all stratified squamous epithelia,  undifferentiated basal cell 
layer containing stem cells and is down-regulated in the differentiating supra basal 
cell layers.

(31-35)

Keratin 17 K17 interacts with Dead domain (TRADD), and might induce apoptosis into cells
K17 null mice developed alopecia.
Cleavage of K15 and K17 was induced by apoptosis in human breast cell line.

(15, 36)

Keratin 10 K10 is expressed by differentiated keratinocytes in the epidermis.
K10 seems to have a functional role by inhibiting proliferation and cell cycle pro-
gression of keratinocytes.

(31, 37-41)
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1.6.3. Quiescence

Stem cells are believed to undergo a quiescent state in their niches.  This is a contro-
versial feature in bulge follicle stem cells (229) since they might play an active role in 
hair cycle control and be quiescent in the bulge (6, 220).  The quiescent state of a cell 
corresponds to the G0 phase when the cell is not dividing.  The following markers were 
used in this work to characterize the quiescent state of HF components table 1.4.

Table 1.4:  Molecules used to define quiescence of HF components.

Maker Description Reference

Ki67 Ki67 is a proliferation marker, cell cycle related nuclear protein expressed by pro-
liferating cells, in (G1, S, G2 and M) but absent during GO phase of cell cycle.

 (42, 43)

Survivin Survivin is a member of the inhibitor of apoptosis protein (IAPs) family.   Is  impli-
cated in the control of  cell proliferation and in the inhibition of apoptosis.  Inhibitor 
of apoptosis proteins (survivin variant 2 or delta Ex3) cytoplasmic expression,  and 
proapoptotic variants (survivin 3B and 2 alpha), nuclear.

 (44-46)

p63 P53 is a tumor suppressor gene,  related protein p53 and p73.   p53 promotes cell 
death and blocks cell division.
P53, has a key role in modulating a physiological response to a common environ-
mental exposure (UVR) and implicates p53 as a “guardian of the tissue” 
Keratinocyte apoptosis triggered by UVR, require p53.

 (47-49)

1.7. Neuronal crest originated cells in the hair follicle

Melanocytes of both epidermal and follicular units derive from immature melanocytes  
that migrate from the neural crest, a transient component of the ectoderm located be-
tween the neural tube and the epidermis into the skin during embryogenesis.  What 
drives the differentiation into melanocytes is yet not clear (50).

In anagen hair follicle, melanocytes are distributed based on their differentiation grade 
in different compartments.  Active melanocytes (positive for 3,4-dihydroxy phen-
ylalanine) are detectable in the basal layer of the infundibulum and in the hair matrix 
around the upper DP (fig 1.3).  Partly differentiated melanocytes may also be detected 
in the basal layer of the sebaceous gland, but their function is not clear.  Immature 
melanocytes are dopa-negative amelanotic melanocytes and are found in the mid to 
lower ORS, but also in the periphery  of the bulb and the most proximal matrix.  The 
ORS melanocytes are partly differentiated and express gp-100 protein (230).  These 
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melanocytes are still immature as they do not express the melanogenic enzymes 
tyrosinase-related protein-1 (TRP1) and TRP2.  The role of these ORS pigment cells in 
hair pigmentation is unclear, and they are suggested to represent a pool of “transient” 
melanocytes that migrate from precursor melanocytes in the bulge to other ORS areas 
(50, 58, 59).

1.7.1. Melanogenesis

Melanogenesis is defined as the biosynthetic pathway in living cells involving multiple 
steps, substrates, enzymes and cofactors to produce melanins and deposit them within 
the melanosome.  

Hair follicle pigmentation is limited to the activity of the hair bulb melanocytes under tight 
hair cycle control (active only  during anagen) (58).  The color of human hair is defined 
by the tyrosinase activity, rather than the levels of expression, but is also regulated by 
hormones, neurotransmitters, cytokines, growth factors, nutrients and physicochemical 
milieu (231).

The most important positive melanogenesis regulator is the MC1 receptor with its ligand 
(melanocortic peptides).  MC1R activates the cyclic AMP (cAMP) response-element 
binding protein (CREB).   Increased expression of MITF and its activation by  phosphory-
lation stimulate the transcription of tyrosinase (TYR), tyrosinase-related protein 1 
(TRP1) and dopachrome tautomerase (DCT), which produce melanin.  The expression 
of TRP1 and DCT defines the transition phase from telogen to anagen, and thus the ac-
tive phase of pigment production in HF cycle.

Moreover, germinative subpopulation of keratinocytes and melanocytes (some DCT+, 
Kit+, Ki67-) needed for the next anagen are present in the secondary germ of telogen 
HF (54).

During anagen, melanin synthesis takes place within specialized intracellular organelles 
named melanosomes.  Melanin containing melanosomes, move from the perinuclear 
region to the dendrite tips and are transferred to keratinocytes.
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Early anagen is characterized by the initiation of TRP1 activity  by bulb melanocytes 
(232).  Beginning of melanogenesis is only  defined at anagen III with high levels of 
6BH4, GTP-cyclohydrolase-1 and phenylalanine hydroxylase (PAH) (50, 233, 234).

Hair bulb  melanocytes increase in number until anagen VI and produce more of the cel-
lular machinery needed for melanogenesis. 

Maturing melanocytes be-
come also much more den-
dritic in preparation for the 
active transfer of mature 
melanosomes to pre-cortical 
keratinocytes.

In anagen VI (fig 1.14), the 
melanocytes are distributed 
throughout the HF but the na-
ture of this sub-division is still 
not clear:  The bulge melano-
cytes distributed in the ORS 
are DCT+ and Kit+  but with 
low or none TRP1 activity.  
Only melanocytes at the 
melanogenic zone express 
TRP1, DCT and c-kit.

During anagen VI, the trans-
fer of melanin granules to cortical and medullary keratinocytes occurs.  Melanosome 
transfer has been explained by the “cytophagic” theory (where keratinocytes phagocy-
tose the tips of dendrites containing stage IV melanosomes), or by  the “discharge” the-
ory  (where mature melanosomes are released into the intercellular space to be internal-
ized by adjacent keratinocytes) and the “fusion” theory (where mature melanosomes 
pass from melanocyte to keratinocyte via fusion of their respective plasma membranes).

readily appreciate the co-expression of white hair

and black skin in ageing people of African decent

and conversely the raven hair of some white-

skinned Europeans. Furthermore, melanocytes

of the follicular–melanin unit are larger, more

dendritic, have more extensive Golgi and rough

endoplasmic reticulum and produce larger melano-

somes compared with melanocytes in the

epidermal–melanin unit [c.f. 17, 18]. Although

melanin produced by the latter degrades almost

completely in the differentiating layers of the epi-

dermis, eumelanin granules transferred into hair

cortical keratinocytes remain minimally digested;

hence, the similarly pigmented proximal and distal

ends of a typical hair shaft.

This relatively distinct compartmentalization of

skin melanocyte sub-populations can be further

evidenced clinically by the selective or preferential

targeting of epidermal melanocytes (but not follic-

ular melanocytes) in vitiligo, whereas follicular

melanocytes alone are damaged by immune-

mediated mechanisms in acute alopecia areata

[19–21]. An insight into the remarkable immune

status of the hair follicle and its melanocyte popu-

lations was first reported almost 40 years ago.

In that landmark study involving guinea pig graft-

ing experiments [22], transplantation of black ear

skin epidermis to genetically incompatible white

animals resulted in the swift loss of pigmentation

in the latter as a sign of the expected tissue

rejection of the black melanocytes. However, from

these sites black hair shafts emerged with time

from the now white epidermis, proving some mela-

nocytes survived from the original transplant, and

that the survival from immune attack occurred

only when they were located in the protected hair

follicle. More recently, further immunological data

have shown that the ‘follicular–melanin unit’

resides in the immune-privileged proximal anagen

hair bulb [23].

Melanocytes in the mature adult anagen (i.e.

growing) scalp hair follicle are distributed in sev-

eral distinct anatomic compartments where they

are associated with a region-specific differentiation

status (Fig. 2). Melanogenically active melanocytes

positive for 3,4-dihydroxy phenylalanine (dopa)

oxidase activity are readily detectable in the basal

layer of the infundibulum and in the hair bulb

Figure 2 Schematic and immuno-

histologic representations of the

distribution of melanocyte subpopu-

lations in different regions of the

human anagen scalp hair follicle.

Melanocytes in frozen scalp sections

were detected using the antibody to

gp100 (i) hair follicle infundibulum;

(ii) sebaceous gland; (iii) mid outer

root sheath; (iv) hair bulb. B-AMc

Bulbar amelanotic melanocyte,

B-MMc, bulbar melanogenic mela-

nocyte; DP, follicular dermal papilla;

HS, hair shaft; MX, matrix; Epi-Mc,

epidermal melanocyte; IF-Mc, infun-

dibulum melanocyte; ORS-AMc,

outer root sheath amelanogenic

melanocyte; SG, sebaceous gland;

D, dermis. Magnification ·125.
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matrix around the upper dermal papilla. Moder-

ately differentiated melanocytes may also be

detected in the basal layer of the sebaceous gland,

although their function is not immediately clear

there. The hair bulb is the only site of pigment

production for the hair shaft (Fig. 2) and contains

melanogenically active melanocytes. Even here,

there exists a second minor subpopulation of

poorly differentiated melanocytes [24, 25]. The lat-

ter are distributed to the most proximal and

peripheral regions of the growing hair bulb from

where pigment donation to pre-cortical keratino-

cytes (pre-hair fibre keratinocytes) is not possible.

Melanogenically active melanocytes are located

just below the pre-cortical keratinocytes, from

where melanin can be transferred to the hair shaft

cortex (Fig. 2), less so to the medulla and very

rarely the hair cuticle.

The presence of immature melanocytes in fully

developed adult anagen hair follicles has been con-

firmed both in vivo and in vitro. It is not yet clear

whether some of these cells may indeed have bona

fide melanocyte stem cell potential [24, 26]. Dopa

oxidase-negative amelanotic melanocytes can be

readily detected in the mid- to lower-outer root

sheath, but also in the periphery of the bulb and

the most proximal matrix (Figs 1–3). All dopa oxi-

dase-positive melanocytes as well as some dopa

oxidase-negative melanocytes of the mid outer root

sheath contain (pre)melanosomes (i.e. express the

gp100 protein) [26] and so can be regarded as

partially differentiated. Although amelanotic hair

follicle melanocytes may lack dopa-oxidase activ-

ity, low levels of the tyrosinase protein itself may

still be detected in some of these cells as well as

KIT and Bcl-2. However, these melanocytes are

still immature as they do not express the melano-

genic enzymes tyrosinase-related protein-1 (TRP1)

and TRP2 (dopachrome tautomerase, DCT) [26].

The role of these pigment cells in hair pigmenta-

tion is unclear, though they could represent a pool

of ‘transient’ melanocytes that migrate from precur-

sor melanocyte stores in the hair follicle bulge to

other areas of the outer root sheath [27–29].

Figure 3 Schematic representation

of the fate of hair follicle melano-

cytes during the hair growth cycle.

APM, arrector pili muscle; IRS,

inner root sheath; ORS-AMc, outer

root sheath amelanotic melanocytes;

SG, sebaceous gland; P-BMc, prolif-

erating bulbar melanocytes; Ap-BMc,

apoptotic melanocytes; TRP-1, tyro-

sinase-related protein-1; DCT, dopa-

chrome tautomerase.
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Figure 1.14:  Melanocytic populations in human anagen scalp 
hair follicle.  Tobin 2008 (50)
Abbreviations: B-AMc; bulbar amelanotic melanocyte; B-MMc, 
bulbar melanogenic melanocyte; DP, dermal papilla; Mx, matrix; 
Epi-Mc, epidermal melanocyte; IF-Mc, infundibulum melanocytes; 
ORS-AMc, outer root sheath amelanogenic melanocyte; SG, se-
baceous gland; D, dermis. TRP-1, tyrosinase-related protein-1; 
DCT, dopachrome tautomerase.
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Recently, filopodia from melanocyte dendrites have been observed to act as conduits 
for melanosome transfer to keratinocytes, suggesting that melanocyte dendricity is an 
important phenotypic regulator of melanin transfer to keratinocytes (234).

In the transition to catagen, the expression and activity of TRP1 is reduced, followed by 
the retraction of melanocyte dendrites and the attenuation of melanogenesis during late 
anagen VI, before any other regression occurs.  Bulb  melanocytes become undetect-
able during catagen and the melanocytes required for a new anagen, seem to be re-
cruited from the bulge (reservoir) (52).

The role of DP and CT fibroblasts in melanogenesis is partly explained for DP cells, 
which mobilize bulge (c-kit+) melanocytes towards the bulb by C-kit ligand expression    
(235, 236) to conform the “follicular-melanin unit” at the bulb  (2, 221).  Moreover, the 
role of connective tissue fibroblasts in melanogenesis is poorly defined and their posi-
tive expression of KITLG has been associated with the c-kit+ mast cells found at the CT 
of anagen HFs (56, 62, 63).

1.7.2. Markers for HF melanocytes

The markers used in this work to identify melanocytic populations in anagen hair follicle 
are listed in table 1.5.

Table 1.5:  Molecules used to define melanocytes in hair follicle.

Maker Description Reference

c-kit c-kit or Mast/stem cell growth factor receptor is expressed by Mast cells and mela-
nocytes (immature and mobile).
c-kit is also expressed by matrix keratinocytes.

(50-56)

p - M e l 1 7 , 
SILV, gp100 

p-Mel17 or Silver homolog (mouse) is and enzymatic regulator of melanogenesis 
and a marker for partially differentiated melanocytes

-57

TRP1 Tyrosinase is the melanosomal enzyme required for the melanin biosynthetic 
pathway and it is used as a maker for mature melanocytes.

(58-60)

Vimentin Vimentin is an intermedia filament protein expressed in mesenchymal cells (fibro-
blasts, dermal papilla, but also in cell from the neural crest such as melanocytes.
Vimentin is also expressed by mast cells, localized at the connective tissue and 
occasionally in the DP.

(61-63)

25



1.8. Mesenchymal cells

The HF mesenchymal originated cells start with the formation of a condensation be-
neath the epidermal placode.  These cells form the two major constituents of the HF 
dermis, known as the dermal papilla (DP) and the dermal or connective sheath.  The 
segregation of these cells from the interfollicular dermis is reflected in their gene 
expression and are characterized by their inductive capacity.  The HF mesenchymal 
components undergo dramatic changes during HF cycle, indicating their active role in 
this process.

Connective tissue sheath
The connective tissue sheath (CTS) embeds the follicle in the dermis and the subcutis, 
and undergoes dramatical changes along the HF cycle.  The CTS thickens through an-
agen progression, which starts as a thin basal lamina surrounded by collagen and stro-
mal cells in early anagen, and finally form a three layered CT in late anagen (VI).  The 
innermost layer lacks cells and consist of collagen fibers running parallel to the long axis 
of the follicle.  The middle layer consists of fibroblasts and collagen fibers running trans-
versely to the long axis of the follicle and the outermost layer contains cells and colla-
gen fibers that run in various directions parallel to the outer surface of the follicle (2).  
The cellular components of the CT sheath are fibroblasts, macrophages and mast cells.  
The fibroblasts are in charge of the synthesis and the degradation of fibrous and non 
fibrous connective tissue matrix proteins; Macrophages are phagocytic, process and 
present antigen to immunocompetent lymphoid cells and Mast cells are responsible for 
IgE mediated acute, semi-acute and chronic inflammation (237).

The CT fibroblasts during late anagen/catagen stage, produce the collagen fibers which 
seem to fill the retracting bulbar region during catagen (238), and in telogen, the CT at 
the level of the bulge remains and as the follicle enters anagen, the CT grows down-
wards with the complete follicle.

The function of the CT fibroblasts remains unclear despite their relevance in HF mainte-
nance and cycling based on active extracellular matrix modifications.
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Dermal papilla:
The DP, is a dense aggregate of specialized dermis-derived stromal cells located at the 
bottom of the follicle.  The DP is the signaling center of the HF follicle for epithelial cells 
to prolong the hair growth process and induce regression (13, 152, 156, 157, 166, 179, 
204, 218, 239, 240).

The DP undergoes essential changes through the follicle cycle concerning localization, 
extracellular matrix composition (184, 241, 242) and cell number (64).  This all together 
modifies the DP capacity  to interact with epidermal components (161, 243, 244) and 
thus influences its activity. 

The DP cells do not show evident cell division in chasing experiments (2).  Through the 
HF cycle DP cells might undergo apoptosis by migration to the CTS (64), as observed in 
the changes of the DP size in the adolescence or balding (decreased size) (fig 1.15).

Despite segregated localization of 
the CTS and the dermal  papilla, the 
characterization of the fibroblasts 
that give rise to these two mesen-
chymal compartments are still a 
matter of study.  There are some 
questions to clarify  concerning the 
origin of the CTS and recently it has 
been shown that proliferating CT 
fibroblasts migrate into the dermal 
papilla during early anagen, and mi-
grate from the DP into the CTS dur-
ing catagen (64).  This movement of 
CT fibroblasts into the DP is sup-
ported by early observations that 
showed that the lower CTS can re-
generate the DP after wounding 
(154, 240).

particular feature of the regressing CTS (Stenn et al, 1994). The
histologically overt phases of apoptosis (Fig 3a^c) are very rapid
and may be complete in as little as 12 h (Saraste, 1999). Therefore,
the detection of even low levels of CTS apoptosis, when re-
stricted to a hair cycle subphase would suggest an important con-
tribution to HF mesenchyme remodeling and so hair growth
control.
The CTS ¢broblast population also undergoes other notable

phenotypic changes along the entire length of the regressing HF
at this time. In addition to the loss of aggregating proteoglycans,
such as versican (du Cros et al, 1995), these cells also lose their pro-
minent full anagen-associated attenuated form (Tobin et al, 2003)
(Fig 3a). Instead, catagen CTS cells assume highly indented
morphologies and additionally appear to be ‘‘lost’’ from the re-
gressing HF. This appears to occur via their detachment from
the increasingly corrugated glassy membrane. Indeed, much of
the resorbing glassy membrane appears acellular at this stage or
is associated instead with macrophages (Parakkal, 1990). Detached
and migratory CTS cells may represent cells with progenitor
potential not only during the reconstruction of the CTS, but
also of the FP.

IS THE HF MESENCHYME OF TELOGEN ‘‘RESTING’’ OR
ACTIVELY ‘‘RECHARGING’’?

The expression of several aggregating proteoglycans, including
versican and BM-CSPG, is lost from the FP and CTS during

Figure 3. Modi¢ed after Tobin et al. (2003). (a) Catagen V HF, day 18
postdepilation. The remaining FP cells cluster together and exhibit increas-
ingly heterochromatic nuclei with pleomorphic forms (arrowhead). Note the
uneven distribution of cells within the CTS, several areas appear acellular
(n). The remaining CTS cells exhibit increased nuclear pleomorphism (ar-
row). Some cells in/near the CTS appear apoptotic (thick arrows). AP, kera-
tinocyte apoptosis. Scale bar! 8 mm. (Toluidine blue). (b,c) CatagenVII HF,
day 20 postdepilation. High-power view of apoptotic cell in the resorbing
CTS. The apoptotic cell (AP) is surrounded by collagen bundles (Co). Es,
epithelial strand; L, lipid droplets. Scale bars: (b)! 5 mm; (c)! 1 mm. (Uranyl
acetate and lead citrate)

Figure 4. Modi¢ed after Tobin et al. (2003). (a) Telogen HF, day 25 post-
depilation. The FP consists of a tight cluster of heterogeneous cells with vari-
able levels of nuclear heterochromatism. Note the very close association
between FP cells and the more extended CTS ¢broblasts (arrows). The CTS
surrounding the secondary germ contains few cells, whereas ‘‘free’’cells are lo-
cated in the dermis nearby (arrowheads). Sg, secondary germ; Mc, melanocyte;
CH, club hair. Scale bar!12 mm. (Toluidine blue). (b) Telogen/anagen HF, day
0 postdepilation. The still clustered FP contains heterogeneous cells with in-
creasing variable nuclear euchromatism and cytoplasmic volume. Note that
the close association between typical FP cells and both attenuated and round
CTS (arrows). Telogen-associated lipid droplets (L) remain. Sg, secondary
germ; Mc, melanocyte. Scale bar! 3 mm. (Uranyl acetate and lead citrate)

Figure 5. Modi¢ed afterTobin et al. (2003). Cartoon outlining the main
elements of the authors’ view of mesenchymal dynamics during the HF
growth cycle. (1) Anagen I: CTS-like cells residing in the dermis very close
to the telogen secondary germ participate in the reconstruction of the CTS.
Proliferation occurs in the proximal CTS close to the telogen FP. (2) Ana-
gen III: Proliferation in the proximal CTS continues and is concomitant
with a dramatic increase in FP cell numbers. Later, rare intra-FP cell prolif-
eration occurs. (3) AnagenV: Proliferation continues in the proximal CTS,
as does very rare intra-FP cell proliferation. Soon after entry into anagen
VI, FP cell numbers begin to decrease via cell emigration to the proximal
CTS. No intra-FP apoptosis is detectable. (4) Catagen III: FP cell emigra-
tion to the proximal CTS continues. Apoptosis in the proximal CTS is de-
tected for the ¢rst time. (5) Catagen VI: CTS cells detach from the
regressing CTS and reside in the nearby dermis. Low-level apoptosis of
CTS-associated cells continues

84 TOBIN ETAL JID SYMPOSIUM PROCEEDINGS

Figure 1.15: Possible mesenchymal dynamics during 
HF growth and cycle. Tobin 2003 (64)
1. Anagen I: CTS resides in the dermis, close to the telo-
gen secondary germ, and participates in the reconstitution 
of the CTS. (2) Anagen III: Proliferation of CTS, and in-
crease of DP cell number. (3) Anagen V: Proliferation of 
CTS and rare DP cell proliferation.  Anagen VI: DP cells 
begin to decrease number, via cell emigration into the 
CTS, No intra-DP apoptosis is detectable. (5) catagen VI: 
CTS cells detach from regressing CTS and reside in the 
nearby dermis.

27



Moreover this does not explain their HF induction capacity  difference between these 
cells, which has been broadly defined as a DP characteristic (155, 157, 218, 245-249).  
There are several reports that suggests an interchangeable function between CT and 
DP fibroblasts as shown by the regeneration of dermal papilla by CTS fibroblasts after 
amputation of the bulb  (154) and that this CTS-DP exchange seems to be bi-directional, 
since the DP cells made new dermal sheath in induced follicles (77, 186).

Learning about the similarities and differences between CT and DP fibroblasts is re-
quired to clarify which genes are essential for HF formation and cycling and to clarify the 
origin of the connective tissue fibroblasts in human hair follicles.  The expression of 
molecules used as “markers” for DP and CT fibroblasts is here revised in human HF 
and a list of the genes associated with the DP´s HF inducing capacity is presented as  
supplemental table SI.1. 

1.8.1. Markers for Dermal papilla cells

The mesenchymal cells of HF have been broadly characterized in mice models, but not 
always are these markers expressed in the cellular equivalents of human HF, the follow-
ing table 1.6 compares expression in mice and human cells.

Table 1.6: Published markers for dermal papilla cells.

Maker function Mice Human Reference

Alkaline phosphatase ? X Not  in anagen VI 
DP

(65, 66, 342)

Versican EMI in hair follicle X Weak expression 
similar to CT fi-
broblasts

-67

NCAM cell aggregation X ? (68, 69)

nexin-1 Protease inhibitor X ? (17, 70-72)
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1.8.2. Condensation capacity of HF mesenchymal cells

In addition to hair follicle induction capacity, condensation is a feature of connective tis-
sue and dermal papilla fibroblasts.

Mesenchymal cell aggregations are recognized at vital stages in a whole variety of de-
velopmental systems, including the HF formation (fig 1.4).

Despite the significance of the specific gene(s) expression in the dermal papilla cells , 
little is known regarding their aggregative behavior in hair cycling (250).  Condensation 
in HF formation has been associated with molecules and signaling pathways required 
for placode formation, such as the expression of Shh in the placode suggested as an 
essential epithelial signal molecule in epithelial-mesenchymal interaction for the terminal 
differentiation of DP (251, 252).  Wnt signal is required for the dermal aggregate (pla-
code) formation (137, 196).  EDA/EDAR/NF-kappaB signaling pathways are as well es-
sential in the initiation and maintenance of primary HF placodes (253).  Other molecules 
associated with in situ dermal condensation are:  NCAM (254), Cadherins (E-cadhering 
and P-cadherin) (255, 256), versican (67).  Molecules expressed in mice placode and 
dermal aggregates are:  TGFβ2 (257), Noggin (inhibitor of the TGFb family  member 
BMP, prevents BMP4 from binding to its receptor) and is expressed in the dermal ag-
gregate (171), EDAR (expressed in the placode (135, 144, 196) and in the bulb  of ma-
turing HFs of newborn mice (141, 258).

Dermal papilla and CT sheath fibroblasts show aggregative properties in vitro when ex-
panded on monolayer cultures but for more passages in DP fibroblasts and both differ-
ent to interstitial dermal fibroblasts which were did not aggregate (259).

Monolayer cultures form spheres or aggregates when the expanded fibroblasts are cul-
tured in low attachment conditions.  The spheres formed by DP fibroblasts have been 
used in a number of implantation experiments for induction of HF formation (165, 260)

However, CT fibroblasts form similar aggregates to DP fibroblasts when culture in low 
adherence plates, whether CT fibroblasts aggregates are able to induce hair follicle 
formation remains to be tested.  In this study, CT fibroblasts aggregates are used to 
simulate anagen DP and compare the gene expression profile with anagen DP cells.
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1.8.3. Mesenchymal stromal cells characterization

Expanded DP fibroblasts have been previously characterized as mesenchymal stem 
cells (MSC) due to their in vitro expression of MSC  markers and multi-lineage differen-
tiation potential identical to MSCs isolated from the bone marrow (77).  

Table 1.7: Mesenchymal stem cell markers.

Maker Description Reference

CD13
gp150

CD13 or alanyl membrane aminopeptidase (ANPEP) is expressed in CFU-G mye-
loblasts, monocytes, leucocytes and non hematopoietic cells, like fibroblasts. 
CD13 is expressed in epidermal skin cells, and 1/3 of cultured keratinocytes and 
100% of fibroblasts

(73-75)

CD34 CD34 is a monomeric cell surface antigen, mediates the attachment of stem cells 
to the bone marrow ECM or directly to stromal cells. in early hematopoiesis.
CD34 is not expressed by dermal skin derived fibroblasts.

(75-77)

CD73
NT5E

CD73 or glycosylphosphatidylinositol-anchored 5'-nucleotidase is an extracellular, 
raft-associated enzyme responsible for conversion of extracellular adenosine tri-
phosphate (ATP) into adenosine.
Interacts with fibronectin, actin and laminin.
Is expressed on mesenchymal stem cells.
Is expressed by corneal keratinocytes in vitro.
DP express CD73 after in vitro expansion and are characterized as mesenchymal 
stem cells similar to bone marrow MSC.

(73, 75, 77-
79)

CD90 CD90 or Thy-1 cell surface antigen, is a protein that allows cell interaction through 
GPI anchor,  involved in angiogenesis, cell adhesion, negative regulation of cell 
migration.
DP express CD90 after in vitro expansion and fibroblasts expanded from DP are 
characterized as mesenchymal stem cells similar to bone marrow MSC.
Epidermal stem progenitor keratinocytes express CD90.
CD90 is a regulator of cell-cell and cell-matrix interactions, with important roles in 
fibrosis and nerve regeneration.

(73, 75,  77, 
80, 81)

CD105 CD105 or Endoglin is a homodimeric transmembrane glycoprotein highly ex-
pressed by endothelial cells. It is a component of the transforming growth factor β 
receptor complex as it binds TGFB1 and TGFB3.

(75, 79)

CD44
Endoglin

CD44 is a cell-surface glycoprotein involved in cell-cell interactions, cell adhesion 
and migration. It Is a receptor for hyaluronic acid (HA) and can also interact with 
osteopontin, collagens, and matrix metalloproteinases (MMPs). 
This  protein participates in a wide variety  of cellular functions including lymphocyte 
activation, recirculation and homing, hematopoiesis, and tumor metastasis.
DP cells may represent a suitable accessible source of mesenchymal stem cells 
and express CD44.

(75, 77, 79)

The unification of a set of markers that define MSC have been a matter of attention in 
regenerative medicine.  Recently, it has been proposed to define fibroblasts-like plastic 
adherent cells, regardless of tissue origin as mesenchymal stromal cells (MSC) (261) 
while mesenchymal stem cells should fulfill the following parameters: Positive 
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expression of CD105, CD73 and CD90, negative expression of CD45, CD34, CD14 or 
CD11b, CD79α or CD19 and HLA-DR surface molecules.  In addition, MSC must differ-
entiate to osteoblasts, adipocytes and chondrocytes in vitro (262).  The markers used to 
label cells with mesenchymal stromal cell character are listed in table 1.7.

1.9. Hair follicle associated immune cells 

The human HF is defined as an immunoprivileged organ, with different cell types of the 
immune system involved.  The cells most prominently located in or around the anagen 
HF are Langerhans cells, CD4+ or CD8+ T cells, macrophages and mast cells.  Langer-
hans cells (CD1a+, MHC class II+) and T cells (CD4+ or CD8+) are predominantly  dis-
tributed in the distal hair follicle epithelium, whereas macrophages (CD68+, MHC class 
II+) and mast cells (Giemsa +) are located in the perifollicular connective tissue sheath.  
Whereas the distal part (superior to the sebaceous gland) of the HF is characterized as 
the “skin immune system” the hair bulb is one of the few immunologically privileged 
(MHC  class I negative) and immunosupressive cytokine milieu.  A detailed list of the 
cells that make part of the immune components of the human hair follicle are listed 
somewhere else listed (63).

Several pathologies, such as alopecia (263, 264), or complete deletion of the bulge re-
gions are consequences of an altered immunocharacter of human hair follicles, and for 
this reason the HF immunological components are relevant when characterizing im-
munopathologies.

Mast cells are the only  ones of these cells which express vimentin and for this reason 
are here considered.  Mast cells are localized at the connective tissue of human hair fol-
licles (62, 63) and not in the outer root sheath, where the vimentin expressing cells are 
here defined as melanocytes.

1.10. Extracellular matrix definition and formation

The ECM is the extracellular part of tissues, provides support, anchorage for cells, seg-
regation of tissues, intercellular communication and is the defining feature of the con-
nective tissue.  The components of the extracellular matrix are produced intracellularly 
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by resident cells and secreted into the ECM via exocytosis.  Once the molecules are 
secreted, they aggregate with the existing matrix.

In hair follicle, the CT fibroblasts are the cells in charge of maintaining the ECM compo-
sition.  Despite extensive description of the proteoglycan composition of the ECM in HF 
(284, 299) a complete definition of the role of these components in HF biology and the 
process involved in their deposition at the ECM is partly unknown.

The ECM includes the BM (basement membrane) and the interstitial matrix or intercellu-
lar space composed of glycosamicans (GAGs) attached to the ECM proteins (elastin, 
fibronectin) to form proteoglycans (Heparan sulfate, chondroitin, and keratan sulfate) 
and non-proteoglycan component (Hyaluronic acid) (fig 1.19).

Basement membrane
The BM are sheet-like depositions of ECM that vary between 50-350 nm, being usually 
60-80 nm, on which epithelial cells rest and consists of the fusion of two basal laminae;  
the lamina densa, and a network of reticular collagen type III.

The lamina densa (made up of Collagen IV, perlecan and heparan sulfate) and the lam-
ina lucida (made up  of laminin, integrins entactin, and dystroglycans) together make up 
the basal lamina by forming networks connected by nidogen/entactin, which is also 
known to bind proteoglycans and fibulins.  The Lamina reticularis attached to the basal 
lamina by anchoring type VII collagen fibers and microfibrils (fibrillin) is collectively 
known as basement membrane (265).

The BMs are implicated in a number of important mechanical and biological functions, 
such as cell proliferation, adhesion, migration, differentiation, and polarization, having a 
direct implication in development, tissue maintenance, regeneration and repair.  In addi-
tion the BM acts as reservoir of growth factors, enzymes and plasma proteins (266, 
267).
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1.10.1. Collagen IV 

Collagen IV  is the most prominent com-

ponent of the BM with at least six different 
known isoforms (268, 269).

Collagen IV fibers aggregate into network-
like structures and provide an essential 
scaffold for cells and other BM compo-
nents. Collagen IV interactions with other 
ECM components are shown (fig 1.16). 

1.10.2. Laminin

The Laminin family of ECM glycoproteins, first discovered in mice more than 3 decades 
ago (Timpl et al. 1979), is the major non-collagenous constituent of the BM. The mole-
cules form networks in the basal lamina and assist cell adhesion but are also involved in 
a variety of biological processes, such as differentiation, migration, signaling and meta-
static processes.

Laminins are composed of 3 non identical chains: α, β and γ units (formerly  A, B1, and 
B2, respectively) and form a cruciform structure consisting of 3 short arms.  Different α, 
β and γ chain isomers combine to give rise to different heterotrimeric laminin isoforms 
which are designated by Arabic numerals in the order of their discovery, i.e. α1β1γ1 het-
erotrimer is laminin 1 (270).

The expression patterns of laminin isoforms are regulated both temporally and spatially 
during development resulting in a specific distribution of laminin isoforms within an or-
ganism. In vitro these functions are regulated by  the post-translational modifications of  
the individual laminin chains.  The regulation of α chain expression determines the 
laminin isoform found in a tissue.  In human skin, the α3 chain is found in laminin 5 

Figure 1.16:  Collagen IV interactions 
Modified from  Kramer 2005 (82)
Arrows represent biochemically defined interac-
tions. The abilities of collagen IV and laminin to po-
lymerize and perlecan to oligomerize are indicated 
by curved yellow arrow
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(332), 6 (311) and 7 (321) and expressed in skin and other epithelia.  Laminin 5, 6, and 
7 are often bound to each other in skin (271).  The α4 chain is found in laminins 8(411), 
9(421),14 (423) and is localized to cells of mesenchymal origin.  Laminin 8 and laminin 
10 (511) are the major laminins of the vascular endothelial cells (83).

The α5 chain has been implicated in cutaneous development, particularly  in hair follicle 
formation.  Laminin 10 (511) expression is increased around the basement membrane 
of hair follicles and has been shown to be upregulated throughout the anagen phase 
(272). 

Mutant α5 skin revealed reduced hair follicles in the skin compared to wild type controls 
and grafting of the mutant embryonic skin onto nude mice revealed that laminin-511 de-
ficient skin continued to display absent hair development compared to wild type control 
grafts.  Interestingly, hair development could be restored with addition of human exoge-
nous laminin-511, with a similar phenotype to the conditional ablation of the β1 integrin 
subunit, which is the main cellular receptor for laminin 10 (511) (272).

Laminin incorporation into the ECM is dependent on its interactions with other ECM 
molecules such as collagen IV, nidogen, and fibulin or other laminins.  According to the 
three-arm interaction model, the three N terminals short arms are believed to interact 
with the N terminal short arms of other laminins to produce a lattice-type supramolecular 
network (273). Laminin 332 (laminin 5) can bind to laminin 311(laminin 6), laminin 321 
and collagen VII via its β3 chain and via its γ2 chain to collagen VII, nidogen or fibulin.  
Due to its association to nigogen, it is connected into the extensive collagen IV network.

Laminin 332 also serves to anchor cells to the BM via hemidesmosome complexes.  
The C terminus of the α3 chain binds to the surface integrins (α6β4 and α2β1) which 
connect cytokeratin filaments within the cell.  The N terminal short arms are connected 
to collagen VII, which provides anchorage to the dermis, describing the relevance of 
Laminin 332 in epithelial-mesenchymal interactions (fig 1.17).
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The major cell surface receptors for 
laminins are integrins.  Each integrin 
recognizes particular sequences within 
the laminin α chain and thus binds to 
specific laminins.  The recognition site 
on the integrin is formed by the combi-
nation of its α and β chains, although the 
α chain may contribute more to ligand 
specificity (274).  Non-integrin receptors 
of laminins are e.g. dystroglycan, elastin, 
galactoside (83).

Post-translational modifications (proc-
essing) of laminins define their activity 
by modifying integrin-binding sites.  
Laminin 332 e.g. (expressed in the skin 
and HF), undergoes post-translational 
modifications in the C  or N terminals of 
the α3 subunit, or in γ chain.  This modi-
fications, variates Laminin 332 role in 
cell migration, or immobilization through 
binding to different integrins (275-278).  
For this reason, the detection of both 
(laminin and the integrin receptor) is re-
quired to define the undergoing cellular 
function.

Figure 2.

Structure and composition of dermal-epidermal basement membrane zone. Laminin 511 and

collagen IV constitute the major polymeric networks of the lamina densa, connected by

nidogens as well as interactions with heparan sulfate proteoglycans such as perlecan. Laminin

332 is a component of the hemidesmosome-anchoring filament complex, bridging the cell

surface with the dermis. It is linked to the rest of the ECM through its interactions with type

VII collagen and laminin 311.

Tzu and Marinkovich Page 18
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Figure 1.17:  Structure and composition of 
dermal-epidermal basement membrane zone.
Laminin 511 and collagen IV constitute the major 
polymeric networks of the lamina densa, connected 
by nidogens and interactions with heparan sulfate 
proteoglycans such as perlecan. 
Laminin 332 is a component of the hemidesmosome-
anchoring filament complex, bridging the cell surface 
with the dermis. It is linked to the rest of the ECM 
through collagen VII and laminin 311.    
Tzu 2008 (83)
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1.10.3. Integrins

At least 18 α and 8 β integrin subunits have been described in mammals.  Integrin fam-
ily members are transmembrane receptors that recognize and bind to the specific ECM 
ligands and transduce signals leading to the activation of intracellular signaling path-
ways essential for cell migration, growth, or survival.

Integrin mediated cell adhesion to the extracellular matrix plays an important part in 
regulation stem cell function and maintenance.  Integrins help  to define and shape the 
microenvironment or niche of stem cells, regulating stem cell proliferation, self renewal 
and controlling the orientation of dividing stem cells.  Studies in Drosophila have dem-
onstrated the fundamental function of integrins in establishing and maintaining niche 
position, and how this position is critical for maintenance of a stable stem cell population 
(279).

In hair follicle, two integrins have been suggested to signal the epidermal stem cell 
niche (bulge).  The expression of α6, β4, and β1 integrin is a hallmark of the stem cell 
niche that regulates epidermal stem cells (190).  Tissue-specific β1-integrin knockdown 
in keratinocytes impairs the differentiation and proliferation of hair follicles and eventu-
ally leads to the loss of all follicles (280). In comparison, the activation of β1 integrin in 
cultured human follicle cells, by using integrin-specific activation antibodies or an RGD 
peptide, leads to increased cell proliferation (281), suggesting a different mechanisms.  
Integrin α6β4 is associated with its effect on migratory behavior of keratinocytes by de-
termining laminin-332 organization (282).

Integrins α3β1 and α6β1 are receptors for Laminin 332 (laminin 5), the most common 
laminin in skin and this interaction plays a role in activation of quiescent keratinocytes at 
the edge of a wound (283).  Additional integrins expressed in keratinocytes are α2β1
(collagen receptor), α3β1 (laminin receptor), α5β1 (fibronectin receptor), α6β4 (laminin 
receptor), αvβ5 (vitronectin receptor).

