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Progressin Relevant Growth Factors
Promoting the Growth of Hair Follicle

Wang, J.M. and J.T. Zhang
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Abstract: Hair is a protective appendage on the body tha@bissidered accessory structure of the
integument. Hair follicle development takes placeinly fetal skin development and relies on tightly
regulated ectodermal-mesodermal interactions. Towphological changes of the hair cycle have been
very clear that hair morphogenesis and epidermatldpment are orchestrated by an array of growth
factors. In this review, we summarize the majorvghofactors involved in promoting growth of hair
follicles.
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INTRODUCTION follicle cyclical growth with the help of these
molecules. Development of hair follicles begins
The skin is the body's largest organ, covering theowards the end of the first trimester of pregnaany
body surface and in contact with the outside wdtlés  is controlled by Epidermal-Mesenchymal Interaction
a composition by the keratinized stratified epiderm (EMI), which is a signaling cascade between epidérm
and collagen-rich dermal connective tissue, whichand mesenchymal cell populations (Yeoal., 2010).
contains a subsidiary organ of the hair follicles,Hair follicles undergo a cycle of developmental rese
sebaceous glands, sweat glands and nails, derwed f the growth period (anagen), regression period gesip
the epidermis. Skin and its appendages provide and quiescence period (telogen) (Jiahgl., 2010). This
protective barrier essential for animal survival. process is a complex and orderly cycle affectechbpy
Hair is a primary characteristic of mammals andfactors, while these effects must be coordinatedutsh
exerts a wide range of functions including the relevant growth factor or hormone as an inteiiamg
thermoregulation, physical protection, sensoryvétgti  secreted by the body. Therefore, the growth faete@n
and social interactions (Schneidal., 2009).The hair  jmportant link of coordination genes secreted bg th
follicle is a unit formed by interaction of the &plial  pody and the environment, plays a vital role in the
cells, nerve endings and stromal cells (Lee, 204). growth and regulation of the hair follicle.
occurrence and maintenance related to different cel  The morphological changes of the hair cycle have
subsets from more than twenty types of differentrge been very clear while the changes in the molecular
layers, whose structures and function are very ¢exnp  signaling and channels in the regulation of haiides
These cells grow in the Dermal Sheath (DS), Inm@tR  petween phases are in a constant study. Therefore
Sheath (IRS), Outer Root Sheath (ORS), Hair Shaffooking for the relevant growth factor affectingitha
(HS) and Dermal Papilla (DP). Developmental biologyfollicle growth has been the target of numerouslisti
considered that hair follicle is a significative deb of  In recent years, it has been reported that the throw
interaction of epithelium and mesenchyma (Yang andactors, such as EGF, TGF4AGF-1, HGF, KGF, VEGF
Cotsarelis, 2010). Meanwhile, the hair follicletls®e  and so on, participate in the hair follicle cycle
only structure with remaining morphogenesis cagacit regulation and promote hair growth. In this revieve
and self-regeneration of mature mammals and plays asummarize their progress at home and abroad in the
important role in its cyclical growth process. past few years.
