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ABSTRACT

Members of TGF-B superfamily participate in controlling hair apoptosis,
and the roles of those factors in the hair cycle have not been sufficiently
clear. BMPswhich belong to the TGF-B superfamily also play critical roles
in governing hair growth. In the process of controlling hair growth through
the interacting between BMPs and noggin, noggin not only acts as an
inhibitor of BMP-2 and 4 but influentsthe wavy expressions of BMP-2 and
4., Furthermore, BMPsare similar with TGF-B1, 2, 3 in structures and bio-
logic characters. We present the positions of TGF-B1, 2, 3, and among
those factors TGF-B1, 2 have some consistency with the positions of nog-
ginin the hair regeneration cycles. Furthermore, TGF-B1, 2 are known as
apoptosis-inducing factors, they can cease the cell proliferation through
downstream signaling factors. After checking the positions of TGF-$1, 2
and Noggin, weinferred that TGF-B1, 2 may induce hair enter into catagen
phase by inhibiting cell division or noggin expression, the wavy expres-
sionsof TGF-B1, 2 probably specify the hair cycle.
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INTRODUCTION OF TGF-B FAMILY

Growthfactorsareinvolvedin hair morphogenesis
and cycle, among those growth factors, transforming
growth factor beta(TGF-) family playsanimportant
partinthehair biologic cycle. TGF- superfamily in-
cludes bone morphogenetic proteins (BMPs), growth
and differentiation factors (GDFs), activins, inhibins, et
a¥. isimportant in regulaing differentiation, prolifera-
tion and apoptosisof many kindsof cdls. Furthermore,
TGF-B superfamily isone of those superfamiliesthat

have been most deeply studied. Bindingto TGF-f3 re-
ceptors | and 11, they specify their functions by two
main downstream pathways(Smad and TAK 1) onmany
biological processeswhich areessential for hair, tooth
and T-cellsto maintaintheir normal functiong*2.

ROLE OF TGF-1,2,3INHAIR
MORPHOGENESISAND CYCLE

In 18 daysold TGF-B1-/- mouse, hair folliclesare
inearly catagen, whereasin the sameage of TGF-1+/


mailto:kchsung@cnu.ac.kr

22 Roles of TGF-g superfamily and noggin in hair cycle

RRBS, 5(1) 2011

Review

+mousg, hair folliclesareintelogen phase. Morefast-
proliferation cellsbesideshair folliclesappear in TGF-
B1-/- mousethan TGF-B1 +/+ mouse, which means
TGF-BLlinhibitshair growth.® Invitro culture, TGF-
B1 derivesfrom dermal papillacellsand hasresponsi-
bility for inhibiting epithelia cdll growth. Thismeans
TGF-B1 could cease hair growth and decidethetime
of hair cycle stages.

In early anagen, TGF-Blisexpressed only inthe
bulge region of the out root sheath (ORS), this part
bellows the sebaceous gland.® At thisgrowth phase,
the stem cellsareactivated in the bulgeareaand then
reinforcethedermal papillacells, which givebirthto
thenew hair. TGF-B1-/- micelack thedownstream tar-
getsof TGF-B1 and havefewer |abel-retaining cells
than norma mice, most of thoselabel-retaining cells
arestemn cells.® Thosediscoveriesshow tight relation-
ship between stem cellsand TGF-1.

High expression of TGF-B1 residentsin out root
sheath at full anagen phase and catagen phase, the ex-
pression part of TGF-B1 extendsto upsideof hair fol-
lide® TGFB1 expressonincressss, theimmunostaining
results show that expression locationsof TGF-B1l are
seen bothinthe ORS and epithelia strand during late
anagen and catagen stages, neverthelessin thosetwo
growth phases, TGF-Blisrarely detected intheinner
root sheath (IRS).[® In vitro culture, TGF-B1 hasthe
function of blocking cdll divisionand hair growth.

TGF-B2 aggregateswhen hair folliclesare under-
going the growth phase between anagen and catagen.
In this aggregating process, strong TGF-32 deposi-
tionisdemonstrated in thelower part of the boundary
area between the dermal papillaand the germinative

TGF-pI

catagen

anagen

parly telogen

matrix cdls. Invitro, when hair folliclesareoccupying
catagen-likemorphologica changes, TGF32 deposits
inthebulb area.’?