The integrin α5 chain has also been implicated in hair follicle formation, it binds laminin 
511(laminin 10) which is found around the BM of hair follicles and has been shown to be 
upregulated throughout the anagen phase (272, 278).
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1.10.4. Proteoglycans

Proteoglycans are proteins linked to dis-
sacaride polysacharides (GAGs) attached 
to (fig 1.18).  Proteoglycans are present in 
all BM including the surrounding the 
epithelial compartment of hair follicles.  
The DP is enriched especially in chon-
droitin 6-sulfate containing proteoglycan 
(BM-CSPG),which expression is down-
regulated through catagen and is absent 
in telogen papilla.

The hyaluronic acid, (hyaluronan) is a 
polysaccharide which is not found as pro-

teoglycan.  It is found in the extracellular space of tissues, and gives resistance to com-
pression based on its ability of water absorption.  It is necessary to maintain indirect in-
teraction with other components of the ECM such as fibronectin, laminin, collagen or 
proteoglycans (fig 1.18).  Hyaluronan expression is inversely  correlated with the 
expression of its receptor (CD44).  It has been suggested that CD44 expression allows 
mesenchymal cells to degrade hyaluronan leading to formation and maintenance of 
dermal condensation (285).  On the other hand, loss of epithelial HA in the HF anagen 
and upper intermedia cells was shown to be specific for early differentiation (286).

Other transmembrane proteoglycan of relevance in follicle morphogenesis are Synde-
cans, both in respect to epithelium and DP-cells.  Syndecans possess both heparan and 
chondroitin sulfate chains, interacting with growth factors, fibronectin and interstitial col-
lagens, are strongly expressed in mesenchymal cells coincident with stromal-epithelial 
interactions during tissue morphogenesis (284).  Syndecan-2 is associated with a regu-
latory role in matrix assembly, along with activated integrins mediates cell binding, cell 
signaling and cytoskeletal organization (287).  Syndecan-4 binding to fibronectin drives 
focal adhesion formation in fibroblasts (288).  Syndecan-1 (SDC1) participates in cell 

Figure 1.18: Proteoglycan structure, associated 
with a hyaluronate backbone.
http://219.221.200.61/ywwy/zbsw(E)/edetail4.htm#a
3
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proliferation, cell migration and cell-matrix interactions of epithelial cells by binding fi-
bronectin, vitronectin and FGF (289).

1.10.5. Fibronectin

Fibronectin is a proteinaceous component of the ECM, connecting cells with collagen 
fibers, allowing cellular movement through the ECM, playing a relevant role in cell ad-
hesion and differentiation.  In skin an hair follicles, Integrin α5β1 is the integrin-
fibronectin receptor (27, 281) facilitating the attachment of the distal APM to the ECM 
(290).

Fibronectin inhibits the terminal differentiation of keratinocytes in a dose and time de-
pendent manner.  This is why terminal differentiation is normally restricted to suprabasal 
cells (291).  Fibronectin function might be regulated by Syndecan-4 binding which drives 
focal adhesion formation in fibroblasts (288), while Syndecan-2 has a regulatory  role in 
matrix assembly of fibronectin and laminin (287).  The role of fibronectin in maintaining 
HF regions is not yet clear.

1.10.6. Tenascin

Tenascin is an extracellular matrix glycoprotein expressed in association with 
mesenchymal-epithelial interactions during development.  Tenascin supports adhesion 
of a variety of cell types, including human tumor cells, normal fibroblasts, and endothe-
lial cells.

The tenascin receptor is suggested to be integrin α1β1 and syndecan in tooth develop-
ment, where it is crucial for the formation of the initial cell condensation and epithelial-
mesenchymal interactions.

The Tenascin-C isoform is well characterized, has anti-adhesive properties, causing 
cells in tissue culture to become rounded after it is added to the medium. One mecha-
nism to explain this may come from its ability to bind to the extracellular matrix glycopro-
tein fibronectin and block fibronectin's interactions with specific syndecans.

Tenascin has been defined as a molecule present in stem cell niches of neural stem 
cells during embryonic development.  TNC deficient mice show that impaired growth 
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factor responsiveness (by a delayed expression of EGF receptor) controlling the transi-
tion from early  to late neural stem cells (292).  Despite the common association of 
tenascin with neural stem cells niches and the controversial association of tenascin with 
bulge HF cells (293), stronger evidence has identified tenascin activity with activation of 
keratinocytes during wound healing by the activation of the receptor (integrinα5β6) (190).  
In addition, bulge TNC expression has been related with a preferential interaction with 
integrin β1, but this integrin subunit has no preferential expression at the bulge in human 
HFs (281).  All this together does not provide enough evidence to define TNC as a 
component of the bulge adjacent-ECM.  In addition,Tnc deficient mice have normal fur, 
suggesting redundancy or compensation effect of this gene (294, 295).

In HF biology, the expression of tenascin might be associated with the expression of 
EGF receptor (EGFR), which ensures epidermal renewal and integrity  along with a gate 
keeping and function.  EGFR blockage results in epidermal differentiation, proliferation, 
apoptosis and migration with an overall dominating effect of inducing growth arrest and 
terminal differentiation of the keratinocytes in the basal layers.  Whether Tenascin medi-
ates keratinocytes differentiation through EGFR activation, requires to be clarified.

The complete assembly of ECM as expressed in skeletal muscle, illustrates the princi-
pal components and their interactions in connective tissues (fig 1.19).

The regulation and production turnover of ECM components is essential for hair follicle 
homeostasis and function. Relevant modifications during the hair cycle are partly  known 
(184, 284, 285), for Syndencan-1 (297), for CD44, hyaluronic acid (298), for ITGB1 
(280) and for Tenascin (254) and HF proteoglycans (284, 299), but their active role in 
HF cycle modifications is not yet clear.

Hair follicle (HF) formation and cycling is driven by epithelial-mesenchymal interactions 
(EMI) that primarily activate the Wnt, Shh, (176, 240), BMP (66) and TGFβ pathways 
(13, 300, 301), which interact and regulate each other in a complex process of coordi-
nated events.  These events are regulated by the morphogenic gradients which the ex-
tracellular matrix allows to form.

39



TGF-β exerts its effects on cell proliferation, differentiation, and migration in part through 
its capacity to modulate the deposition of ECM components.  Specifically, TGF-β  iso-
forms have the ability to induce the expression of ECM proteins in mesenchymal cells, 
and to stimulate the production of protease inhibitors that prevent enzymatic breakdown 
of the ECM (300).  The modulatory  role of proteoglycans on cell proliferation cannot be 
separated from their participation in tissue organization, thereby explaining the diverse 
and sometimes contradictory reports on the effects of proteoglycans on cell proliferation 
and differentiation (302).

Several studies have attempted to establish HF organotypic systems based on 
epithelial-mesenchymal interactions between DP cells and ORS keratinocytes (161-
165) by  using an ECM replacement called “Matrigel” (305).  Although the culture condi-
tions for ORS keratinocytes have been improved, differentiation into hair shaft like cells 
have not been achieved.

This all suggests that much work is to be done in the understanding of the hair follicle 
biology and the ECM components required for HF formation in vitro.

2. Myopathies: from the sarcolemma towards the
extracellular matrix

The major focus in neuromuscular research has long
been the myofibrils, the cytoskeleton, and the cell
membrane. Disorders of the contractile elements mostly
belong to the congenital myopathies, whereas defects
of the cell membrane and its connection to the cytoskel-
eton are associated with the muscular dystrophies
[16,17].

In recent years, the focus of attention has gradually
shifted towards the ECM [5]. This was initiated by the
growing insight that the ECM is an extremely dynamic
complex of molecules that interacts with sarcolemmal,
cytoskeletal, and nuclear elements in order to maintain
skeletal muscle integrity and to transmit forces [18]. Since
then, myopathies have been identified that result from
defects in or deficiencies of trans-sarcolemmal proteins
(e.g. limb-girdle muscular dystrophies) or ECM molecules
(e.g. congenital muscular dystrophies, Bethlem myopathy
and UCMD). Extramuscular characteristics of such myo-
pathies, including joint and skin manifestations, are
increasingly recognized [7,19].

2.1. Sarcolemma-associated ECM molecules and myopathies

The trans-sarcolemmal molecules dystroglycan, sarco-
glycan, and associated molecule integrins are part of the
complex of proteins that connects muscle cells to the sur-
rounding ECM. Dystroglycans and sarcoglycans, together
with dystrophin, form the dystrophin–glycoprotein com-
plex (DGC). This complex has both mechanical and sig-
nalling roles in mediating interactions between the
cytoskeleton, the sarcolemma, and the ECM. The proteins
within the DGC are structurally organized into three dis-
tinct subcomplexes. These are the (1) intracellular proteins
dystrophin, a-dystrobrevin, and the syntrophins (which
will not be discussed in this review; we refer to a recent
review by Laval and Bushby [20]); (2) the sarcolemmal
dystroglycan (b subunit); and (3) the sarcoglycan-subcom-
plex (a, b, c, and d subunit) (Fig. 1, Sections 2.1.1 and
2.1.2). A second group of sarcolemma-associated ECM
molecules forming a link to the more peripheral ECM
are the integrins and a-dystroglycan (Fig. 1, Section
2.1.3). Integrins are a large family of transmembrane pro-
teins that mediate cell-matrix as well as cell–cell recogni-
tion and adhesion.

Fig. 1. Schematic representation of the ECM surrounding skeletal muscle. Individual molecules are depicted at their approximate location in relation to
the sarcolemma. Well-established molecular interactions between individual ECM molecules are portrayed. Due to limitations in space, not all possible
interactions are indicated. Names of ECM molecules of which no genetic mutations are associated with specific myopathies or inherited connective tissue
disorders in human, are printed in italic.

N.C. Voermans et al. / Neuromuscular Disorders 18 (2008) 843–856 845

Figure 1.19: Macromolecular organization of the extracellular matrix. Voermans 2008 (84).
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1.11. Cartilage oligomeric matrix protein (COMP)

COMP or thrombospondin-5 (THBS5) is an extracellular matrix glycoprotein first isolated 
in the early 90´s from the swarm rat chondrosarcoma that forms a pentamer with identi-
cal subunits linked by disulfide bonds in its mature form (306-308) (fig 1.20).

In humans, COMP is found in the 
ECM of cartilage, tendon and 
synovium (304, 325), in ligaments 
produced by  human foreskin fibro-
blasts in vitro (310) and in cultured 
human vascular smooth muscle 
cells (311).  However, it has not 
been associated with normal skin 
or hair follicles so far.

Complex interactions of each monomer with its neighbor results in the formation of a 
hydrophobic pore, which can bind retinol and vitamin D (312) and act as a linker protein 
with several ECM molecules (90, 304, 313-316) and growth factors such as TGF-β 
ligands (86, 87, 311).

Furthermore, several ECM molecules which interact with COMP (shown in cartilage) are  
also expressed in hair follicle, suggesting a role of COMP, also in HF biology.

Although more than 60 COMP mutations have been reported causing principally two 
human dysplasias (PSACH and MED) (318), there are few reported associations with 
hair disorders.  Mckusick 132400 a type of cartilage hair hypoplasia (CHH) caused by a 
COMP mutation is associated with scant fine hair in 93% of the reported cases.  Other 
types of disorders associated with elevated COMP levels, including a subset of sclero-
derma patients, have been randomly associated with hair disorders.  Table 1.8 presents 
three examples of known syndromes due to mutations or over-expression of COMP,  
two of which display known hair phenotypes.

Figure 1.20: Cartilage oligomeric matrix protein: Non 
collagenous extracellular matrix protein, which consists of 
five identical glycoprotein subunit, each with EGF-like and 
calcium-binding (thrombospondin like) domains.
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Table 1.8: Human pathologies related with COMP disorders and hair follicle phenotype in humans.
Syndrome Mutation phenotype Reference

Cartilage hair hypoplasia
(CHH)

or 
metaphyseal 

chondrodysplasia-McKusick 
type

Autosomal recessive
chromosome 9

Mckusick 132400 due to 
mutated COMP

Short-limbed dwarfism, 
general hypoplasia. 

Phenotype: 
Hair hypoplasia 93% 

Immunodeficiency 56%
Short limbed 100%

 (85)

Connective tissue and 
rheumatic disease
Scleroderma (Scc)

COMP is over-expressed 
probably due to autocrine 

TGFβ stimulation.  
Induction of pathogenic 

matrix deposition.

Early hair graying followed 
by hair loss

localized scleroderma 
gives patchy hair loss.

 (86-89)

Pseudochondroplasia
PSACH

Autosomal dominant
familial COMP mutation in 

type 3 repeats (D472Y) 
Affected early vesicle traf-
ficking in endoplasmic re-
ticulum and induces apop-

tosis.

Disproportionate short 
stature,

ligamentous laxity 
precocious osteoarthritis

No reports of hair disorder

 (90-95)

Promoter studies (316) together with recent studies that have shown the crystal struc-
ture of COMP and its similarities to thrombospondin 1 and 2 (319) might help  to clarify 
the function of COMP in human hair follicle. 
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1.12. Addressed questions

For the work presented here, the following questions were formulated:

(1)  What are the differences between ORS keratinocytes from the permanent and non 
permanent regions (PR and NP) from anagen VI HF, despite their similar expression of 
Keratin 15?

(2)  Which other molecules could be suggested as markers for the keratinocyte stem 
cell population (bulge) localized at the PR ORS?

(3)  What are the major differences or similarities between the connective tissue and the 
dermal papilla fibroblasts in vivo?

(4)  Which other molecules could be suggested as markers for the DP and the CT fibro-
blasts?

(5)  Is the extracellular matrix different at the PR and NP region?

(6)  How to define DP and CT fibroblasts after in vitro expansion?
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2. Materials and methods

2.1. Materials

2.1.1. Tissue

Human skin scalp  samples were obtained from face lifting surgery from a total of 15 do-
nors, between 50 and 68 years old, with informed consent following Helsinki guidelines.

Scalp samples were maintained into William´s E serum free medium supplemented with 
2-5 fold concentrated penicillin (250U/ml), streptomycin (250mg/ml)at 4ºC  (all cell cul-
ture reagents were obtained from Gibco BRL, Paisley, Scotland).

2.1.2. Cell culture material

Table 2.1 Medium

Medium Composition

RPMI RPMI 1640 Glutamax, 100U/l Streptomycin 

DMEM 10% FCS and 100U/ml penicillin/100µg/ml streptomycin

KSFM with cholera toxin 100U/ml penicillin/100µg/ml streptomycin
cholera toxin: 0.1nM

2.1.3. Additional reagents

Table 2.2 Additional reagents

2.1.4. Enzymes

Table 2.2 Enzymes

Enzyme Vendor

Taq polymerase GeneExpress, Berlin

Pfu polymerase Bioline, Mannheim

Immulase Bioline, Mannheim

T4 DNA ligase Fermentas,

Phosphatase Fermentas

Xba1 New England Biolabs
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Enzyme Vendor

KpnI New England Biolabs

T7 RNA polymerase

rDNase I Ambion

RNse inhibitor Bioline

2.1.5. Solutions

Table 2.3 Solutions

Solution Composition

PBS 137 nM NaCl , 2.7 mM KCl, 8 MN Na2HPO4

PBS/BSA PBS, 0.5% BSA

TBS 0.1M Tris, 0.15 M NaCl

Alkaline buffer for NBT/BCIP 0.1M Tirs, 0.15M NaCl, 50mM MgCl2, 0.1% Tween 20

10x Ligation buffer (T4 Ligase) pH 
7.5

20mM Tris-HCL, 100mM MgCl2, 5mM ATP, 100 mM DTT

1xPCR buffer 67mM Tris-HCl, 16mM NH4SO4, 0.1% Tween 20.

TAE 40mM Tris Acetate, 1mM EDTA

BES 50mM BES, 280mM NaCl, 1.5mM Na2HPO4

Oil Red O 0.5% 0.5g, 100ml Propylene glycol 100%

Alcian Blue solution (pH 2.5) Alcian Blue 1g, Acetic acid 3% solution 100ml.

Nuclear fast red solution 0.1g Nuclear fast red, 5g Ammonium sulfate, 100ml dd water.

Acetylation buffer (ISH) 10X Acetylation buffer, 295ml water, 4ml Triehilomanine, 0.5ml concen-
trated HCl, and just before use 0.75ml (0.25%) acetic anhydride.

Hybridization buffer (ISH) 50% formamide, 25% of 5xSSC, 5% of 5x Denharts, 1.5% of tRNA 
(10mg/ml) and DEPC water.

20xSSC (ISH) 3M NaCl, 0.3M Na citrate

Propylene glycol, DEPC, Lithium 
Chloride

Sigma
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2.1.6. Kits

Table 2.4 Kits
Kit Vendor

ApopTag Fluorescein In situ Apoptosis detection Kit 
S7110

Chemicon International

TSA Fluorescence systems
NEL 704A

Perlin Elmer

Total RNA isolation Macherey-Nagel

PicoPure RNA isolation Kit
PN 12204-01

Arcturus

Dig-Nick Translation Kit Roche, Mannheim

Gel Extraction kit Macherey-Nagel

TAQ Man Kit Roche, Mannheim

TopoTA cloning Kit Invitrogen, Karlsruhe

2.1.7. Primers 

Table 2.5 Primers
Gene sequence 5ʼ- 3ʼ

UBQ Forward: TCTTGACAATTCATTTCCCAACAG
Reverse: TCAGGCACTAAAGGATCATCTGG

S26 Forward: AGGCACCGTCTCCTCTCC
Reverse: ACGCATCGGGCACAGTTAGT 

COMP Forward: GACAAGAAGTCCTATCGTTGGTTCC
Reverse: TCATAGTCCTCTGGGATGGTGTC

TGFb1 Forward: CCTGGCGATACCTCAGCAAC
Reverse: GCCATGAGAAGCAGGAAAGG

TGFb2 Forward: CCATCCCGCCCACTTTCTAC
Reverse: CCATTCGCCTTCTGCTCTTG 

TGFb3 Forward: CTTGGAGGAGAACTGCTGTGTG
Reverse: TGCTTCAGGGTTCAGAGTGTTG

K15 Forward: GAGAACTCACTGGCCGAGATC
Reverse: CTGAAGAGGCTTCCCTGATG
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2.1.8. Machines

Table 2.6 Machines
Machine Name Vendor

Fluorescence microscope Axioplan Zeiss 

Confocal microscope DM IRE2 Leica

Dissection microscope Leica

Flow cytometer FACSCalibur BD Biosciences

Spectophotomether Nano Drop 1000 Thermo Fischer Scientific

Microtom Cryosection HM 500 OM Microm

Light cycler MX3000 Stratagene

Laser microdissector TX LCM Molecular devices

2.1.9. Software

Table 2.7 Software

Software Company

Flow jo ver 8.7 Tree star

Prism 5.0 Mac

Database for annotation, visualization and integrated 
discovery (DAVID)

NIH

2.1.10. Disposable material

Table 2.8 Disposable material

Object Vendor

Menzel-glass Superfrost plus Thermo Scientific

Cryomold biopsy Tissue-Tek 4565 and 4566

Neg-50 Richard-Allan Scientific

Clearmount solution Invitrogen

SEC 35 Microm

96-V Mikrotiterplatte Biozym (710884)

Microseal B`Film Bio-Rad
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Object Vendor

Falcon Grainer

superfrost glass slides Thermo Scientific

Chamber slides TH-Geyer

glass cover slides Menzel-Gläser

PEN membrane frame slides Arcturus

2.2. Methods

2.2.1. Human tissue sampling

Occipital and temporal skin samples were obtained from 18 donors from remaining skin 
after facelift surgeries between 50 and 65 years old with informed consent and following 
Helsinki guidelines.

Scalp tissue was preserved in William´s E serum free medium and kept at 4°C  until fur-
ther processing.  Once the skin arrived at the lab, was kept at 4ºC and washed with cold 
Williamʼs E and sterile PBS to be further processed for single hair follicle microdissec-
tion, or tissue freezing for cryosections.

2.2.2. Culture of hair follicle cells

Epidermis was removed with a scalpel, and subcutaneous tissue containing the com-
plete hair follicles was incubated overnight with 4mg/ml dispase solution in DMEM at 
4°C.  Dispase was neutralized with DMEM-10%FCS (Invitrogen GmbH, Karlsruhe, 
Germany).  Subcutaneous fat was removed and single hair follicles were dissected with 
scalpel and forceps under dissection microscope (321). 

Dermal papilla was removed from single hair follicles as previously  described (322) and 
cultured into adherent 6 well plates with DMEM 10% FCS, attached to the bottom of the 
well by light scratching of the surface with a syringe needle.  DP fibroblasts outgrowth 
was observed after 1 or 2 weeks depending on the donor. 
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Complete hair follicles without DP were used to prepare hair follicle cell suspension, or 
to allow outgrowth of connective tissue fibroblasts.

Outgrowth of connective tissue fibroblasts were obtained after adherence of the HF to 
the bottom of a a 6-well plate, by using a fine needle scratch and maintained in DMEM 
supplemented with 10%FCS and 100U/ml penicillin/100µg/ml streptomycin (PAA Labo-
ratories, Cölbe, Germany).

Hair follicle keratinocytes were obtained from cell suspensions from hair follicles without 
DP structure.  Single hair follicles were incubated with 0.05% Trypsin (USB) at 37°C 
during 30 min.  Trypsin was neutralized by an equivalent volume of PBS with 0.05% 
Dnase (Sigma-Aldrich)/ 5% FBS and HBSS), suspension was further dissociated by 
passing it through a small syringe (24G) two to three times, and finally  passed through a 
cell strainer (70Um).  Cell suspension was collected and centrifuged 5 min at 800g, pel-
let was resuspended into 0.5ml of KSFM with 100U/ml penicillin/100µg/ml streptomycin 
and cholera toxin (0.1nM) and culture on collagen I coated 6 well plates.  First keratino-
cyte outgrowth was observed between 1 to 2 weeks later.

2.2.3. Matrices for cell culture

Collagen I coating, collagen I was dissolved in acetic acid at 0.1 mg/mL.  Collagen solu-
tion was uniformly distributed by  soft movement into plates or culture flasks at 0,5mL / 
25cm2  incubated overnight at 37°C.  Next day the plates and flask were covered with 
parafilm and allowed to dry into the hood and finally stored in the refrigerator, until use, 
but for no more than 2 months.  Before use, the flasks and plates were washed twice 
with 5 mL PBS to neutralize the acetic acid.

2.2.4. Cryosections

Cryomolds for Immunocharacterization: Scalp pieces of approximately 1 cm were cut 
and snap frozen in liquid nitrogen to preserve shape and hair follicle organization.  The 
frozen samples were then embedded in (Frozen section medium Neg50, Richar-Allan 
Scientific) cryomolds (Tissue-Tek 4565).
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Skin sections were localized vertically, covered with freezing medium and snap frozen 
with liquid nitrogen to be kept at -80C until cryosections were required.

Cryosections were cut using (Microm HM 500 OM) between 7 to 10 μm for immunofluo-
rescent labeling and 20 μm thick for z-scanning using the confocal microscopy, using 
super-frost slides (Menzel-glass, Thermo Scientific) to guarantee tissue adhesion during 
staining process.

2.2.5. Immunocharacterization

Cryosections kept at -80°C were fixed in acetone at -20°C for 10 min.  The slides were 
then washed 3 times for 5 min in PBS at room temperature.  Blocking of unspecific bind-
ing of the secondary  antibody was performed by incubation during 20 min at room tem-
perature with 10% diluted serum in PBS that corresponds to the specie of the secon-
dary antibody used for every detection and listed in table 3.10.  Primary   and secondary 
Antibody incubations were done as listed in Tables 3.11 and 3.12.

General characterization of the bulge by autofluorescent methods, requires considera-
tion of its high autofluorescence, due to high levels of flavin and NAD related com-
pounds, related to the redox state and quiescent nature of these cells (226).

Table 2.9: Serum list, all serums were used 1:10 in PBS.
Serum Vendor Code

Goat Sigma G9023

Rabbit Dianova 011-000-120

Mouse Jakson 015-000-120

Donkey Santa Cruz S-2044

Table 2.10: Primary Antibodies

Keratins Clone Specie Vendor Code Dilution

Cytokeratin 15 CBL272
EPR1614Y
3E2F1

Mouse
Rabbit
Mouse

Chemicon Abcam     

Santa Cruz

CBL272
ab52816
sc-81702

1:50 2h 
1:50 2h
1:100 OV

Pan-cyokeratin-FITC C-11 Mouse Sigma F3418 1:100 2h 

Cytokeratin 10 RKSE60 Mouse Chemicon MAB3230 1:100 2h 

Cytokeratin 17 E3 Mouse Santa Cruz sc-58726 1:50 OV
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Table 2.10: Primary Antibodies
Mesenchymal Clone Specie Vendor Code Dilution

CD105 FITC SN6 Mouse Serotec MCA1557F 1:20 OV (MC)
1:40     (FACS)

CD73 PE AD2 Mouse BD BD 550257 1:20 OV (MC)
1:50     (FACS)

CD44 FITC EuroBiosciences H12177F 1:20     (FACS)

CD13 FITC WM-4.7 Mouse Sigma  F5671 1:100  (FACS)

CD90 FITC 5.00E+10 Mouse BD 5.56E+05 1:20 OV (MC)
1:30     (FACS)

CD34 PE 
CD34 FITC

8G12 Mouse BD
BD

3.46E+05 1:100   (FACS)

Vimentin
Cy3
unconjugated

V9
C-20

Mouse
Rabbit

Sigma
Santa cruz

C9080
sc-7557

1:20     (FACS)
1:100 1h 
1:100 2h

COMP HC484D1 Rat Abcam ab-110561 1:100 OV

Prolyl 4-hydroxylase 5B5 Mouse Abcam ab39342 1:50 2h 

Versican (PG) H-56 Rabbit Santa Cruz sc25831 1:50 OV

Chondroitin 4-sulfate 
(4D1) (PG)

4D1 Mouse Santa Cruz sc-47718 1:300 OV

Table 2.10: Primary Antibodies

Melanocyte Clone Specie Vendor Code Dilution

c-kit Ab81 mouse Santa Cruz sc-13508 1:100 OV

Stem cell factor EP665Y Rabbit Abcam ab52603 1:50 OV

p-Mel-17 NKi-beteb Mouse Santa Cruz sc-52704 1:100 2h

TRP1 4D25 Mouse Santa Cruz sc-73239 1:100 OV

TRP2 H-150 Rabbit Santa Cruz sc-25544 1:50 OV

Table 2.10: Primary Antibodies

ECM Clone Specie Vendor Code Dilution

Collagen IV COL-94 Mouse Sigma C1926 1:100 OV

Tenascin-C H-30 Rabbit Santa Cruz sc-20932 1:200 OV

Laminin Rabbit Chemicon AB19012 1:100 OV

Fibronectin Mouse Milipore MAB1926 1:50 2h

Actin 1A4 Mouse Santa Cruz sc-32251 1:50 2h
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Table 2.10: Primary Antibodies
Adhesion Clone Specie Vendor Code Dilution

CD49f (α6 Integrin) 4F10 human cell line 
SW2222

Chemicon CBL458 1:100 OV

Table 2.10: Primary Antibodies

Proliferation/
apoptosis

Clone Specie Vendor Code Dilution

Ki67 Polyclonal Rabbit Abcam AB15580 1:50 OV

Survivin C-19 Goat Santa Cruz sc-8807 1:100 OV

p63 4A4 Mouse Santa Cruz sc-8431 1:50 OV

Apoptag kit Chemicon S7110

Secondary detection was performed using the fluorescent labelled secondary Antibod-
ies listed in table 2.12.  Alternatively and only if required due to low expression, the Ty-
ramide amplification signal coupled to Cy3 was used to increase the fluorescent signal.

Table 2.11: Secondary antibodies

Antibody Specie Specificity Vendor Code Dilution

Alexa 488 IgG Donkey Goat Invitrogen A11055 1:300

FITC-IgG Goat Rabbit Santa Cruz SC-3839 1:200

Alexa 594-IgG Goat Rabbit M. Probes A11072 1:300

FITC-IgG Goat Mouse Sigma F5262 1:200

Alexa 594-IgG Goat Mouse M. Probes A11020 1:200

FITC-IgG Rabbit Mouse Chemicon AQ160F 1:200

IgG-Alexa 350 Goat Mouse Invitrogen A11068 1:200

IgG-Alexa 594 Donkey Rabbit M. Probes A21207 1:200

Table 2.12 HRP antibodies for TSA amplification 

Other Ab Specie Specificity Vendor Code Dilution

IgG HRP Rabbit Mouse Serotec STAR 13B 1:250

Anti Dig POD HRP 1:100
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All Stains were finally  nuclear counterstained with Hoechst (2:2500 from stock 1mg/ml) 
during 10 min at RT, except for staining using secondary Ab  Alexa 350 where nuclear 
counterstained was avoided or replaced with Sytox orange (Invitrogen).

2.2.6. Amplification methods (TSA)

The TSA is useful in amplifying signals generated by HPR in fluorescent non radiactive 
applications.  This system uses HRP to catalyze the deposition of a fluorophore labeled 
tyramide amplification reagent onto tissue sections or cell preparation surfaces that 
have been previously blocked with proteins.

TSA from Perkin Elmer (NEL 704A) was used to develop and amplify signals of some of 
the markers with weak expressions.  Following standard fixation, the cryosections were 
washed with TNT buffer ( 0.1mol/l Tris-HCl, pH 7.5; containing 0.15 mol/l NaCl and 
0.05% Tween 20).  Then endogenous horseradish peroxidase was blocked by washing 
during 15 min with 3% H2O2 in PBS.

Primary antibody dissolved in TNT at the concentrations as indicated in table 3.2 was 
incubated OV at 4ºC followed by three washes with TNT buffer at 5 min each.  Incuba-
tion with correspondent anti HRP antibody for 30 min at RT allowed amplification signal,   
Rabbit anti mouse anti HRP Ab (Serotec, STAR 13B) for N and E-Cadherins and goat 
anti rabbit HRP Ab  (CHU) for P-CDH.  The reaction was developed by incubation with 
Cy3-Tyramide amplification reagent in 1:50 dilution at room temperature during 5 min. 
Final nuclear counterstain was done by incubation with Hoescht 1:2500 during 10 min.

2.2.7. Flow cytometry

Flow cytometry analysis is based on the principles of light scattering, light excitation and 
emission of fluorochrome molecules to generate specific multi-parameter data from par-
ticles and cells in the size range of 0.5μm to 40μm diameter.  It allows characterization 
of the cells based on their fluorescent characteristic, size and granularity.  The two pa-
rameter plot (FSC  vs SSC) are based on forward angles (low-angle) light scatter and 
side angle (90°) light scatter (323) the gating is based on cell size (x axis) and granular-
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ity or architecture of the cells (Y axis).  The one-parameter histograms, here presented , 
display the cells count on the y-axis and the measurement parameter on the x-axis.

Cells which proliferate adherent (DP and CT fibroblasts or HF keratinocytes) were 
trypsinized with 0.05% Trypsin (USB) at room temperature until the cells detached and 
formed a single cell suspension.  Following trypsin neutralization with DMEM 10%FCS 
for fibroblasts and with PBS/BSA for keratinocytes, the cells were washed 3 times with 
PBS, and centrifuged at 800g for 5 min, count (Neubauer chamber) and split into 3 to 5 
x105 cells per 0,5mL Eppendendorf for each stain.  Following incubation with corre-
sponded antibodies fluorescent labeled as listed in Table 2.11 (Mesenchymal markers) 
during 10 min on ice.  Staining for Pan-cytokeratin and keratin 15 required previous 
membrane permeabilization due to their intracellular expression (BD FACS Permeabiliz-
ing solution 2- BD bioscience).  This incubation during 5 min precede antibody  incuba-
tion. Cells were finally washed 3 times with PBS and resuspended into para-
formaldehyde solution 2%.  Unstained and unstained permeabilized controls were used 
as well as isotype controls for FITC and PE channels.  A minimum of 3x105 cells/stain 
were acquired with a FACS-Calibur, and data was analyzed with Flow jo software.

2.2.8. ApopTag Fluorescein In situ Apoptosis detection 

DNA fragmentation localized in nuclei and apoptotic bodies of apoptotic cells was de-
tected using Fluorescein Tunel assay.  This assay detects the DNA breaks by  enzymatic 
labeling the free 3ʼOH termini with modified nucleotides.

The nucleotides contained in the reaction buffer are enzymatically added to the DNA by 
terminal deoxynucleotidyl transferase (TdT). TdT catalyzes a template independent ad-
dition of nucleotide triphosphate to the 3ʼOH ends of double or single stranded DNA.  
The incorporated nucleotides form an oligomer composed of digoxigenin nucleotide and 
unlabeled nucleotide in a random sequence. 

Signal of DNA fragments then labeled with the nucleotides is developed through binding 
of an antii-digoxigenin antibody conjugated with fluorescein.

Slides for stain with Tunel kit were fixed with 10% formalin at room temperature during 
10 min, washed 3 times for 5 min with PBS and fixed again with ETOH-acetic acid at 
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-20°C during 10 min, washing steps were repeated and incubation with TdT enzyme 
during 30 min at 37 °C  was performed after provided recommendations. Reaction was 
stop with stop  buffer solution and washed.  Co-stain OV at 4 °C  with proliferation marker 
Ki67 was allowed after blocking step (table 3.11).

The following day,  signal development for TdT enzyme reaction with Anti-Dig Ab and for 
Ki67 with Alexa 594-Anti rabbit Ab was done like all other immunofluorescent protocols.

2.2.9. Differentiation methods 

Differentiation induction took generally 2 weeks for CT fibroblasts in 6 well format plates.  
Verification of differentiation process was done in the same formats after careful wash-
ing with PBS any remaining medium by the corresponding staining methods.

Chondrogenesis
Chondrogenesis medium:  DMEM 10% FCS with 50μg/ml ascorbic acid, 0.1μM Desa-
methason, 100μg/ml Natrium piruvat, 1x ITS and 100 ng/ml TGFβ3.

Cultured cells in monolayer, were trypsinized and transferred into 15 ml Falcon tubes at 
a concentration of 2x10E4 cells / 2 ml to stimulate a micromass by centrifugation during 
4 min at 800xg.  After 48h incubation at 37°C  the cell pellets were de-attached from the 
bottom by gentle movement and finally differentiation was induced by incubation with 
chondrogenesis medium, during 2 weeks.

Detection: Differentiated micromasses were frozen down into cryomolds and cryosec-
tions of 7μm and were prepared for  Alcian blue staining.

 Alcian Blue stain: Stain with alcian blue solution (1g of Alcian blue, 100 ml acetic acid 
3% solution adjust pH2.5) was incubated during 30 min, then washed in running tap  wa-
ter for 2 minutes and final rinsed with distilled water.  Final counterstain was performed 
with nuclear fast red solution during 5 minutes, then washed is running tap  water for 1 
min.  This followed dehydration by incubating twice during 3 min each with 95% alcohol, 
and clearing with xylene (5min). Visualization using light microscopy.

Adipogenesis 
Adipocytic medium : DMEM supplemented with 10ug/ml insulin, 0.2mM Indomethacin, 
1uM dexamethasone, 0,5mM 3-isobutyl-1methyl-xanthine.
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Cells grown on monolayer and confluent were stimulated with adipocytic medium during  
2 weeks until formation of adipocytes and fat aggregation was observed under the mi-
croscope. 

Detection (Oil red O):  Cells were fixed with 10% formalin during 10 min at RT and dry-
ing was allowed for 5 minutes.  Propylene glycol was added for 5 minutes to avoid water 
retention and stain was visible after incubation during 10 min with Oil Red O solution.  
Staining was stopped after addition of 85% propylene glycol solution for 5 minutes and 
washed with tap  water for 3 minutes.  Wells were covered with distilled water. Visualiza-
tion and documentation was done using the light microscopy.

Osteogenesis 
Osteogenesis medium: Dexamethasone, β-glycerol phosphate and ascorbate in the 
presence of 10% v/v FBS (324).

Cells were stimulated with osteogenesis medium after confluence during 2 weeks where 
cumulates of nodules started to be visible, detection was done with Von kossa stain.

Detection (Von Kossa stain):  After fixation, wells were rinsed with distilled water, incu-
bated with 1% silver nitrate solution and placed under the IV light for 20 min, rinsed 
several times with dH2O, and un-coupled silver was removed with 5% sodium thiosul-
phate for 5 min, rinsed in dH2O and counterstained with fast red for 5 min, rinsed and 
visualized.

2.2.10. Standard PCR 

PCR reaction mixture: " 2μl 10x Buffer

" " " " 1.25μl MgCl2 (25mM)

" " " " 2μ Forward and reverse primer (10mM)

" " " " 0.25μl dNTP (25mM)

" " " " 0.5μl Taq polymerase

" " " " 1μl template

" " " " 18.5μl aqua dest.
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2.2.11.  In situ hybridization

The antisense and sense (DIG)-labeled keratin 15-specific cRNA probes were designed 
generated using standardized PCR to amplify a specific 244 bp fragment, localized be-
tween the 1100 and 1343 nucleotides of the sequence corresponding to the human 
Keratin 15 gene.

The DNA obtained from the PCR product was isolated (gel-extraction using Macherey-
Nagel kit) and subcloned into pSPT18 transcription vector.  The plasmid was then trans-
fected into Escherichia coli and amplified.  After plasmid linearization with restriction en-
zyme Xba1 for the sense probe or Kpn1 for the antisense probe.  The dig-11-UTP RNA 
probes were generated by in vitro transcription.

For the in vitro transcription of the sense probe, the Xba1 linearized plasmid was tran-
scribed with SP6 polymerase (from E. coli BL 21 / pSR 3) and for the generation of the 
antisense probe, the Kpn1 linearized plasmid was transcribed with T7 polymerase (from 
E.coli BL 21/ pAR 1219).  One microgram of the linearized plasmid was incubated with 
759 µmol ATP, CTP and GTP, 150 µmol UTP, 600 µmol DIG-labeled UTP, 1U/µl RNAse 
inhibitor and 2 U/ µl polymerase for 2 h at 37°C, followed by DNAse I step  for 15 min at 
37°C.  The reaction was stopped with 0.2M EDTA (pH8) and isolation of the transcripts 
was carried out by addition of LiCl and ethanol precipitation. 

K15 in situ hybridization
Cryosection between 7 and 8 µm were freshly cut or kept at -80°C for no longer than 2 
weeks prior to fixation into 4% PFA/ PBS (DEPC) during 10 min on ice.  After 3 washing 
steps for 5 minutes each with 1X PBS /DEPC, slides were acetylated.

Acetylation was performed during 10 min into a stirring cuvette with acetylation buffer 
with freshly added 0.25% of acetic anhydride.

After repeating washing steps, slides were pre-hybridized by incubation during 1h at 
60°C with hybridization buffer, and kept in a humid chamber with PBS/DEPC.

Probe was prepared by mixing 1µg of probe at 1µg/µl with 100µl of hybridization buffer 
following denaturation by heating it during 5 min at 80°C and quick cooling down on ice.  
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Probe hybridization was allowed by overnight incubation t at 60°C into a humidified 
chamber with 5xSSC/50% formamide.

Following day, washing and development protocol was followed after removal of the 
coverslips by gentle wash with 5X SSC at room temperature.

Three washes in preheated 0.2X SSC during 5 minutes each, transfer into buffer B1(0.1 
M Tris pH 7.5, 0.15 M NaCl).