Studies have shown that hair follicles can produce
a variety of signal transduction molecules (shortGrowth factors:
peptides or small proteins), soluble moleculesThe Epidermal Growth Factor (EGF) family: The
(cytokines) or cell surface receptors and proceéd w EGF family of growth factors comprises EGF,
intercellular signal transduction and regulate Haér  Transforming Growth Factor-alpha (TG Heparin-
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Binding EGF-like growth factor (HB-EGF), Transforming Growth Factor-g (TGF-B): The TGF§
Amphiregulin (AR), Betacellulin (BTC), Epiregulin super family is a large family of proteins that quises
(EPR), Epigen (EPG) and Neuregulins (NRGs)the various isoforms of TGB; Bone Morphogenetic
(Wilson et al., 2009). EGF family members activate Proteins (BMPs), the nodals, activins and inhibargj-
an intracellular signaling cascade upon binding toMullerian hormone and many other structurally redat
their receptors, collectively known as the ErbB ilgm  factors (Ehrlichet al., 2012;Pohlerset al., 2009). The
The ErbB family comprises ErbB1 (also universally TGF{§ family consists of three members, TGE:
referred to as EGFR), ErbB2, ErbB3 and ErbB4.TGF$2 and TGH3 in mammals (Arjaanet al., 2012)
Signals originating from ErbB1 play crucial rolas i TGF-fs are secreted with a dimeric Latency-Associated
the development of epithelial tissues. HumanPeptide (LAP) in an inactive form called Small Lrtte
epidermal keratinocytes express ErbB1, ErbB2 andComplex (SLC) and dissociation from LAP releases th
ErbB3, but not ErbB4. approximately 25 kDa mature polypeptides (Hinck,
ErbB1 is the prototype of the Receptor Tyrosine2012). Latent TGFB Binding Proteins (LTBPs) are a
Kinase (RTK) family and is a transmembranefamily of fibrillin-like molecules that are covaldn
glycoprotein, including the extracellular liganching linked to SLC. In addition to acting as matrix
domain, transmembrane and intracellular regions (thi components, LTBPs regulate T@Hioavailability and
region has intrinsic tyrosine kinase activity) (Zhand  activity by facilitating latent TGH- secretion,
Agazie, 2012). ErbB1 participates in the regulatidn mediating latent TGEPB- targeting to the ECM and
cell metabolism, proliferation, migration and regulating latent TGPB- activation (Ziet al., 2012).
differentiation of physiological processes, whoseTGFJ isoforms regulate multiple biological processes
signaling is necessary for proper development andhcluding cell proliferation, extracellular matrix
tissue homeostasis whereas its dysregulation sapidisynthesis, angiogenesis, immune response, apoptosis
results in defects in cellular proliferation and and differentiation (Lampropoulasal., 2012).
differentiation. ErbB1 ligands are very importantthe TGFf plays an important role in controlling hair
skin (Sugawaraet al., 2010). TGFe and EGF bind growth cycle, mainly regulating the initiation astbp
exclusively to ErbBl and are related autocrine/of catagen phase (Oshimori and Fuchs, 2012). In
paracrine growth factors that activate ErbB1 talag = mature hair follicles, TGB1 mRNA is expressed in the
the balance between keratinocyte proliferation andnner hair root sheath, TGFR2 mRNA is expressed at
differentiation (Chenget al., 2010). ErbB1 and its the end of the epithelium, while TGR in the
ligands represent one of the most powerful and ¢exnp neighboring district of the outer root sheath (lauid
signaling networks in higher vertebrates. In thisltami, 2011).Recent studies have found that expression
pleiotropic system that exerts an unusually wideyaof ~ of TGF$1 in hair follicle cells have relations with
diverse bioregulatory functions, several peptidengn  epidermal repair (Lianget al., 2012). These studies
factors promote the homo-or heterodimerization anduggest that TGB- signal transduction not only
subsequent autophosphorylation of a family of tyies controls the initiation of catagen phase, but also
kinase receptors. Consequently, adaptor proteirs arparticipates in many other physiological activifies
enzymes initiate signaling cascades, culminating irwhich is an extremely complex process.