TGF-B2-deficient micedelay hair follicledevel op-
ment and havelesshair folliclethan normal mice, the
reduction of hair folliclenumber hasnoreationshipwith
thehair apoptosis processinduced by TGF-f2. Invitro
TGFp2isisolated from thebasd layer of theepidermis
and regul ated by phosphorylated SMAD-2whichisthe
downstream effector of TGF-2 signaling. Employing
mutant mousemodd sand culturing keratinocytes, Fuchs,
E. etd foundthat TGF-p2 signdingisnecessary totran-
sentlyinducethetranscription factor Snail and activate
the Ras-mitogen-activated proteinkinase (MAPK) path-
way inthebud.® Thismay betheexplanation that less
developed hair folliclesappear in theembryonic period
in TGF-B2-deficient mice. However, for another two
factors, TGF-B1 hasdight influence onhair formation
throughinhibiting keratinocytegrowth, and TGF33 has
no effect onhair formation.”

During anagen to catagen phase, TGF-2 appears
intheoutermost cdll layer of theouter root sheeth, andin
thistrang ent phase, strong TGF-32 immunoreactivity
gopearsinthelower bulb matrix cellswhich areadjacent
tothedermal papilla® TGF-B2 couldinduce catagen
phaseof murineand human hair folliclesthroughinhibit-
ingcdl proliferation or inducing gpoptosisof hair matrix
keratinocytes.[ In addition, TGF-$2 and TGF-p2 type
|| receptor resident intheregressing epithdid strands®
and TGF-B2 deposits in the boundary area in early
catagen, so TGF-B2 may decidetheregressonof hair at
the catagen phase (Figure 1). After catagen phase, hair
folliclescomeinto thetel ogen phase. Molecular media-
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TGF-p2 m= TGF-B1 and 2

late telogen early anagen

Figurel: Thelocation of TGF-p1, 22424
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TABLE 1: Molecular mediator sof TGF-p superfamily!24222

Factors Location in hair cycle Function
Ininner root sheath, out root sheath, Playsarole ininducing catagen;
TGF-1 . : : S
of in maturefollicle blocking anagen in vivo
TGF-p2 All expressed in developing fallicle, Controls cell apoptosis,
aggregates at dermal papilla at catagen to telogen phase  induces catagen
Hair cortex and the hair cuticlein the I .
TGF-p3 keratogenous zone (K Z) of the upper hair bulb. Promotes epithelial cell adhesion
e Signal receptor of TGF-p isoforms;
TGF-p-RI In Out root sheath at |ate anagen/catagen plays arole in catagen development
TGF-B-RIl  Same as TGF-B-RI Specifies the differentiation inner root sheath.
. Suppresses proliferative activity and
BMP2 Anagen bulb; subcutaneous layer supports differentiation
BMP4 Lower follicle mesenchyne Suppresses hair growth
Noggin Follicular mesenchyne; dermal papilla Suppresses activity of BMP4

and induces hair growth

catagen
Figure2: Thelocation of BM P-2and BM P-4

anagen

torsof TGF-f superfamily areshownin TABLE 1, loca-
tionsof TGF-1, 2aredemonstratedin Figure 1.

INTERACTIONSOFBMP-2,4AND NOGGIN
INHAIR MORPHOGENESIS

Stem cdlsplay anessentid rolein cdlular specia-
ization and pattern formation during embryogenesisand
intissueregenerationin adults.® At early embryonic
stage, the stem cellsare specifiedinto daughter cells
suchashair folliclestem cells, dermisand epidermis.®

Bmp signding specify ectodermal cdllsto differen-
tiateinto epidermis, it beginsin the neuroepithelium of
embryonic period. Oncethe embryonic skinstemcell
(SC) progenitor cells have been confirmed, the next
crossroadsfor signaling appearsto beat thejuncture
of hair placodeformation. Placodeformationisdepen-

early telogen

=== BMP2

m— BMP 4

late telogen early anagen

dent on Noggin, in the presence of excessBMPs, or
theabsenceof the BM P-inhibitor noggin or thefollicle
density is reduced.*¥ Conditional absence of the
BMPR1A genedsoresultsintheaccumulation of large
massesof undifferentiated, Lef 1-expressing, placode-
likecdlls, further emphasizingarolefor Bmpinhibition
intheearly stages of HF morphogenesis.®

The appearance of the BMPR1A geneisasoin-
vestigated asapositiverolefor Bmp signaling, espe-
cidlyinthedifferentiation of matrix cellsintoinner root
sheath (IRS) and hair shaft lineages. Several markers
of matrix cell differentiation are strongly reduced or
absent followingtheBMPR1A-null mouse® Usingthe
BMPR1A -absence mutant mouse, Munehiro Yuhkil
et al. found the differentiation of inner root sheath, but
not outer root sheathisseverely impaired. The number
of HFs (hair follicles) wasreduced inthe dermisand
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subcutaneoustissue, and cycling epithelia cellswere
reduced in mutant mice HFs. BMPR1A isessential for
inner root sheeth differentiation.