Signal development was performed by alkaline phosphatase reaction.

Slides were washed once more with NTMT buffer ( 0.1M Tris pH 9.5, 0.1M NaCl, 50mM 
MgCl2 and 0.1% Tween 20.

Unspecific binding of secondary antibody was blocked with anti goat serum 10% and 
incubation with goat anti DIG-AP (1:2500, Roche) was allowed OV at 4°C.

Alkaline was developed by addition of alkaline substrate NBT/BCIP (0.35 µg/ml) with 
1:100 levamisol in 1x NTMT buffer.  Reaction took 1h to develop  a visible signal and 
was then stopped with water.  Slides were allowed to dry for documentation.

2.2.12. Laser microdissection

Laser microdissection (LCM) is a method to extract cell populations from histological 
slides using a low-power infrared (capture) laser (810nm) to activate a special themo-
plastic film (cap) over the cells of interest.  The activated transfer film adheres to the 
cells that are located within the laser beam diameter.  The laser does not affect the tis-
sue sample nor the quality of the nucleic acids and proteins within the sample.

The instrument used in this work (LCM TX, Molecular devises) combined the laser cap-
ture with an ultraviolet (UV) laser cutting (355nm), which was used to cut the edges of 
the selected tissue, allowing that the adhered cells to the membrane were free of sur-
rounding tissue.  This was fundamental for the success of the laser microdissection of 
ORS keratinocytes, connective tissue fibroblasts and dermal papilla cells from the hu-
man hair follicle. The human scalp skin samples were particularly  challenging due to 
their multiple components, such as keratin, fat, and adipose tissue which build an ir-
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regular surface introducing additional difficulties and a series of adaptations were re-
quired to handle the human samples.

The Scalp cryosections (7µm) were main-
tained on Pen membrane frame slides 
(Molecular Devices, Sunnyvale, CA) and 
fixed with acetone (Carl Roth, Karslruhe, 
Germany) at -20°C  for 3 min, washing 
steps were performed with buffer A  and B, 
combined as indicated by provider of His-
togene LCM frozen section staining kit, 
KIT0401 (Molecular Devices, Sunnyvale, 
CA). Cryosections with complete anagen 
HFs were incubated in the dark, during 5 
min on ice, with 1:20 vimentin-Cy3 anti-
body (V9) in washing buffer for laser dis-
section of CT and DP fibroblasts (fig. 2.1) 
or with Alexa 594-K15 for dissection of ba-
sal epithelium, PR and NP ORS keratino-
cytes (fig. 2.2).

Slides were washed 3x for 30 sec each.  Stained slides were dehydrated using 30 sec 
submersion in 75%, 95% and 99% ETOH. Remaining water was removed by  submer-
sion (5 min) into xylene.  Stained cryosections were used for laser microdissection (Arc-
turus TX LCM, Molecular Devices, Sunnyvale, CA) following the provider indications.  
CT and DP fibroblasts, and PR and NP ORS keratinocytes were laser microdissected 
on independent HS caps (Molecular Devices, Sunnyvale, CA) for following RNA isola-
tion.

Figure 2.1. Laser microdissected connective 
tissue and dermal papilla fibroblasts from ana-
gen hair follicles.
Cryosections (7-8 µm) of complete anagen hair 
follicles with CT and DP (A, D) were labeled with 
Cy3-vimentin (B) and further processed to allow 
laser microdissection of complete DP (E) and CT 
fibroblasts (F) in independent membranes (caps), 
used for consequent RNA isolation.  Permanent 
attachment of the complete HFs without corre-
spondent CT and DP sections confirmed clean 
dissection (C and G).
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2.2.13. Microarray Technology

Hair follicle connective tissue fibroblasts and Dermal papilla cells were expanded on 
monolayer adherent culture plates until P10, mRNA was extracted from both cell types 
at passage 3 and 7 to perform microarray analysis.  Each microarray experiment was 
based on a two-color ratio hybridization and a low RNA input fluorescent linear amplifi-
cation kit (Agilent technology, Böblingen, Germany) for RNA labeling.  500 ng of total 
RNA (MN prepared) was transcribed with an oligo(dT)-T7 promoter primer and Moloney 
murine leukemia virus-reverse transcriptase (Applera, Darmstadt, Germany) to synthe-
size first and second-strand of cDNA.  Fluorescent antisense cRNA was synthesized 
with T7 RNA polymerase, to incorporate the corresponding Cyanin 3-cytidine 5´-
triphosphate (3-CTP) to connective tissue fibroblasts P3 and P7 and the cyanine 5-CTP 
to Dermal papilla cells P3 and P7 (Cy Scrib, Amersham, Freiburg, Germany).  The puri-
fied products were quantified by absorbance at a 552nm for Cy3 and a 650nm for Cy5, 
and labeling efficiency was verified with a nanodrop photometer (Kisker, Steinfurt, Ger-
many).  The slides were washed according to the manufacture´s manual following hy-

Figure 2.2. Laser microdissected of ORS keratinocytes from the permanent (PR) and non-
permanent region (NP ORS).
(A, B, C and D) PR ORS keratinocytes, adjacent to the arrector pili muscle (APM).(E, F, G, H) NP ORS 
keratinocytes, K15+ and from the lower middle part of anagen HF.
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bridization overnight at 60℃ and scanning of microarrays was performed with 5-μm 
resolution using a DNA microarray laser scanner (Agilent Technologies).  Features were 
extracted with an image analysis tool version A 6.1.1 (Agilent Technologies) using de-
fault settings. Data analysis was conducted on the Rosetta informatics Platform Re-
solver Built 4.0. Expression patterns were analyzed based on a minimal two fold change 
and points with a low P-value (p<0.05).

2.2.14. Quantitive PCR

QPCR, is the optimal method for identifying and verifying changes at the RNA or DNA 
level, is sensitive, and specific.  To perform, comparative quantification in between 
genes, SYBR Green detection was used, which intercalates in dsDNA and the level of 
fluorescence detected is directly related to the amount of amplified target in each PCR 
cycle.

Cells corresponding to connective tissue and DP fibroblasts were collected at passage 
3 and 7 for RNA isolation and HF keratinocytes at passage 0, 1, 2 and 3.  After trypsini-
zation, cells were intensively washed with PBS and transferred into RA1 lysis buffer. 
RNA was extracted using the RNeasy Mini Kit (Quiagen, Germany). cDNA was synthe-
sized by reverse transcription of 400 ng total RNA (Taqman, Roche, Germany). Real 
time PCR experiments were conducted in the Stratagene system (Agilent Technologies, 
Germany) in 20µl assays using the following conditions: 1µl cDNA, 0,5 µM primer each, 
6 mM MgCl2, 200 µM dNTP, 50mM Tris (pH 8,8), 500ng/µl BSA, ImmolaseTM 0,05 U/µl 
(Bioline, Germany), 1x Sybergreen (molecular probes, Netherlands).

The Program used in stratagene:  95°C for 9”, 95°C  for 12”, Annealing at 62, 64 or 66°C 
(primer dependent), 72°C  for 14”, 95°C for 1ʼ, 60°C for 30”, 95°C for 30”and 4°C hold.

And the correspondent hybridization temperatures: UBQ, CD44, CD90, CD73, and 
COMP, TGFβ1, 2 and 3 at 64°C; and CD105, S26 at 66°C.

To verify specific products, and discard products of primer dimerization, background line 
was set equally for all samples to 1.  The relative expression of each of the genes was 
calculated by normalization with the expression of the house keeping genes (UBQ and 
S26).  The gene expression profile are calculated relative to the reference and the re-
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sults are expressed as the fold difference between the target and house keeping genes.  
The efficiency of the PCR, can be calculated over the slope of a standard curve done 
with serial dilution of a positive control or amplified target (High efficiency, E=90-110%), 
good linear fit (R2>0.98).  However it is not accurate to assume that the amplification 
efficiency (E) in any reaction is 100%.

Calculations of the gene expression were done based on the crossing-points (Cp-
values) for each sample.  The Cp-value corresponds to the first amplification cycle 
where the gene expression is over the background value and the following formula is 
used to calculate the relative gene expression of the mentioned genes.

Ration with ubiquitin= EHKG(Cp)/ Egene(Cp)

E= eficiency

EHKG = 1.96

Egene = 1.92

Cp= crossing point

2.2.15. Statistical analysis

Spearman rank correlation is a non parametric correlation and was used to correlate the 
variation between COMP gene expression and the expression of TGFβ1, TGFβ2; TGFβ3 

for connective tissue fibroblasts.

Spearman rank correlation, works by converting each variable to ranks, when two or 
more observations are equal, the average rank is used.  The correlation coefficient is 
calculated for the two columns of ranks, and the significance of this is tested in the 
same way as the correlation coefficient for a regular correlation (called Spearman´s 
rho).  The P-value from the correlation of ranks is the P-value of the Spearman rank cor-
relation.  The ranks are rarely graphed against each other, and a line is rarely used for 
either predictive or illustrative purposes.

(http://udel.edu/~mcdonald/statspearman.html)-
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2.3. Experimental design

Human scalp skin samples were collected from face-lift surgeries following the rules of 
the Helsinki Agreement and used for characterization of anagen VI hair follicles.

Cryosections from scalp skins were used for immuno-characterization and laser micro-
dissection to extract specific regions for comparative RNA microarray analysis for the 
following samples: 

•Outer root sheath keratinocytes from the permanent region were compared to ORS 
keratinocytes from the non permanent region.  The division of these regions was de-
fined by the insertion point of the arrector pili muscle (APM).

•Mesenchymal cells from anagen VI hair follicles: Dermal papilla cells were compared to 
connective tissue fibroblasts.

Microarray data was compared to protein expression for known markers that defined the 
ORS cells, melanocytic populations, mesenchymal cells and extracellular matrix com-
ponents.

The in situ gene expression profiling was used as reference of the in vivo gene 
expression of epidermal and mesenchymal cells and was compared to gene expression 
of in vitro expanded connective tissue (CT) and dermal Papilla (DP) fibroblasts.
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3. Results

3.1. Characterization of the permanent vs non permanent outer root 
sheath (ORS) of anagen hair follicles

3.1.1. Differentiation stage of ORS keratinocytes

3.1.1.1. Keratin expression of the PR and NP ORS keratinocytes

Keratin immunolabeling was used to define possible differences in the differentiation 
stage along the ORS and define keratin expression at the permanent (PR) and non 
permanent region of anagen VI hair follicles.  The definition of differentiation stages 
helps to detect potential stem cell regions.

The expression pattern of Keratin 15, 10, 13, 18, 4, 5, 6 and 8 along the anagen hair 
follicle is shown in (fig 3.1).

Keratin 15 is consistently  expressed along the basal epithelium of the epidermis which 
elongates into the outer root sheath (ORS) of hair follicles.  K15 shows a characteristic 
expression along the ORS which gradually diminishes towards the HF bulb, indicating 
the gradual differentiation stage of ORS keratinocytes.

ORS keratinocytes are also labeled with a monoclonal Pan-cytokeratin antibody that 
recognizes K10, K13, 18, 4, 5, 6 and 8.

Pan cytokeratin labeled cells are distributed at the spinous cell layer of the epidermis 
(fig 3.1, B) and along the ORS keratinocytes from the lower part of the isthmus, (fig 
3.1-A, C) until the upper middle part of hair follicles in anagen VI (fig 3.1-A, D).  At the 
suprabulbar region, random single cells expressing Pan-cytokeratin were observed 
along the K15 ORS keratinocytes (fig 3.1-A.1).  The bulb of anagen VI hair follicles did 
not show expression of K15, nevertheless, at earlier anagen phases remaining K15 
expression was observed surrounding the bulb, (fig 3.2).
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Figure 3.1: Alexa 594-Keratin 15 and FITC-Pan cytokeratin detection in anagen human hair folli-
cles.
Panels B, C, D and E, shows from left to right the emerged image, red K15 channel and green Pan-
cytokeratin channel.
A. Anagen HFs express pan-cytokeratin from the isthmus until the suprabulbar region, and K15 along the 

ORS.
A.1 The suprabulbar region express K15 with isolated pan-cytokeratin expressing cells (arrows).
B. The spinous layer of the epidermis express Pan cytokeratin and K15 at the basal layer of epithelium.
C. The protuberance of the lower part of the isthmus (bulge) expresses K15 and pan-cytokeratin .
D. The showed bulb  corresponds to an early anagen; with K15 expression at the epithelium surrounding 

the bulb.
Note that K15 is expressed along the complete ORS, but pan-ctk is useful to label the differenti-
ated layers of the epidermis, but also the bottom of the permanent region of the ORS, and single 
cells at the lower (non permanent region).
Bar corresponds to 50µm Abbreviations: ORS, outer root sheath; SG, sebaceous gland;HS, hair shaft, 
BLG, bulge.
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The K15 expression in 
early anagen is found 
along the ORS including 
the supra and bulbar re-
gion.  It is possible to dif-
ferentiate late anagen 
phases where the anagen 
hair follicle is longer and 
the cells expressing K15 
are not visible at the bulb, 
due to the thickening of the 
surrounding connective tis-
sue at the bulb (fig 3.2).

3.1.1.2. In situ hybridization for Keratin 15

The use of K15 as a marker of ORS keratinocytes with stem cell character is controver-
sial due to the variability  of K15 expression through anagen progression, as shown here 
in human hair follicles.

In murine models, K15 promoter is used as a selection marker for epithelial stem cells 
(ESC) (26) but these hybridizations confirmed that K15 mRNA expression corresponds 
to protein expression in anagen human HFs.  This discards K15 as a useful marker to 
label ESC.

Keratin 15 mRNA expression along anagen hair follicles is confirmed by in situ hybridi-
zation along the HF epithelium, following the complete outer root sheath; at the bulb 
some remaining K15 RNA is observed at the bottom of the bulb (arrow) (fig.3.3).

The antisense and sense digoxigenin (DIG)-labeled K15 gene specific cRNA is used as 
hybridization probe and the antisense probe as negative control for the secondary de-
tection.

Figure 3.2: Alexa 594- K15 expression along the bulb ORS is dif-
ferent through the anagen phase.
A.  Keratin expression in early anagen, surrounds the bulb.
B. Anagen VI shows remanning K15 expressing cells at the bulb, in 

red, this slide is co-stained with FITC-Collagen IV.
C. Hair follicle going into catagen shows an elongated structure and 

the K15 expression is reduced to the middle part of the ORS. 
Note that K15 is expression variates through anagen progres-
sion, and K15 expressing keratinocytes are relevant at the bulb 
in early anagen.
Bar corresponds to 50µm 
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Keratin 15 mRNA expression correlates with the protein expression along the ORS of 
anagen hair follicles, confirming that K15 gene does not undergo post transcriptional 
modifications.

Figure 3.3: In situ hybridization for keratin 15 developed with Alkaline phosphatase reaction.
The sense probe hybridizes K15 gene along the ORS of anagen HFs, until the middle lower part, and re-
maining K15 expression is seen at the bottom of the bulb (arrow).
The hybridization with the antisense probe, shows the specificity of the K15 probe and the blockage of the 
inherent AP activity.
False positive signals, (black but not purple) due to the pigment present at the matrix cells of both sec-
tions.
Abbreviations: ORS, outer root sheath; SG, sebaceous gland; APM, arrector pili muscle; CTF, connec-
tive tissue fibroblasts; Mx, matrix;  DP, dermal papilla; HF, hair follicle.
Note that K15 RNA expression corresponds to the previous protein expression, and discards the 
use of K15 as a marker to label exclusively epithelial stem cells at the ORS, localized at the bulge, 
moreover K15 labels the ORS exclusively and gene expression corresponds to protein 
expression.
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3.1.1.3. Expression of keratin 5, 10 and 17 in anagen VI HF.

To clarify which cells are labeled with Pan-cytokeratin at the bottom part of the perma-
nent region, co-stains with pan-cytokeratin were performed for Keratin 5, 10 and 17.

Keratin 5 expression is shown in (fig 3.4).  K5 expression was detected along the basal 
epithelium of the epidermis, similar to the K15 expression at the epidermis (fig 3.4-A.1).  
K5 expression at the epithelium is interrupted at the beginning of the HF projection (fig 
3.4-A).  No expression is detected at the ORS, bulge or insertion point of the arrector 
pili muscle (APM) (fig 3.4-B) but at the end of the APM (fig 3.4-C) where Pan-
cytokeratin signal was positive as well.  Remaining K5 expression is seen at the supra-
bulb.

K5 expressing keratinocytes seem to make part of the permanent region of the HF, 
since they are surrounding the club  hair during catagen and are found at the high prolif-

Figure 3.4:  Alexa-594 Keratin 5 and FITC-Pan-cytokeratin expression in anagen hair follicle.
A. K5 signal overlaps weakly with Pan-cytokeratin Ab signal along the HF epithelium (A.1).  K5 is ex-

pressed at the basal epithelium (A.1) until the beginning of the hair follicle (A).
B. No K5 expressing cells are found along at the bulge ORS and only Pan-cytokeratin IR are detected.
C. K5 expression is seen at the middle lower part of anagen hair follicles (C.1 only K5 channel), where co-

expression with Pan-cytokeratin is indicated by the arrow (C).
D. Negative K5 immunoreactivity is shown at the bulb.
Bar corresponds to 50µm 
Abbreviations: ORS, outer root sheath; SG, sebaceous gland;; DP, dermal papilla; HF, hair follicle; BLG, 
bulge; IR, immunoreactive.
Note that K5 expressing cells highlight two regions:  the suprabasal epithelium of the epidermis 
and below the APM at the the bottom of the bulge,.  The last one, highlights a specific keratino-
cytes population from anagen VI human HF, not previously described.
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erative region of early  anagen HFs (fig. 3.5-A).  K5 expressing keratinocytes form part 
of the new ORS and seem to be required for the formation of a new anagen (fig. 3.5-B).

To confirm that the signal of pan-cytokeratin labeling corresponds to differentiated kera-
tinocytes expressing keratin 10, a single stain was performed.

Figure 3.5: Alexa 594-K5 expression in catagen and early anagen phases.
A. Keratinocytes surrounding the club hair are K5+. lower part of the catagen HF, regressing epithelium is 

K5 negative (A.1)
B. K5 is expressed by ORS during early anagen (arrows).  B.1 Early anagen HF containing the club hair 

with high K5 IR. Bar corresponds to 50µm
Abbreviations: RE, regressing epithelium; APM, arrector pili muscle; DP, dermal papilla; IR, immunore-
activity.
Note that K5 expression is associated with cells from the HF permanent region during catagen as 
remaining section and during early anagen as part of the new hair.  This suggests that K5 ex-
pressing keratinocytes are required for new anagen formation.

Figure 3.6:  FITC-K10 and Alexa-594- K15,  expression in scalp epidermis.
K10 signal is similar to Pan-cytokeratin at the suprabasal layer of the epidermis (arrow).
Note that positive stain at the epidermis with pan-cytokeratin corresponds to K10 expressing cells 
and K10 is not expressed along the HF.
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The K10 single stain overlapped with pan-cytokeratin immunoreactivity  at the basal epi-
dermis.  K10 expressing cells belong to the spinous layer of the epidermis.  K10  is ex-
pressed in a gradient like pattern at the suprabasal layer, and highlights the heterogene-
ity of this cell population (fig. 3.6).  No K10 expression is found along the anagen hair 
follicles.

Keratin 17 expression has been associated with keratinocytes required for normal HF 
formation in murine models (15).  In human HFs, keratin 17 expressing cells are local-
ized along the epidermis at the basal layer of the epithelium and by cell aggregates lo-
calized above the basal epithelium (fig. 3.7-A.1).  K17 expression along the anagen HF 
is limited from the inner root sheath at the suprabulbar region (Fig. 3.7-B, C, D). 

Figure 3.7: FITC-Keratin 17 expression in anagen hair follicles.
A. Cell aggregates show K17 expression (arrow A.1) but no expression is seen in the HF epithelium (A).
B. K17 is expressed in the IRS from the beginning of the isthmus.
C. K17 expression continues along the IRS keratinocytes until the middle part of the anagen HF, as con-

firmed by stains with a different fluorochrome (C.1, Alexa-594-K17), to discard false signal caused by  
high autofluorescence at the CT (FITC channel), high background is as well observed at the hair cu-
ticule (HC)due to folding, but does not correspond to K17 expression.

D. K17 expression stops direction bulb at the suprabulbar region.
Bar corresponds to 50µm 
Abbreviations: ORS, outer root sheath; IRS, inner root sheath; HS, hair shaft; SG, sebaceous gland; CT, 
connective tissue; DP, dermal papilla; HF, hair follicle; ECM, extracellular matrix; HS, hair shaft.
Note that K17 expressing keratinocytes do not make part of the epidermis and neither make part 
of the ORS of anagen VI human HFs.
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3.1.2. Quiescent state of ORS cells

Quiescence was the second parameter used to define stemness of cells at the ORS, 
and define if permanent and non permanent ORS keratinocytes diverge in this charac-
teristic.

Expression of Ki67 and Tunel kit are used as makers for proliferation and apoptosis, 
respectively.  Additional expression of the tumor protein (p63) as marker for proliferation 
blockage and the expression of the pro-apoptotic variant of survivin, were use to define 
the quiescent state ORS cells.

3.1.2.1. Ki67/Apoptosis

Figure 3.8: FITC-Tunel and Alexa-594-Ki67 expression in transversal cuts of anagen HF.  
A. Apoptotic cells labelled with FITC-Tunel are found at the proximity of the HS and IRS.  Few proliferat-

ing cells (Ki67+) are at the epidermis and ORS layers but most of Ki67+ cells are at the IRS.
B. Ki67 expressing cells are part of the IRS and the sebaceous gland, but no apoptosis is detected 

(tunel-).
b.1 FITC-K15 and red Ki67, shows the bulge (K15+) negative for Ki67 expression.  Adjacent cells to the 
IRS express Ki67 (arrowheads express positive IR).
C. High expressing Ki67 keratinocytes surrounds the cortical region at the bottom part of of the DP, green 

signal along the CT corresponds to autofluorescence of the ECM.
C.1 FITC-K15 and red Ki67, shows high expression of Ki67 by K15- cells at the NP ORS (arrow heads).
Abbreviations: ORS, outer root sheath; IRS, inner root sheath; HS, hair shaft; SG, sebaceous gland; CT, 
connective tissue; DP, dermal papilla; HF, hair follicle; ECM, extracellular matrix; HS, hair shaft; BLG 
bulge.  Bar corresponds to 50µm
Note that ORS cells are quiescent, at the upper permanent region (Ki67-, tunel-), tend to increase 
proliferation (Ki67+) at the non permanent region while loosing K15 expression.
DP cells and CT fibroblasts showed quiescence state (Ki67- / tunel -) at anagen VI HFs.
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Most of the proliferative cells (Ki67 IR) are at the inner root sheaths (IRS), and only  few 
random cells are at the ORS on the upper part of the HF (fig. 3.8-A).  Bulge ORS kera-
tinocytes do not show immunoreactivity (IR) for Ki67, but cells adjacent to the ORS in 
the IRS layer (b.1), and sebaceous gland.  None apoptotic (tunel) signal is found at this 
region (fig. 3.8-B).  Non permanent ORS (NP ORS) cells express Ki67 (C.1) but DP 
cells are negative for Ki67 and tunel, and only hair cortical cells are positive for Ki67.  
No proliferation, neither apoptosis is found at the CT of anagen HFs (fig. 3.8-C). 

3.1.2.2. Survivin expression

Survivin is a marker for quiescence, expressed in two variants: a pro-apoptotic (cyto-
plasmic) and an anti-apoptotic (nuclear expression) (44). The antibody used here tar-
gets the pro-apoptotic variant.  Actively dividing keratinocytes are labelled with cyto-
plasmic survivin at the epidermis.  None of the suprabasal keratinocytes of epidermis or 
ORS are positive for this variant of survivin of anagen HF, but the IRS keratinocytes of 
the infundibulum expressed survivin (Fig. 3.9-B).

Figure 3.9: FITC-Survivin pro-apoptotic variant expression.
A. Differentiated epidermal keratinocytes express cytoplasmic survivin (arrow) but none of the basal 

epithelial keratinocytes showed positive signal.
B. Cytoplasmic survivin is expressed only by keratinocytes at the upper part of the isthmus.
C. The ORS keratinocytes are survivin negative at the bulge.
D. IRS keratinocytes showed strong expression at the bulb. 
Bar corresponds to 50µm
Abbreviations: ORS, outer root sheath; CT, connective tissue; Mx, matrix; DP, dermal papilla; SG, seba-
ceous gland; IRS, inner root sheath.
Note that the basal epithelium and ORS keratinocytes do not express the pro-apoptotic variant of 
survivin, confirming that these cells are quiescent.

72



3.1.2.3. P63 Expression

Tumor protein p63 expression is used as a complementary marker of the stem cell 
character of keratinocytes (47, 48).  P63 is expressed by ORS cells and basal epithe-
lium keratinocytes (fig. 3.10).

Figure 3.10: Alexa 594-P63 and FITC-K15 expression.
A. Suprabasal epithelium shows specific nuclear expression of P63 as indicated by the arrows.
B. High expression of p63 is indicated at the bulge ORS (arrow).
C. The bulb region shows further bulge expression at the ORS layer. 
Bar corresponds to 50µm
Abbreviations: BLG, bulge; ORS, outer root sheath.
Note that p63 is expressed at the basal epithelium of the epidermis and along the complete ORS. 
The high intensity of the p63 expression at the bulge, suggesting once more that these cells are 
quiescent and express p63.
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3.1.2.4. Summary of keratins and quiescence markers (Immunolabeling) 

The expression of the immunolabeled 
keratins and quiescence markers is 
summarized in diagram 3.1.

K15 expressing cells extend from the 
basal epidermis into the ORS keratino-
cytes of anagen HFs, including the per-
manent and non-permanent region.

Keratin 5 and K15 expressing cells are 
identical in the epidermis, but in the HF, 
K5 expression stops at the beginning of 
the isthmus. HF-K5 expressing keratino-
cytes define a specific group  of cells lo-
calized at the bottom of the APM as part 
of the ORS, which co-express K15/pan-
cytokeratin.  This region was also 
strongly positive for proliferation marker 
Ki67.

K5 expression defines a keratinocyte cell 
population with high dividing potential as 
seen in catagen and early anagen HF.

Keratin 10 expressing cells are differen-
tiated keratinocytes at the basal epithe-
lium and keratin 17 expression is limited 
to the IRS of anagen HFs.  ORS keratin-
ocytes along the epidermis and HF are in 
a quiescent state.  This is shown by their 
p63 expression, negative immunoreactivity for the pro-apoptotic variant of survivin, 
Ki67, and apoptosis (tunel).
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K15/K5/p63

K15/K5/Pan-ctk/P63/survivin

K15 low/Pan-ctk/P63

K17 PR

K10 / Pan-ctk

Diagram 3.1: Expression of Keratins and quies-
cence markers, to compared the ORS at perma-
nent (PR) and non permanent (NPR) region.  
The ORS epithelium, shows very similar expression 
of early keratin (K15) and quiescent makers, only K5 
expression labeled a new section of high dividing 
cells at the bottom of the APM.
Protein expression is indicated by color code, (brown, 
corresponds to ORS keratinocyte in HF and basal 
epithelium from the epidermis).
Abbreviations: APM, arrector pili muscle; SG, seba-
ceous gland; BLG, bulge; IRS, inner root sheath; 
ORS, outer root sheath; Mx, matrix; DP, dermal pa-
pilla; NPR, non permanent region.
Note, that K15 is discarded as a stem cell marker, 
but labels specifically ORS, and its reduced 
expression during anagen progression, indicates 
that bulb keratinocytes undergo differentiation to 
allow catagen progression.
K5 expressing cell population is here reported for 
the first time in human hair follicles, and defines 
a high proliferative cell population, required for 
new anagen formation, which seems to have a 
transient amplifying character and is localized 
right below the bulge at the ORS in anagen VI HF.
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3.1.3. Microarray analysis of laser microdissected ORS cells

Several methods have been used to immunolabel the epithelial (keratinocyte) compart-
ments of human HFs, nevertheless this approach is limited to the availability of antibod-
ies and known features of these cells.

In order to broaden the characterization of epidermal cell fractions (PR and NP ORS),  
and learn about the gene regulation of the here immunolabeled molecules in anagen 
HFs, a comparative analysis of the gene expression profile was performed based on 
RNA microarray analysis of laser microdissected (LCM) keratinocytes from anagen VI 
human HFs as shown in methodology (fig. 2.2).

The gene expression analysis 
listed for all the following genes is 
based on the compara t i ve 
expression between the PR ORS 
(A) and the basal epithelium (C) 
both in compar ison to the 
expression of NP ORS (B).

Fold changes: PR ORS(A/B) and 
Basal epithelium (C/B) as shown 
in (diagram 3.2).  All samples are 
dissected from the same donor 
and hybridized on the same as-
say.  Only hybridization spots with 
p values < 0.05 are considered.
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Diagram 3.2:  Laser microdissected keratinocytes for mi-
croarray analysis.
Abbreviations: PR ORS, Permanent outer root sheath kera-
tinocytes; NP ORS, non-permanent outer root sheath kera-
tinocytes; BE; basal epithelium; BLG, bulge; APM, arrector 
pili muscle.
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3.1.3.1. Gene expression profile of immunolabeled keratins 

The gene expressions (fold changes) of stained keratins (table 3.0) are listed to com-
pare them with the correspondent expression detected by immunofluorescence (dia-
gram 3.1) for the basal epithelium (BE), and the permanent ORS (PR ORS), both in 
comparison with the keratin gene expression of the non permanent ORS (NP ORS).

Epithelial keratins type I (K10, 15, 17, 19) 
showed higher gene expression at the ba-
sal epithelium and PR ORS in comparison 
with the NP ORS.

Despite the higher gene expression of K10 
and its pair keratin (K1 >10 fold change) in 
PR ORS and basal epithelium, in compari-
son with NP ORS.  K10 protein expression 
is limited to the basal epithelium and nega-
tive in anagen VI HFs (fig.3.6).

The K15 gene on the other hand, shows 
similar expression between PR ORS and 
NP ORS (fold change < 2) and reflects  
protein expression along the basal epithe-
lium and the ORS of anagen HF.

The K17 gene shows the highest 
expression at the basal epithelium, never-
theless protein is not expressed at the 

ORS keratinocytes (fig 3.7).

K8 was targeted with the pan-cytokeratin antibody and no positive expression was de-
tected in anagen HFs, as this keratin together with its pair keratin (K18) are not ex-
pected in normal HFs.  This confirms the specificity of this antibody.  The K8 gene 
showed lower expression in PR ORS, compared to NP ORS (fold change: -7.67).

Fold changeFold change

Gene PR ORS / NP ORS BE / NP ORS

KRT10 6.72 8.54

KRT15 1.47 IPV

KRT1 16.24 18.18

KRT17 IPV 7.91

KRT19 
(KRT17)

2.236 IPV

KRT5 1.88 IPV

* KRT6C 12.52 9.43

* KRT8 -7.67 IPV

Table 3.0: Gene expression profile of keratins.  
Fold change values correspond to gene expression 
in PR ORS and BE compared to NP ORS. 
Abbreviations: ORS, outer root sheath; PR, per-
manent region; NP, non permanent; BE, basal epi-
thelium; IPV, invalid P value; KRT, keratin
(K8 and K6C*) were targeted with pan-cytokeratin 
antibody only.
Note that fold change for K15 (<2) shows simi-
lar expression between the PR and NP ORS.
K17 is a characteristic gene of cells at the basal 
epithelium.
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The K5 gene (fold change: 1.88) indicates a similar expression between the PR and NP 
ORS. 

K6c, one of the isoforms of K6, was also targeted with the pan-cytokeratin antibody (fig 
3.1).  K6 gene is strongly  expressed at the basal epithelium and PR ORS compared to 
the NP ORS.

3.1.3.2. Gene expression profile of Immunolabeled quiescence markers

Gene expression profile of quiescence 
markers (table 3.1) and the correspon-
dent immunolabel (diagram 3.1).  Gene 
MKI67IP encodes the antigen identified 
by the monoclonal antibody Ki67, which 
is required for proliferation.  Ki67 gene 
showed higher expression at the PR OR 
and basal epithelium compared to the 
NP ORS.  On the other hand, Ki67 pro-
tein (IR) expression is decreased at the 
ORS from the HF epithelium to the 
isthmus, and almost completely absent 
at the bulge and NP ORS.

Survivin gene (BIRC5), encodes three variants of the protein inhibitory of apoptosis 
(IAP).  BIRC5 gene expression (variant 1), suggests its strongest expression at the ba-
sal epithelium, followed by the NP ORS and the lowest at the PR ORS.  Protein 
expression of BIRC5 cytoplasmic survivin (pro-apoptotic variant) was detected equally 
at the basal epidermis and ORS, as shown by immunofluorescence, suggesting their 
similar quiescence but a differential gene expression profile.

Fold changeFold change

Gene PR ORS / NP ORS BE / NP ORS

MKI67IP 2.27 10.51

BIRC5 -2.50 5.79

TP73L IPV IPV

Table 3.1: Gene expression profile of quiescence 
markers Fold change values correspond to gene 
expression level in PR ORS and BE compared to NP 
ORS.
Abbreviations: MKI67IP (Ki67), proliferation marker; 
BIRC5 (surivivin), baculoviral IAP repeat containing 5; 
TP73L(p63) tumor protein p63.
ORS, outer root sheath; PR, permanent region; NP, 
non permanent; IVP, invalid P value.
Note, similar gene expression of quiescent asso-
ciated genes between PR and NP ORS keratino-
cytes.
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3.1.4. Characterization of vimentin expressing melanocytes along the ORS

Vimentin is expressed along the human anagen HF by melanocytes along the epider-
mis, ORS, matrix and by  fibroblasts along the connective tissue and dermal papilla. (fig. 
3.11).

Vimentin expression at the basal epithelium is characteristic of melanocytes with den-
dritic morphology that closely  interact with the keratinocytes (K15+) (fig. 3.11).  Melano-
cytes with a round morphology are localized at the PR ORS and show a weaker to 
negative vimentin expression, consequent with their reduced dendrites (fig. 3.11-B).  

Figure 3.11: Vimentin expressing cells in anagen human HF.
A. Vimentin expressing dermal fibroblasts (arrows) are below the basal epithelium (broken line).  Addi-

tional dendritic-vimentin expressing cells are in between the basal keratinocytes (arrow heads) of the 
suprabasal epithelium, region in between the two broken lines.

B. The PR ORS between the SG and the insertion point of the APM, showed weak vimentin expression 
and shorter dendrites. (arrow heads at B.1) (40x)

C. The connective tissue (**) and dermal papilla (***) fibroblasts express vimentin at the bulb  of anagen 
HFs.  Additionally matrix melanocytes show dendrites with vimentin expression (arrow).

Bar corresponds to 50µm
Abbreviations: ORS, outer root sheath; APM, arrector pili muscle; CT, connective tissue; Mx, matrix; DP, 
dermal papilla; SG, sebaceous gland; PR, permanent region; NPR, non permanent region.
Note that vimentin expressing melanocytes are localized in the ORS and variate in morphology 
and vimentin expression.  On the other hand, vimentin defines the long filaments characteristic 
for the fibroblast morphology of CT and DP fibroblasts.
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Vimentin expression towards the non permanent region (NPR), along the connective 
tissue is limited to the CT and DP fibroblasts (fig. 3.11-C).

The close interaction between ORS 
keratinocytes and vimentin expressing 
cells was confirmed by confocal mi-
croscopy and helped to discard a pos-
sible co-expression as initially thought 
based on standard fluorescence mi-
croscopy of 8µm cryosections (fig. 
3.12).

Vimentin expressing cells with den-
dritic morphology are melanocytes 
along the anagen hair follicles.  In this 
work a differential vimentin expression 
is observed within the differentiation 
grade of melanocytes in the epidermis 
and anagen HF.

Melanocytes with high vimentin 
expression are localized along the 
epidermis (fig. 3.11A, 3.12A) and at 
the lower NP ORS (fig. 3.12-C), while 
vimentin expression of PR ORS cells 
is weak and irregular (fig. 3.12-B).

Vimentin expression in melanocytic 
populations diverge from their mor-

phology and localization, for this reason further characterization based on co-expression 
of vimentin and melanocytic markers (c-kit, p-Mel17 and TRP1) is here presented.

Figure 3.12:  Snap shots based on confocal z-axis 
scanning of 20µm cryosections:
Alexa 594-Keratin 15 and FITC-vimentin.
A. Vimentin expressing cells are inserted into the K15 

basal layer of the epidermis (K15+).
B. Vimentin (+) cells are only part of the surrounding CT 

(green).
C. Dendritic cells with high vimentin expression are ob-

served in a transversal cut from the hair Mx.
D. A frozen snap  shot, from z-scanning imaging shows 

the close interaction of dendritic filaments-vimentin 
(+) with the K15(+) keratinocytes at the ORS.

Abbreviations: CT, connective tissue; ORS , outer root 
sheath; Mx, matrix.
Note that vimentin (+) melanocytes have dendritic 
morphology and closed interaction with ORS kera-
tinocytes.
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3.1.4.1. C-kit expressing cells along the ORS

The mast/stem cell growth factor receptor (c-kit) is used as a marker for mast cells and 
melanocytes in an early  differentiation state.  Strong expression of c-kit is found at the 
bulge (fig. 3.13-B, B.1)  and at the basal matrix melanocytes surrounding the dermal 
papilla (fig. 3.13-C).  No c-kit co-expressing vimentin cells are found at the ORS or ba-
sal matrix cells but few are found at the basal epithelium (fig. 3.13-A).

 

Figure 3.13: Alexa 594-C-kit and FITC-vimentin expressing melanocytes.
A. C-kit expression at the basal layer of the epidermis is scare and only few cells show co-expression 

with vimentin (arrow).
B. C-kit expression at the bulge does not co-localize with Vimentin expression, the high green autofluo-

rescence is characteristic of bulge cell aggregates but is not specific for vimentin fibers.
C. Basal cells from the matrix express c-kit with out vimentin co-expression.  Additional epidermal cells 

are found at the bottom of the bulb (arrow heads).
Bar corresponds to 50µm
Abbreviations: ORS, outer root sheath; APM, arrector pili muscle; CT, connective tissue; Mx, matrix; 
DP, dermal papilla; SG, sebaceous gland; BLG, bulge; SG, secondary germ.
Note that undifferentiated melanocytes (c-kit +) are localized at the basal epidermis, bulge, matrix 
and secondary germ, but none of these c-kit expressing cells co-expressed vimentin and neither 
showed a dendritic morphology.
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3.1.4.2. P-Mel17 expressing melanocytes along the ORS

The melanocyte protein mel 17 is a marker for melanocytes which are partially differen-
tiated and is here co-stained with vimentin (fig. 3.14).  p-Mel17 expressing melanocytes 
at the epidermis co-express vimentin and have dendritic morphology (fig. 3.14-A).  No 
P-Mel17 expressing melanocytes are found at the bulge of anagen hair follicles, (fig. 
3.14-B) or along the ORS.  P-MEL17 expressing melanocytes are at the base of the 
matrix (fig. 3.14-C)  surrounding the apical part of the dermal papilla and do not co-
expresse vimentin.