biological outcomes ranging from cell division tellc Smads are main intermediary of T@F-
death, differentiation, or malignant transformationsuperfamily signal transduction. In all Smads, dols
(Gusterson and Hunter, 2009). of Smad4 in keratinocytes or overexpression of Stmad

Studies have shown that ErbB1l as an importan@o abnormal growth and development of the epidermis
growth factor receptor and its ligand EGF exisDRS  and hair follicles appear. Smad4 is mainly medidigd
of the mature hair follicle and play an importaokerin ~ BMP signaling and thus affect the differentiatidrhair
the regulation of hair follicle growth cycle. EGintds  follicles, while Smad7 significantly affect the
to ErbB1 and participates in regulating DNA syntges differentiation and development of hair folliclesav
rate of outer root sheath cells and hair bulb agfllsair ~ blocking TGFS/Activin/BMP pathway and inhibiting
follicle, further induces the differentiation ofetthair ~ the WNT/calcium angiotensinB{catenin) signal (Lan
bulb cells, making the external root sheath cellsand Yang, 2010)Although Smad4 is required for the
differentiate, so that the hair follicles enter neggion  Smad signal transduction, it was reported that when
period in advance from the growth period Smad4 was inhibited, transcriptional activity of
(Alexandresctet al., 2009). In the early stages of hair receptor- regulated Smad (R-Smad) still could be
follicle growth, EGF and TGk-can inhibit hair follicle ~ detected. In the absence of Smad4, Smad2 and Smad3
formation, which are great related with ErbB1. still entered into the nucleus and further combingtth
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of the target gene (Permgt al., 2012), which also early growth of hair follicles in adult C57BL/6 naic
showed that TNFB- signal transduction had another (Sayamaet al., 2010). In the hair follicle cycle, the
path and indicated the complexity in regulatingnaly expression of HGF and its receptor c-Met was reqguir
transduction of growth and development of the hairand HGF expressed only by the dermal papilla in the
follicle. In addition, Smad4 gene knockout mice early growth stage of hair follicle. HGF/SF and etM
blocked the differentiation and periodic replacetnafn  had pro-angiogenic effect and promoted the exprassi
hair follicles, showing progressive hair loss. of Vascular Endothelial Growth FactWEGF). It was
Furthermore, proliferation acceleration of the basabelieved that HGF and VEGF played an important role
layer keratinocytes and epidermal of mutant micen the blood vessel formation of the hair folligjeowth
affected the expression of cyclin-dependent kinas€Xu et al., 2011). In addition, it suggested that HGF
inhibitor p21 as well as squamous cell carcinomacould promote the hair follicles growth of newborn
appeared in the skin (Tang and Zhang, 2011). mice and the hair follicle would become longer and
larger in histology when the mice was injected HGF
Hepatocyte Growth Factor (HGF): Hepatocyte the dorsal skin subcutaneously (Fushehial., 2011).
growth factor (HGF, also referred to as scatteroidds Lee showed that epithin/matriptase (Epi/MTP) which
a growth factor with stimulating primary liver cell played a significant role in mammary epitheliallcel
growth and DNA synthesis from a hepatectomy ratgrowth and morphogenesis participated in mammary
serum and consists of a 69 kba&hain and a 34 kDB  epithelial growth and modeling through activatioh o
chain (Mizuno and Nakamura, 2013GF was initially ~ pro-HGF (Leeet al., 2010a).
characterized as a powerful mitogen for hepatocytes
and stimulator of epithelial cell dissociation (Leteal., Keratinocyte Growth Factor (KGF): Keratinocyte
2011). HGF with initial secretion is a non-activegte-  Growth Factor (KGF), a 28 kDa polypeptide, is a
chain form and then change into the active hetemedi member of the Fibroblast Growth Factor (FGF) family
with the help of the serine protease HGF activator(also known as FGF-7). KGF is a potent mitogen for
which stimulates the growth of hepatocytes andepithelial cells, which express a subset of FGlepear
regulates the cell proliferation, migration, susliv isoforms (the FGFR2b isoforms) (Yamamoto-Fukeda
angiogenesis and invasion of many cells (includingal., 2012). KGF is a mesenchymal-cell derived
epithelial, vascular endothelial and some stromeis: ~ paracrine growth factor that specifically stimukate
These diverse biological effects are mediated byepithelial cell growth. It is supposed to be seedet
stimulating the activity of its high-affinity from fibroblasts mainly in the stroma and bind to
transmembrane tyrosine kinase receptor, c-Metptopr KGF Receptor (KGFR), which has been detected
oncogene product expressed in epithelial cells (o only on the surface of epithelial cells (Lit al.,
al., 2011; Zippekt al., 2010). 2010). KGFR still exists in hair follicles and is
HGF can regulate the interaction between theexpressed in hair follicle epithelial cells and K@
dermal papilla cells and epithelial keratinocytedlsc  dermal papilla cells, which declares that KGF is
Proliferation, differentiation and apoptosis of mediated through paracrine (Bellewdial., 2011).