Nuclear -cateninisalsoinfluenced in the matrix
cellsof BMPR1A-deficient mouse, which meansthat
BMPsgndingliesupstream of B-cateninsgnaing dur-
ing matrix cell differentiation. From those evidences,
Bmp signalingisrequired for SC activation; further-
more BMPsignadingisrequired for thedifferentiation
of activating SCsin adopting one or more of its six
different lineageswhich compose the mature HF2%

ROLESOFNOGGININHAIRCYCLE
Noggin should bereferred no matter astheinhibi-

tor of BMP or itsfunctionsin hair development. In
E15.5-17.5 mice, expression of nogginwhichisthe

A
)

anagen catagen

¢ Y

early telogen

antagonist of BMPisseenin mesenchymal cellsunder
the basal membrane of the epidermis. In adult mouse
nogginisrestricted to the dermal papillaand connec-
tivetissuesheath of thehair follicle™* Noggin functions
in hair morphogenes sthrough inhibiting BMPs. (The
expression of noggin displaysin Figure 3) Enhanced
expression of BM P4 or targeted inactivation of noggin
resultsinsgnificantly blockingthehair follicleformation
andinducingthehair folliclegpoptoss. Thehighest nog-
ginexpressionlevd isintheearly anagen phaseand the
expression |ocationsof noggin coincidewiththe posi-
tions of epithelial stem cellsmarker-K15. Variety of
noggin expression may influent the expressionlevel of
BM Ps,[2% which relate to the expression of Lef1 and
Wnt signaling, which specify hair folliclemorphogen-
essand cycleby exertingtheir functionson hair follicle
semcells?

4
Noggin

late telogen early anagen

Figure3: Thelocation of nogginin hair cycle.!223

In early anagen thereis highest noggin expression;
thisincreased noggin expressioninfluencesthe BMPs
sgnainginK15-positiveepithdiumstem cdls*® Those
sem cdIsareinduced by theintensivenoggin expression
whichinhibitsBMPsinearly anagen. Noggin’smRNA s
seeninthedermal papillaand dista outer root sheeth at
thesecondary hair germanditaso canbeseenat dl the
anagen at the same position.’? Thoseresultsstrongly
support theimmunohistochemistry (IHC) results, for the
locationsof Noggin’'smRNA expresson areamost the
sameasthepostionsof Noggin. Noggin’sexpressonin
epithdium stem cdlscoincideswith theactivaton of Wnt/
[-catenin signaling at the anagen phase of HF growth
cyde Noggininduceshar growth phasein postnata skin,
the noggin-treated mice show the hair grow out but the
untrested group have no new hair.’2 Mis-expression of

Nogginin transgenic miceinduces premature onset of
catageninsecond hair falliclescyde*® Figure 3 shows
thelocation of noggininhair cycle.

DOWNSTREAM SIGNALINGFACTORSOF
TGF-g SUPERFAMILY

Membersof TG sgnadingfamily exert their func-
tions through type | and type |1 receptors, and those
factorshavebeenidentified in vertebrates. Each mem-
ber of the TGF-f3 superfamily bindsto acharacteristic
combination of typel and typell receptors.'4

During hair follicle devel opment in embryonic pe-
riod, initially TGF-B-RI appearsinal basal epidermal
layers. In later stage TGF-B-RI immunoreactivity is
demongtrated strongly in epithdiacells, and sebocytes
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andinterfollicular epidermd kerainocytecdlsdsodis-
play clear TGF-B-RI immnunoreactivity.*™ TGF-B-RII
transcripts during skin development exclusively inthe
mesenchyme,[*¥ at early stage of hair follicle morpho-
genesis TGF-B-RII wasrestricted in epithelia cells.
Withinthefirst 3weeksthereisno TGF-B-RIl immu-
noreactivity indermal papilla, fibroblastsor their pre-
cursor cells, only the epidermal region that subsequently
formed ahair placodewhich generatesanew hair fol-
licledisplays TGF-B-RIl immunoreectivity. L ater, after
dermal papillaformation, TGF-B-RII appearsin out
root sheath and infundibulum.*

Postnatal mouse, TGF--RI emergesin sebaceous
glandinal of hair cycle phases. Early anagen, TGF-f3-
RI can be detected intransit-amplifying cellsand the
part adjacent to dermal papilla. Later anagen, TGF-3-
RI immnunoreactivity wasin out root sheath and inner
root sheath. At catagen phase, TGF-B-RI expression
resdentsinthehair bulb disappearstogether withthe
out root sheath regression, the immunoreactive cell
population just emergesproximaly in epithelid strand.