Figure 3.14: Alexa 594-p-Mel17 and FITC-vimentin.
A. Melanocytes co-expressing p-Mel17 and vimentin are found only at the epidermis, (yellow cells) (ar-

rows).
B. No p-Mel17 expressing melanocytes were found at the bulge ORS, and the few spots do not define a 

clear cell population.
C. p-Mel 17 expressing melanocytes are localized at the basal matrix cells surrounding the DP, but they 

do not expressed vimentin.
Bar corresponds to 50µm
Abbreviations: ORS, outer root sheath; APM, arrector pili muscle; BLG, bulge; CT, connective tissue; 
Mx, matrix; DP, dermal papilla; SG, sebaceous gland; HS, hair shaft.
Note that partial differentiated melanocytes (p-Mel17+) have dendritic morphology at the epider-
mis and co-expressed vimentin.  Moreover, p-Mel17+ melanocytes in the HF are principally at the 
matrix (Mx) and do not co-express vimentin, suggesting different characters between epidermal 
and HF melanocytes, based on their vimentin expression.
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3.1.4.3. TRP1 expressing melanocytes along the ORS

Mature melanocytes expressing TRP1 are detected at the epidermis and most of them 
co-express vimentin (fig. 3.15-A).  Less abundant and single immunoreactive for TRP1, 
are melanocytes in the close proximity of the bulge which form part of the connective 
tissue (fig. 3.15-B).  Most of the melanocytes found at the matrix are TRP1 immunore-
active and co-express vimentin (fig. 3.15-C).

Figure 3.15: Alexa 594-TRP1 and FITC-vimentin expressing melanocytes.
A. Co-expressing (yellow) as well as single TRP1 (red) positive melanocytes are detected at the epider-

mis.
B. No TRP1 expressing melanocyte are detected into the bulge at the ORS, and only positive TRP1 cells 

are seen at the proximal region at the connective tissue, and surrounding the SG.
C. Most of the TRP1 expressing melanocytes are located at the base of the Mx surrounding the DP where 

vimentin signal is as well detected (weaker vimentin signal at the matrix than in DP and CTFs, makes it 
fade)

Bar corresponds to 50µm
Abbreviations: ORS, outer root sheath; APM, arrector pili muscle; BLG, bulge; CT, connective tissue; 
Mx, matrix; DP, dermal papilla; SG, sebaceous gland; HS, hair shaft.
Note that mature melanocytes (TRP1+) co-express vimentin only at the epidermis, but not at the 
HF.  Mature melanocytes in the HF are here reported at the connective tissue adjacent to the bulge 
and confirmed in the matrix as previously reported.
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3.1.4.4. Summary of vimentin expressing 
melanocytes in human anagen 
HF (Immunolabeling).

Protein expression of melanocyte markers 
is summarized in diagram 3.3.

Vimentin is a useful marker to distinguish 
epidermal and mesenchymal originated 
cells in situ and defines connective tissue 
fibroblasts, dermal papilla cells and mature 
melanocytes from the epidermis.

Melanocytes expressing c-kit, are found at 
the epidermis, bulge and matrix but do ex-
press vimentin.

Epidermal melanocytes is a heterogenous 
population with diverse differentiation 
stages, which express c-kit, p-Mel17 and 
TRP1.  Only  some of the TRP1 expressing 
melanocytes co-express vimentin.

HF-ORS and HF-Mx melanocytes express 
c-kit, p-Mel or TRP1, but do not co-express 
vimentin, along the anagen HF.  This shows 
that epidermal and HF melanocytes cell 
populations are different, based on their vimentin expression.  Vimentin can be used as 
a marker for differentiated melanocytes (TRP1+) at the matrix of anagen HF and at the 
basal epithelium (TRP1+ and P-MEL17+).

Bulge melanocytes (progenitors) are abundant at the bulge and express only c-kit but 
are vimentin, p-Mel17 and TRP1 negative.
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Diagram 3.3: Expression of melanocyte mark-
ers at the PR and NP ORS and at the DP and 
CT.  Differentiated melanocytes co-express vi-
mentin and TRP1 at the epidermal ORS and at 
the matrix. C-kit expressing melanocytes do not 
co-express vimentin and are found at the basal 
epithelium, bulge and Mx.
PMEL17 expressing melanocytes are limited to 
the basal epithelium and the NP ORS but do not 
express vimentin.
Abbreviations: APM, arrector pili muscle; SG, 
sebaceous gland; BLG, bulge; IRS, inner root 
sheath; ORS, outer root sheath; Mx, matrix; DP, 
dermal papilla; NPR, non permanent region; CT, 
connective tissue; BM, basal membrane.
Note that, Vimentin expressing melanocytes 
in the epidermis and HF ORS, seem to be an 
immobile melanocyte population, as they 
don´t express c-kit, and interact closely with 
keratinocytes.
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The matrix melanocyte population is heterogeneous including melanocytes expressing 
c-kit or P-MEL and a population immunoreactive for TRP1 and vimentin.

3.1.4.5. Gene expression profile of melanocyte markers

Microarray analysis of melanocytes markers (table 3.2) and their correspondent protein 
expression are summarized (diagram 3.3).

The proto oncogene ckit (c-kit) is highly  expressed by basal epithelium (fold change: 
5.8) compared to NP ORS.  This expression profile corresponds with the Immunolabel 
ed c-kit at the HF epithelium.  The hybridization spot at the PR ORS is not taken due to 
invalid p  value, but c-kit protein is only expressed at the bulge (PR ORS) and not at the 
NP ORS in anagen HFs.

pMel17 gene has similar low expression along the ORS and basal epithelium, but with 
the highest pmel17 expression at the basal epithelium, followed by  the NP ORS and the 
lowest expression in PR ORS.  This gene expression corresponds to the observed pro-
tein observed in anagen HF (diagram 3.3).  Interestingly the expression of the pMel17 
receptor (pMelR) co-localizes with the expression of its ligand.

TYRP1 (tyrosinase related protein 1, a melanosomal enzyme) gene shows characteris-
tic low RNA expression at the bulge (PR ORS, -26.2) indicating its stronger expression 
at the NP ORS.  Moreover, no TRP1 expressing melanocytes were found at the NP 
ORS in anagen VI HFs, but suggests the preferential localization of mature melanocytes 
(TRP1+) at the NP ORS in other states of the HF cycle.

VIM (vimentin) gene shows lower expression at the basal epithelium (-6.0) and conse-
quent higher expression at the NP ORS as seen by protein expression.  Moreover, hy-
bridization spot for the PR ORS /NP ORS showed invalid p-value and is not considered.

In summary:  Genes with lower expression at the PR ORS compared to the NP ORS 
are: pmel17 /pmel17R, tyrp1, and pomc and basal epithelium showed higher expression 
of c.kit, pmel17 /pmel17R and tyrp1 genes compared to NPR ORS.
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3.1.5. Preferentially expressed genes at the PR and NP ORS cells

Genes with strong expression differences are summarized in supplemental tables SII.1 
to SII.4.  Genes with selective higher expression in PR ORS in comparison with NP 
ORS are shown in red columns (fold change between 35 and 6) and lower gene 
expression in blue columns (fold change between -4 and -104).  Fold changes corre-
spond to the ratio of the mRNA expressions between PR ORS/ NP ORS and BE/NP 
ORS and were considered only if correspondent p values < 0.05.

Microarray data analysis for PR/NP ORS cells, identified several over-represented 
genes which were uploaded onto bioinformatics software (The database for annotation, 

Fold changesFold changes

Gene PR ORS / NP ORS BE / NP ORS

SILV 
(pMEL17)

-2.28 2.497

MLANA 
(pMelR)

-2.31 2.210

TYRP1 -26.27 2.58

VIM IPV -6.05

KITLG IPV IPV

MITF 2.36 -3.75

PAX3 IPV -4.59

EDN3 IPV IPV

ENDRB IPV IPV

POMC -5.3683 IPV

Table 3.2: Gene expression profile of melanocyte markers.
Fold changes correspond to gene expression levels in PR ORS and BE compared to NP ORS.
Abbreviations: ORS, outer root sheath; PR, permanent region; NP, non permanent; BE, basal epithelium; 
IPV, invalid P value.
KIT (proto oncogene c-kit); SILV/PMEL17/gp100 (silver homolog mouse); MLANA/pMelR (pMEL recep-
tor); TYRP1 (tyrosinase related protein 1); Vim (vimentin); KITLG (kit ligand); MITF, microphthalmia-
associated transcription factor; PAX3, Paired box 3; EDN3, endothelin 3; ENDRB, endothelin receptor 
type B; POMC, proopiomelanocortin; melanocortin 1 receptor.
Note that the gene with the highest expression at the NP ORS corresponds to the TRP1 and vi-
mentin, expressed by mature melanocytes.
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visualization and integrated discovery (DAVID).  The functional categories taken into ac-
count for genes with higher expression at the PR ORS are shown in diagram 3.4 and 
with lower expression at the PR ORS are shown in diagram 3.5, in comparison with the 
mRNA expression by NP ORS.

Accession numbers are listed in supplement tables for genes related to:  keratins, cell 
cycle and cell migration (SII.1), genes involved in wound healing; or in melanogenesis 
(SII.2) and genes involved in Wnt, TGFb and p53 signaling pathways (SII.3).  

These tables highlight similarities in cell cycle, cell migration, but relevant differences in 
keratin expression, wnt, p53 and TGF-β pathways, found between the PR and NP ORS 
keratinocytes of anagen hair follicles.

PR ORS cells showed higher expression of genes involved in Wnt pathway, relevant to 
preserve the stemness in bulge region.

Both PR and NP ORS cells showed similarities, in genes involved in TGF-β pathway, 
apoptosis regulation, and wound healing.  This suggests that PR and NP ORS are simi-
larly undergoing these processes in anagen VI HFs. 

The supplemental tables offer a list of genes with in situ preferential expression by the 
PR ORS cells in comparison with NP ORS cells of human anagen VI HFs.   This pro-
vides an useful reference of the gene expression profile of human HFs without in vitro 
manipulation and specific for human scalp  hair follicles,  since most of the HF data is 
based on murine models and its correlation remains in many cases to be shown.
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3.1.5.1. Functional categories of genes with higher expression at the permanent 
outer root sheath keratinocytes (PR ORS)

3.1.5.2. Functional categories of genes with higher expression at the non perma-
nent outer root sheath (NP ORS)

Diagram 3.4: Functional categories of genes with higher expression at the permanent outer root 
sheath (PR ORS) in comparison with the NP ORS.
Corresponds to genes listed in supplemental tables SII.1, 2,3.
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Diagram 3.5: Functional categories of genes with higher expression at the non permanent outer 
root sheath (NP ORS) in comparison with the PR ORS.
Corresponds to genes listed in supplemental tables SII.1, 2,3.
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Three pathways (Wnt, TGF-β and p53) essential for normal hair follicle morphogenesis  
and cycling were analyzed.

3.1.5.3. Wnt pathway gene expression profile at the ORS

Genes involved in the wnt pathways are preferentially expressed by the PR ORS and 
basal epithelium in comparison to NP ORS (table 3.3). Ligands (wnt1, wnt4), receptor 
(FZD10), Dishevelled (Dsv) factor (VANGL2), enzymes in charge of phosphorylation 

Fold changeFold change Fold changeFold change

Gene PR ORS / NP 
ORS

BE / NP ORS Gene PR ORS / NP 
ORS

BE / NP ORS

WNT4 11.888 2.6883 FZD5 -6.101 -4.63649

WNT1 10.04448 IPV GBP5 -4.87033 IPV

VANGL1 9.57017 13.61197 WNT10A -2.33338 -9.45256

PRKCB1 9.52373 IPV FZD9 -1.94383 -10.12879

ROCK1 8.00772 3.21996 DVL2 -1.86218 7.32081

MPK8
 (JNK)

7.73862 -1.58579 FZD4 -1.65079 14.20878

FZD10 3.66574 10.38556 LEF1 -1.64752 2.09332

CSNK1A1 3.24678 2.04242

Table 3.3: Wnt pathway genes expression in PR ORS and basal epithelium in comparison with the 
NP ORS.
Fold change values correspond to the gene expression profile in PR ORS and BE in comparison with NP 
ORS. 
Gene description is shown in supplemental table SII.3
Abbreviations: ORS, outer root sheath; PR, permanent region; NP, non permanent; BE, basal epithe-
lium; IPV, invalid P value. wnt 4, wnt 1; wingless type 1 and 4; VANGL1, vang like 1; PRKCB1, protein 
kinase C, β1, ROCK1, Rho-associated, coiled-coil containing protein kinase 1; MAPK8, mitogen-activated 
protein kinase 8; FZD10, frizzled 10; CSNK1A1, casein kinase 1, alpha 1; GBP5, Guanylate binding pro-
tein 5; DVL2, dishevelleddsh homolog 2 (Drosophila); LEF1, lymphoid enhancer-binding factor 1.            
IPV; invalid P value
Note that genes involved in the wnt pathway shows higher expression in PR ORS of wnt ligands 
(wnt1 and wnt 4) and receptor (FZD10) in both PR ORS and basal epithelium in comparison with 
NP ORS.  
Although this molecules are not sufficient to define an active wnt pathway in these cell popula-
tions, the PR ORS seems to undergo the most active wnt pathway when compared to basal epithe-
lium and NP ORS of anagen HFs.  In addition, a reduced transcription level is suggested in the PR 
ORS by the lower expression of down-stream genes (Dvl2 and LEF1), but higher at the basal epi-
thelium, both in comparison with NP ORS.  
Indicating different activity of wnt pathway in the epidermal stem cell regions at the basal epithe-
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(CSNK1A1) indicate the factors preferentially  expressed at the PR ORS cells.  In addi-
tion genes with lower expression in PR ORS, indicate ligands (wnt10), receptor (FZD5, 
FZD9) that are preferentially  expressed at the NP ORS in comparison with both the PR 
ORS and the basal epithelium (BE).

Wnt down-stream genes, (wnt receptor signaling, DVL2 and DNA binding factor, Lef1),  
showed similar gene expression profile along the ORS (PR ORS and NP ORS), sug-
gesting down-regulated transcription, while higher in the basal epithelium keratinocytes.

3.1.5.4. P53 pathway gene expression profile at the ORS

Genes involved in p53 pathway have lower expression at both the PR ORS, and the 
basal epithelium, in comparison to the non permanent ORS keratinocytes (table 3.4).

Fold changesFold changes

Gene PR ORS / NP ORS BE / NP ORS

CCNB2 -5.37583 IPV

CASP3 -5.30307 1.402

CCND1 -4.81855 -4.46534

PPM1D -4.75545 IPV

CCNG1 -4.62001 IPV

BBC3 -3.53341 -8.58

Table 3.4:. p53 pathway genes with lower expression in PR ORS compared to NP ORS.
Fold changes correspond to gene expression in PR ORS and BE compared to NP ORS with p  value < 
0.05
Gene accession numbers are in supplemental table SII.3
Abbreviations: CDKN2A, cyclin-dependent kinase inhibitor 2A; CCNB2, cyclin B2; CASP3, caspase 3; 
CCND1, cyclin D1; PPM1D, protein phosphatase 1D magnesium dependent; CCNG1, cyclin G1; BBC3, 
BCL2 binding component 3.
IPV; invalid P value

Note that genes regulated by p53 pathway have lower expression in PR ORS cells compared to NP 
ORS, e.g. genes involved in cycle progression (CCND1, CCNB2, CDKN2A), apoptosis (BBC3, 
BCL2, CASP3) and growth inhibition (PPM1D).  All of these genes suggest the quiescent state of 
PR ORS cells.
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3.1.5.5. TGFβ/BMP pathway gene expression profile at the ORS

Genes involved in the TGFβ/BMP pathway are divided in lower (table 3.5)  and higher 
expressed (table 3.6) at the PR ORS in comparison with NP ORS.  Microarray analysis 
suggests a more active TGFβ pathway at the PR ORS compared to a less active at the 
NP ORS keratinocytes.  The genes with lower expression in the PR ORS (table 3.6) 
have a blocking function (CHRD, THBS, Lefty and co-factor ZFYVE16(SARA)), and genes 
with higher expression at the PR ORS, are receptors (ACVR1), intermedia genes (smad 
2 and 3) which indicates that the pathway is more active at the bulge or PR ORS com-
pared to the NP ORS keratinocytes in anagen VI hair follicles.

Fold changeFold change

Gene PR ORS / NP ORS BE / NP ORS

ZFYVE16 
(SARA)

-13.827 IPV

COMP -11.19337 -9.50

CHRD -5.41012 IPV

TGFBR2 -4.03214 IPV

THBS4 -2.90652 IPV

INHBB -2.21934 1.60

Table 3.5: TGFβ/BMP pathway genes with lower 
expression profile at the PR ORS compared to NP 
ORS.
Fold change values correspond to gene expression in 
PR ORS and BE keratinocytes compared to NP ORS 
keratinocytes with p value < 0.05, IPV; invalid P 
value.
Abbreviations: INHBB, inhibin β  B; ZFYVE16 (SARA), 
zinc finger, fyve domain containing 16; TGFBR2, 
transforming growth factor, β  receptor II; COMP, carti-
lage oligomeric protein; THBS4, thrombospondin 4; 
CHRD, chordin.
Note that, genes with lower expression profile at 
the PR ORS, have blocking functions, suggesting 
a higher regulation of this pathway in the NP ORS 
in human anagen VI HFs.
Note that, COMP, cartilage oligomeric matrix pro-
tein, showed high expression at the NP ORS, and 
corresponds to a thrombospondin 5, which might 
as well regulate binding of TGF-β ligands together 
with THBS4.

Fold changeFold change

Gene PR ORS / NP ORS BE / NP ORS

FST 2.10589 IPV

SMAD2 2.11368 IPV

SMAD3 2.14917 1.5567

ACVR2B 2.75038 IPV

CUL1 3.55198 -5.46706

Table 3.6: TGFβ/BMP pathway  genes with 
higher expression profile at the PR ORS 
compared to NP ORS.
Fold change values correspond to gene 
expression in PR ORS and BE compared to NP 
ORS with p value < 0.05; IPV; invalid P value.
Abbreviations: SMAD2 and SMAD3, smad, 
mothers against dpp homolog 2 and 3; ACVR2B, 
activin receptor type IIB; FST, follistatin; THBS2, 
thrombospondin 2; CUL1, cullin 1.
Note that genes with higher expression pro-
file at the PR ORS, correspond to receptor 
(ACVR2B) and mediators (SMADs), suggest-
ing their higher expression at the PR ORS 
and thus a more active TGF-β pathway at the 
PR ORS (bulge cells) of anagen VI HFs.
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3.1.6. Potential markers for the bulge/permanent outer root sheath (PR ORS) 
keratinocytes

Potential markers for the epidermal stem cell niche (bulge) in anagen hair follicles are 
based on exclusive and strong gene expression profile at this region and their extracel-
lular protein expression.

mRNAs from the microdissected areas are analyzed comparatively to search for poten-
tial markers for the PR ORS, which are selected based on their exclusive higher 
expression at the PR ORS and extracellular expression (SII.4)  but independent of the 
components of the ECM, since their expression varies with HF cycle.

Potential PR ORS markers are listed based on their known functions and HF/skin re-
ported literature (Table 3.7).

Table 3.7 Genes with relatively high expression at the PR ORS and extracellular protein 
expression.

Gene Function Skin or HF literature

KLK10
Normal epithelial 
cell-specific 1 gene 
(NES1)

Down-regulated during breast 
cancer progression.

Aberrant KLK10 levels in the stratum corneum and serum 
of patients with psoriasis. (96)
It is expressed in salivary glands, skin, colon (97).

TEP1
Telomerase
associated protein 1

Responsible for the te-
lomerase activity.

Decreased expression of telomerase-associated RNAs in 
the proliferation of stem cells in comparison with cutane-
ous carcinomas. (98)
TERT but not TEP1 and hTR is associated with cutaneous 
malignancy. (99).

STX6
Syntaxin 6

Involved in intracellular vesi-
cle trafficking

Syntaxin 9 is enriched in skin and hair follicle epithelium 
(100)
Epimorphin is involved in HF formation and is expressed 
at the DP, as part of the syntaxin family of neuronal mole-
cules. (101).
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Gene Function Skin or HF literature

LIPH
lipase member H

catalyzes the production of 
LPA, a mediator with diverse 
biological properties that in-
clude platelet aggregation, 
sooth muscle contraction and 
stimulation of cell proliferation 
and motility.

LIPH  participates in hair growth and development, and 
mRNA was detected at the bulge but not at the DP of 
normal human anagen hair follicles.
 (102)

MAP7
Microtubule-
associated protein 7

Essential for cell polarization 
and differentiation or epithelial 
cells.

Unknown 

NMU
Neuromedin

NMU and its cancer receptors 
are over-expressed in lung 
cancer and cell lines.
cell communication.

Neuromedin receptor (NMBR) may be involved in the 
positive effect of bombesin in wound healing (103)
NMU promotes mast cell mediated inflammation (104).

WNT4 cell communication
Melanogenesis
SHH, wnt.

WNT pathway and WNT4 is upregulated under wound 
induction (105).

WFDC5 Serine protease inhibitor
Induced by p53/TP53

Unknown

WNT1 Ligand for members of the 
FZD family
Proto-oncogene.
promotes terminal keratino-
cyte differentiation
As a growth-inducer of stem 
cell compartments.
cell differentiation
melanogenesis.

Wnt  1 is expressed transiently and exclusively during em-
bryonic development t in the dorsal neural tube.  The pro-
moter is present in melanocytes and merkel cells (106).
Ectopic Wnt1 expression inhibits growth and promotes 
terminal differentiation, in an organotypic culture model of 
interfollicular progenitor cells (107).

RNPEP
aminopeptidase B

Aminopeptidase activity Unknown 

CLEC3B
C-type lectin domain 
family 3

Tetranectin binds to plasmi-
nogen, may be involved in the 
packaging of molecules des-
tined for exocytosis.

SIGNR1 gene encoding a c-type lectin was detected by 
ISH at dendritic cells at the human epidermis
 (108)

RTN3
Neuroendocr ine -
specific protein like 
2

May be involved in membrane 
trafficking in the early secre-
tory  pathway, Inhibits BACE1 
and amyloid precursor,  may 
induce CASP8 and apoptosis
found in melanoma.

RTN3 mediates Bcl-2 accumulation in mitochondria in 
response to endoplasmic reticulum stress (109)
Antiapoptotic activity of Bcl-2 is enhanced by its interac-
tion with RTN3 (110)
RTN3 is suggested to play a role in membrane trafficking 
in the early secretory pathway (111).

DEFB1
Defensin

Antimicrobial, Chemotaxis, 
innate immune response

Expression in pilosebaceous units, and the central ORS 
including the bulge (112).
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Gene Function Skin or HF literature

GPC6
Glypican 6

Cell surface co-receptor for 
growth factors, ECM proteins, 
proteases and anti-proteases.
Heparan sulfate proteoglycan 
binding.

Glypican is  expressed in a subset of structures in the adult 
rat nervous system.
Mutations in GPC6 impair endochondral ossification and 
cause recessive omodysplasia (113).

PLG
Plasminogen

Circulating zymogen that is 
converted to the active en-
zyme plasmin. Plasmin dis-
solves fibrin, and belongs to 
the serine proteases family.

Plasminogen is implicated in the regulation of growth, mi-
gration and differentiation in normal epidermis and cycli-
cally in the hair follicle (114).

PTPRZ1 or RPTP
Protein tyrosinase 
p h o s p h a t a s e , 
receptor-type Z

single-pass type I membrane 
protein.
S t i m u l a t e s e p i t h e l i a l -
mesenchymal transition
Neuron differentiation.
Receptor fibronectin type III.

PTPRZ1 protein is expressed in human cutaneous mela-
nomas.
Normal melanocytes did not expressed the protein.
PTPRZ1 expression in melanoma melanocytes corre-
sponds to the developmental origin, the neural crest.
 (115).

CXCL12
stromal cell derive 
factor 1.

Chemokine activity
Growth factor activity

The chemokine SDF-1/CXCL12 regulates the migration of 
melanocyte progenitors in mouse hair follicles. 
 (116).

ADAMTS9 Desintegrin and metalloprote-
inase with thrombospondin 1 
motif.

Involved in melanoblast development together with AD-
AMT2 a close homolog (117).
Degradation of  aggrecan and cleaves other cartilage 
molecules, suggesting its pathologic role in arthritis.
 (118).
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3.2. Characterization of mesenchymal cells of anagen HF

3.2.1. Microarray analysis between the DP and CT fibroblasts

The characterization of mesenchymal 
cell fractions (DP and CTF) of anagen 
HFs is based on a comparative analy-
sis of the gene expression based on 
RNA microarray analysis of laser mi-
crodissected (LCM) DP and CT fibro-
blasts from anagen VI human HFs as 
shown in methodology (fig. 2.1).

The gene expression analysis listed for 
all the following genes is based on the 
comparative gene expression between 
the DP (D) and the connective tissue 
fibroblasts (E).  Fold changes corre-
spond to gene expression of D/E (dia-
gram 3.6).

All samples are dissected from the 
same donor and hybridized on the 

same assay.  Only hybridization spots with p values < 0.05 are considered.

The DP cells are known as the mesenchymal stem cell niche and the only cells able to 
induce hair follicle formation under in situ conditions.  Nevertheless, here was observed 
that both CTFs and DP cells adopt a very  similar character after in vitro expansion and 
recent reports suggest that CTFs and DPCs might have interchangeable functions, 
when inducing HF formation (141).
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Diagram 3.6:  Laser microdissected fibroblasts for 
microarray analysis.
Abbreviations: PR, Permanent region; NP, non-
permanent region;  BLG, bulge; APM, arrector pili mus-
cle; SG, sebaceous gland; ORS, outer root sheath; BM, 
basal membrane; CTF, connective tissue fibroblasts; 
DP, dermal papilla.
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3.2.1.1. Expression profile of keratins, quiescent markers and melanocytic related 
genes in DP and CT fibroblasts.

In comparison with CT fibroblasts, DP cells showed an interesting expression of genes 
for keratins, quiescent and melanocytic genes.

Despite the mesenchymal character or DP cells, keratin expression highlighted relevant 
differences between DP and CTF.  DP cells showed lower gene expression of epithelial 
keratins type I (K19, K14) and type II (K4, K6b and K6c) in comparison to CT fibro-
blasts, but higher expression of type I keratin 23, which expression is still unknown in 
HF.  In addition, DP showed higher expression of HF-specific epithelial keratins (K25A, 
K25C and K71) and hair specific keratins (K86, K31, K85, K32, K35).  The expression of 
K25A and C, showed preferential expression by DP cells suggesting their role in IRS 
generation.

DP showed higher expression of survivin antiapoptotic variant (BIRC5) showed higher 
expression in comparison to CTF, while both cells showed similar (fold change < 2) 
expression for tumor protein p63 (TP73L).  Protein expression of quiescent markers 
(pro-apoptotic variant of survivin, p63 or Ki67) suggested similar quiescence between 
DP and CTF of anagen HFs (fig 3.8-3.10).

DP cells showed in addition interesting differences with CT fibroblasts in the expression 
of melanocytic related factors (table 3.8).  The proto oncogene ckit (c-kit) gene is higher 
expressed by DP compared to CTF.  pMel17 is higher expressed by DP, although no p-
Mel protein expression was detected, the role of pMel in DP in further discussed.  The 
pMel17 receptor (pMelR) expression co-localizes with its ligand, higher in DP and at the 
PR ORS.

In summary, DP cells showed also higher expression of trascription factors (pax3, mitf), 
differentiation ( p-mel17/p-mel17R and tyrp1 ) and ligands (c-kit, Edn3) all involved in 
melanocyte differentiation.  Correspondent ligands of these factors show strong 
expression at the connective tissue fibroblasts (KITLG, EDNBR, POMC).  This together, 
highlights one of the differences between DP and CT fibroblasts in anagen human HFs.
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3.2.1.2. Functional categories of genes with preferential expression in the Dermal 
papilla cells (DP) or connective tissue fibroblasts (CTF).

Genes with higher or lower expression in DP cells in comparison with CTF are summa-
rized in supplemental tables SIII.1 to SIII.6. Functional categories (keratins, cell cycle, 
cell migration and apoptosis) are listed in SIII.1; genes involved in wound healing and 
melanogenesis in SIII.2 and genes involved Wnt, TGFb and p53 pathway in SIII.3,.

Gene 
Keratins

DP / CTF Gene Keratins DP / CTF Gene 
quiescence

DP / CTF Gene 
Melanocytes

DP / CTF

KRT19 -5.07 KRT25A 49.22 BIRC5 
Survivin

16.94 KIT 27.03

KRT23 13.67 KRT25C 15.13 TP73L -1.61 SILV (pMEL17) 79.61

KRT14 -8.91 KRT6IR (K71) 3.78 MLANA (pMelR) 18.51

KRT4 -8.38 KRT86 10.15 TYRP1 74.69

K6b (K16) -22.76 KRTHA1 (K31) 17.48 VIM IPV

K6c -7.13 KRTHB5 (K85) 6.56 KITLG -2.45

KRTHA2(K32) 22.82 MITF 5.57

KRTHA5 (K35) 46.38 PAX3 28.22

EDN3 105.1784

ENDRB -4.47

POMC -9.49

Table 3.8: Gene expression profile of keratins, quiescence and melanocytes genes for DP cells in 
comparison with CT fibroblasts.
Abbreviations:  KRT, keratin; BIRC5 (surivivin), baculoviral IAP repeat containing 5; TP73L(p63) tumor protein 
p63; KIT (proto oncogene c-kit); SILV/PMEL17/gp100 (silver homolog mouse); MLANA/pMelR (pMEL receptor); 
TYRP1 (tyrosinase related protein 1);  Vim (vimentin); KITLG (kit ligand); MITF, microphthalmia-associated transcrip-
tion factor;  PAX3, Paired box 3; EDN3, endothelin 3; ENDRB, endothelin receptor type B; POMC, proopiomelano-
cortin; melanocortin 1 receptor.
Note, high expression of HF and hair keratins in DP cells, compared to CT fibroblasts despite their 
mesenchymal origin.
DP higher expression of antiapoptotic (survivin) gene (BIRC5).
DP higher expression of melanocytic markers, suggests the important role of anagen DP cells in 
melanogenesis.  
CT fibroblasts, seem rather involved in expression of receptors to mobilize melanocytes.
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Genes with higher expression in the DP cells (fold change between 295 and 5), (dia-
gram 3.7) and with lower expression in DP cells in comparison with CTF (fold change 
between -5 and -103) (diagram 3.8), were considered when p values < 0.05.

3.2.1.3. Functional categories of genes with higher expression in dermal papilla 
(DP)

Diagram 3.7: Functional groups of genes with higher expression in the DP cells.
Corresponds to genes listed in supplemental tables SIII.1, 2, 3. (Red columns)
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3.2.1.4. Functional categories of genes with higher expression in connective tis-
sue fibroblasts (CTF)

Diagram 3.8: Functional groups of genes with higher expression in the connective tissue fi-
broblasts (CTFs). Corresponds to genes listed in supplemental tables SIII.1, 2, 3.(Blue columns)
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3.2.1.5. Wnt pathway expression profile in DP compared to CT fibroblasts

Genes part of wnt pathway with higher expression in anagen DP include ligands 
(Wnt5a, Wnt3) receptors (Fzd10, Fzd3, sfrp5) and inhibitors (Wif1, Nlk, Nkd) and wnt 
down-stream regulated genes (TCF7L1, CREBBP, Dvl2).  Genes with lower expression 
in DP correspond to ligand (wnt6) and homologs of frizzled receptors (FZD1, 4, 5, 8) 
and wnt modulator (SFRP4) (table 3.9).

Gene DP/CTF Gene DP/CTF Gene DP/CTF Gene DP/CTF

WIF1 104.019 DVL2 7.32081 FZD7 -12.74 FZD5 -5.80

TCF7L1 56.3652 TBL1X 5.96365 FZD1 -10.43 WNT6 -4.5283

FZD10 53.8466 NLK 5.70655 FZD4 -9.195 FZD8 -3.9314

CREBBP 10.4037 WNT3 3.87432 SFRP4 -6.88 MYC -3.304

WNT5A 10.1865 SFRP1 2.78163

LEF1 8.43851

Table 3.9: Wnt pathway  genes with higher or lower expression in DP cells compared to CT fibro-
blasts.
Fold changes correspond to gene expression profile in DP / CT fibroblasts. 
Values correspond to fold changes with p value < 0.05;  IPV, invalid P value.
Genes with higher expression in DP compared to CTF
Abbreviations: WIF1, wnt inhibitory factor 1; TCF7L1, HMB-box transcription factor TCF-3; FZD10, friz-
zled homolog10; Crebbp, creb  binding protein; LEF1, lymphoid enhancer-binding factor 1; DVL2, dishev-
elled 2; TBL1X, transducin (β) like 1x-linked; NLK, nemo-like kinase; SFRP1, secreted frizzled related 
protein 1; Wnt3, 5A, wingless type MMTV integration site family member 3 and 5A.
Note that, the very high expression of wnt inhibitor factor Wif1 in DP cells, suggests the blockage 
of this pathway in anagen DP cells in comparison with CT fibroblast.  However, the higher 
expression of additional wnt5A and 3 ligands, frizzled receptors and transcription factor Lef1 indi-
cate the relevance of this pathway in anagen DP cells and highlight specific factors that might de-
fine the stemness of DP cells in comparison with CT fibroblasts.

Genes with lower expression in DP compared to CTF
Abbreviations:  FZD 8, 4, 1 and 7 frizzled homologs; SFRP4, secreted frizzled 4; Wnt 6, wingless 6.
Note that wnt pathway receptors and ligand (wnt6) are preferentially expressed by CT fibroblasts 
in comparison with DP, but the activity of this pathway can not be defined based on this data, in 
this cell population.
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3.2.1.6. TGFβ/BMP pathway expression profile in DP compared to CT fibroblasts

Genes with higher expression in DP cells include:  BMP ligand (BMP7); activin ligand 
(INHBA, INHBE); activin regulator (ACVR1) and signal transducers (SMAD1, SMAD3, 
SMAD5) (table 3.10).

Genes with higher expression in CT fibroblasts include: ligands (BMP6) TGF-β regula-
tors (DCN, THBS2 and 4) receptor (ACVR1) and signal transducers (SMAD 2 and 7) 
(table 3.10).

Gene DP/CTF Gene DP/CTF

BMP7 15.0416 SMAD7 -2.5003

ACVR1 6.35044 THBS3 -2.6151

SMAD5 4.45775 TGFB3 -2.6159

INHBE 3.54973 INHBC -2.6463

SMAD1 2.89578 SMAD2 -2.8589

SMAD3 2.26611 BMP6 -4.9817

INHBA 2.03041 THBS2 -10.377

TGFBR2 -13.622

THBS4 -22.197

DCN -28.242

Table 3.10: TGFb pathway  genes with higher or lower expression in DP compared to CT fibro-
blasts.
Fold changes correspond to gene expression in DP compared to CT fibroblasts. 
Values correspond to fold changes with p value < 0.05;  IPV, invalid P value.
Abbreviations:  BMP7, bone morphogenic protein 7; ACVR1, activin receptor type I; SMAD5, 1 and 3, 
SMAD, mothers against DPP homologs 5, 1 and 3; INHBE, inhibit βE; INHBA, inhibin β-A.
Note that A preferential expression of ligands, receptors and signal transducers is indicated in DP 
cells, suggesting a more active TGF-β pathway in DP cells.  BMP7 preferential expression by DP 
cells suggests additional inhibitory effect of the wnt pathway in these cells in comparison with 
CTF.

Genes with lower expression in DP compared to CTF
Abbreviations:  SMAD3, SMAD7, SMAD2, SMAD homologs 3, 7 and 3; THBS3, 2, thrombospondins; 
TGFB3, transforming growth factor β 3; INHBC, inhibin β C; BMP6, bone morphogenic protein 6; TGBR2, 
transforming growth factor β receptor II; DCN decorin.
Note that genes with higher expression in CT fibroblasts, suggests higher regulation of TGFβ/
BMP pathway in CTF by the inhibitory effect of DCN, THBS.  The higher expression of ligands, 
TGFB3 and BMP6 are characteristic of anagen VI CT fibroblasts.
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3.2.2. Markers for DP and CT fibroblasts

3.2.2.1. Extracellular matrix components as “markers” for CT and DP fibroblasts 
of the human HF.

Extracellular matrix proteins have been suggested as potential markers to differentiate 
connective tissue fibroblasts and dermal papilla cells in situ.  The most commonly used 
ECM components were revised for expression in human anagen HFs (fig. 3.16) and 
gene expression profile (table 3.11) in DP and CTF of anagen VI hair follicles.

Figure 3.16: ECM components used as markers for CT and DP, together with integrin subunits 
(ITGA5 and 6). 
Actin is expressed by the inner part of the CT close to the basal membrane (A).
Fibronectin is expressed by the CTFs (G)
Syndecan 1 is expressed by keratinocytes from IRS and ORS (C).
Vimentin (J), Col IV (K) and chondroitin (L) are expressed by both CTF and DPC. 
Abbreviations: BM, basal membrane; CT connective tissue; DP, dermal papilla; IRS, inner root sheath; 
ORS, outer root sheath; Mx, matrix; ECM, extracellular matrix; IR, immunoreactivity.
Bar corresponds to 50µm.
Note that, none of these ECM components, are expressed exclusively by DP cells in anagen VI HF.
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None of the here labeled proteins are exclusively expressed by DP cells.  Actin shows 
positive immunoreactivity at the basal membrane (fig. 3.16.A)  and fibronectin is ex-
pressed by connective tissue (CT) (fig. 3.16.B, G, H and fig. 3.18). 

Vimentin, collagen IV and chondroitin are expressed by both CTF and DPC.

The labelled ECM components show lower expression in DP cells compared to CT fi-
broblasts, except by versican (CSPG2) (table 3.11) 

Collagen IV showed lower expression at the DP compared to CT fibroblasts, despite 
similar protein expression in anagen VI HF (fig. 3.16E).  Fibronectin i

Chondroitin components (DCN, AGC1,BGN) are all stained positive at the CT and DP 
but these genes are all down-regulated in DP compared to CT fibroblasts (fold change 
>9).  This all together discards these ECM components as markers for DP or CTF of 
human anagen VI hair follicles and highlights the necessity of specific markers for the 
CT and DP cells of human HFs.

Fold change Fold change

Gene DP / CTF Gene DP / CTF

ACTA2 -2.98506 DCN -28.2415

FN1 -5.39724 BGN -13.58359

SDC2 -3.16812 AGC1 -5.62064

SDC4 -2.78945 NID2 -5.29468

COL4A5 
(BM* )

-9.69849 CSPG3 -3.47744

COL4A6 
(BM*)

-17.91412 CSPG2 3.37875

Table 3.11: Gene expression profile of stained ECM components.  Fold change values correspond to 
gene expression in DP compared to CT fibroblasts. 
Values correspond to fold changes with p value < 0.05;  IPV, invalid P value.
Abbreviations:  ACTA2, smooth muscle actin; FN1, fibronectin, SDC2 and SDC4, syndecan 2 and 
4;Col4A5 and Col4A6, collagen 4 subunits; DCN, decorin; AGC1, aggrecan 1; BGN, biglycan; NID2, ni-
dogen; CSPG3, neurocan; CSPG2, versican. DCN, AGC1, BGN, AGC, NID2, CSPG2 and CSPG3 are all 
stained by chondroitin antibody. (BM*); basal membrane component
Note that ECM components showed higher expression at the CT, compared to DP cells, except by 
versican (CSPG2).
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3.2.2.2. Potential markers for dermal papilla cells (DP)

Potential markers for the HF mesenchymal cell fractions of anagen HFs were selected 
from genes with specific and higher expression for the DP or CTF, which proteins are 
extracellularly expressed and do not make part of the extracellular matrix.