keratinocyte cells and epithelial-mesenchymal  Koriaet al. (2011) showed KGF was expressed in
interactions, each step of them constitute an itapor normal skin and was induced upon injury. Furtheemor
part of hair follicle morphogenesis (Kikkawat al.,  they indicated that KGF was predominantly expressed
2009). The hair follicle cycle seems to be regatatoy  in stromal cells below and at the edge of the woamd
the different types of local growth factors andithe that KGFR was detected in the epidermis. They
receptors and the change of balance between thgm maoncluded that a KGF-mediated paracrine interaction
affect the hair follicle cycle (Xiet al., 2012). During may be important for the migration and proliferatiof
the formation of a variety of mammalian organs, HGFepidermal keratinocytes (Korgt al., 2011). It was also
and its receptor c-Met are required. The evidense a indicated that KGF had marked effects on the
proved that morphogenesis of hair follicle is retato  epithelialization and healing of wounds (Macleod an
HGF and c-Met (Trusolinet al., 2010). Havran, 2011). Richardsoe al. (2009) proved that
HGF can induce the formation of blood vesselsreceptors for EGF and KGF underwent marked
around the hair follicles. Mecklenbury found a krg downregulation in hair follicle placodes from mplg
number of blood vessel formation with the body sites, whereas the expression of endogenous
histomorphometry surgery and double ligands persisted throughout hair follicle initeii
immunohistology and a lot of proliferative vascular When skin from the sites of primary pelage and tdris
endothelial cells by immunofluorescence staininghm  follicle development was exposed to increase lewéls
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two ectopic EGFR ligands and the FGFR2 (lllb) (Hwang et al., 2012). When exogenous IGF-1 was
receptor ligand KGF, follicle formation was inhibitin -~ added into dermal papilla cultured in vitro, thedeof
a time- and dose-dependent manneretLal. (2009) Protein Kinase C (PKC) didn't change, indicatingtth
found mechanical wounding induced ligand- cellular signal transduction mediated by IGF-1 didn
independent KGFR activation and internalization.exist in the dermal papilla. This further explaintcht
KGFR internalization and phosphorylation wasexogenous IGF-1 in promoting hair follicle growth
associated with ROS generation along the wound edgected on other cells but not the dermal papilla and
and scavenging of ROS with NAC inhibited KGFR proved again that IGF-1 secreted by the dermalllpapi
phosphorylation (Liet al., 2009). In addition, KGF played a paracrine role in division, proliferation,
stimulated proliferation and differentiation of lar differentiation of the hair follicle cell. Experimés in
progenitor cells within hair follicles and sebacgou vivo showed that either systemic or local skin dtign
glands in the wound bed and adjacent dermis. Thase of IGF-1 could not significantly change the grovath
a transient but highly significant increase in #fiec wool, however, IGF-1 was essential to maintain hair
labeling of cycling cells in both basal and supesiba growth, especially in the early stages of the bgule,
layers that extended into the spinous layer of thevhich could prevent hair follicles from enteringeth
regenerating epidermis. The result suggested ti&fE K catagen  prematurely (Zhaoet al.,, 2011).
might induce specific epithelial progenitor celidages Overexpression of IGF-binding protein 5 (IGFBP-8) i
within the skin to proliferate and differentiatedathus  the human hair xenografts obtained from straightd a
might be a critical determinant of regenerationskin  curly-haired individuals was found to result in the
(Radeket al., 2009). decreased expression of several extracellular xnatri
proteins and disassembly of adhesional junctions,
Insulin-like Growth Factor (IGF): Insulin-like  resulting in twisted hair shafts as well as an uals
Growth Factor (IGF)-I and -Il, also referred to asdeposition of hair cuticle that may be derived frdm
somatomedin C and somatomedin A, respectivelydisturbance of normal proliferation and differetita
are peptides that produce both mitogenic and insuli (Sriwiriyanontet al., 2011).
like effects. Their effects are mediated by theulims
receptor and IGF receptors (IGF-IR and IGF-IIR).Vascular Endothelial Growth Factor (VEGF):
IGF-1 and IGF-II bind IGF-IR with high affinity; VEGF is a homodimeric, heparin-binding glycoprotein
IGF-IR binds insulin with low affinity. IGF-IIR that promotes endothelial cell proliferation and
binds IGF-II with high affinity and IGF-I with low migration. It exists as four isoforms, producedtigh

affinity and does not bind insulin. alternative splicing. VEGF binds to VEGF receptor-1
IGF-I is a multifunctional regulatory peptide that (VEGFR-1, also known as Flit-1) and VEGFR-2 (also
shares structural homology with proinsulin (Kasgl.,  known as KDR/FIk-1). Epidermal keratinocytes seeret

2012). IGF-I, via binding to IGF-I receptors, regigls  biologically active VEGF in vitro, while cultured
cell proliferation, differentiation and survivaldfbeset ~ epidermal sheets produce large amounts of VEGEt(Li
al., 2012). Studies have shown that a large number ¢f., 2012). In addition, VEGF widespread exists in
IGFR-I exist in stromal mother cell of the hair bul many organs in the body of humans and animals,twhic
close to the dermal papilla, as well as in grarulosls  is essential inducible factor in other physiologiaad
of the germinal layer of the outer root sheath (&hn pathological angiogenesis and plays a local regujat
al., 2012). The dermal papilla could produce largerole (Linetal., 2012)
amounts of IGF-1, IGFR-1 and IGFBPs and fibroblasts ~VEGF is a key factor in promoting angiogenesis, as
and granu|ar |ayer keratinocytes of hair folliclater well as influencing diverse cell functions incluginell
root sheath in the dermis also could secrete |@fle  Survival, proliferation and the generation of mitoxide
the mother cells of the hair bulb matrix couldmihich ~ and prostacyclin (Ford and Amore, 2012) The
illustrated that IGF-1 arising from dermal papilad a  perifollicular capillary network is coupled to theair
paracrine role in growth of the mother cell of hailb  cycle, increasing during the anagen phase and then
matrix and the granulosa cell of germinal layepofer ~ regressing during the catagen and telogen phases (L
root sheath (Zhane al., 2011). et al., 2010b). Transgenic overexpression of VEGF in
Exogenous IGF-1 not only could contribute to theouter root sheath keratinocytes of hair follicle®sgly
increase in DNA synthesis and keratinocyteinduced perifollicular vascularization and led to
proliferation of human skin in vitro (Reznikow al., ~ accelerate hair regrowth after depilation. Moreover
2010), but also could promote hair follicle growth VEGF as a major mediator of hair follicle growthdan
vitro, affecting the development of hair folliclésrm  cycling could promote hair growth and increase hair
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follicle and hair size (Liangt al., 2012). Doming@t  transcription factors, especially, tyrosine
al. (2010) confirmed that in vivo biological phosphorylation has very important significanceeSe
importance of epidermis-derived VEGF for processes don’t absolutely controlled by some singl
cutaneous angiogenesis in a transgenic mouse modejrowth factor and at present most of conceptual
using the keratin 14 promoter to selectively targetconclusions about the growth factors are inferences
expression of murine VEGF164 to basal epidermabased on fixed position of growth factors in ther ha
keratinocytes and to follicular keratinocytes okth follicle cycle or development, which may be juse th
outer root sheath of the hair follicle. initial qualitative understanding of the hair folk
growth, in fact, the main regulation is the spatiad
Other growth factors. A number of studies of this temporal specificity and differences of the expia@ss
mouse model have demonstrated that sensory armf growth factors or hormone genes. Obtaining eelat
autonomic nerves adjacent to hair follicles ancdety  factors affecting the growth of hair follicles wuitately
of neuropeptides/neurotrophins and inflammatoryshall study the growth regulation of normal haitiéte
cytokines are involved in the progression of hgeling.  or dermal papilla, as well as related factors diffiec
Among them, Nerve Growth Factor (NGF) has attractedhair follicle growth and their expression level fwia
special interest recently. It has been reportet! N@F  particular state, which is necessary for a compreive
and its precursor proNGF and their receptors, tyeos evaluation of the hair follicle growth control. Trieéore,
kinase A (TrkA) and p75, are expressed in the epide  further study of the exact roles and mechanisms of
and hair follicles of mouse skin and influence hairgrowth genes to look for the genes and drugs with
follicles cycling in skin organ culture (Shiraka2010). strong specificity and targeting is of great sigmihce
The activity of keratinocytes in the hair follicie  in the treatment of skin diseases.
regulated by signals from a specialized mesenchymal
niche, the dermal papilla. Among the genes REFERENCES
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