Potential markers for the DP accession numbers are listed in supplemental tables (SIII.4 
for DP) and correspondent fold change (Table 3.12).

Gene Accession # Function Skin or HF literature

EDN3 NM_207032
F.ch: 105.2

Ligand important in neural crest cells 
development.

 (119-122)

SLPI NM_003064
F.ch: 39.83

Secreted inhibitor, protects epithelial 
cells from serine proteases

Present in melanosomes
Expressed by macrophages in 

wound healing (123)

S100B NM_006272
F.ch: 33.68

Cell proliferation, central nervous sys-
tem development

Increase levels of SB100 in pso-
riasis (124)

PCSK9 NM_174936
F.ch: 15.29

Induction of apoptosis Unknown

IL1F9 NM_019618
F.ch: 12.73

Cytokine activity, cell signaling Unknown

OVOS2 BC039117
F.ch: 12.28

Protein bindin, serine-type endopepti-
dase inhibitor activity

Unknown

IFNE1 NM_176891
F.ch: 8.72

cytokine receptor binding, defense 
response

Unknown

IGF1 NM_000618
F.ch: 7.33

p53, inhibition of mTOR pathway, 
melanoma

Unknown

CCK NM_000729
F.ch: 6.18 

Neuron migration
Positive regulation of apoptosis

Unknown

Table 3.12: Potential markers for DP cells. Preferential and extracellular expression in DP cells. 
(Fold change (F.Ch), correspond to the gene expression profile in DP cells compared to CT fibroblasts 
(DP/CTF).

3.2.3. Potential markers for connective tissue fibroblasts (CTF)

Genes with higher and exclusive expression in CTF are proposed as potential markers 
for connective tissue cells from anagen hair follicles; accession numbers are listed in 
supplemental tables (SIII.5 for CTF), and their fold change (Table 3.13)
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Gene Accession # Function Skin or HF literature

FGF18 NM_003862
F.ch: -103.4

cell proliferation Is  capable of  inducing anagen from te-
logen stage HF. (125)

CDH13 NM_001257
F.ch: -56.71

negative regulation of proliferation, 
antiapoptosis
cell adhesion
Keratinocyte proliferation

 (126)

THBD NM_000361
F.ch: -28.54

wound healing, regulates activa-
tion of protein C, which degrades 
clotting factors.

THBD, expression at ORS keratino-
cytes? (127)

PROS1 NM_000313
 F.ch: -18.25

wound healing Unknown

CYSTATIN 
E/M

*NM_001323
F.ch:-18-98

Peptidase inhibitor
epidermis development
Present in HFs bulb

required for normal HF formation (128), 
(128)

CXCL2 NM_002089
F.ch: -16.33

wound healing
Inflammatory response

 (129)

FZD1 NM_003505
F.ch:-10.43

wnt pathway, receptor  (130)

FGF7 NM_002009
F.ch:-9.25

cell proliferation
mitogenic activity in keratinocytes
Hair development

 (131), (7), (132)
 (133)

EDN1 NM_001955
F.ch: -6.8

cell proliferation
Melanogenesis
neuroactive ligand receptor

Important  cytokine for the migration of 
amelanotic melanocytes from hHFs in 
vitro (134)
Cultured DPC expression of EDN1 and 
SCF is correlated with its HF inducing 
ability.

Table 3.13: Potential markers for connective tissue fibroblasts. Genes with lower expression in DP 
cells (preferential expression by CTF) and extracellular expression.
Fold change (F.Ch) values correspond to the ratio between the expression of DP/ CTF.

3.3. The extracellular matrix components of anagen hair follicle

The ECM components expressed in anagen VI hair follicles contribute to the conditions 
required to keep stem cells in their niches at the bulge and DP. 

The extracellular matrix components are relevant structural components and are an ac-
tive part in the regulation of epidermal-mesenchymal interactions by establishing a gra-
dient or local depot of cytokines in between epidermal and mesenchymal tissue compo-
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nents.  For these reasons the ECM composition is here described for anagen VI human  
hair follicles.

3.3.1. Expression of common ECM components

3.3.1.1. Col IV Expression 

Figure 3.17: FITC-Collagen IV and Alexa 594-keratin 15.
A.  The expression of Col IV is higher at the epidermal region where K15 expressing cells are localized 

(arrows).
B. Col IV expression increases in direction of the bulb  and is weak to disappearing at the bulge of anagen 

hair follicles.
B.1 ORS cells at the bulge region form an aggregate and show Col IV intercellular expression (arrow).
C. High Col IV expression is detected at the BM surrounding the suprabulbar region and inside of the DP.
Bar corresponds to 50µm
Abbreviations: BM, basal membrane; BLG, bulge; CT, connective tissue; BV, blood vessel DP, dermal 
papilla.
Note that Collagen IV is expressed by the cell aggregate at the bulge cell and have preferential 
expression at the basal membrane adjacent to keratinocytes (K15+).  Previously reported Collagen 
IV expression was confirmed at the DP and the complete BM of anagen HF.

Collagen IV is expressed along the basal membrane (BM) and co-localizes with K15 
expressing cells (fig. 3.17-A,B).  The higher Col IV expression is found at the BM adja-
cent to ORS K15 expressing keratinocytes at the basal epithelium and decreases direc-
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tion of the bulge.  Col IV is expressed by the cell aggregate that form the bulge (fig. 
3.17-B.1) and the dermal papilla (fig. 3.17-C).

3.3.1.2. Fibronectin and α-Integrin 5 expression

Figure 3.18: Alexa 594 - α5-Integrin / FITC-fibronectin.
A. ITGA5 expression co-localizes with fibronectin expressing cells at the endodermis.
B. Very low fibronectin expression is detected at the connective tissue adjacent to the bulge,  where low 

ITGA5 expressing cells form part of the CT(arrow).  High ITGA5 expression is detected by cells at the 
arrector pili muscle (*).

C. ITGA5 expression is expressed by DP cells and CTF and high fibronectin expression at the CT.
Bar corresponds to 50µm
Abbreviations: ORS, outer root sheath; APM, arrector pili muscle; CTF, connective tissue fibroblasts; 
SG, sebaceous gland; DP, dermal papilla.
Note that, Fibronectin is an important component of the ECM of mesenchymal cells (DP and CT 
fibroblasts) in human anagen VI HFs, but is down-regulated at the DP in late anagen HFs (figure 
3.20).
Note the high expression of Integrin α5 by DP cells and CT at the bulb.

Fibronectin and the alpha unit of its receptor α5-Integrin (ITGA5) are essential compo-
nents of the ECM produced by the mesenchymal cell fraction at the endodermis 

(fig. 3.18-A), connective tissue fibroblasts and dermal papilla cells in anagen HF (fig. 
3.18-C).

Fibronectin is expressed along the connective tissue with low intensity at the upper 
-permanent region and increasing intensity in direction to the bulb.  ITGA5 expressing 
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cells are found at the bulge region as part of the connective tissue fibroblasts (fig. 
3.18-B).

3.3.1.3. Laminin and α-Integrin 6 expression

Laminin and the alpha subunit of its receptor, α6-Integrin (ITGA6) are expressed by epi-
dermal and mesenchymal components of the hair follicle where important epithelial-
mesenchymal interactions might occur (fig. 3.19).

The expression of ITGA6 at the epidermis is co-localized with low K15 expressing cells 
(fig. 3.19-A.1) at the tip of the rete ridges. (fig. 3.19-A).

ORS keratinocytes show intercellular expression of ITGA6 at the bulge (fig. 3.19-B).  
highly organized lamina like fibers are part of the basal membrane (fig. 3.19-B.1).   

Figure 3.19: FITC-Laminin and Alexa 594-α6-Integrin (ITGA6) at A, B, C, C.1, C.2 and FITC-K15 and 
Alexa 594-ITGA6 by A.1 and B.1.
A. ITGA6 (red) shows strong expression at the tip  of the rete ridges (A) (arrows), where low K15 (green) 

expressing cells are localized (A.1).
B. High intercellular ITGA6 is expressed by ORS keratinocytes at the bulge together with high laminin at 

the adjacent BL.  An extracellular ITGA6 expression is seen at the middle area where laminin form or-
ganized fibers at the adjacent BL.

B.1 ITGA6(Red) forms the lamina between the ORS keratinocytes(Green) and the CT at the NPR.
C. Keratinocytes at the base of the Mx and some DP cells express ITGA6,  where also high expression of 

laminin is detected.  Single channels for ITGA6 (C.1) and laminin (C.2) are shown.
D. Laminin is expressed along the BL (**) and ITGA6 is expressed by single cells along the CT.   
Abbreviations: ORS, outer root sheath; NPR, non permanent region; CTF, connective tissue fibroblasts; 
BL, basal lamina; SG, sebaceous gland; DP, dermal papilla; Mx, matrix.
Bar corresponds to 50µm
Note that ITGA6  and laminin are relevant components of both bulge and DP stem cell aggregates.
ITGA6 expression at the NP ORS keratinocytes suggests strong interaction with CT fibroblasts, 
through laminin 10 or 5 (correspondent ligands for this integrin subunit).
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Laminin expression is extended to the complete suprabulbar and bulb  region (fig. 
3.19-D).  The suprabasal DP cells express ITGA6, together with correspondent co-
localization of laminin (fig. 3.19-C,C.1,C.2).

3.3.1.4. Tenascin expression

Tenascin is expressed along the connective tissue (CT) of the epidermis, with higher 
intensity at the tip of the rete ridges (Fig. 3.20-A), along the complete CT but with 
weaker immunoreactivity at the permanent outer root sheath (PR ORS) and stronger 
expression at the lower-non permanent region (NP) (Fig. 3.20-B) .

Anagen DP cells do not express tenascin, (Fig. 3.20-C).

Figure 3.20: FITC-Tenascin-c.
A. High tenascin expression at the tip of the rete ridges as indicated by the arrows.
B. Tenascin shows lower expression at the isthmus area in comparison with the rest of the hair follicle.
C. High tenascin expression at the non permanent region and bulb.  None expression at the DP cells.
Abbreviations:  CTF, connective tissue fibroblasts; SG, sebaceous gland; DP, dermal papilla; HS, hair 
shaft. Bar corresponds to 50µm
Note that Tenascin is a marker of the CT adjacent to high proliferative cells at the epidermis and it 
is an essential component of the ECM of anagen HFs which does not show preferential 
expression at the bulge.
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3.3.1.5. Summary ECM components (Immunolabeling):

The immunoreactivity of extracellular ma-
trix components is summarized in dia-
gram 3.9.

Collagen IV  is a permanent component 
of the basal membrane along the epider-
mis, ORS, bulge and dermal papilla cells.  
ColIV expression is characteristic into the 
cells aggregates at the bulge and DP.

Fibronectin is an essential component of 
the ECM at mesenchymal components of 
the anagen HF, such as connective tissue 
and DP.  ITGA5 expressing cells are cor-
respondently  localized at these mesen-
chymal cell compartments.

Laminin is essential for the epithelial-
mesenchymal interactions at the epider-
mis, (between the cells at the rete of the 
ridges and the dermis) and along the 
complete anagen hair follicle.

Intercellular expression of laminin is 
characteristic at the bulge and DP niches.  
ITGA6 is highly expressed by ORS cells 
at the non permanent region and at the 
junction between DP and matrix keratino-
cytes.

Tenascin is an essential component of the ECM where active proliferating cells are lo-
calized at the rete of the ridges in the epidermis, and at the middle non permanent re-
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Diagram 3.9: Expression of ECM proteins, IT-
GA6, ITGA5 and Tenascin at  the permanent (PR) 
and non permanent (NPR) regions of anagen HF.  
ColIV and laminin are expressed at the BM and Fi-
bronectin (FN) at the CT.  ITAG6 is expressed by 
keratinocytes at the ORS, intercellular at the bulge 
(PR ORS) and extracellular at the NP ORS, while 
ITGA5 is expressed by CT fibroblasts and DP cells.
Abbreviations: APM, arrector pili muscle; SG, se-
baceous gland; BLG, bulge; IRS, inner root sheath; 
ORS, outer root sheath; Mx, matrix; DP, dermal pa-
pilla; NPR, non permanent region; CT, connective 
tissue; BM, basal membrane.
Note that, Relevant differences are found at the 
PR ORS, in the expression of of ITGA6: intercel-
lular at the PR ORS and extracellular at the NP 
ORS .
FN1 and ITGA5 expression increases at the CT 
of the NP region.
COLIV, LAM are constantly expressed along the 
complete anagen HF.
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gion of hair follicles.  The bulge shows low tenascin expression and no expression is 
detected at the DP cells.

3.3.2. Microarray analysis of the ECM components

3.3.2.1. Gene expression profile of labeled ECM and BM components

The expression for ECM components was analyzed for the CT fibroblasts, as the princi-
pal cells that define the ECM composition.  Moreover, the role of adjacent cells, such as 
the ORS keratinocytes in matrix deposition remains unclear and a characteristic  higher 
gene ECM expression was observed for NP ORS in comparison to PR ORS and is here 
shown to learn about the possible role of both CT fibroblasts and NP ORS keratinocytes 
in the composition of the ECM of anagen VI human hair follicles.

Microarray expression (table 3.14) of the stained extracellular matrix components 
(ECM) is first described based on comparative microarray analysis of laser microdis-
sected PR ORS vs NP ORS and for DP vs CTF as previously  described (diagram 3.2 
and diagram 3.6).

Fold changeFold change Fold changeFold changeFold change

Gene PR ORS / NP ORS DP / CTF Gene PR ORS / NP 
ORS

DP / CTF

LAMA3 7.2579 -2.099 COL4A6 IPV -17.91412

LAMB1 -3.76382 IPV COL4A5 -1.64587 -9.69849

LAMB3 IPV -4.60696 FN1 -4.71796 -5.39724

LAMC1 -2.61007 IPV ITGA5 IPV IPV

LAMC2 1.53295 -9.3383 TNC -3.25686 -3.19007

ITGA6 1.4898 1.57214 ITGB1 2.13943 2.2742

COL4A2 IPV IPV EGFR 1.36452 -4.32566

Table 3.14: Gene expression profile of ECM components.  Fold change values correspond to 
expression in PR ORS compared to NP ORS and of DP compared to CT fibroblasts.
Abbreviations: LAMA3 (α-3 subunit of laminin); LAMB1 (β1 subunit); LAMB3 (β3 subunit); LAMC1 (Υ1 
subunit); LAMC1 (Υ2 subunit); ITGA6 (integrin α-6); Col4A2, Col4A5, Col4A6 (collagen 4 subunits) ; FN1 
(fibronectin 1); ITGA5 (integrin α-5); TNC, tenascin-c; ITGB1, (integrin β-1), IPV; invalid P value.
Note that the components of Laminin 10 and 6, showed lower expression at the PR ORS but 
higher laminin 5 in comparison to NP ORS.  Laminin 5 has lower expression at DP compared to CT 
fibroblasts.  Laminin 5 receptor (ITGA6-B1) is higher expressed at the PR ORS and DP.
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The expression of the two most common laminins in the skin, Laminin 6 (LAMA3, 
LAMB1, LAMC1) and laminin 5 (LAMA3, LAMB3, LAMC2) is here shown.  Laminin 
alpha 3 (LAMA3) is higher expressed by the PR ORS compared to the NP ORS, and 
lower expressed at the DP compared to CTFs.

LAMB1 shows lower expression in ORS PR together with LAMC1 (gamma 1 unit), 
LAMC1 is required for the heterotrimer assembly and is the gamma unit of laminin 10 
and 6, reflected by lower expression of both LAM10 and LAM6 in the PR ORS.

LAMB3 expression is only detected in the DP together with the other components of 
laminin 5 (332).  The RNA analysis shows that laminin 5 shows lower expression in DP 
cells in comparison to CTF.

LAMC2, the gamma component of laminin 5 shows higher expression at the PR  ORS 
compared to the NP ORS and together with the higher expression of LAMA3 suggests 
higher expression of laminin 5 at the PR ORS.

The laminin antibody stained all human laminins and it shows strong intercellular immu-
noreactivity at PR ORS and extracellular reactivity at the NP ORS.

In summary:  A higher expression profile of laminin 5 and a lower expression of laminin 
10 and 6 was detected at the PR ORS in comparison to NP ORS.

Additional laminin subunits that showed lower expression at the DP compared to CTFs 
are: LAMA 2, 3, 4; LAMB2, 3, and LAMC2, 3.

Integrin α-6 (ITGA6) combined with ITGB1 form a receptor for laminin 5 and both 
(ligand and receptor) showed higher expression at the PR ORS compared to NP ORS 
and by DP cells compared to CTF.  ITGA6 showed protein expression at the PR ORS 
(intercellular) and DP cells with extracellular expression at the NP ORS basal mem-
brane.

Collagen IV is expressed along the complete BM with increasing intensity towards the 
NP region.  Col IV is formed by six subunits and three of them showed lower expression 
in the NP ORS and in the DP compared to CTF.

The fibronectin (FN1) gene showed lower expression at the PR ORS compared to NP 
ORS and in DP compared to CTF and is consistent with the strongest protein 
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expression observed at the CT.  Integrin α-5 (ITGA5) binds to Integrin β-1 to form the 
fibronectin receptor. ITGA5 and ITGB1 genes have higher expression at the NP ORS 
and this is consistent with lower expression of both the ligand (FN1) and receptor 
(ITGA5-B1) at the NP ORS.

Finally  tenascin (TNC) showed in both, immunolabeling and microarray data, a higher 
expression at the connective tissue adjacent to the NPR in anagen HF.

3.3.2.2. Gene expression profile of additional ECM components in anagen HFs.

The expression of additional ECM components not labeled with antibodies is here re-
vised to define the complete ECM composition of anagen HFs using the same microar-
ray analysis previously described.  RNA microarrays were compared for ORS keratino-
cytes(PR ORS vs NP ORS) and mesenchymal components (DP vs CT fibroblasts).

Basement membrane
Genes with higher expression at the DP and PR ORS and corresponding to basement 
membrane components are shown in (table 3.15).

Fold changeFold change

Gene PR ORS / NP ORS DP / CTF

SNTG2 10.67208 IPV

LAMA3 7.2579 -2.099

LAMC3 5.07984 IPV

FRAS1 3.59119 1.90734

SGCA 2.27849 8.50317

FREM1 IPV 13.71307

LAMA5 -3.23839 14.04981

Table 3.15: Basement membrane components with higher expression at the PR ORS compared to 
NP ORS and at the DP compared to CTF.
Fold change values correspond to gene expression in PR ORS vs NP ORS and expression of DP vs CT 
fibroblasts.  Values correspond to fold changes with p value < 0.05;  IPV, invalid P value.
Abbreviations:  SNTG2, syntrophin, gamma 2; LAMA3, LAMC3 laminin alpha, and gamma unit 3; 
FRAS1, Fraser syndrome 1; SGCA, sarcoglycan; FREM1, Fras1 related extracellular matrix protein 1; 
LAMA 5, laminin alpha unit 5.
Note, BM components (SNTG2, LAMA3, LAMC3, FRAS1) with preferential expression at the PR 
ORS and the BM components with preferential expression in DP compared (SGCA, FREM1 and 
LAMA5).
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Basement membrane components with higher expression at the non permanent region 
(NP ORS vs PR ORS and CTF vs DP) are shown in (table 3.16)

Extracellular matrix components
Additional ECM components are now presented to define the role of CT fibroblasts in 
ECM definition of anagen HFs.  A small number of hybridization spots corresponding to 
ECM components are found by  ORS components;  nevertheless, the correspondent fold 
changes are shown.  Accession numbers for correspondent genes are listed in supple-
mental tables (SII.5 and SIII.6).

Additional extracellular matrix components (ECM) with higher expression at the CT fi-
broblasts in comparison to DP are shown in (table 3.17a and 3.17b)  and with lower 
expression at the CTF (table 3.17d) .

Fold changeFold change

Gene PR ORS / NP ORS DP / CTF

DST 2.18758 -96.03452

SMOC2 -1.56754 -50.33822

ERBB2IP -6.30637 IPV

NID2 IPV -5.29468

SGCB -5.79564 -4.40662

SMOC1 -4.74714 -4.23224

LAMB1 -3.76382 IPV

TIMP3 -3.73029 -2.23709

Table 3.16: Basement membrane components with lower expression at the PR ORS and DP.
Fold change values correspond to gene expression in PR ORS compared to NP ORS and expression of 
DP compared to CT fibroblasts. Values correspond to fold changes with p  value < 0.05;  IPV, invalid P 
value.
Abbreviations: DST, dystonin; ERBB2IP, erbin2 interacting protein; NID2, nidogen 2; SGCB, sarcoglycan 
β; SMOC, SPARC related calcium binding 1; LAMB1, laminin β 1; TIMP3, metalloproteinase inhibitor 3.
Note the BM components with lower expression at the PR ORS compared to NP ORS and at the 
DP compared to the CT fibroblasts.
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The ECM components with higher expression at the connective tissue fibroblasts are 
summarized (table 3.17c) based on their principal functions (TGF-β ligand inhibitor, and 
cartilage related genes or matrix components).  Correspondent receptors for the ECM  
components are listed.

Gene PR ORS / 
NP ORS

DP / CTF

FBN1 4.60288 -38.83976

DCN IPV -28.2415

COL10A1 -2.82076 -21.29614

FBLN2 2.39404 -16.5827

MMP11 -5.0654 -13.80986

BGN IPV -13.58359

ADAMTS10 IPV -11.07614

ADAMTSL5 -2.30232 -11.05239

FMOD -1.80414 -9.83166

CRTAP -2.8599 -7.93963

COL17A1 IPV -7.15971

Table 3.17a: ECM components with higher 
expression at CT fibroblasts compared to DP. 
Fold change values correspond to the gene 
expression in PR ORS compared to NP ORS and 
the expression of DP compared to CT fibroblasts. 
bValues correspond to fold changes with p  value < 
0.05;  IPV, invalid P value.
Abbreviations:  FBN1, fibrillin 1; DCN, decorin; 
COL10A1, collagen 10A1; FBLN2, fibulin 2; 
MMP11, metalloproteinase 11; BGN, biglycan; AD-
AMTS10, ADAM metalloproteinase 10; FMOD, fi-
bromodulin; CRTAP, cartilage associated protein; 
COL17A1, collagen 17A1.
Note that the ECM components showed prefer-
ential expression at the CT fibroblasts.

Gene PR ORS / 
NP ORS

DP / CTF

CDH13 IPV -56.71488

FLRT3 IPV -40.07701

WISP2 IPV -28.608

COMP -11.19337 -14.72746

FLRT1 IPV -10.38193

DPT IPV -9.36564

FLRT2 2.99745 -8.82011

ERBB2IP -6.30637 -8.0944

CCL2 -5.804 -6.26205

AGC1 IPV -5.62064

CXCL3 IPV -5.04326

Table 3.17b: ECM components with higher 
expression at the CTF compared to DP (adhe-
sive function). 
Fold change values correspond to gene expression 
in PR ORS compared to NP ORS and  of DP com-
pared to CT fibroblasts. 
Values correspond to fold changes with p value < 
0.05;  IPV, invalid P value.
Abbreviations: CDH13, cadherin 13; FLRT3, fi-
bronectin leucine rich transmembrane protein 3; 
WISP2, WNT1 inducible signaling pathway protein 
2; COMP, cartilage oligomeric matrix protein; 
FLRT1, fibronectin leucine rich transmembrane pro-
tein 1; DPT, dermatopontin; MFAP4, microfibrillar 
associated protein 4; CCL2, chemokine ligand 2; 
AGC1, aggrecan 1; CXCL3, chemokine C-C ligand 
3.
Note that, ECM components with adhesive func-
tion showed higher expression at the CT fibro-
blasts compared to DP cells.  Indicating the 
relevance of the CT for cell communication.
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TGFb inhibitor ECM component Receptor

DCN SDC2, SDC4 Coll, FN1, THBS, TNC

COMP* TNC SDC, ITGα8-β1, ITGαV-β6

THBS4 FN1 SDC, CD44, ITGαV-β8

THBS2 CHAD ITGα2-β1

Cartilage related THBS2, THBS4  FN1, LAM, COL4

COMP * Col1A1, Col1A2, Col4A6, Col6A2, 
Col11A1

ITGα2-β1, ITGαV-β8, SDC, CD44

CHAD

Col1A1, Col1A2, Col4A6, Col6A2, 
Col11A1

ITGα2-β1, ITGαV-β8, SDC, CD44

LAMA2, LAMB3, LAMC2 CD44, ITGαV-β8, ITGα6-β1 or β4, ITGα2-β1, 
ITGα4-β1

Table 3.17c: ECM related genes with higher expression at the connective tissue fibroblasts. Genes 
are sub-divided by function as;  ECM receptor, TGFb inhibitor, and cartilage related. The possible recep-
tors for the genes having a ECM-receptor function are included.
Extracellular matrix with receptor function: Syndecan (SDC), Tenascin (TNC), Fibronectin (FN1), con-
droadherin (CHAD), Thrombospondin (THBS2, 4), Collagen (Col), and BM,  Laminin (α2, β3, γ2).  Recep-
tors: Integrins (ITG).  ECM that function as TGF-β inhibitors: Decorin (DCN), cartilage oligomeric matrix-
protein (COMP), Thrombospondins (THBS2, 4) and Cartilage related genes (COMP, condroadherin 
(CHAD) and Col1A1).
COMP *; is related with TGFβ/BMP pathway and cartilage biology, and will be discussed later in this work.

Molecules corresponding to re-
ceptors of ECM components, 
showed higher expression at the 
CT fibroblasts (data here not 
shown). Genes are listed in sup-
plemental tables (SIII.6).  In addi-
tion, few ECM components show 
higher expression in anagen DP 
are here separately  listed, sug-
gesting their expression by DP 
cells rather than CT fibroblasts 
(table 3.17d).

Gene PR ORS / 
NP ORS

DP / CTF

ADAMTS6 -5.26429 12.39377

COL13A1 3.31627 10.09236

NPNT IPV 9.03667

SPON1 -40.64057 6.98452

Table 3.17d: ECM components with higher expression in 
DP compared to CTF.
Fold change values correspond to gene expression in PR ORS 
compared to NP ORS and expression of DP compared to CT 
fibroblasts.  Values correspond to fold changes with p  value < 
0.05;  IPV, invalid P value.
Abbreviations: COL13A1, collagen 13 alpha unit 1; NPNT, 
nephronectin; SPON1, spondin 1.
Note that higher expression of ECM components by DP 
cells suggest the role of DP cells in the matrix deposition 
of these elements in the ECM at the bottom of the anagen 
HF.
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3.3.3. Cartilage oligomeric matrix protein (COMP) expression in human hair folli-
cles

Cartilage oligomeric matrix protein (COMP) 
showed preferential expression in CT fibro-
blasts (compared to DP cells) and in the non 
permanent region outer root sheath (NP 
ORS) keratinocytes (table 3.18), suggesting 
that this protein is essential of the lower non 
permanent region of anagen hair follicles.

COMP gene expression was quantified for 
monolayer expanded (P3 and P7) CT and 
DP fibroblast. CT fibroblasts expressed 
COMP with 3.4 (P3) and 3.2 (P7) times 
higher than DP fibroblasts (graphic 3.1).

COMP protein expression was confirmed by 
positive immunoreactivity at the connective 
tissue of anagen HFs (fig. 3.21).

COMP showed constant expression at the 
CT of anagen HFs from human scalp  sam-

ples (fig. 3.21-A and E).  Along the HF cycle, COMP expression remains at the CT ad-
jacent to the insertion point of the arrector pili muscle (APM), adjacent to the “bulge” 
(fig. 3.21-D and F).  During late anagen (fig 3.21-A) COMP immunoreactivity at the non 
permanent region is limited at the CT to the central part of the HF but is absent in the 
bulbar and suprabulbar region. During catagen (fig 3.21-B) COMP expression is sub-
stantially  reduced as the connective tissue degrades in the NP region, but remains ex-
pressed in the proximal portion of the permanent part of the HF. At telogen (fig. 3.21-c) 
COMP expression increases by  surrounding the club  hair at the interaction point be-
tween the bulge and the DP.  During early anagen increased immunoreactivity was ob-

Gene PR ORS / 
NP ORS

DP / CTF

COMP -11.193 -14.727

Table 3.18: Cartilage oligomeric matrix pro-
tein, expression in DP compared to CTF.
Fold change values correspond to comparative 
microarrays of laser microdissected samples, 
with p values < 0.05.
Abbreviations: COMP, cartilage oligomeric pro-
tein.
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Graphic 3.1: CT fibroblasts maintained COMP 
expression after monolayer proliferation.
Quantitive gene expression, is calculated based 
on the ratio with ubiquitin expression, all data is 
shown as mean ± SD.  n = 5
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served at connective tissue adjacent  to the insertion point of the APM.  Once the CT 
extends during hair growth (anagen progression) the intensity of COMP expression 
dramatically increases enclosing the complete HF, including the proximal hair bulb. In 
late anagen COMP immunoreactivity declines once again at the proximal hair bulb and 
is reduced to the central CT sheath (fig. 3.21).

COMP (THBS5) is a thrombospondin molecule, able to interact with TGFβ/BMP signals, 
nevertheless, how these signals interact along the HF cycle, is still not clear.  Shown is  
here an interesting correlation based on the quantification of the gene expression of 
COMP, TGFβ1, TGFβ2 and TGFβ3 (graphic 3.2).  Spearman correlation analysis sug-

Figure 3.21. Cartilage oligomeric matrix protein expression in human hair follicle cycle. 
COMP expression varies together with anagen progression, from surrounding the complete HF in early 
anagen (E) to late anagen, where its expression at the bulbar region disappears (A).  Catagen shows 
weak COMP expression at the remaining proximal HF (B) arrow, and during telogen, expression in-
creases and surrounds the club hair (C).  New anagen shows COMP expression at the CT adjacent to the 
APM (D), which increases during anagen progression (E, A).  COMP is constantly expressed  at the CT in 
between the insertion point of the arrector pili muscle (APM) and the ORS keratinocytes at the bulge (ar-
rowheads) and by some muscle cells (*) (F). Scale bar = 50 µm. 
Note that COMP expression undergoes active modification through the HF cycle but is maintained 
at the CT adjacent to the bulge, independent of HF cycle stage.
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gested a direct correlation between COMP expression and TGFβ-2 expression (r=1) 
and a linear correlation between COMP expression and TGFβ-1 and -3 expression.  
The genes increase or decrease together (r between 0 and 1).  Correspondent p values 
sustain the validity of these analysis ( graphic 3.2 and table 3.19).

COMP expression is shown here for the first time in human hair follicles.  Expression 
and function of COMP have been broadly characterized in cartilage biology (304, 325).  
A possible function of COMP in hair follicle biology is suggested.  COMP is known to in-
duce expression of antiapoptotic proteins (IAPs) in chondrocytes and to up-regulated 
survivin (92, 317).  This does not hold true for the HF, indicating a different effect at least 
in CT fibroblasts to that reported in cartilage biology.

COMP interacts with other extracellular matrix components such as fibronectin 1 and 
aggrecan.  These interacting molecules together with COMP showed stronger gene 
expression at the non permanent region (NPR), including both the CTFs and the NP 
ORS cells.  Moreover, fibronectin protein is only expressed at the CT of anagen VI hair 
follicles.

COMP interacting molecules such as fibronectin, chondroitin (aggrecan) and versican, 
are also expressed along the connective tissue, but it is relevant to note that only fi-
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Graphic 3.2: Spearman correlation test between 
COMP, TGFb1, TGFb2 and TGFb3 gene 
expression (ratio with ubiquitin) for CT fibroblasts at 
passage 3.

COMP CTF P3
r

P value
CTF

TGFβ1 0.900 0.0833

TGFβ2 1.000 0.0166

TGFβ3 0.900 0.0833
Table 3.19: Spearman correlation test between 
COMP expression and TGFb1, 2 and 3, gene 
expression for CT fibroblasts at passage 3.
Correlation coefficient (r): refers as follows, 
r=1, perfect correlation
r= o to 1, the two variables tend to increase or de-
crease together
r=0, The two variables  do not variate together at all
r = -1, Perfect negative correlation
Abbreviations: r, spearman correlation coefficient, P 
value. 
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bronectin expression is limited to CT in late anagen hair follicles, while aggrecan and 
versican are also expressed by the dermal papilla (fig. 3.22).

Figure 3.22. Expression of COMP and interacting extracellular matrix components in anagen hair 
follicle.
A. COMP is expressed in late anagen along the connective tissue (CT) excluding the lower part of the 

bulb.
B. Fibronectin, is expressed along the complete CT but no expression is found in the dermal papilla of 

late anagen HF.
C. Aggrecan is recognized together with decorin and biglycan for chondroitin antibody, and showed 

positive immunoreactivity along the CT and DP.
D. Versican, immunoreactivity was diffuse, but showed stained with higher intensity at the DP and lower 

at the CT.
Abbreviations: DP, dermal papilla; CT, connective tissue fibroblasts.
Note that, COMP, fibronectin and chondroitin suggest co-expression at the CT and possible in-
teractions at the CT between these molecules are suggested, while possible interaction between 
CT fibroblasts DP cells is suggested based on interactions of COMP and versican.
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3.4. Characterization of in vitro expanded CT and DP fibroblasts

Monolayer expanded CT and DP fibro-
blasts from anagen hair follicles were 
obtained and characterized to learn 
about their potential in vitro.

Human scalp  skin samples are proc-
essed as described in the methodology 
to obtain single cell suspension and ex-
pand keratinocytes under low calcium 
conditions.

CT fibroblasts outgrowth from single 
hair follicles and DP fibroblasts from 
micro-dissect single dermal papilla were 
cultured under the same conditions (fig 
3.23).

The mesenchymal in vitro character of 
human CT and DP fibroblasts was 
characterized and compared to HF 
keratinocytes.

CT fibroblasts proliferate stable until 
passage 10 (P10) on adherent plates 
and are immunoreactive (IR) for actin, 
vimentin, prolyl 4-hydroxylase, and 
chondroitin.  Actin is expressed in the 
nucleus or extracellular filaments, 
suggesting a mixed population with 
diverse differentiation grade.  Colla-
gen IV is weakly expressed and nega-

Figure 3.23: Epidermal and mesenchymal cell 
populations isolated from human anagen hair fol-
licles.
Scalp skin samples are processed to dissect anagen 
hair follicles and consequent outgrowth of keratino-
cytes, connective tissue (CT) and dermal papilla (DP) 
fibroblasts.  Bar corresponds to 100µm

Figure 3.24:  Connective tissue fibroblasts cultured 
on monolayer.  Are Acin+/Vimentin+/β  subunit of prolyl 
4-hydroxylase(5B5) /NKi67+/ColIV low/Chondroitin+ and 
negative for K15-/PanCtk-/ until passage 10.
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tive immunoreactivity  for keratin 15 and pan-cytokeratin shows the purity  of the CTFs 
cell population (Fig. 3.24).

The standard flow cytometry  panel used to define the mesenchymal character of bone 
marrow mesenchymal stem cells (CD13+/CD34-/CD105+/CD44+/CD73+) was used to 
characterize the purity CT fibroblasts.

CT fibroblasts cultured on monolayer adherent formats, have an identical expression 
pattern for CD13, CD34, CD105, CD44 and CD73 to human bone marrow MSC over 
the passages (graphic 3.3) and very similar to DP cells (graphic 3.4).

A negative expression of pan-cytokeratin is observed, the positive expression of vi-
mentin decreases at higher passages (P7).

Connective tissue fibroblasts, express CD73, CD105, CD44, CD13 and are negative for 
CD34 similar to dermal papilla fibroblasts at passage 3 and 7 (graphic 3.4).

Graphic 3.3:  Flow cytometry panel of “MSC markers” for connective tissue fibroblasts. 
Hair follicle connective tissue fibroblast express mesenchymal markers over ten passages, very similar to 
human Bone marrow Mesenchymal cells. CD13+/CD34-/CD105+/CD44+/CD73+/Pan-Ctk-/Vimentin in-
creased expression over the passages.
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Keratinocytes from anagen HF cell suspensions showed low proliferation in monolayer 
cultures but reached confluence after 2 weeks, expressed Keratin 15 at passage 0, 
Pan-cytokeratin and vimentin at P3 (6 to 8 weeks).  HF keratinocytes reach senescence 
and gradually loose adherence,  K15 and vimentin expression (fig 3.25).

Surprisingly  the keratinocyte cell populations showed expression of “mesenchymal stem 
cell markers” with additional keratin expression (graphic 3.5).

Graphic 3.4: “MSC markers” are expressed by DP and CTFs at passage 3 and 7.

Figure 3.25:  Monolayer expansion of keratino-
cytes obtained from HF suspensions.  Keratino-
cytes cultured on collagen I with low calcium con-
centration medium (KSFM) and  cholera toxin (1 
mg / ml) became senescent between the 3rd or 5th 
passage in a donor dependent manner.   K15/Pan-
cytokeratin expressing cells were found along the 3 
passages with a progressive down-regulation of 
K15 expression.  Vimentin expression was constant 
and induced on monolayer culture starting at P1, 
but it was lost once the cells started to detach and 
enter apoptosis at passage 3 (P3). 
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The connective tissue and DP fibroblasts 
showed multi-lineage differentiation potential,  
(chondrocytes, osteocytes and adipocytes) af-
ter monolayer expansion. Despite similar 
expression of “ MSC” markers HF keratino-
cytes were not able to differentiate in vitro after 
correspondent stimulation (fig. 3.26).

CT fibroblast differentiation was induced at 
higher passages (P7).  Differentiation in chon-
drocytes was confirmed by Alcian blue stain 
that stains blue mucopolysacharides typical for 
chondrocytes (figure 3.26).

Differentiation into osteocytes was detected by 

Graphic 3.5: Flow cytometry panel of “MSC markers” for hair follicle keratinocytes. 
Flow cytometry analysis for keratinocytes obtained from HF suspensions are based on the standard panel 
used to select for human bone marrow derived mesenchymal cells, (upper panel); CD13+/CD34-/
CD105+/CD44+/CD73+). 
In vitro proliferated keratinocytes at passage 1, express CD13, CD105 and CD73, similar to bone marrow 
mesenchymal cells (MSC) and only CD105 decreased at P3.
CD34 and CD44 positive populations are not detected at P1 but the keratinocyte marker (Pan-
cytokeratin) is highly expressed at P1 and showed two populations at P3 indicating the keratinocyte dif-
ferentiation process.
Vimentin expression is induced from passage 1 and decreased by P3 when cells started to de-attached 
and look senescent.
Red histograms show keratinocytes autofluorescence for every correspondent channel and the blue his-
tograms, correspond to the detected signal corespondent to the sample.

Figure 3.26:  Differentiation potential of CT 
fibroblasts .
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the formation of calcium deposits, stained according to the Von Kossa´s method.  Adi-
pogenesis was detected by staining of fat deposits by Oil red O.

3.4.1. Expression of “mesenchymal markers” in situ

Expression of “MSC  markers” in hair follicle cells is tested with immunolabeling of ana-
gen hair follicles using the same set of antibodies used for Flow cytometry analysis.

Labeling for CD13, CD105, CD73 and CD90 shows that none of the here stained “mes-
enchymal markers” (FACS) are expressed by HF keratinocytes in situ (fig. 3.27). 

This indicates that the expression of CD13, CD105, and CD90 detected by Flow cy-
tometry is induced in keratinocytes after monolayer culture.

CD105 and CD90 are expressed by blood vessels like at the connective tissue and DP 
CD90  is also expressed by connective tissue fibroblasts (fig. 3.28).

None of the cell populations along the skin or anagen hair follicles express the MSC 
markers.  This clearly shows that the expression of these markers is induced in vitro,  
and that DP cells and CT fibroblasts differentiate into MSC like cells during monolayer 
expansion.

Figure 3.27: Expression of mesenchymal markers at the distal region of anagen HF.
Not CD13, CD105 or CD90 immunoreactivity (IR) is observed at the upper permanent outer root sheath 
(PR ORS) or bulge or at the middle lower ORS keratinocytes. (A, B,and D.
CD73 IR is detected at IRS keratinocytes, (arrow) (C) together with connective tissue expression. 
CD90 is not expressed by HF keratinocytes.
Scale bar: 100µm.
Note that, CD13, CD105 and CD90 are not expressed by HF keratinocytes in situ, and only CD73 
is expressed by IRS keratinocytes.
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CD73 and CD13 are the only markers consistently expressed in vitro and in situ by DP 
and CT fibroblasts and IRS keratinocytes, however show that they are not optimal 
markers.

Figure 3.28: Expression of mesenchymal marker at the proximal region of anagen HF.
Dermal papilla (DP) express CD13 (A), and CD73 (C).
Connective tissue fibroblasts are immunoreactive (IR) for CD13, CD73 and CD90.  
Blood vessels along the connective tissue express CD105 while the blood vessels into the DP structure 
are CD90 and CD105 IR.  
CD73 is additionally expressed for epidermal keratinocytes at the inner root sheath ( IRS, C).
Scale bar: 100µm.
Note that, only CD13 and CD73 are expressed by DP cells and CT fibroblast, but CD105 and CD90 
correspond to blood vessels like at the DP and CT.

3.4.1.1. The in situ expression of “Mesenchymal markers” and their in vitro  gene 
regulation.

The expression of the“MSC  markers” from laser microdissected cells from anagen HFs 
was compared to the expression of these “markers” after monolayer expansion (P3 and 
P7) for DP and CT fibroblasts as shown in table 3.20.  In parallel comparison of the 
gene expression profile of these molecules for ORS keratinocytes in vivo is shown.
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Genes corresponding to MSC mark-
ers used for flow cytometry analysis, 
showed all lower expression in DP 
cells compared to CTF in situ.

PR ORS keratinocytes show CD13, 
CD73, and CD34 up-regulated 
expression compared to NP ORS, 
while CD44 and vimentin show simi-
lar expression (fold change <2).  
This suggests a higher expression of 
these markers by DP and PR ORS 
keratinocytes from anagen HFs.  
R e l e v a n t d i f f e r e n c e i n t h e 
expression of vimentin and CD44 
between (PR ORS vs NP ORS) and 
mesenchymal (DP vs CTF) is de-
tected.

Expression detected by microarray was confirmed by  quantitive PCR for CD44, CD73, 
CD90 and CD105.  These genes show similar expression between CT and DP fibro-
blasts but higher than HF keratinocytes (all based on ratio with ubiquitin-house keeping 
gene).

CD44 and CD73 showed similar expression in CT and DP fibroblasts but higher than in 
keratinocytes, while CD90 is higher expressed (6 fold) in CT and DP fibroblasts than in 
keratinocytes.  Finally, CD105 is similarly expressed in all three cell populations, with 
increasing tendency through the passages (graphic 3.6).

Gene DP / CTF DP P3 
/CTF P3

DP P7 
/CTF P7

CD13 
(AN-
PEP)

IPV IPV 1.46025

CD44 -1.47046 1.91189 IPV

NT5E 
(CD73)

-9.07797 IPV IPV

THY1 
(CD90)

-3.69406 IPV IPV

CD34 -5.63808 2.00079 IPV

Vim -1.33 IPV IPV

Table 3.20: Gene expression of stained “MSC mark-
ers” for the keratinocytes (PR ORS) and the DP vs 
CTF. 
Fold changes correspond to:
In situ gene expression : Laser microdissected samples 
(PRORS / NP ORS and DP / CTF)
In vitro gene expression: Monolayer expanded fibroblasts 
at passage 3 and 7 ( DP P3/CTF P3 and DP P7/ CTF P7).
Fold changes with p value < 0.05;  IPV, invalid P value.:
Note that, All “MSC markers” show lower expression 
in in situ DP compared to CTFs and are regulated after 
monolayer expansion.
HF keratinocytes (ORS) showed higher expression 
compared to NP ORS and higher in DP  compared to 
CTF.
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Additional “MSC markers” used for characterization of bone marrow MSCs were revised 
for gene expression.  All showed that the expression of MSC markers is up-regulated 
after monolayer expansion, in comparison with the in situ gene expression.  This sup-

Graphic 3.6:  Gene quantification for “MSC markers” in CT and DP fibroblasts, keratino-
cytes and BM MSC. 
CD44 expression is higher in CTF and DP cells than HF keratinocytes,(more than 2 fold) but simi-
lar between CT and DP fibroblasts.
CD73 is higher expressed in CT and DP fibroblasts than in keratinocytes.
CD90 is higher expressed in CT and DP fibroblasts (6 fold) than keratinocytes.
CD105 is similarly expressed by CT, DP fibroblasts and keratinocytes at passage 3, with increas-
ing expression by CTF and DPC at passage 7.
Expression by  keratinocytes, CD44 is very weak. CD90, CD73 and CD105 expressions in-
creased with the passages, all samples over the arithmetical media correspond to P2 and P3 and 
below the media to P0 and P1 for CD73, but not for CD44, and CD105; n DP cells P3: 6; n CTF 
P3: 4; n keratinocytes: 7
Semi-quantification of gene expressions is calculated based on ratio with ubiquitin expression for 
each sample.
Note that much higher gene expression in mesenchymal cells (CT and DP fibroblasts) 
when compared to HF keratinocytes, but similar to expanded bone marrow MSCs.
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ports that the used “MSC” markers are not expressed in situ and many of the “MSC 
markers” are up-regulated by in vitro proliferation.

Structural genes (vimentin, fibronectin1 and fibrillin 1) are up-regulated after monolayer 
expansion in DP fibroblasts.

Adhesion related genes, (VEGF, VCAM1, ALCAM, and MCAM) are up-regulated after 
monolayer expansion, and only MCAM with high expression in in situ DP cells is not 
regulated by monolayer proliferation.

Stem cell maintenance related genes (FGFR1, Oct4, Sox2) have higher expression in 
DP cells compared to CTFs in situ, indicating the stemness of DP cell compared to CT 
fibroblasts.
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4. Discussion

4.1. Characterization of the permanent vs non permanent outer root 
sheath cells of anagen hair follicles

4.1.1. Differentiation stage of outer root sheath keratinocytes (Keratins 
expression)

Keratins are the most characteristic intermedia filament proteins of keratinocytes, and 
their expression is controlled at the transcriptional level (228) by diverse extracellular 
signals in an apparent keratin dependent manner.  Keratins are used to define the dif-
ferentiation stage of keratinocytes in several tissues and along the HF, moreover its 
expression is intracellular and for this reason recovery of keratinocytes based on keratin 
expression is limited.

Much is known about the expression pattern of keratins along the epithelial components 
of the hair follicle, hair shaft, inner root sheaths (IRS) and outer root sheath (ORS).

This work focuses on the study of the ORS of anagen hair follicles (HFs) to find specific 
markers that differentiate the keratinocyte stem cells region (KSC) at the permanent re-
gion (PR) from the non permanent ORS (NP ORS) keratinocytes.  KSC are known to be 
part of the ORS adjacent to the insertion point of the arrector pili muscle (APM) at the 
permanent region (PR).  Along this work the region containing the potential KSC is de-
fined as the PR ORS and the region at the lower half or non permanent outer root 
sheath is here defined as NP ORS.

Keratin 15 has been the most common ORS marker.  However, this keratin is not ex-
clusively expressed by  KSC (bulge), but similarly expressed along the complete ORS of 
anagen VI HF (fig. 3.1 and 3.3) and lost during HF cycle progression. Keratinocytes af-
ter in vitro monolayer proliferation quickly down-regulates K15 expression, prior to apop-
tosis (here not shown).  Differences in K15 expression were also observed between 
early and late anagen HF (fig 3.2).  K15+ epithelium surrounds the bulb in early anagen 
and is reduced to the suprabulbar ORS in late anagen, suggesting that K15 expressing 
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epithelium close to DP cells undergoes final differentiation during anagen progression.  
Signals involved in both in vivo K15 down-regulation in HF keratinocytes might be in-
volved in anagen progression and final differentiation of keratinocytes in vitro.

ORS keratinocytes express additional keratins here labelled by pan-cytokeratin and sin-
gle keratin 5 stains.

Although the pan-cytokeratin antibody targets a set of keratins (K10, K13, K18, K4, K5 
and K8), it labels only the ORS of anagen HFs and the spinous layers of the epidermis 
(fig. 3.1).  Pan cytokeratin signal co-localized with single stains for keratin 10 at the epi-
dermis and with keratin 5 at the HF-ORS.  Keratin 10 expressing cells are exclusively 
found at the spinous layers of the epidermis (fig. 3.6).  

K10 is a K1/K2 pair keratin commonly used as a marker for keratinocyte differentiation 
and it is co-expressed with K2 in basal layers and in suprabasal layers with K1 (36).

Protein expression of K10 was not detected at the ORS.  However mRNA expression of 
K10 and K1 were higher in the PR ORS compared to the PR ORS (table 3.0). This 
suggests that although the K1/K10 complex is used to label differentiated keratinocytes, 
this complex is not sufficient to define keratinocyte subtypes at the HF ORS and addi-
tional expression of involucrin and loricrin are required to defined final differentiated 
keratinocytes (326, 327).

K10 seems to be a marker for cells that can potentially  differentiate in keratinized layers 
but further studies on the role of K10 at the HF epithelium and PR ORS are required.

Keratin 6 is broadly expressed in anagen hair follicles at the companion layer and ma-
trix keratinocytes (328).  However here is shown that human hair follicles in anagen 
stage do not express KRT6 in these regions despite preferential mRNA expression 
(K6B and K6C) by PR ORS and the basal epithelium keratinocytes in comparison with 
NP ORS keratinocytes.

Keratin 5 is expressed by  ORS keratinocytes localized at the bottom of the insertion 
point of the APM (right below the defined bulge region).  The basal epithelium of the 
epidermis also expresses K5 until the beginning of the HF epithelium (fig. 3.4).
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Keratin 5 expressing keratinocytes define a new cell population of ORS keratinocytes  
right below the bulge of human anagen VI HF.

K5 expression at the surrounding old (club) hair in catagen HFs (fig. 3.5-A), by actively 
dividing keratinocytes in early anagen HFs (3.5-B.1)  and ORS of the new hair follicle 
(3.5-B), indicates that K5 expressing keratinocytes are active dividing cells during re-
gression (catagen) and at the beginning of anagen.  This is supported with the  
expression of proliferation marker (Ki67, fig. 3.8-c.1) at the APM insertion point.

K5 expression has been previously associated with the stem cell character of epidermal 
cells with long surviving carcinoma cells, with differentiation of stratified epithelia, and 
mitotically  active basal cells (32).  K5 expression is here shown for the first time in hu-
man HFs and due to its high expression and evidently active variation during HF cycle,  
K5 offers a good target for studying the effect of diverse HF cycle regulators and exter-
nal factors that might affect normal cycling.

Keratin 17 expression is restricted to cell aggregates at the epidermis, and at the IRS 
(fig. 3.7).  The K17 gene is higher expressed in basal epithelium (7.9) (table 3.0)  and 
corresponds to K17 protein expression at this region.  Moreover, K17 is not expressed 
by ORS keratinocytes and does not contribute as a marker for this region.  K17 is con-
sidered to be able to induce apoptosis through TNFR1 (tumor necrosis factor receptor 
1), and is involved in the apoptotic process during catagen HF (15).  This together with 
the localization of K17 protein expression (IRS), suggests that the inducing apoptotic 
signals during catagen might target hair matrix regression by targeting IRS keratino-
cytes expressing K17.

4.1.2. Quiescent state of outer root sheath (ORS) cells

Stem cells are believed to undergo a quiescent state in their niches, this is a controver-
sial feature of hair follicle stem cells (229).  In this work this concept is revised by immu-
nostain of anagen HFs.

NKI67 is a cell cycle related nuclear protein expressed by proliferating cells, in all cell 
cycle (G1, S, G2 and M) but absent during GO phase.
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The NKI67 mRNA showed similar expression at the PR ORS compared to NP ORS 
(2.27 fold change), (table 3.1),  but stronger protein expression is observed at the NP 
ORS by immunofluorescence (fig. 3.8-c.1).  In addition, basal epithelium keratinocytes 
(BE) showed higher Nki67 expression (fold change: 10.51) than NP ORS keratinocytes.

Survivin belongs to the family of the inhibitors of apoptosis proteins (IAPs).  The gene 
has three known variants, where its nuclear expression is associated with its antiapop-
totic function, found in keratinocytes stem cells (KSC), while its cytoplasmic expression 
is the proapoptotic variant, found in transient amplifying cells (TA) (44).

The antibody  here used labels the cytoplasmic or pro-apoptotic variant 2 (45) of survivin 
(BIRC5) and showed positive expression in the suprabasal layers of the epidermis 
where high rate of differentiation occurs. No positive immunoreactivity (IR) was found at 
the basal epithelium or along the HF ORS. This confirms that neither the basal epithe-
lium nor the ORS keratinocytes are undergoing apoptotic process during anagen VI.  
Survivin expression peaks at cellular mitosis, which is expressed during G2/M phase, 
on the other hand, PR ORS are not actively dividing during anagen (Ki67-) and this may 
explain the lower gene regulation along the ORS in anagen VI HFs.

The survivin antiapoptotic variant is regulated by the anti-oncogene p53 (45). The p53 
transcription factor is a homolog of p63 and plays an important role in the regulation of 
apoptosis at the hair matrix (180).  P63 expression distinguishes keratinocyte stem cells 
from TA cells within the cornea (48).  Moreover, a similar expression of P63 protein was 
observed by  immunoreactivity, along the complete ORS (PR and NP) from anagen HFs.  
Nuclear expression is found at the basal epithelium, PR and NP ORS with stronger 
expression within the bulge of anagen VI HFs (fig. 3.10).  The microarray  data is not re-
ported due to invalid p-values.

P63 expression suggests together with survivin a similar quiescence character between 
the PR and NP ORS.  The only difference detected is the protein expression of NKI67 
(higher at the NP ORS).

A complete resume of immunofluorescence (diagram 4.1)  and gene expression profile 
for keratins and quiescence markers is shown in diagram 3.1.  Gene expression profile 
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is based on the microarray  analysis of the laser microdissected keratinocytes from the 
basal epithelium and the PR ORS both, in comparison with NP ORS.
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Diagram 4.1: Immunofluorescence and preferential gene expression of Keratins and quiescent 
markers in anagen VI human hair follicles.
Protein expression for the Basal epithelium, PR ORS, NP ORS are indicated with correspondent color 
code and position.
Genes with preferential expression in the different regions are indicated in the boxes and correspond to 
the higher fold change values found in the comparative microarray analysis of the epithelial cells: BE/NP 
ORS and PR ORS/NP ORS and for mesenchymal cells : DP/CTF
Abbreviations: BE, basal epithelium; PR ORS, permanent outer root sheath; NP ORS, non permanent; 
DP, dermal papilla; CTF, connective tissue fibroblasts. 

4.1.3. Vimentin expressing melanocytes at the ORS

The permanent ORS and basal epithelium are compared to the non permanent region 
of anagen HFs to define the expression of melanocyte markers in anagen HFs, summa-
rized in diagram 4.2. 
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Vimentin is broadly expressed in human scalp  skin and hair follicles, including  fibro-
blasts and melanocytes.  Vimentin expressing melanocytes showed dendritic morphol-
ogy and close cell-cell interaction with K15 expressing keratinocytes at the ORS and 
basal epithelium (fig 3.11 and 3.12).

The melanocytes populations from the epidermis and the HF are different in their pig-
ment production.  The epidermal melanocytes have a pretty static pigment production 
and the hair follicle melanocytes undergo active pigment transfer to the hair shaft as ac-
tive process of the HF cycle (58).  Melanocytes at the basal epithelium of the epidermis 
showed different vimentin expression than the melanocytes at the HF ORS.  Epidermal 
melanocytes contain immature melanocytes (c-kit+), partly  differentiated (p-Mel17) and 
mature melanocytes (TRP1+), but only p-MEL and TRP1+ melanocytes co-expressed 
vimentin.  Contrary to the ORS and matrix keratinocytes, where none of the expressing 
c-kit, p-Mel17 or TRP1 populations, co-express vimentin in anagen VI HFs.

Vimentin is expressed by mesenchymal originated cells, melanocytes and mast cells in 
hair follicle.  However, the mesenchymal cells form part of the CT sheath and DP, while 
mast cells are localized at the CT (62).  The possibility  that the ORS vimentin express-
ing cells are other kind of mesenchymal cells (CD90, CD105, CD13, CD44, CD73) is 
here discarded, with extensive stains for typical mesenchymal cells, which did not show 
positive immunoreactivity at the ORS (fig 3.27 and 3.28).

This all suggests that, there is a dormant population of melanocytes at anagen VI phase 
HFs in the NP ORS which have dendritic morphology, interacts closely with k15 ORS 
keratinocytes, but do not express c-kit, p-Mel or TRP1.

C-kit+ expressing melanocytes were found in the bulge and are round- non dendritic 
(fig 3.13B, B.1).  c-kit+ melanocytes are defined as immature but mobile melanocytes 
found at the ORS, since they can move towards the bulb driven by the chemoattractant 
effect of KITLG produced by DP cells (50, 235). 

For this reason it is possible to assumed that vimentin expressing melanocytes are im-
mobile since they do not express c-kit and are attached to ORS keratinocytes, suggest-
ing that vimentin might have role in maintenance of static like melanocytes attached to 
the ORS keratinocytes in anagen VI HF.  Further studies are required to show the role 
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of vimentin expression at the ORS melanocytes in melanocyte differentiation stage and 
interaction with HF keratinocytes. 

Dendricity of melanocytes is on the other hand, associated with pigment transfer capac-
ity (234), and despite the theory that pigment transfer in HF occurs only at the matrix,  
the role of ORS vimentin expressing melanocytes in HF melanogenesis remains to be 
shown. 

The function of vimentin is variable and is a target of apoptotic signals caspase 3 medi-
ated which is induced during melanocyte apoptosis (329), whether vimentin is a marker 
for pre-apoptotic melanocytes remains to be shown.

Additional c-kit expressing melanocytes are found at the HF matrix in close proximity 
with the apical part of the DP.  This expressing c-kit cells have been previously shown to 
be keratinocytes able to express c-kit (56), suggesting an additional but unknown c-kit 
function (fig 3.13-C).

A consistent higher expression profile of receptors involved in melanogenesis and 
melanocytes mobilization (table 3.8)  are found with preferential expression in CT fibro-
blasts in comparison with DP cells.  This is the case for KITLG, (-2.45, fold change), 
endothelin receptor-B (EDNBR, -3.47) and melanocortin 1 receptor (POMC, -9.49). .  
The correspondent receptor and ligand showed preferential expression in DP cells e.g. 
c-kit (27.03 times) and endothelin 3 (EDN3) (105 times) (table 3.8).  

This all together suggests the strong interaction between DP and CTF in melanogenic 
processes and suggests a relevant role of CTF in melanocytes mobilization from the 
bulge and ORS to the matrix for final differentiation and hair shaft pigment transfer 
driven by DP signals.  

The expression of KITLG by  CTF and DP is the only melanocytic marker that has been 
already shown (54) to be associated with these HF components.  Despite, strong c-kit 
gene expression profile by anagen DP cells (compared to CTFs) (table 3.8), DP cells do 
not express the protein at anagen VI (fig 3.13-C).  These controversial observations, 
raise further questions concerning other functions of c-kit in DP cells at different stages 
of the HF cycle. 
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Additional genes required in murine melanogenesis (Pax3, mitf, ENDRB, Tyrp1) (331) 
showed as well, preferential expression in anagen DP compared to CT fibroblasts.

Expression of melanocytic protein mel 17 (p-Mel17) a marker for partially  differentiated 
melanocytes is detected at the basal layer of the epidermis (basal epithelium) and HF 
matrix cells (fig 3.14).  The pMel17 and its receptor (MLANA or pmel17R) showed both 
similar gene expression at the basal epithelium and NP ORS but lower at the PR ORS 
(table 3.2)  and higher in DP compared to CTF (table 3.8).  This together indicates that 
partially differentiated melanocytes are mostly found at the basal epithelium and NP 
ORS were ligand and receptor co-localizes.

Only  P-mel positive cells at the epidermis express vimentin, showing again the differ-
ence with HF melanocytes (vimentin -). 

Mature melanocytes (TYRP1+)  are found at the epidermis (vimentin +), at the connec-
tive tissue adjacent to the bulge, surrounding the sebaceous gland and at the HF matrix 
(fig. 3.15).  That the mature melanocytes are preferentially localized at the NP region is 
confirmed by both Immunofluorescence and microarray  data (table 3.2).  The mature 
(TYRP1+) melanocytes differ in their vimentin expression, positive at the epidermis and 
negative in the ORS HF.

Despite negative immunodetection of TYRP1 by anagen DP cells, their gene expression  
indicated preferential mRNA expression in DP cells (73.69) (table 3.8), suggesting that 
DP cells might be involved during melanogenesis in the synthesis of TYRP1, the en-
zyme required to produce pigment.  This requires further study.

In summary, the microarray analysis of anagen DP cells in comparison with CT fibro-
blasts, shows preferential expression of melanocytic factors by DP cells and higher 
expression of the correspondent ligands by  connective tissue fibroblasts (CTF).  This 
indicates the relevance of these two fibroblasts populations in HF melanogenesis.

A complete summary of the immunofluorescence and microarray data for melanocytic 
markers is shown (diagram 4.2).  Based on gene microarrays of basal epithelium and 
PR ORS in comparison to NP ORS (diagram 3.2), and DP cells in comparison to CTF 
(diagram 3.6).
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Diagram 4.2: Melanocytic factors, protein and preferential gene expression in anagen VI human 
HF:
Protein expression for the different sections of the ORS (basal epithelium and PR ORS vs NP ORS) are 
indicated with correspondent color code and position.
Genes shown in the boxes correspond to factors with higher RNA expression at the each region ( PR 
ORS vs NP ORS), (BE vs NP ORS) and (DP vs CTF).

4.1.4. Differences in the microarray data between the PR and NP ORS cells

Microarray data analysis of the PR vs NP ORS cells, identified over-represented (fold 
change >3) genes which were uploaded into bioinformatics software (DAVID), provided 
by the NIH to reveal the biological differences between PR and NP ORS cells. Both 
ORS regions showed similar amount of genes involved in cell cycle inhibition, positive 
regulation of apoptosis, wound healing, cell migration and keratins.  The PR ORS kera-
tinocytes showed higher expression for genes involved in blockage of cell migration and 
involved in the wnt-pathway in comparison with the NP ORS.

Similarities between both ORS regions, suggests a similar quiescent state (cell cycle, 
and apoptosis involved) and correlated in situ immunofluorescent experiments for qui-
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escent markers.  The NP ORS showed over-represented expression of genes involved 
in the p53 pathway Diagram 4.3.

The genes involved in the wnt pathway, that showed higher expression at the PR ORS 
and basal epithelium (BE) (table 3.3)  correspond to ligands (wnt4 and 1) and receptor 
(FZD10) suggesting their preferential expression by keratinocytes with stem cell like 
characteristics, localized in the PR ORS and basal epithelium in comparison with the 
NP ORS cells.  In addition the over-represented expression of ligand, wnt10A and re-
ceptors, FZD5 and 9, in the NP ORS, suggest differences between PR and NP ORS 
keratinocytes, that might indicate the differentiation state of ORS keratinocytes.   

The wnt-pathway down-stream regulated genes (DVL2 and Lef1) showed preferential 
expression in the basal epithelium (BE) keratinocytes, similar expression along the 
ORS, suggesting similar wnt activity at the permanent and no permanent ORS.

Despite these observations, and the complete analysis of all the genes involved in the 
wnt pathway (here not shown when p values < 3), it is not possible to define clear differ-
ences in the activity of the wnt pathway between PR and NP ORS keratinocytes.  Addi-
tional experiments that address the expression and function of the here listed ligands 
and frizzled receptors for the PR and NP ORS keratinocytes, would help  to further clar-
ify the differences between stem cell like keratinocytes (PR ORS) and further differenti-
ated keratinocytes (NP ORS) from human HFs in growing (anagen) phase.

The epidermal niche at the bulge (PR ORS) is composed of active and inactive keratin-
ocytes (19), melanocyte and keratinocyte stem cells (52) that form a microenvironment 
where the cross-talk between the Wnt and TGF-β/BMP pathways controls the stemness 
and differentiation of bulge cells (22) and the fine tuning between activation and block-
ing of wnt pathway is essential for HF formation (181, 176).

Previous studies with murine bulge cells suggested higher expression of Wnt inhibitors, 
such as: DKK, Wif1 and sFRP and BMPs (190).  Moreover, the here found data indi-
cated similar expression (fold changes > 2, here not shown) of DKK3, Wif1 and BMP6 
between PR and NP ORS keratinocytes from anagen human HFs and highlights the 
relevance of validating murine HF data for the human hair follicles.
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In this work, molecules which are differentially expressed at the PR or NP ORS regions 
are reported.  This list of genes offers a tool to compare HF murine data with human 
HFs.  Further considerations are required when comparing these data with other human 
HF reports as the one published by Ohyama et al. (23).  They reported high expression 
of Wif1(wnt inhibitor factor) at the bulge of anagen HFs.  Although the selected anagen 
VI HFs are defined based by standard morphological characteristics; slight differences 
in human scalp samples, where anagen varies between 3 and 6 years can not be ex-
cluded and reveal once again the need of specific markers for bulge stem cells which 
are consistently expressed through the hair cycle.

Additional genes with increased RNA expression at the PR ORS and involved in down-
stream events of wnt pathway, corresponded to proteolysis (Ebil1, β-TrcP, Cul1), cyto-
skeletal modification (ROCK2), gene transcription (JNK), and wnt calcium dependent 
pathway (Wnt5, frizzled, PKC), indicates the relevance of this pathway in PR ORS kera-
tinocytes of human hair follicles.

Microarray analysis of genes involved in the TGF-β pathway identified higher 
expression of activin receptor (ACVR), receptor binding protein (ACVR2), signal trans-
ducers, (smad2 and smad3) and activin inhibitor follistatin (FST) (333) in PR ORS in 
comparison with NP ORS keratinocytes (table 3.6).  This suggests the relevance of fol-
listatin as regulator of the activity of activin ligands.

The murine bulge (PR ORS) have been reported to be rich in smads expression, which 
coordinate the stemness and proliferation events of bulge cells (207).  The PR ORS 
keratinocytes of anagen hHF showed higher expression of SMAD2 and SMAD3 (2.2. 
and 2.14 folds) compared to NP ORS, suggesting an active TGF-β/BMP pathway and  
the interaction of SMAD3, which regulates the wnt-pathway-transcriptional complex 
(TCF-Lef1).

In addition, genes corresponding to BMP inhibitors, e.g chordin (CHRD) and TGF-β 
ligands regulators, e.g thrombospondins (THBS4 and THBS5/COMP) showed all higher 
expression in NP ORS keratinocytes (table 3.5), suggesting blockage of TGF-β/BMP 
pathway in NP ORS in comparison with PR ORS at this time point of the growing phase 
of human hair follicles.
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This microarray  expression analysis suggests a blockage of the TGF-β pathway at the 
NP ORS, where “transient amplifying” ORS keratinocytes have been shown to leave the 
bulge niche and migrate downwards during HF growth (anagen) (19).  A more active 
TGF-β pathway is suggested at the PR ORS of the here analyzed anagen HFs.

Previous reports described the expression of the different TGF-β genes, mostly in 
murine models but few data is available for human HFs (23).  For this reason, the here 
presented microarray analysis are of considerable relevance and describe the in situ 
expression of human anagen VI hair follicles.

The p53 signalling pathway down-stream regulated genes involved in cell cycle 
(CDKN2A, CCNB2, CCND1, CCNG1), growth inhibition (PPM1D) and apoptosis (BCL2, 
BBC3, CASP3) showed preferential expression at the PR ORS (table 3.4), suggesting 
blockage of cell cycle, and down-regulated apoptotic processes mediated by p53 path-
ways.  This together with the protein expression of p53 at the ORS (fig. 3.10), suggests  
the role of the p53 transcription factor in the definition of inactive ORS cells at the bulge. 

The p53 pathway is also activated after UV exposure (49) and is required for epidermal 
regeneration (48), for what is believed that P53 identifies keratinocyte stem cells, but 
whether p53 transcription factor maintain bulge stemness, has to be studied.  p53 regu-
lates proliferation and apoptotic proteins, such as survivin (45) and p53 (expressed 
along the complete ORS), indicating that ORS keratinocytes, undergo active p53 signal-
ing pathway, in comparison with matrix and IRS keratinocytes, where p53 protein 
expression was not found.
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Diagram 4.3: Preferential expression of components of the wnt, p53 and TGF-β pathways between 
the PR and NP ORS cells.
Genes shown in the boxes showed preferential expression at the indicated region (PR or NP ORS), 
based on comparative microarray analysis of PR ORS / NP ORS of laser microdissected cells.

4.1.5. Potential markers for the PR ORS (bulge) keratinocytes

Specific markers for the bulge, known as the niche of keratinocytes stem cells (KSCs) 
are not known.  Extracellularly expressed markers that allow labeling of KSCs without 
permeabilization of their membranes and further cellular recovery are required.

The bulge is part of the ORS at the insertion point of the arrector pili muscle (APM) 
which defines the limit of the permanent region (PR).  The region containing the bulge is 
here refereed as the permanent region outer root sheath (PR ORS) for all experiments.

Potential markers for the PR ORS keratinocytes are here suggested based on microar-
ray analysis (diagram 3.2 and fig 2.2).  A list of genes with extracellular protein 
expression is presented based on their preferential expression at the PR ORS when 
compared to NP ORS.  Known functions in skin /HF are listed (Table 3.7).  Based on 
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this methodology, two genes coding for Lipase member H (LIPH) and defensin (DEFB1) 
which have been already reported to be expressed by bulge cells (102, 112) were iden-
tified, confirming the validity  of the data set.  The specific expression of the remaining 
genes remains to be shown.

4.2. Characterization of mesenchymal cells in anagen HFs

Microarray data analysis obtained by comparison of laser microdissected DP with CT 
fibroblasts (figure 2.1 and diagram 3.6) identified genes differentially expressed which 
were uploaded onto the bioinformatics software (DAVID) to reveal the biological process 
differentially regulated between DP and CT fibroblasts.

Despite the mesenchymal character of DP and CT fibroblasts, high expression of 
keratins was observed when comparing their gene profile.  CTF showed preferential 
expression of the epithelial keratins type I and II while DP fibroblasts showed higher 
expression of HF-specific keratins (table 3.8).  This suggests the role of DP cells in hair 
shaft differentiation and the role of CT fibroblasts in epithelial regeneration.

Similar quiescent state is suggested for DP and CT fibroblasts based on the immuno-
reactivity for proliferation marker (Ki67), apoptosis (tunel), surivivin and p63.  Moreover, 
DP cells showed higher mRNA expression of the antiapoptotic variant of survivin in 
comparison to CT fibroblasts, suggesting their higher proliferation potential and anti-
apoptotic character in anagen VI HFs (table 3.8).

Survivin expression has been previously associated with keratinocyte stem cells (KSCs) 
with high proliferation rate (44).  The ORS keratinocytes showed similar expression  of 
the anti-apoptotic variant of survivin along the ORS (fold change -2.5), which correlates 
with the dual function of survivin as anti-apoptotic inducer and promoter of cell prolifera-
tion.  Additionally, the pro-apoptotic (cytoplasmic) expression of survivin was negative 
for both the PR and NP ORS keratinocytes.

Microarray data of DP vs CTF, indicating a preferential expression of anti-apoptotic sur-
vivin / variant 2 (fold change: 16.94) in DP cells which indicates the high proliferation 
capacity and antiapoptotic character of anagen DP cells in human hair follicle.
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Survivin capacity  to inhibit caspase 3, induces resistance of FAS mediated apoptosis is 
a relevant feature that can be studied in both the PR ORS and the DP stem cell niches. 

4.2.1. Microarray analysis between DP and CT fibroblasts

4.2.1.1. Wnt pathway expression profile in anagen DP compared to CT fibroblasts.

The expression profile of genes involved in the wnt pathway showed significant differ-
ences between the DP and the connective tissue fibroblasts (table 3.9).

Higher expression in DP in comparison to CT fibroblasts was found for: wnt ligands 
(wnt5A, wnt3), receptors (sfrp1, fzd3, sfrp5, fzd10), and down-stream factors such 
(DVL2, APC, TCF, LEF, CREBBP and TCF7L1) suggesting their preferential expression 
in DP cells.  This all together suggests the relevant factors that maintain the features of 
the anagen DP, able to induce HF formation and signal keratinocytes for hair shaft dif-
ferentiation and pigment production.

On the other hand, the higher expression of wnt pathway inhibitors e.g. wnt ligand in-
hibitor (wifi1) and blockers of down-stream genes (Nlk, Nkd) suggests the blockage of 
this pathway in anagen DP cells.  Wnt inhibition has been suggested in murine models 
to contribute to the stem cell fate of the anagen DP (14), and the factors with preferen-
tial expression in human DP cells are listed here, and required further quantification.

Genes required for melanogenesis and wnt-pathway related (TCF7L1,CREBBP and 
DVL2) showed higher expression in DP cells (table 3.9). These together with other 
melanocytic genes previously  mentioned (table 3.8), strongly suggests the role of DP 
cells in melanogenesis.

Wnt pathway related genes with preferential expression in CTFs in comparison to DP 
(table 3.9 ) are frizzled receptors (FZD1, FZD4, FZD5, FZD7 and FZD8), secreted friz-
zled (SFRP4) and ligand (wnt6), for this reason the activity of wnt pathway in CT fibro-
blasts can not be here defined, but suggest to be more active when compared to DP 
cells.

The exact coordination of wnt signaling during anagen HF is not yet fully clarified, but is 
required for the HF formation and keratinocyte differentiation (202). 
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In addition, higher expression of Smad-7 by CT fibroblasts (table 3.10)  suggests re-
duced activity of the wnt pathway by direct binding of β-catenin (207).  Once again, the 
complex signal cross talk between TGF-β/BMP and Wnt-pathway, generate contrary ef-
fects in a cell dependent manner (22).  For this reason, not active or inactive pathways 
are here described for DP and CT fibroblasts, but a list of genes that show representa-
tive differences in the mRNA expression (fold changes > 3) which define the anagen DP 
in comparison to CT fibroblasts for human scalp HFs.

4.2.1.2. TGF-β/BMP pathway in anagen DP compared to CT fibroblasts

Genes with higher expression in anagen DP compared to CT fibroblasts include:  
ligands from the BMP pathway (BMP7), which might inhibit the wnt pathway activity in 
these cells (22) and suggests again, the blockage wnt pathway in anagen DP cells.  The 
signal transducer (smad5) activated by BMPs, suggests an active BMP signal in human 
anagen DP as previously suggested in murine DP (14), highlighting a principal differ-
ence with CT fibroblasts.  

Anagen DP showed preferential expression of the activin ligand (INHBE, INHBA) and 
their receptor (ACVR1), together with signal transducers (SMAD1, SMAD3) suggesting 
an active pathway mediated by activin ligand (table 3.10).  

CT fibroblasts showed preferential expression of TGFβ  ligands, e.g. decorin, thrombo-
spondins, which suggests a blockage of a TGFβ ligand mediated pathway.  Despite 
their preferential expression of BMP6 and TGFβ3 ligands and the receptor (TGFBRII) 
(table 3.10).  This all together provides a list of genes relevant in the TGF-β/BMP path-
way in HF mesenchymal originated cells of anagen VI human HFs.
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Diagram 4.6: Preferential expression of the components of Wnt and TGF-β pathways for DP com-
pared to CT fibroblasts of anagen HF.  
Gene expression of ligands, receptors, inhibitors and down-stream genes of both pathways are indicated 
for DP and CT fibroblasts, based on their higher expression in comparative microarray analysis for DP vs 
CTF. 

4.2.2. Markers for DP and CT fibroblasts 

4.2.2.1. Extracellular matrix components are not optimal “markers” to differentiate 
mesenchymal cells of anagen human HF.

Immunocharacterization of DP cells is based on a big list of molecules including struc-
tural components of the extracellular matrix, like actin (338, 339), proteoglycans and 
their glycosaminoglycan (GAG) moieties (299).  Nevertheless, their protein (fig. 3.16), 
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and gene expression profile (table 3.11) discards the use of these molecules as specific 
markers for human CT or DP fibroblasts.

Actin and fibronectin are expressed along the CT and none of these markers are ex-
pressed by DP in anagen VI HF.  In addition, neither actin nor fibronectin can be con-
sidered as markers for CT fibroblasts since they are expressed by  both expanded DP 
and CT fibroblasts (fig. 3.24).

Syndecans are transmembrane proteins required to regulate normal cell differentiation 
and mobilization of epidermal and mesenchymal cells.  The proteins are expressed by 
IRS and ORS keratinocytes (fig. 3.16-C).

Syndecan showed lower expression in DP cells (SDC4; -2.7 and for SCD2; -3.1) in 
comparison with CTF as observed by immunofluorescence (fig 3.16-C).  

Syndecan 2 is also induced in fibroblast by fibroblasts growth factor (FGF2) and in 
keratinocytes by  epidermal growth factor (EGF) and keratinocyte (KGF), during rapid 
proliferation and differentiation of mesenchymal condensations and organ formation 
(340, 341).  In HF biology SDC-2 is closely related to keratinocyte differentiation, angio-
genesis and interacts with cytokines e.g. HGF and FGF-2 which influence HF cycle 
(297) and TGF-β signals (327).

Lecticans are aggregative proteoglycans that form part of the ECM and are here labeled 
with the Chondroitin 4-D sulfate antibody.

The labeled lectins are decorin (DCN), biglycan (BGN), aggrecan (AGC1), Nigogen 
(NID2), and brevican (CSPG3), all showed higher expression in CT fibroblasts in com-
parison to DP, except by versican (CSPG2) (table 3.11). 

This together indicates that none of these lecticans are exclusively  expressed by  ana-
gen VI Dermal papilla.  

Versican showed positive immunoreactivity at both DP and CT fibroblasts of anagen HF 
(fig. 3.16)  and it has been associated with DP-HF induction capacity  (342, 343).  Fur-
ther revision for the function of versican in the HF formation capacity  of DP cells is re-
quired.
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Several epithelial-mensenchymal interactions that occur during HF formation and cy-
cling are modulated by proteoglycans (198).  Lecticans such as biglycan, decorin and 
fibromodulin are known to interact with transforming growth factor β (344) HF cycling.

4.2.2.2. Potential markers for DP and CT fibroblasts

DP has been defined as the mesenchymal cell reservoir, while CT fibroblasts are sug-
gested to contribute to the formation of the HF surrounding connective tissue sheath.  
Moreover, the origin of CT fibroblasts is still controversial.  Recent comparisons be-
tween CT and DP fibroblasts suggested that these cells have to some extent an inter-
changeable function (141, 186).  This might imply  that both fibroblast populations pos-
ses a HF-induction capacity and not only DP cells as previously thought.

The potential of DP cells has been broadly characterized in murine models based on 
versican (67, 198, 343) and alkaline phosphatase (65, 372) expression, in a cycle stage 
dependent manner, but the specificity of these markers could not be reproduced in hu-
man DP.  In addition, ECM components such as proteoglycan and glycosamicans, also 
used to define CT and DP fibroblasts from murine HFs, could be neither reproduced and 
over-expression was mostly induced after in vitro proliferation.

The Proposed markers for DP and CT fibroblasts are over-expressed genes in DP fi-
broblasts compared to CT fibroblasts from laser microdissected samples.  In all cases 
protein expression is known to be extracellular and do not make part of the extracellular 
matrix.

Potential markers for anagen DP cells are listed (table 3.12) including molecules such 
as: EDN3, SLP1, S100B and Wnt5 with known functions in skin or hair follicles, confirm-
ing the validity of these data, will be required.

In addition, the higher expression of Endothelin 3 (EDN3) and Endothelin 3 receptor 
(Ednrb) by DP cells in comparison with CTF, suggests once again that DP cells might be 
involved in the development of neural crest-derived melanocytes (373).  DP cells have 
been only partly associated to melanogenesis by  c-kit ligand expression.  Moreover, the 
preferential expression of genes involved in melanogenesis such as EDN3, SLPI (syna-
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toptagin), strongly suggest the role of anagen DP cells in HF pigmentation.  Further 
confirmation of protein expression remains to be tested.

Potential markers for anagen CT fibroblasts with function, if known are listed (Table 
3.13).

Proposed markers for anagen CT fibroblasts include genes involved in wound healing 
such as PROS1, CXCL2, inflammatory response; FGF18 and FGF7, HF development; 
CDH13, and FGF7, keratinocyte proliferation and melanogenesis; EDN1.

None of these markers have been studied in CT fibroblasts and only  FGF18, FGF7 
have been implicated in HF biology.  Controversial is the higher expression of genes in-
volved in melanogenesis, such as endothelin 1 (EDN1), together with the positive 
expression of TRP1 at the CT adjacent to the bulge.  This all suggests of the role of  
CTF are as well involved in melanogenesis and the involved mechanisms has still to be 
clarified.

4.3. The extracellular matrix components of anagen hair follicle

The expression of ECM components were revised to define its composition along the 
permanent and non permanent region of anagen HFs.  The expression of common 
ECM components is summarized in diagram 4.4.

In addition, the gene expression analysis of ECM components were based on chip 
analysis by comparing laser microdissected ORS keratinocytes (PR vs NP ORS) and 
DP vs CT fibroblasts.

The composition of the ECM defines the microenvironment between two adjacent cells 
and regulates cell communication, adhesion and migration by forming a gradient in con-
centration of cytokines (302, 334).  Regulation of epithelial-mesenchymal interactions 
(EMI) between keratinocytes and fibroblasts (driven by ECM modifications) and is es-
sential for HF cycle.  ECM components such as versican (proteoglycan) have been as-
sociated with HF cycle regulation but the function of many other ECM components in 
HF biology is still unclear (198).
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The complete anagen HF was analyzed for collagen IV, laminin, fibronectin and tenas-
cin expression, with the correspondent alpha sub-units of integrin receptors for laminin 
(α6 integrin ) and for fibronectin (α5 integrin):

4.3.1. Collagen IV 

Collagen IV  Is the principal component of the basal membrane (BM) and surrounds the 
ORS of anagen HFs (fig. 3.17).  Higher collagen IV expression was detected in bulge 
and DP cell aggregates.  In addition Col IV makes part of the BM of the epidermis and 
the HF with higher intensity at regions where keratin 15 expressing keratinocytes are 
localized (the tip of the rete ridges and ORS).

The collagen IV gene has six known variants and three of them (Col4A2, 4A6 and 4A5) 
showed higher gene expression profile at the NP ORS compared to the PR (table 3.14).  
The microarray analysis and the protein stains, suggests preferential expression in the 
BM at the NP region.  In summary, ColIV expression is required for both PR and NP re-
gions of HF with higher mRNA expression in the NP region and high intercellular 
expression in the bulge and DP aggregates.

4.3.2. Fibronectin 1 and α5 integrin (ITGA5)

Fibronectin is a cell adhesion molecule that mediates cellular processes by binding to 
transmembrane receptors (integrins) and syndecans. The correspondent signaling cul-
minates in modification of actin filaments and thus in structural changes in the morphol-
ogy and motility of the cells (287, 288).

In situ fibronectin expression at the non permanent region of anagen HFs with increas-
ing intensity at the bulb  corresponds to microarray data (higher expression in NP ORS 
keratinocytes and CT fibroblast) (table 3.14).

Strong fibronectin immunoreactivity co-localized with integrin α5 (ITGA5) expressing, 
suggesting similar mechanisms in the regulation of both ITGA5 and FN1 expression in 
anagen VI HF.  Fibronectin and ITGA5 expression is specific of CT fibroblast at the non 
permanent region (fig. 3.18).
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Fibronectin capacity  to block in vitro final differentiation of keratinocytes (291, 335) 
might explain its effect on ORS keratinocytes at the NP region of hHF.  The interaction 
between FN1 and ORS keratinocytes might be mediated by  syndecan (fig. 3.16-C) and 
does not appear to be ITGA5 mediated, as no co-localization was observed but only at 
the bottom and proximal part of the bulb (fig 3.18-C). 

During anagen progression, fibronectin expression is reduced in DP cells (fig 3.16-B 
and 3.18-C) indicating that fibronectin down-regulation at the ECM of anagen VI human 
HF is an effect of anagen progression in human HFs as suggested in rat follicles (184).  
Previous studies have shown that fibronectin makes part of the prior dermal papilla 
(placode) during HF embryogenesis (298) and as here shown, fibronectin expression is 
maintained during early anagen DP and lost at late anagen VI stage.

Fibronectin expression suggests as well, the interaction between DP and CT fibroblasts, 
mediated by  integrin α5 (ITGA5) and laminin 511 (laminin 10), required for HF formation 
in the anagen phase (272, 278).

4.3.3. Laminin and α6 Integrin

Laminins are important components of the basement membrane of skin and hair folli-
cles.  They regulate several cellular processes by post-transcriptional modification of the 
individual lamina chains (alpha, beta and gamma). 

Epidermal laminin at the BM adjacent to the K15 ORS keratinocytes co-localizes with 
ITGA6, (alpha subunit of laminin 5 receptor) expression (fig. 3.19).  This confirms the 
expression of both laminin and ITGA6 in the keratinocyte stem cells (190) at the tip  of 
the rete ridges in the suprabasal epidermis and in hair follicle, bulge but also in DP as 
shown by immunolabeling and chip data.

ITGA6 interacts with laminin 5 (332) and laminin 10 (511) and suggest their interaction 
at the bulge and DP, which proposes these laminins as part of the anagen epidermal 
and mesenchymal stem cell niches correspondently.  ITGA6 forms dimers with ITGB1 
and ITGB4 (282, 336).  These molecules are expressed and modified through HF cycle 
(278) and are required during HF morphogenesis (272).  The expression of ITGA6 vari-
ates from intercellular at the HF stem cell niches (fig 3.19B and C.1) to extracellular 
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lamina deposition at the NP region (fig. 3.19 B.1).  This might be explained by laminin 
modifications due to binding to different integrins.

Keratinocytes secrete several laminins, the most common are laminin 5, (Laminin 332) 
and laminin 10 (laminin 511) (270).  Laminins are integrated into the extracellular matrix 
by interaction with fibroblasts (337) and both epidermal and mesenchymal cells contrib-
ute to their deposition into the basement membrane.  This suggests that laminin ex-
pressing zones labels a region of epithelial-mesenchymal interactions rather than one of 
epidermal activated cells.

4.3.4. Tenascin

Tenascin (TNC) expression is associated with hyper-proliferative tissues during HF 
formation and along the hair cycle (254).

Tenascin expression is lower at the bulge (-3.2 times) compared to the NP ORS kera-
tinocytes and at the DP compared to CTF (-3.2).

Higher TNC  expression in the ECM at the NP region is here reported which is contro-
versial to previous reports that suggest TNC to be a bulge ECM marker (293).

In addition, TNC regulates differentiation of keratinocytes by down-regulation of EGFR 
(296).  EGFR blockage causes terminal differentiation and apoptosis of keratinocytes 
(292).  Moreover, EGFR showed lower expression at the NP region of anagen HFs, 
suggesting higher expression of TNC at the NP region.  This together with the higher 
expression of tenascin receptor (ITGA1B1) (281, 293) at the lower NP region of anagen 
VI HFs, supports the model here presented of preferential expression of TNC at the NP 
region of anagen human hair follicles and its role in keratinocyte differentiation by 
blockage of EGFR.
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tissue fibroblasts (CTF) compared to the dermal papilla (DP).
Molecules out of the boxes indicate the protein expression observe for every ECM component.

4.3.5. Microarray analysis of additional ECM components in anagen HFs. 

Basement membrane
The components here discussed are summarized in table 3.15, 3.16 and diagram 4.5.

Syntrophin gamma 2 (STG2), belongs to the family of cytoplasmic peripheral proteins 
that bind components of mechanosensitive sodium channel. None direct function is be-
ing investigated directly in hair follicle biology but it is known to interact with biglycan, 
(with higher expression at the CTF , table 3.17a, fig 3.22-c) (345).

Laminin subunit LAMA3 (with higher expression at the PR ORS), makes part of com-
mon laminin 5, 6 and 7 expressed in the skin.  LAMA3 interacts with syndecan 2 and 4 
(SDC2, SDC4) (346); SDC4 is expressed at the PR ORS while LAMA3 and SDC2 are 
highly expressed at the CT, indicating PR ORS keratinocytes interaction with BM 
through LAMA3 - syndecan 4 (SDC4) and with CT fibroblasts through SDC2.
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LAMC3 is a component of laminin 12, a broadly expressed laminin in skin within the BM 
of the dermal-epidermal junction at points of nerve penetration (347).

Two BM components with higher expression at the PR ORS (FRAS1)  and at the DP 
(FREM1), suggests to be crucial for the hair follicle structure.  The FRAS1 (fraser 
syndrome 1) and FREM (Fras1 related extracellular matrix protein 1) genes encode 
ECM proteins that function in the regulation of epidermal-basement membrane adhe-
sion and organogenesis during development (348). The function of FRAS1 and FREM 
depends on their co-localization during embryogenesis and are crucial for epithelial-
mesenchymal interactions (348), suggesting their relevance in the interaction between 
bulge keratinocytes and dermal papilla for HF renewal. 

Sarcoglycan (SGCA) is a component of the dystrophin-gylcoprotein complex (DGC), 
which is critical for the stability of muscle fiber membranes and for the linking of the ac-
tin cytoskeleton to the ECM, although its expression is though to be restricted to the 
striated muscle.  SGCA belongs to the list of primordial germ cell-specific genes ex-
pressed at the inner cell mass (ICM) and is related with its ability  to differentiate into en-
dodermal, ectodermal and mesodermal lineages (349).  SCGA showed higher 
expression in both epidermal (PR ORS) and mesenchymal (DP) stem cells in anagen 
HFs.  This indicates that SGCA may be fundamental for the HF structure and mainte-
nance of bulge and DP niches.

SGCA, binds biglycan, (with higher expression at the CTF, table 3.17a, fig 3.22-c), sug-
gesting an interaction complex between bulge and DP cells with NP ORS and CT fibro-
blasts. The exact expression of these proteins through the HF cycle may help  in under-
standing SGCA possible roles in the activation of stem cell niches.

The LAMA5, (laminin alpha subunit 5) gene is higher expressed by DP cells compared 
to CTF. LAMA5 gene encodes the alpha subunit of laminin 10 (511), required for hair 
morphogenesis (272) and hair cycling as previously discussed. LAMA5 interacts as well 
with FBLN2 (fibulin 2) (350), which suggests a mechanism of interaction with the con-
nective tissue, where FBLN2 is 16 times higher expressed, than in DPC (table 3.17a).

ERBB2IP is a protein that binds to ERBB2 and regulates its function and localization.  
ERBB2 is a proto-oncogene expressed at the ORS of HFs, relevant for epidermal 

152



growth, differentiation and HF morphogenesis (351).  Epidermal growth factor signals 
are suggested to function through EGFR/ErbB2 heterotrimer in skin (352) and erbin in-
teracts with HF keratinocytes (353).

Both, ERBB2IP and ERBB2 mRNA expressions suggests a mechanism of interaction 
between NP ORS keratinocytes and DP or CT fibroblasts, relevant for hair follicle cy-
cling.

Sarcoglycan β (SGCB), showed higher mRNA expression by both PR ORS keratino-
cytes compared to NP ORS and DP compared to CT fibroblasts (table 3.15).  Sarcogly-
can is associated with structures in the muscular system and skin (84),  so it is prudent 
to turn the view into this field when searching for relevant factors in skin and HF biology. 

SPARC related modular calcium binding 1 (SMOC1) showed higher gene expression 
at the NP ORS and CT; and (SMOC2) at the CT. These proteins promote keratinocyte 
attachment and migration (354) and although non specific function is yet known in HF, 
its preferential expression at the NP region suggests interaction with cells expressing  
the integrin ITGA6B1; (bulge and DP), recognized as the SMOC receptor.

SMOC2 is highly  expressed during embryogenesis and wound healing, promotes matrix 
assembly and stimulates endothelial cell proliferation and migration, and is a relevant 
angiogenic factor (355).  This all suggests the relevance of SMOC expression at the CT 
to maintain blood vessels along the CTS and HF embryogenesis (356).

TIMP metalloproteinase inhibitor 3 (TIMP3)  is preferentially expressed at the NP re-
gion (by NP ORS and CT), encodes a protein which is the inhibitor of the matrix metal-
loproteinase 3.  The balance between MMPs/TIMPs regulates the ECM turnover and 
remodeling during normal HF cycle (357) by degradation of ECM components (fi-
bronectin, laminin, collagen I, II, IV, IX and X, together with cartilage proteoglycans), 
fundamental during ECM and tissue remodeling during HF cycle.

Nidogen 2 (NID2) gene is an integral part of the BM in cartilaginous tissues and inter-
acts with fibulin 2 (FBLN 2) (358), both genes showed higher expression at the NP ORS 
and CTF, suggesting the role of these cells in the NID2 deposition at the ECM.
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Extracellular matrix components
The following ECM components correspond to genes highly  expressed in CT fibroblasts 
in comparison with DP  (graphic 3.17a, 3.17b).

Fibrillin 1 (FBN1) is similarly  expressed at the PR and NP ORS and highly expressed 
the CT in comparison to DP (-38.8).  FBN1, encodes a large ECM glycoprotein, that 
provides structural support in the connective tissue and interacts with other HF ECM 
components such as versican (359) and integrins (ITGA5B1 and ITGAVB3) (360) .

Decorin (DCN) is a matrix proteoglycan which is required in matrix assembly by binding 
collagen types I and III.  Higher expression was detected in CT fibroblasts (284).  DCN 
is able to regulate TGF-β signaling (253) and drives ECM modifications during HF cycle.

Fibulin 2 (FBLN2) is an ECM protein that binds extracellular ligands and calcium, rele-
vant at the NP region of anagen HFs.  Both CT fibroblasts and NP ORS keratinocytes 
might contribute to FBLN2 deposition and is assembled in the ECM by its binding ca-
pacity to LAMA5, collagen IV, fibronectin (361, 362) and aggrecan (358).

Matrix metalloproteinase 11 (MMP11) is an enzyme which together with ADAM metal-
loproteinases such as ADAMTS10, ADAMTSL5 are relevant in CT organization during  
the regression phase of HF as observed for murine HFs (363).

Biglycan (BGN) is a pericellular matrix proteoglycan relevant for collagen assembly in 
the ECM. It interacts with sarcoglycan alpha (with higher expression at the DP in com-
parison with CTF), with TGF-β1 (344) and WISP (wnt-1 induced secreted protein 1) 
(364), suggesting its role in TGF-β and Wnt pathways. 

Fibromodulin (FMOD) is a small interstitial proteoglycan that interacts with collagen I 
and II and may regulate TGF-β activities by sequestering TGF-β into the ECM (344).  
Although FMOD is known to be expressed by keratinocytes (365) showed similar 
expression along the ORS and higher at in the CTF compared with DP of anagen VI HF.

Cartilage associated protein (CRTAP) is a scaffolding protein expressed at the CT as-
sociated with bone fragility, and not yet investigated yet in HF biology, but which might 
be related to the COMP expression here shown at the HF-connective tissue (CT).  
CRTAP showed higher expression at the NP ORS and DP cells.
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Cadherin 13 (CDH13) is required as other cadherins for cell adhesion, activation of 
GTPases and β catenin/Wnt pathway.  The CDH13 gene is strongly  expressed by  CT 
fibroblasts in comparison to DP (-56 times) and it is associated with negative regulation 
of keratinocyte proliferation (126).  Although CDH13 function has not been explored in 
HF biology, its preferential expression by CT fibroblasts suggests their interaction with 
NP ORS keratinocytes through adherent junctions, which may control the differentiation 
of ORS keratinocytes through HF cycle.

Fibronectin leucine rich transmembrane protein 2 and 3 (FLRT2 and 3) are higher 
expressed by CT fibroblasts in comparison to DP.  FLRTs are transmembrane proteins 
with receptor (366) and transcription factors function in the regulation of FGF signaling, 
relevant for keratinocytes and fibroblasts proliferation. 

Cartilage oligomeric matrix protein (COMP) is a non-collagenous ECM protein 
formed by five identical glycoprotein subunits, each with EGF-like and calcium binding 
thrombospondin-like domains (306-308).  COMP is highly  associated with cartilage biol-
ogy but as shown in this work for the first time, also forms part of  the HF-ECM, prefer-
entially expressed by CT fibroblasts.  COMP gene showed elevated expression by NP 
ORS keratinocytes and CTFs, but its protein is exclusively expressed by CT fibroblasts. 
This is discussed in detail in section 4.3.6.

Dermatopontin (DPT) is an ECM protein able to modify the behavior of TGF-β1 
through interaction with decorin (367). Decorin, dermatopin and TGF-β1 are highly ex-
pressed at the CT (NP region) in comparison with DP, suggesting their role in regulating 
TGF-β1 in anagen HFs.

COMP, decorin and dermatopin together, are regulators of the TGF-β  pathway, suggest-
ing their role in the control of this pathway at the non permanent connective tissue of 
anagen VI human HFs.

Aggrecan (AGC1) belongs to the aggrecan/versican proteoglycan (PG) family and is 
involved in HF biology (242).  AGC1 showed higher expression at the CT and NP ORS 
compared to DP and PR ORS, correspondently.
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AGC1 binds chondroitin (CS), keratan (KS) and dermatan (DS) sulfate glycosaminogly-
cans (GAG).  CS is largely  known to modulate important differentiation cellular factors, 
such as FGFs, VEGF, Shh, BMPs, Wnt and HGF, all involved in HF biology (299).  
AGC1 interacts with FBLN2 (358) as previously mentioned (higher expression at the NP 
region and CT), and with versican (369) (higher expression at the DP).  This all sug-
gests a possible mechanism of interaction between CT and DP with NP ORS keratino-
cytes to modulate transcription factors relevant for HF cycle.

Nephronectin (NPNT) is a component of the ECM with unknown function in HF.  NPNT 
binds ITGA8, which also showed higher expression at the DP cells and is associated 
with cell adhesion and differentiation.

Spodin (SPON1) is an extracellular matrix protein associated with activation of TGF in 
osteoarthritis (370), and blockage of ITAVB3 in vascular endothelial cells (371). SPON1 
has elevated expression at NP ORS keratinocytes and DP cells, but its function in HF 
biology has not been explored.
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Genes in parenthesis are known interacting molecules.
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4.3.6. Cartilage oligomeric matrix protein (COMP) in human hair follicles

As mentioned already, the COMP gene showed higher expression by NP ORS in com-
parison to PR ORS and by CTF in comparison with DP cells (table 3.18). Quantification 
of COMP gene expression (based on ubiquitin expression) for monolayer expanded CT 
and DP fibroblasts from passage 3 and 7, confirmed higher COMP expression in CT in 
comparison with DP fibroblasts at both passages in several donors (graphic 3.1).

Immunofluorescence with a monoclonal COMP antibody showed specific protein 
expression by CT fibroblasts in anagen hair follicles (fig. 3.21).

Positive immunoreactivity  in the CT sheath and its significant variation through the HF 
cycle at the HF non-permanent region (NPR) indicates that COMP expression is modi-
fied by signals of the HF cycle.  The maintenance of COMP expression at the CT sheath 
adjacent to the insertion point of the arrector pili muscle (APM) suggests COMP to be 
an essential component of the stem cell niche at the  bulge.

Reduction of COMP expression was found when comparing HFs in early (fig 3.21-E) 
and late anagen (fig 3.21-A). During anagen progression COMP is reduced at the bot-
tom of the bulb, proximal to the secondary germ (SG).  This suggests an active signal-
ing between DP and CT (390) and this COMP reduction might be a characteristic event 
to define catagen transition.  The transition from late anagen to catagen has been 
shown in human HFs to be at least partially induced by  increasing TGF-β2 expression 
of the DP (13).

The possible interaction of COMP and TGF-β signaling has been previously  suggested  
in vascular smooth muscle cells (311), a possible TGF-β pathway modulation through 
COMP is now an open question in human HF.

A possible interaction of COMP with TGF-β molecules was analyzed by correlating 
COMP, TGF-β1, TGF-β2 and TGF-β3 gene expressions in monolayer expanded CT and 
DP fibroblasts (graphic 3.2 and table 3.19).

The degree of correlation between COMP and each of the TGF-β  ligands was calcu-
lated using the principles of spearman correlation coefficient (r).

158



Increasing expression of COMP correlated with increasing expression of TGF-β 1 and 
TGF-β3, while a perfect correlation (r=1) between COMP and TGF-β2 was found.  Per-
fect correlation means that an increase or decrease expression of COMP is always re-
lated to a correspondent increase or decrease of TGF-β2 expression in CTF in vitro.

TGFβ2 is expressed in vivo by the ORS keratinocytes during late anagen and with 
stronger expression at the boundary area between the germinative hair matrix and DP 
cells during catagen induction and along the regressing epithelia (13).  

The in vitro expression of COMP and TGFβ2 mRNA, suggests a direct correlation be-
tween these genes.  However, COMP is absent at the regressing epithelium during 
catagen different to TGFβ2 expression and present at the CT during anagen as re-
ported for TGFβ2.  This suggests that TGFβ2 does not control COMP expression alone 
and indicates a fine tuning with other TGFβ ligands. TGFβ1 and 2 are known to undergo 
fine tuning along the HF cycle, where TGFβ1 is expressed along the CT during anagen 
and reduced during catagen (179).  This TGFβ1 expression correlates with our observa-
tions for COMP expression and suggests that TGFβ1 and COMP expression are related 
in HF cycle as previously  shown in dermal fibroblasts (86).  TGFβ3 expression has been 
less explored in human HFs and requires further studies as well.

COMP interacts in cartilage biology with multiple ECM molecules e.g. aggrecan, fi-
bronectin and integrins. Most of these interaction partners showed higher gene and pro-
tein expression (fig. 3.22)  by CT fibroblasts and undergo similar modifications during 
the HF cycle.  Aggrecan interacts with COMP (313) and is expressed by  CT fibroblasts 
during anagen.  During catagen, the aggrecan expression decreases but remains sur-
rounding the club  hair in telogen (299) exactly as found in the COMP expression.  This 
suggests a co-expression of aggrecan and COMP.  Fibronectin is reported to interact 
with COMP (315) but shows a different expression in human HFs during catagen (184). 
Fibronectin over-expression due to high COMP expression has been reported in sclero-
derma patients (86); which suggests that this interaction varies with different COMP 
conformations.  In addition, COMP binds to integrins and may have an adhesive role in 
mediate interactions with ORS keratinocytes expressing ITGα5β1, ITGαVβ3 (314) and 
vitamin D receptor (VDR) (312) which are required for normal hair cycling (391).  
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COMP function requires further investigation, particularly in regards to how its pen-
tameric conformation might change its affinity  to various interaction partners.  Although 
more than 60 COMP mutations have been reported causing principally two human dys-
plasias (PSACH and MED) (318), there are few reported associations with hair disor-
ders.  Mckusick 132400 a type of cartilage hair hypoplasia (CHH) caused by a COMP 
mutation is associated with scant fine hair in 93% of the reported cases.  Other types of 
disorders associated with elevated COMP levels in scleroderma patients have been 
partially associated with hair disorders.  This strongly suggests that the further study of 
COMP is essential to understand the role of the ECM in both the normal HF cycle and in 
HF pathologies, associated with ECM disorders.

4.4. Characterization of in vitro expanded CT and DP fibroblasts

In vitro expanded CT and DP fibroblasts from anagen HFs showed similar morphology  
(fig. 3.23), expression of fibroblasts markers and negative immunoreactivity for keratin 
antibodies (fig. 3.24).

Pure fibroblasts populations were confirmed by the expression of actin, chondroitin and 
β subunit of prolyl 4-hydroxylase (5B5) characteristic of fibroblasts.

DP and CT fibroblasts showed a similar expression of the standard markers (CD13, 
CD44, CD73, CD90, CD105 + and CD34-) (graphic 3.3) used to define MSC originated 
from bone marrow by flow cytometry (77, 262).  These fibroblast populations with the 
FACS panel here presented and their in vitro differentiation potential (fig. 3.26), fulfilled 
the two parameters required to defined them as mesenchymal stromal cells (MSC) 
(261).  Moreover, the expanded HF keratinocytes used as control, expressed as well 
CD13, CD105 and CD44 at passage 1, with reduced expression at passage 3 (P3) 
(graphic 3.5).

The controversial expression of “MSC  markers” by HF keratinocytes questioned the in 
situ expression of these “MSC markers” in anagen HFs.  In situ immunofluorescence 
confirmed a negative co-localization of CD13, CD105, CD73 and CD90 in HF keratino-
cytes, CT or DP fibroblasts from anagen HFs.
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CD13 and CD73 are expressed in situ by both CT and DP fibroblasts but CD73 is also 
expressed in situ by IRS keratinocytes (fig. 3.27 and 3.28).

CD90 and CD105 are expressed by blood vessels like that form part of the CT and the 
DP and suggests these molecules as markers of endothelial cells that form part of the 
DP niche (fig. 3.28-B).

This all indicated that the expression of “MSC markers” observed in FACS panels was 
induced after monolayer expansion in HF-fibroblasts and keratinocytes.

4.4.1. Expression of “Mesenchymal markers” in situ and in vitro.

The expression of “ MSC markers” was analyzed by  comparing microarray data of the 
laser microdissected DP vs CT fibroblasts and monolayer expanded DP and CT fibro-
blasts.

Laser microdissected DP cells showed lower gene expression profile of CD73, CD90 
and CD34 in comparison to CT fibroblasts but similar CD44 and vimentin expression 
(table 3.20).  This in situ expression was compared to their expression after monolayer 
expansion for DP vs CT fibroblasts.

The higher expression of CD73 and CD90 in situ by CT fibroblasts in comparison with 
DP corresponds to their stronger protein expression (table 3.20).

The microarray data for “MSC markers” showed in situ higher expression in DP than CT 
fibroblasts and similar after in vitro expansion expression (table 3.20, graphic 3.6).

The gene expression quantification of CD44, CD73, CD90 and CD105, confirmed their 
expression, measured in FACS analysis.  HF keratinocytes showed lower expression of 
CD44 and CD90 compared to DP and CT fibroblasts at passage 3, probably  due to the 
fast senescence that keratinocytes undergo in vitro (graphic 3.6).

Why CT, DP fibroblasts and HF keratinocytes undergo in vitro gene up-regulation and 
protein expression of these “ MSC markers” remains to be clarified but discards the use 
of these molecules as specific markers to define MSC from human HFs.

Possible functions for these “MSC markers” in HF cells are now discussed.
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CD44 is a glycoprotein involved in cell-cell interactions, cell adhesion and migration. It is 
a receptor for hyaluronic acid (HA) and interacts with osteopontin, collagens and matrix 
metalloproteases.  It has a relevant role for epidermis, HF formation and cycle (285, 
298) and it was up-regulated after in vitro monolayer proliferation in CTFs, showing 
similar expression to bone marrow MSC (77) and DP cells, suggesting a modified inter-
action of CD44 with HA after in vitro proliferation in expanded CT and DP fibroblasts.  

CD73 is an enzyme responsible for conversion of ATP into adenosine, and the protein 
expression correlated with microarray data.

CD105 (endoglin) is a transmembrane glycoprotein, highly  expressed in endothelial 
cells.  Its expression was induced after in vitro proliferation and increased over the pas-
sages (graphic 3.6).  In addition, CD105 is a component of the transforming growth fac-
tor β receptor complex that binds TGF-β1 and TGF-β3, indicating its relevance in HF 
cycle.

CD13 or gp150 is expressed by fibroblasts, monocytes, leucocytes, nevertheless as ob-
served with HF keratinocytes, CD13 is expressed as well by cultured non-stimulated 
epidermal keratinocytes (374) and its inhibition results in reduced growth (74).  This 
suggests that negative CD13 expressing keratinocytes (passage 3, graphic 3.5), reflects 
the decreasing proliferation potential of HF keratinocytes and confirms that CD13 is not 
a specific marker for hair follicle fibroblasts.

CD34 is a monomeric cell surface antigen that is selectively expressed on human he-
matopoietic progenitor cells. Neither CT fibroblasts nor HF keratinocytes expressed 
CD34. 

CD34 expressing cells have been found in bulge cells from rats HFs (29, 375) while 
expression of CD34 in humans hair follicle keratinocytes is still controversial.  CD34 is 
reported at the ORS below the attachment zone of the APM in anagen HF (153, 376) 
but contradictorily, negative CD34 expression is also used by others to identify  ORS 
keratinocytes from anagen HFs (12, 281).
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In this work is shown that CD34 is not expressed by HF keratinocytes by flow cytometry 
analysis of expanded HF keratinocytes (graphic 3.5) and negative in situ expression in 
anagen HFs.

Genes associated with the MSC cell differentiation, (INS, LIF and TERT) show lower 
expression in anagen DP cells in comparison with CT fibroblasts.  Moreover, genes re-
lated with stem cell maintenance such as FGFRI, oct-4 and SOX2 showed in situ higher 
expression by DP cells.  This all together highlighted relevant differences in the in situ 
mesenchymal stem cell character between DP and CT fibroblasts.

4.5. Proposed models for the HF stem cell niches

The following models for the epidermal (bulge) and mesenchymal (dermal papilla) stem 
cells niches are proposed based on their microarray analysis and immunolabeling de-
tection, performed in this work. 

4.5.1. The bulge niche

The proposed bulge model is described in diagram 4.6.  The bulge is formed by ORS 
keratinocytes, highly autofluorescent, with a quiescent state (Ki67-), that express p63+ 
and are not apoptotic (tunel-, pro-apoptotic survivin-).

The microarray analysis, suggests the genes with preferential expression for wnt and 
TGFβ/BMP signaling pathways.  Wnt ligands (wnt1, 4 and 5), receptor (FZD10) and ac-
tivin receptor (ACVR1), co-factors (smads 2 and 3) and activin regulator (follistatin).

The close contact of stem cells and active proliferative cells is here suggested as a fea-
ture of the bulge niche, which is required to maintain the stemness of bulge cells (kera-
tinocytes and melanocytes).  Three active populations were identified and are consid-
ered as part of the bulge niche:  The first one is formed by high proliferative keratino-
cytes (K15+/K5+/ki67+) at the outer root sheath and localized right below the bulge.  
The other two are localized in the connective tissue adjacent to the bulge where differ-
entiated melanocytes (TRP1+) and active CT fibroblasts expressing cartilage oligomeric 
matrix protein (COMP) are found.  These active keratinocytes, melanocytes, and CT fi-
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broblasts might contribute to the signal homeostasis that the bulge stem cells required 
to maintain their undifferentiated state.

The expression of COMP, further suggests the role of CT fibroblasts in maintaining the 
bulge cells undifferentiated in a process mediated by the TGFβ/BMP signaling pathway 
during HF cycle.

In addition to COMP, preferential expression of sarcoglycans (SGCA, SGCB) and syn-
decan 4 (SDC4) was found at the ECM adjacent to the bulge.
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Diagram 4.6: Model for the bulge niche of human anagen hair follicle 
The cells consider to form part of the bulge niche are indicated by colors (ORS keratinocytes, bulge 
melanocytes, CT melanocytes and CT fibroblasts).  In addition the genes with preferential expression at 
the bulge are listed in the boxes, together with the ECM and BM components from the connective tissue 
sheath adjacent to the bulge.
Abbreviations: APM, arrector pili muscle; CTS, connective tissue sheath; BM, basal membrane; ORS, 
outer root sheath.
Melanocytes: c-kit, the mast/stem cell growth factor receptor; Vim (vimentin); TYRP1 (tyrosinase related 
protein 1).
CT fibroblasts: Cartilage oligomeric matrix protein (COMP); SDC4, syndecan 4; TNC, tenascin; EGFR, 
epidermal growth factor receptor; col4A6, collagen 4; FN1, fibronectin 1.
Basal membrane (BM): Lam5, laminin 5; FRAS1, Fraser syndrome 1; SGCA, sarcoglycan; SNTG2, syn-
trophin, gamma 2.
Connective tissue sheath (CTS): TNC, tenascin; EGFR, epidermal growth factor receptor, FN1, fi-
bronectin.
Outer root sheath: K5, keratin 5; Ki67, proliferation marker.
Bulge: TGFβ, tumor growth factor beta; ACVR, activin receptor; SAMD, smad, mothers against dpp ho-
molog 2 and 3; FST, follistatin.  wnt, wingless type.
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The basal membrane components with preferential expression at the bulge, suggests 
active interaction between ORS keratinocytes and CT fibroblasts through the interaction 
between laminin 5(Lam5) and α6 β4 integrin.  On the other hand, tenascin and fi-
bronectin, two ECM components previously suggested as part of the bulge ECM, are 
here discarded. The higher expression at the non permanent ORS of tenascin and its 
ligand (ITGA1B1), suggests their role in the induction of ORS keratinocytes differentia-
tion by blockage of EGFR.  The interaction of TNC-ITGA1B1 might be mediated through 
COMP interaction.  COMP and fibronectin expression decreases during anagen pro-
gression are might be suggested as markers of anagen progression.

4.5.2. The dermal papilla (DP) niche

The proposed dermal papilla model is described in diagram 4.7.  The DP niche is 
formed by fibroblasts, rich on collagen IV expression, with an inhibited wnt signaling 
pathway by the effect of the wnt inhibitor factor (Wif1), and bone morphogenic protein 7 
(BMP7) expression.  However, the preferential expression of wnt ligands 5a and 3, re-
ceptors (FZD10 and 3) and soluble receptor (SFRP5) are characteristic of anagen DP.  
In addition, active TGFβ/BMP signaling pathway is suggested by preferential expression 
of co-factors (smad1, 2, 3). 

DP cells express in situ, genes characteristic of their mesenchymal stem cell character 
(FGFR1, Oct4 and Sox2).

The DP interacts in vivo with high proliferative cell populations, similarly to the bulge.  
These active cells are matrix keratinocytes and melanocytes which maintain closed cell-
cell communication with DP cells through the basal membrane.  The composition of the 
BM is also decisive for cell-cell communication between DP and adjacent keratinocytes 
and melanocytes that allow final hair shaft differentiation, hair pigmentation, and main-
tenance of the DP niche.  The BM components for anagen DP are: Laminin 5 and 10, 
α6β4 and α5 integrins, Fras1 related extracellular matrix protein 1 (FREM1) relevant for 
epithelial-mesenchymal interactions and sarcoglycans (SGCA and SGCB) associated 
with their differentiation potential.
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The extracellular matrix  at the bottom of the DP allows contact with CT fibroblasts and 
is requiredl to allow HF cycle progression. The ECM components that showed preferen-
tial expression by DP cells and need to be consider as relevant for DP microenviron-
ment are:  Collagen 13A1 (col13A1), nephronectin (NPNT) associated with cell adhe-
sion and differentiation, spondin (SPON1), associated with the activation of TGFβ and 
fibronectin (FN1) which is down-regulated during anagen progression.
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Diagram 4.7: Model for the DP niche of human anagen hair follicle 
The cells in the DP niche and its adjacent cells are considered as part of the DP niche.  The genes that 
define the anagen DP cells are listed in the boxes, and the components expressed at the basal mem-
brane and connective tissue surrounding the DP.
DP; dermal papilla: wnt, wingless; FZD, frizzled; SFRP5, secreted frizzled related protein 5; Wif1, wnt 
inhibitor1; BMP7, bone morphogenic protein 7; FGFR1, fibroblast growth factor receptor 1; Oct4, POU 
class 5 homeobox; Sox2, sex determining region Y.
Basal membrane (BM): FREM1, Fras1 related extracellular matrix protein 1; SGCA, sarcoglycan.
Extracellular matrix (ECM): ADAM metalloproteinase with thrombospondin type 1 motif, 6; Col13A1, 
collagen 13; NPNT, nephronectin; SPON1, spondin1; FN1, fibronectin 1.
Melanocytes and melanogenesis: c-kit, the mast/stem cell growth factor receptor; TYRP1 (tyrosinase 
related protein 1); p-mel17, SILV/PMEL17/gp100 (silver homolog mouse); MLANA/pMelR (pMEL recep-
tor); TYRP1 (tyrosinase related protein 1); End3, endothelin 3; pax3, paired box3; mitf, microphthalmia-
associated transcription factor; ENDRB, endothelin receptor type B; pomc, proopiomelanocortin.
Connective tissue fibroblasts: CDH13, cadherin 13; FLRT2, fribronectin leucine rich transmembrane 
protein; AGC1, aggrecan 1; COMP, cartilage oligomeric matrix protein; DST, dystonin; DCN, decorin; 
FMOD, fibromodulin; THBS, thrombospondins.
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Fibronectin and COMP down-regulation during anagen progression in DP and CTS cor-
respondently, suggests these ECM components as markers for anagen progression.

DP vascularization has been shown to be fundamental for DP and CT sheath, here 
CD105 and CD90 expressing endothelial cells were identified to form part of the DP 
niche.

In addition, the role of CT fibroblasts in melanogenesis is proposed, by preferential 
expression of ckit ligand to mobilize bulge melanocytes to the HF matrix. The express  
preferentially genes involved in melanocyte differentiation and pigment production.
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5. Conclusions

5.1. What are the differences between PR ORS and NP ORS from 
anagen VI human hair follicles?

✓The comparative microarray analysis indicated preferential expression of the following 
processes:

" The PR ORS:  Blocking of cell migration, a more active wnt-pathway.

" The NP ORS:  Cell migration, keratin expression, p53

"Both ORS regions undergo: Cell cycle arrest, high regulation of apoptosis and "
expression of genes relevant for wound healing. 

✓the wnt-pathway genes with preferential expression in the PR ORS (bulge region), are 
wnt ligands (wnt 1, 4 and 5), receptor (FZD10) and down-stream regulated genes 
(VANGL1,PRKCB1, CSNK1A1, JNK1 and ROCK1).

✓PR ORS cells show preferential expression of BMP6, 7, and DKK3, which indicates 
blockage of wnt pathway by cross-talk between wnt and TGF-β/BMP pathways.

✓The NP ORS cells are characterized by  the expression of BMP and TGF-β regulators 
(CHRD, THBS4, COMP), suggesting a higher blockage of this TGF-β/BMP pathway in 
the NP region. 

✓PR ORS showed stronger quiescence (cell cycle and apoptosis related) than NP ORS 
in anagen VI hair follicles, but in both PR and NP ORs, p53 transcription factor is in-
volved in cell cycle arrest and growth inhibition.

Keratin expression as markers for differentiation:

✓K15 gene expression and immunoreactivity  signals are extended along the complete 
ORS of anagen VI HFs.  For this reason, approaches targeting the K15 promoter, are 
not specific to target bulge stem cells from anagen VI human HFs.
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✓Keratin 5 labels a specific ORS population of keratinocytes, right below the bulge.  K5 
expression relates to actively dividing keratinocytes, as confirmed by its expression dur-
ing catagen and new anagen and its co-localization with Ki67 expression in anagen VI 
HF.

✓High proliferative K5+ keratinocytes might form part of the bulge niche in anagen VI 
HF.

✓The PR ORS keratinocytes are mitotically  quiescent (Ki67-) compared to the NP ORS 
keratinocytes, which include the K5+ region below the insertion point of the APM 
(Ki67+).  In addition, both PR and NP ORS keratinocytes show identical proliferation 
blockage as indicated by their expression pattern:  p63+, pro-apoptotic survivin- and 
tunel-, in anagen VI HFs.

✓K17 is not expressed by ORS keratinocytes and do not contribute as marker for this 
region.

✓The bulge melanocytes at the PR ORS, express c-kit in anagen VI HFs but do not co-
express vimentin, corresponding to their round morphology.

✓The melanocytes at the NP ORS are defined as amelanotic (p-Mel17-, TRP1-, c-kit-) 
melanocytes with unknown function.  They  are here defined as dendritic melanocytes 
that express vimentin and are in close contact with the NP ORS keratinocytes.

✓A mature melanocytic population (TRP1+) is in this work localized at the CT adjacent 
to the bulge, which suggests these cells to be part of the bulge niche.

5.2. Which other molecules could be suggested as markers for the 
keratinocytes stem cell population (PR ORS)?

✓A list of potential markers for the bulge region is here proposed based on their prefer-
ential an extracellular expression in the PR ORS.  Extracellular matrix components are 
excluded, since they undergo modifications during the HF cycle.
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5.3. What are the major differences or similarities between the CT 
and the DP fibroblasts in vivo?

✓The comparison between the DP cells and CT fibroblasts of anagen VI HF provides 
for the first time a list of genes with in situ preferential expression in anagen human 
HFs.  Two signaling pathways are studied in detail: the TGF-β/BMP and the wnt path-
way in mesenchymal cells, the genes with preferential expression are listed.

✓DP and CT fibroblasts shows a similar quiescence staid (Ki67-, pro-apoptotic Sur-
vivin-, p63-, apoptosis-), but DP cells have a higher gene expression of the anti-
apoptotic variant of survivin.

✓A higher potential of cell division is distinguished for CT fibroblasts by  higher 
expression of genes involved in cell cycle, wound healing processes and active modula-
tion of the TGF-β/BMP pathway at the connective tissue.

✓The role of anagen DP and CT fibroblasts in melanogenesis is here suggested by the 
preferential expression in DP cells (c-kit, p-Mel17, TRP1) and in CT fibroblasts (wnt 
pathway and p-Mel receptor).

✓The genome analysis for signalling cross-talk between Wnt and TGF-β/BMP pathways 
in CT and DP fibroblasts is here presented. 

5.4. Which molecules could be suggested as markers for the DP and 
the CT fibroblasts

✓Potential markers for anagen DP and CT fibroblasts are proposed based on their pref-
erential gene expression and their extracellular expression, excluding extracellular ma-
trix components.  Immunolabeling of these markers remains to be shown.

5.5. Is the extracellular matrix different at the PR and NP region?

The expression of ECM components here immunolabeled indicates the composition of 
the ECM adjacent to the PR and NP ORS of anagen VI HF stage:
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✓Collagen IV is equally expressed along the ORS independent of PR and NP regions, 
but is strongly expressed in the cell aggregates at the bulge and Dermal papilla of ana-
gen VI hair follicles.

✓Laminin 5 (332) expression at the BM and α6-β4 Integrin expression by bulge and DP 
are common components of these stem cell niches.

✓α6-Integrin form laminas like at the NP region, suggesting their role in epithelial-
mesenchymal interactions between ORS keratinocytes and CT fibroblasts.

✓Fibronectin is down-regulated during anagen progression at the CT and DP.  This 
down-regulation is related with the ORS keratinocytes final differentiation through inter-
action with syndecan.

✓CT and DP fibroblasts express Integrin-α5 at the proximal region of the bulb  in anagen 
VI HF.  Integrin-α5 expression suggests the interaction with laminin 10 (511) at the BM, 
which is essential for HF formation and anagen progression by establishing interaction 
with matrix keratinocytes.

✓Tenascin is not characteristic of the ECM adjacent to the bulge but is up-regulated at 
the connective tissue adjacent to the Non-Permanent region.

✓The ECM components identified as preferentially  expressed by the CT fibroblasts at 
the NP region are modulators of the TGFβ/BMP and wnt pathway, cell differentiation, 
cell-cell communication and tissue remodeling, all relevant biological functions in the 
control of the HF cycle.

✓The complete microarray  analysis of the ECM components from the permanent and 
non permanent regions of anagen VI human HF is here presented. Assessment of pro-
tein expression through the HF cycle will give relevant information about their role in HF 
growth cycle.

✓ECM components such as actin, fibronectin, syndecan, versican and GAGs (versican, 
decorin, biglycan, aggrecan) are not specific as human DP markers of anagen VI hair 
follicles.  This is different to reported expression in murine DP cells.
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✓Specific expression of COMP, cartilage oligomeric matrix protein by  CT fibroblasts in 
vivo and after monolayer expansion is here for the first time identified.

✓COMP is maintained at the CT adjacent to the bulge during the complete HF growth 
cycle.

✓The in vitro co-relation of COMP and TGF-β1, 2 genes expression suggests the inter-
action during HF cycle.

5.6. How to define DP and CT fibroblasts after in vitro expansion?

✓Monolayer expanded CT and DP fibroblasts from human anagen HFs posses multi-
lineage differentiation potential and express “MSC  markers” (CD13, CD44, CD73, 
CD90, CD105+ and CD34-) in vitro.

✓However DP and and CT fibroblasts do not express these “MSC markers” in situ con-
firming that the characterization of these cells based on MSC markers is not optimal, 
and associated with the down-regulation of MSC stemness (FGFR1, Oct4, Sox2). 

✓HF keratinocytes without multi-lineage differentiation potential showed similar 
expression of these “MSC markers” in vitro.

✓CD105 and CD90 are expressed by HF endothelial cells localized at the connective 
tissue and dermal papilla of anagen HFs.
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6. Perspectives

This work contributes to the characterization of human scalp anagen hair follicles under 
in situ conditions, considering three essential components:  The epidermal (ORS), mes-
enchymal (CT and DP fibroblasts) cells and their communicating ECM.

Based on this data future work will address the following topics:

✦ The expression (by in situ hybridization and immunolabeling) of the proposed mole-
cules as markers for bulge and DP cells.  This will allow the selective isolation of bulge 
and DP cells which at the moment hinders the characterization of human HF stem cells.

Furthermore, the stem cell character of bulge and DP cells can be shown by in vitro ex-
periments such as single cell colony and differentiation assays.  

✦Based on the models for the epidermal (bulge) and mesenchymal (dermal papilla) mi-
croenvironment.  Future work should study the effect of these components on the 
stemness of bulge keratinocytes and DP cells correspondently.  In order to achieve this, 
the use of conditioned medium and/or direct co-culture with the cells that form these 
niches might be considered.

The components of the bulge model are: Keratinocytes (K5+), melanocytes (c-kit+ and 
TRP1+) and CT fibroblasts.

The components of the DP microenvironment model are: Matrix keratinocytes, matrix 
melanocytes (c-kit+, TRP1+, p-Mel17+), CT fibroblasts and endothelial cells (CD105+, 
CD90+).

✦ The melanogenesis process is not completely understood, and the shown microarray 
data of anagen HFs, suggests and additional role of DP and CT fibroblasts in this proc-
ess.  The function of the CT fibroblasts in melanocyte mobilization from their reservoir 
(bulge) to the pigment transfer site (matrix) where DP seems to signal melanocytes dif-
ferentiation and pigment transfer to the hair shaft needs to be shown.  For this, the ef-
fect on melanocytes mobilization and differentiation by the co-culture of melanocytes 
with CT and DP fibroblasts is proposed as model of study.
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✦Vimentin expression by ORS melanocytes suggests their immobilization and adher-
ence to the ORS keratinocytes and seems to be characteristic of melanocytes (c-kit-, p-
Mel17- and TRP1-).

Further confirmation is required for the differential vimentin expression in the melano-
cytic populations.  Consequent vimentin silencing by siRNA experiments are suggested 
to show its function in human melanocytes.

✦ Further study of the role of CT fibroblasts in HF cycle. For this, the mechanism that 
regulates the expression of cartilage oligomeric matrix protein (COMP) during hair folli-
cle cycle is proposed.  Based on the shown data, the effect of TGFβ ligands on COMP  
expression is suggested and functional analysis will be possible by the inhibition of 
TGFβ ligands in CT fibroblasts isolated from anagen hair follicles.

The abnormal COMP expression in patients with scleroderma and cartilage hair hy-
poplasia (CHH) syndrome offer two interesting models to study the effect of COMP on 
hair follicle phenotype.

✦ This all together, will improve the understanding of the human hair follicle biology and 
will make possible to build a human hair follicle model in vitro.  This is of fundamental 
relevance for the study of the different factors that might affect the normal functioning of 
HF cycle, e.g autoimmune diseases (alopecia), aging, with big impact for the pharma-
ceutical and cosmetology industry.

✦A novel in vitro hair follicle model that combines the epidermal, mesenchymal and 
neural crest originated cells, is also of great impact to study  epidermal-neural-
mesenchymal interactions fundamental in the field of embryogenesis and cancer re-
search.
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7. Supplementary tables

SI.1 Genes that define dermal papilla-Hair follicle induction capacity
Factor Definition Pathway Known Effect in HF Reference

DKK2

Kremmen

Dickkopf 2.
Agonist or antagonist 

Inhibitor function with 
DKK2

W n t / β -
catenin

Induce downward epidermal 
proliferation in HF placode.

 (14)

DKK1 Dikkopf 1
Inhibitor of Wnt signal-
ing

Wnt Over-expression results in HF 
blockage

 (135)

LEF1 Lymphoid enhancer-
binding factor 1

W n t / β -
catenin

Positive effect in HF morpho-
genesis

 (136)
 (137)
 (138)
 (10)
 (136)

BMP4 Bone morphogenic 
protein 4

TGFb/BMP Expressed by dermal aggre-
gate in HF formation.
Involved in hair shaft differen-
tiation.
Expressed in DP and Mx cells

 (14)

BMP6 Bone morphogenic 
protein 6

TGFb/BMP Ligand expressed in DPC and 
KSC niche.
Induce Mx cells in HF devel-
opment.
Inhibitor of keratinocyte prolif-
eration (found in bulge)

 (28)

 (14)

TGFb2 Tumor growth factor 2 TGFb Normal folliculogenesis and HF 
differentiation
Up-regulated TGFb2 enhanced 
AP activity in DPC.
Ligand in DPC, Mx and ORS 
cells.
Inhibits keratinocyte prolifera-
tion. 
Induce catagen in HF cycle.

 (12-14)

TGFBR1 Transforming growth 
factor β 1

TGFb DP receptor  (14)

TGFBRII Transforming growth 
factor β 2

TGfb DP receptor  (14)

Acvr1 Activin A receptor type 
I
Growth and differen-
tiation factor

TGFb DP receptor  (14)
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Table SI.1
Factor Definition Pathway Known Effect in HF Reference

BMPR1A Bone morphogenic protein 
receptor, type IA

BMP Receptor expressed by DPC.
Positive differentiation of IRS 
and Hair shaft.
BMPR1A-/- survive but loose 
DP identity.
High expression in DPC but 
also expressed by other bulb 
cells.
Autocrine and paracrine loops 
in the bulb

(11,  14 , 139, 
140)

EDAR Exdodysplasin A receptor
BMP inhibitor
R e q u i r e d f o r B M P 4 
expression and SHH.

E D A R /
NFκb

Positive effect in initiating HF 
morphogenesis.

 (141-145)

Gli2 GLI family zinc finger 1 SHH SHH effectors
crucial in organizing the dermal 
cells into a aggregate of DP

 (146)

PTCH2 Protein patched homolog 
2.

SHH SHH effectors
crucial in organizing the dermal 
cells into a aggregate of DP.

 (146)

FOXC1 Fork head box C1
TF with unknown specific 
function

SHH SHH regulator  (146)

TBX1 T-box 1
Encode TF involved in the 
regulation of developmen-
tal processes.

SHH SHH regulator
Role mediating mesenchymal-
epithelial interactions.

 (146)

KITLG KIT ligand
Receptor of c-k i t  ex-
pressed by melanocytes

Produced by hDPC in vitro and 
showed a positive effect on 
their hair inducing capacity

 (147, 148)

EDN1 Endothelin
Ligand of ETB1

produced by hDPC  in vitro and 
showed a positive effect on 
their hair inducing capacity

 (147, 148)

EGFR Epidermal growth factor 
receptor
Proliferation

EGF DP receptor
Keratinocyte proliferation, mi-
gration and apoptosis.

 (14, 133)

FGF7 (KGF) Keratinocyte growth factor
Type II TGFb receptor

TGFb DP ligand
Key DP factor for Mx cells 
maintenance.

(7, 14, 133, 149)
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Table SI.1
Factor Definition Pathway Known Effect in HF Reference

FGF10 Fibroblast growth fac-
tor 10
Mitogenic activity for 
keratinizing epidermal 
cells, but no activity 
for fibroblast

TGFb DP ligand
Key DP factor for Mx cells 
maintenance.

 (149)

FGFR1 Fibroblast growth fac-
tor Receptor 1

DP receptor  (14)

FGFR2 Fibroblast growth fac-
tor Receptor 2

DP receptor  (14)

NOG Noggin
Inactivator of TGFb 
ligands
Blocks  BMP4

TGFb/BMP DP ligand and Mx cells
Marker for dermal aggregate
Crucial for fine tuning of TGFb 
regulation and proliferation and 
apoptosis

 (14, 150)

GFRA1 Glial cel line derived 
neurothrophic recep-
tor alpha 1

DP receptor  (14)

PDGFR P l a t e l e t d e r i v e d 
growth factor family.
It  is  mitogen for cells 
of mesenchymal origin

DP receptor  (14)

INHBA Inhibin β A
and also form Activin 
AB

TGFb DP ligand and Mx cells
Important  in morphogenic gra-
dients in HF.

 (14)

WNT5A Wingless type 5A
Involved in cellular 
fate and patterning.
FZD5 is its receptor

NF-kappaB
SHH
TGFb
Notch

DP ligand and Mx cells
TGFb signals up-regulate 
Wnt5A

 (151)

Wnt3A Wingless type 3A Wnt Extended hair inducing activity 
of DP enriched cells.
Activates Twist  expression as 
part of the DP signature.

(kishimoto 2000; 
Rendl 2008}

Nexin-1 Proteinase inhibitor Expressed by DPC  (152)

177



II # Functional categories of genes with higher expression at permanent  outer 
root sheath keratinocytes (PR ORS) compared to the non permanent region (NPR) 
of anagen hair follicles: Higher expressed in PR ORS (red) and lower expressed in 
PR ORS (blue) genes.

Based on PR ORS gene expression.

SII.1 Genes for keratins, cell cycle and cell migration and apoptosis related genes

SII.1 Keratin
KeratinKeratin KeratinKeratin

KRT77
KRTHB5
KRT1
KRT10

BC033366
NM_002283
NM_006121
NM_000421

KRTAP4-5
KRTAP9-3
KRTAP4-2
KRTAP1-5
KRTAP11-1
KRTAP3-3
KRTAP17-1
KRTAP4-7
KRTHA1
KRTHA4

NM_033188
NM_031962
NM_033062
NM_031957
NM_175858
NM_033185
NM_031964
NM_033061
NM_002277
NM_021013

SII.1 Cell cycle
Cell cycle arrestCell cycle arrest Cell cycle inhibitorsCell cycle inhibitors

CUL4A
APBB1
MACF1
MAP2K6
CUL1
GAS1
TBRG1

NM_001008
NM_001164
NM_012090
NM_002758
NM_00359
NM_002048
NM_032811

CDKN1A
DC1N6
CDKN1C
CDKN2A

NM_000389
NM_006571
NM_000076
NM_058197

CUL4A
APBB1
MACF1
MAP2K6
CUL1
GAS1
TBRG1

NM_001008
NM_001164
NM_012090
NM_002758
NM_00359
NM_002048
NM_032811

E2F1
CCNA1
CDKN2A
CCND1

NM_005225
NM_003914
NM_058197
NM_053056

SII.1 Cell migration
Negative regulation of cell migrationNegative regulation of cell migration Cell migrationCell migrationCell migrationCell migration

PLG
PTEN
VCL

NM_000301
NM_000314
NM_014000

PLXNB1
ABHD2
SFTPD
CEACAM1
PECAM1
FN1

NM_002673
NM_007011
NM_003019
NM_001712
NM_000442
NM_212482

CDK5R1
S100P
SCYE1
SDCBP
PODXL
NR2F1
NR2F2
IL16

NM_003885
NM_005980
NM_004757
NM_005625
NM_005397
NM_005654
NM_021005
NM_004513
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SII.1 Apoptosis
Positive regulation of apoptosisPositive regulation of apoptosis Positive regulation of apoptosisPositive regulation of apoptosis

TIAL1
PTEN
CUL1
BAG5
BCL2L13
MAP3K5
RAD9A
PLG
DDX20
HTATIP2
TP53INP1
CUL4A
RIPK2
PDCD7
TNFSF10
ADAMTSL4
FEM1B
ADRB2
NCR1

NM_003252
NM_000314
NM_003592
NM_001015049
NM_015367
NM_005923
NM_004584
NM_000301
NM_007204
NM_006410
NM_033285
NM_001008895
NM_003821
NM_005707
NM_003810
NM_019032
NM_015322
NM_000024
NM_004829

KIAA0367
CASP3
CDKN2A
IGSF4
APBB2
IKIP
IL12A
CDK5R1
TIMP3
DAXX
TNFRSF8
BARD1
TP53BP2
BBC3

NM_015225
NM_004346
NM_058197
NM_014333
NM_173075
NM_201612
NM_000882
NM_003885
NM_000362
NM_001350
NM_001243
NM_000465
NM_005426
NM_014417

AntiapoptosisAntiapoptosis Negative regulation of apoptosisNegative regulation of apoptosis

API5
SERPINB2
HRK
SERPINB9
C8orf44
HSPA1A
FOXO1A
HTATIP2
OPA1
CFDP1
BFAR
CASP2
ZC3HC1

NM_006595
BC012609
NM_003806
NM_004155
NM_019607
NM_005345
NM_002015
NM_006410
NM_130837
NM_006324
NM_016561
NM_032982
NM_016478

CCL2
TNFAIP3
BIRC5
APBB2
HRK
HMOX1
CLU
SPHK1
NTF3
BAX

NM_002982
NM_006290
NM_001012271
NM_173075
NM_003806
NM_002133
NM_203339
NM_021972
NM_002527
NM_138765
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SII.2, Genes for wound healing; and melanogenesis related genes
SII.2 Wound healing

Wound healingWound healing Wound healingWound healing

FNTB
FBN1
PLG
IL20RA
KRT1
KLK8
CD9
TGFb2
KPTN
GNA13

NM_002028
NM_000138
NM_000301
NM_014432
NM_006121
NM_144505
NM_001769
NM_003238
NM_007059
NM_006572

FBLN5
HMCN1
TMPRSS6
PECAM1
GRHL3
HGF

NM_006329
NM_031935
BC039082
NM_000442
NM_198173
NM_001010931

SII.2 Melanogenesis
MelanogenesisMelanogenesis MelanosomeMelanosome

AK095242
PRKCB1
BC066984
WNT1
FZD10
BC066984
GNAI3
WNT4

AK095242
NM_002738
BC066984
NM_005430
NM_007197
BC066984
NM_006496
NM_030761

SDCBP
TYRP1
RAB5C
PPIB
BSG
TYR
P4HB
RAB35
YWHAE

NM_005625
NM_000550
NM_201434
NM_000942
NM_001728
NM_000372
NM_000918
NM_006861
NM_006761

SII.3 " Genes for Wnt, TGF-β and p53 pathways related genes.
Wnt signalingWnt signalingWnt signalingWnt signaling p53p53

BX641010
AK095242
CCND2
CUL1
CSNK1A1
PRKCB1
WNT1
PPP3CB
FZD10

BX641010
AK095242
NM_001759
NM_003592
NM_001892
NM_002738
NM_005430
NM_021132
NM_007197

MAPK8
FBXW11
VANGL1
ROCK1
WNT4
ROCK2
AI278811

AL137667
NM_012300
NM_138959
BC041849
NM_030761
NM_004850
AI278811

CASP3
CCNG1
CDKN2A
PPM1D
BBC3
CCNB2
CCND1

NM_004346
NM_0040602859842
NM_0581973028112
NM_003620
NM_014417
NM_004701
NM_053056

TGF-βTGF-β TGF-βTGF-β

THBS2
FST
SMAD2
SMAD3
ACVR1
ACVR2B
TGFB2

NM_003247
NM_013409
NM_005901
NM_005902
NM_001105
NM_001106
NM_003238

ZFYVE16
COMP
CHRD
TGFBR2
THBS4
ACVR1B
INHBB
LEF1

NM_014733
NM_000095
NM_003741
NM_001024847
NM_003248
NM_004302
NM_002193
NM_016269
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SII.4 Potential markers for the PR ORS
Gene Name Accession number

KLK10 KALLIKREIN 10 NM_002776

TEP1 TELOMERASE-ASSOCIATED PROTEIN 1 NM_007110

SPRR1A Small proline-rich protein 1A NM_005987

STX6 Homo sapiens syntaxin 6 (STX6), mRNA [NM_005819] NM_005819

LIPH Lipase, member H NM_139248

MAP7 Homo sapiens microtubule-associated protein 7 (MAP7), mRNA 
[NM_003980]

NM_003980

NMU Neuromedin U NM_006681

WNT4 WNT4,wingless-type MMTV integration site family, member 4 NM_030761

AREG AREG,amphiregulin (schwannoma-derived growth factor) NM_001657

WFDC5 WAP four-disulfide core domain 5 NM_145652

WNT1 Homo sapiens wingless-type MMTV integration site family, member 
1 (WNT1), mRNA [NM_005430]

NM_005430

RNPEP ARGINYL AMINOPEPTIDASE (AMINOPEPTIDASE B) NM_020216

CLEC3B C-type lectin domain family 3, member B NM_003278

Gene Name Accession number

SLPI SECRETORY LEUKOCYTE PEPTIDASE INHIBITOR NM_003064

RTN3 RETICULON 3 NM_006054

PTPRZ1 PROTEIN TYROSINE PHOSPHATASE, RECEPTOR-TYPE, Z 
POLYPEPTIDE 1

NM_002851

LPL LIPOPROTEIN LIPASE NM_000237

CXCL12 CHEMOKINE (C-X-C MOTIF) LIGAND 12 (STROMAL CELL-
DERIVED FACTOR 1)

AK090482

ADAMTS9 ADAM METALLOPEPTIDASE WITH THROMBOSPONDIN 
TYPE 1 MOTIF, 9

AF261918

DEFB1 TRANSFERRIN RECEPTOR (P90, CD71) NM_003234

GPC6 GLYPICAN 6 BX640888

CKLF CHEMOKINE-LIKE FACTOR NM_016951
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SII.5# Genes for extracellular matrix (ECM) components
Extracellular matrixExtracellular matrixExtracellular matrixExtracellular matrixExtracellular matrixExtracellular matrix

KAL1
SPOCK2
NTN2L
ANXA2
GPC2
MMP14
WNT1
CLIP
LAMA3
FRAS1
ADAMTS9
VEGF
Glypican 6

NM_000216
NM_014767
NM_006181
NM_0010028
57
NM_152742
NM_004995
NM_005430
NM_003613
NM_198129
NM_025074
AF261918
NM_0010253
66
BX640888

GPC5
SPOCK1
COL4A1
PTPRZ1
ADAMTSL4
FBN1
COL5A2
SNTG2
MMP12
WNT4
COL13A1
MMP19

NM_004466
NM_004598
NM_001845
NM_002851
NM_019032
NM_000138
NM_000393
NM_018968
NM_002426
NM_030761
NM_005203
NM_002429

KAL1
ADAMTS9
SPOCK3
SPOCK2
PTPRZ1
FBN1
MMP14
WNT1
CLIP
MMP12
WNT4
LAMA3

NM_000216
AF261918
NM_016950
NM_014767
NM_002851
NM_000138
NM_004995
NM_005430
NM_003613
NM_002426
NM_030761
NM_198129

SII.5# Down-regulated in PR ORS 
ECM proteinaceous componentsECM proteinaceous components ECM proteinaceous componentsECM proteinaceous components

SGCB
SFTPD
Fibulin 5
ADAMTS16
SFTPC
COL1A2
ADAMTS6
CHI3L1
SMOC1
MFAP4
EMILIN2
LAMB1
COL20A1
COL6A1
COL6A2
COMP
ADAMTS3

NM_000232
NM_003019
NM_006329
NM_139056
NM_003018
NM_000089
NM_197941
NM_001276
NM_001034852
NM_002404
NM_032048
NM_002291
NM_020882
NM_001848
NM_058175
NM_000095
NM_014243

ERBB2IP
FN1
SPON1
TIMP3
COL8A1
WNT3
HMCN1

NM_018695
NM_212482
NM_006108
NM_000362
NM_001850
NM_030753
NM_031935

SII.5# Basal lamina
Basement membraneBasement membrane Basal laminaBasal lamina

LAMA3
FRAS1
SNTG2
LAMC3
SGCA

NM_198129
NM_025074
NM_018968
NM_006059
NM_000023

LAMB1
COL8A1
SMOC1
SGCB
HMCN1
ERBB2IP
TIMP3

NM_002291
NM_001850
NM_001034852
NM_000232
NM_031935
NM_018695
NM_000362
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SII.5# ECM components: Cell adhesion and ECM receptors 
Cell -cell adhesionCell -cell adhesion Cell adhesionCell adhesion

JAM2
PTEN
CTNND2
NPHP1
ROBO1
PCDHGB4
CLDN23
CTNNA3
CD47
MMP14
VEZT
PCDH7
PCDHB9
FAT
CD209
COL13A1
CDH18
FRAS1

NM_021219
NM_000314
NM_001332
NM_000272
NM_133631
NM_032098
NM_194284
BC022004
NM_001777
NM_004995
NM_017599
NM_002589
NM_019119
NM_005245
NM_021155
NM_005203
NM_004934
NM_025074

LAMB1
COL6A1
COL6A2
COMP
FN1
LAMB1
KRTHA1
KRTHA4

NM_002291
NM_001848
NM_058175
NM_000095
NM_212482
NM_005573
NM_002277
NM_021013

Regulation of Cell adhesionRegulation of Cell adhesion ECM-receptor interactionECM-receptor interaction

CD47
MMP14
PTEN

NM_001777
NM_004995
NM_000314

TNC
LAMB1
COL1A2
COL6A1
FN1
ITGB5

NM_002160
NM_002291
NM_000089
NM_001848
NM_212482
NM_002213
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SIII# Functional categories of genes with high expression at  DP vs CT fibro-
blasts. Red: higher expressed in DP compared to CTF; Blue: lower expressed in 
DP compared to CTF.

SIII.1# Genes for keratin, cell cycle, cell migration and apoptosis.
KeratinKeratinKeratinKeratin KeratinKeratinKeratinKeratin

KRTHA2
KRTAP111
KRTHB5
KRTHA5
KRT25A

*NM_002278
*NM_175858
*NM_002283
*NM_002280
*NM_181534

KRT25C
KRT86
KRTHA1
KRT23

*NM_181537
*NM_002284
*NM_002277
*NM_173213

KRTAP4-12
KRT5
KRT6B
KRT14

*NM_031854
*NM_000424
*NM_005555
*NM_000526

KRTAP17
KRT19
KRTAP19
KRT6C

NM_031964
NM_002276
NM_181607
NM_058242

cell cycle
cyclins and cell cyclecyclins and cell cycle Negative regulation through cell cycleNegative regulation through cell cycleNegative regulation through cell cycleNegative regulation through cell cycle

RB1
CDC2
CDK7
CCNE1
CDK4

NM_000321
NM_001786
NM_001799
NM_001238
NM_000075

RFP2
HRASLS3
CGRRF1
IGSF4B
RECK
LATS2
GAS2L1
APBB2
GAS1

NM_213590
NM_007069
NM_006568
NM_021189
NM_021111
NM_014572
NM_152236
NM_173075
NM_002048

DST
GADD45A
XRN1
AIF1
FOXC1
RASSF2
ALOX15B
MACF1
BAX
ZCD1
DHRS2

NM_015548
NM_001924
NM_019001
NM_004847
NM_001453
NM_014737
NM_001141
NM_012090
NM_138763
NM_018464
NM_182908

Cell proliferation and migration
Extracellular region Extracellular region Extracellular region Extracellular region Extracellular region Extracellular region 

Cell proliferationCell proliferation Cell proliferationCell proliferationCell proliferationCell proliferation

S100B
AI754733
IGF1
CKLF
AGT

*NM_006272 
*AI754733
NM_000618
NM_016951
NM_000029

IGFBP7
ELN
MUC2
FGF7
EDN1

NM_001553
AK075554
NM_002457
NM_002009
NM_001955

CDH13
CLU
IGFBP4
FGF18
AREG
CXCL5

NM_001257
NM_203339
NM_001552
NM_003862
NM_001657
NM_002994

S100B
AI754733
IGF1
CKLF
AGT

*NM_006272 
*AI754733
NM_000618
NM_016951
NM_000029

Negative regulation of cell proliferationNegative regulation of cell proliferationNegative regulation of cell proliferationNegative regulation of cell proliferation

S100B
AI754733
IGF1
CKLF
AGT

*NM_006272 
*AI754733
NM_000618
NM_016951
NM_000029

IGFBP7
CDH13
MUC2

IGFBP7
CDH13
MUC2

NM_001553
NM_001257
NM_002457

NM_001553
NM_001257
NM_002457
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Apoptosis
Extracellular region Extracellular region Extracellular region Extracellular region 

Induction of apoptosisInduction of apoptosis anti-apoptosisanti-apoptosis

S100B
PCSK9
UTP11L

*NM_006272 
NM_174936
NM_016037

CCL24
CDH13

NM_002991
NM_001257

SIII.2# Genes for wound healing and melanogenesis
Response to woundingResponse to wounding Wound healingWound healingWound healing

EPHX2
ACVR1
PLSCR1
GRHL3
S100B
S100A8
NDST1
BCL6
IL1RAP
HDAC4
EVL
PLA2G4B

NM_001979
NM_001105
NM_021105
NM_198173
NM_006272
NM_002964
NM_001543
NM_138931
NM_002182
NM_006037
NM_016337
BC025290

ANXA8
FBN1
GGCX
F2RL2
CD9
F13A1
THBD
PLAT
PECAM
PROS1
CXCL2
CCL2

NM_001630
NM_000138
NM_000821
NM_004101
NM_001769
NM_000129
NM_000361
NM_000930
NM_000442
NM_000313
NM_002089 
NM_002982

DF
F13A1
FGF7
CFHR1
FN1
CLU
CX3CL1
FBN1
C2
IGFBP4
PLA2G2D
THBD
PLAT
PROS1
CXCL5

NM_001928
NM_000129
NM_002009
NM_002113
NM_212482
NM_203339
NM_002996
NM_000138
NM_000063
NM_001552
NM_012400
NM_000361
NM_000930
NM_000313
NM_002994

MelanogenesisMelanogenesis MelanogenesisMelanogenesis

KIT
TYRP1
LEF1
TCF7L1
MITF
TYR
DVL2
FZD10
WNT6
WNT5A
CREBBP
MC1R

NM_000222
NM_000550
NM_016269
NM_031283
NM_198159
NM_000372
NM_004422
NM_007197
NM_006522
NM_003392
NM_004380
NM_002386

POMC
FZD1
FZD4
CAMK2G
FZD5
FZD7
WNT6
EDN1

NM_000939
NM_003505
NM_012193
NM_172171
NM_003468
NM_003507
NM_006522
NM_001955
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SIII.3# Genes for Wnt, TGFb/BMP and p53 pathways
Wnt signalingWnt signaling Wnt signalingWnt signaling

TBL1XR1
TBL1XR1
PPP3R1
LEF1
APC2
WIFI1
NLK
WNT6
CREBBP
WNT5A
TCF7L1
PPP2R2A
DVL2
FZD10
TBL1X
FRZB

BC048298
NM_024665
NM_000945
*NM_016269
*NM_005883 
NM_007191
*NM_016231
NM_006522
NM_004380
NM_003392
NM_031283
NM_002717
NM_004422
NM_007197
NM_005647
NM_001463

AXIN1
PPP3CC
SOX17
SFRP4
FZD1
FZD4
CAMK2G
FZD5
FZD7
WNT6

NM_003502
NM_005605
NM_022454
NM_003014
NM_003505
NM_012193
NM_172171
NM_003468
NM_003507
NM_006522

SIII.3# TGFb/BMP pathway
TGFbTGFb

THBS2
THBS4
TGFBR2
DCN
COMP

NM_003247
NM_003248
NM_001024847
NM_001920
NM_000095

SIII.3# p53 pathway
p53p53 p53p53

RB1
BCL2
CCNE1
CDK4

NM_000321
NM_000633
NM_001238
NM_000075

GADD45GIP1
MDM2
BBC3
BAX
IGFBP3

NM_052850
NM_006879
NM_014417
NM_138764
NM_001013398
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SIII.4# Potential markers for the DP cells
DP potential markersDP potential markers

EDN3
SLP1
S100B
PCSK9
IL1F9
OVOS2
IFNE1
IGF1
CCK

NM_207032
NM_003064
NM_006272
NM_174936
NM_019618
BC039117
NM_176891
NM_000618
NM_000729

SIII.5# Potential markers for connective tissue fibroblasts
CT fibroblasts potential markersCT fibroblasts potential markers

FGF18
CDH13
THBD
PROS1
CYSTATIN E/M
CXCL2
FZD1
FGF7
EDN1

NM_003862
NM_001257
NM_000361
NM_000313
*NM_001323
NM_002089
NM_003505
NM_002009
NM_001955

SIII.6 Genes for extracellular matrix (ECM) components (CT vs DP ).  Blue: lower 
expressed in DP compared to CTF.

Extracellular matrixExtracellular matrix Extracellular matrixExtracellular matrixExtracellular matrixExtracellular matrix

ELN
AGC1
PAPLN
COL17A1
COL10A1
FBLN2
NTNG2
DCN
ADAMTSL5
COL14A1
FLRT3
COL11A1
THBS4

NM_000501
NM_013227
NM_173462
NM_000494
NM_000493
NM_001004019
NM_032536
NM_001920
NM_213604
NM_021110
NM_198391
NM_080629
NM_003248

FMOD
MFAP4
FLRT1
FLRT2
COL4A6
MMP11
NID2
ADAMTS9
TNN
MUC2
CRTAP
COL6A
COMP

NM_002023
NM_002404
NM_013280
NM_013231
NM_033641
NM_005940
NM_007361
NM_182920
NM_022093
NM_002457
NM_006371
NM_001849
NM_000095

DST
ERBB2IP
FN1
CHAD
COL4A5
THBS2
FBN1
DPT
COL24A1
LAMC2
COL12A1
SMOC2
ADAMTS10
BGN

NM_001723
NM_018695
NM_212482
NM_001267
NM_033380
NM_003247
NM_000138
NM_001937
NM_152890
NM_005562
NM_004370
NM_022138
NM_030957
NM_001711
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Cell adhesionCell adhesion Cell adhesionCell adhesion

DLL1
LAMC3
PRRS2
FREM1
COL13A1
SPON1

NM_005618
NM_006059
NM_002770
NM_144966
NM_005203
NM_006108

PAPLN
AGC1
COL14A1
FLRT3
COL11A1
CDH13
THBS4
MFAP4
FLRT1
COL4A6
FLRT2
NID2
CCL2
TNN
COL6A2
COMP
WISP2
DST
ERB2
FN1
THBS2
CX3CL1
DPT
COL24A1
LAMC2
COL12A1

NM_173462
NM_013227
NM_021110
NM_198391
NM_080629
NM_001257
NM_003248
NM_002404
NM_013280
NM_033641
NM_013231
NM_007361
NM_002982
NM_022093
NM_001849
NM_000095
NM_003881
NM_001723
NM_018695
NM_212482
NM_003247
NM_002996
NM_001937
NM_152890
NM_005562
NM_004370

ReceptorReceptor

PAPLN
AGC1
COL14A1
FLRT3
COL11A1
CDH13
THBS4
MFAP4
FLRT1
COL4A6
FLRT2
NID2
CCL2
TNN
COL6A2
COMP
WISP2
DST
ERB2
FN1
THBS2
CX3CL1
DPT
COL24A1
LAMC2
COL12A1

NM_173462
NM_013227
NM_021110
NM_198391
NM_080629
NM_001257
NM_003248
NM_002404
NM_013280
NM_033641
NM_013231
NM_007361
NM_002982
NM_022093
NM_001849
NM_000095
NM_003881
NM_001723
NM_018695
NM_212482
NM_003247
NM_002996
NM_001937
NM_152890
NM_005562
NM_004370

THBS2
THBS4
TNN
COL6A2
LAMC2
COL1A1
COL4A6
COL11A1
FN1
CHAD

NM_003247
NM_003248
NM_022093
NM_001849
NM_005562
Z74615
NM_033641
NM_080629
NM_212482
NM_001267

PAPLN
AGC1
COL14A1
FLRT3
COL11A1
CDH13
THBS4
MFAP4
FLRT1
COL4A6
FLRT2
NID2
CCL2
TNN
COL6A2
COMP
WISP2
DST
ERB2
FN1
THBS2
CX3CL1
DPT
COL24A1
LAMC2
COL12A1

NM_173462
NM_013227
NM_021110
NM_198391
NM_080629
NM_001257
NM_003248
NM_002404
NM_013280
NM_033641
NM_013231
NM_007361
NM_002982
NM_022093
NM_001849
NM_000095
NM_003881
NM_001723
NM_018695
NM_212482
NM_003247
NM_002996
NM_001937
NM_152890
NM_005562
NM_004370
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