> Review

At telogen, TGF-B-RI expressionisrestricted to the
sebaceous gland and the epidermis.[*517

No TGF-B-RIl isdetected in skinin telogen and
early anagen; subsequently it can be seenininner root
sheath and lightly expressed in out root sheath. At late
anagen, TGF-B-RII reachesup to out root sheath bor-
der with epidermis, and absentsin dermal papillaand
hair bulb. During theregression phase, TGF-B-RII stays
inhair bulbandinner root sheeth, it doesn’t scatter any-
whereof skin after thisstage.!™™ (Figure4 istheloca
tionsof TGF-B-RI and Il in hair cycle.) TGF-f super-
family membersconvey signa sthrough typel and type
Il receptors and other downstream factors, termed
Smads. After ligand binding, the activated receptor/
ligand combines receptor- regul ated Smad proteins(R-
Smad), which bind to thecommon partner proteins(Co-
Smad) and subsequently trand ocate to the nucleusto
regul atethetranscription of target genes!¥ And Smad6
and Smad-7 are inhibitory Smad proteins (I-Smad)
which functioninthe cytoplasm asnegativeregulators
of theintracdlular signd transduction network.[*

TOGF-F-R1 and 11

anagen catagen

early telogen

=

TGF-p-R1 TGF-B-RI1

late telogen early anagen

Figure4: Thelocation of TGF-B-RI and || in hair cycle['>182

Receptor-regulated Smad proteins (R-Smad) in-
cludeSmad-1, 2, 3,5, 8, Smad-2 and -3 areregul ated
by TGF-B and activin, whereas Smad-1, -5, and -8
areprimarily activated by BMPs.*® Sofar Smad-2, 4
and 7 arethe mostly concerned Smads by published
research of hair biology. Inthewild-type mouse, how-
ever, thereisvery low level of endogenous Smad-2
expressionintheepidermis? Yang Chal, et al. devel-
oped transgenic micethat overexpress Smad-2in epi-
dermis under the control of keratin 14 promoter.
Overexpression Smad-2 enhanced the expression of

Smad-4, which discoverstheinteraction of Smad-2 and
Smad-4in conducting or controlling TGF- signaling
during skin development.® Owingtothefailureof germ
layer and streak formation, Smad-2 mousediesbefore
hair follicle germ appearance.l**2! Overexpression of
Smad-2 dlevatestheendogenous TGF-f1 level while
heterozygousloss of Smad-2 reduced TGF-1 expres-
sion, when Smad-2 transgeneexpressionin epidermis,
itseffectson keratinocyte proliferation and differentia-
tion.2 Conditional Smad-4 knockout micedevelop
epidermd hyperplasia, progressvehair loss beginning
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at thefirst catagen phase on P16, and spontaneous skin
tumor formationlater inlife. Whether theelimination of
Smad-4 causesthe consequenceof hair follicledegen-
eration and affects epidermal differentiation is un-
known.24

CLOSING REMARK

The appearanceof noggin coincided withthewavy
emergenceof TGF-f. In anagen phase, thenoggin resi-
dent inthesame partsof hair follicleswith TGF-p1, but
just noggin appearsin thedermal papilla, which pro-
ducesnew cellsto complement thehair. INTGF-1 -/-
mouse, hair has alonger anagen phase than normal
mouse. And cultureinvitro, TGF-B1inhibitsthehair
growth, makes the hair comein to catagen phasein
advance. BMPs and TGF-ps share 30% amino acid
homol ogy and some downstream signaling pathways,
for example Smad-dependent pathways.!¥ Roles of
TGF-BLinhar cyclemay beexplaned asfollow, TGF
B1inhibitsthe extension of out root sheath and then
controls the hair growth, and this process may be
achieved through suppressing noggin.

For TGF-B2, inthe early anagen phase, the high
immunohistochemistry staining shows TGF-32 concen-
trates at the derma papilla. TGF-2 control cell
gpoptos's, TGFB2 may stop thederma papillagrowth
by blocking the noggin expression. Thelatetelogen can
a so becadled competent telogen. In thisphase, thehair
isgoing to regenerate. And at this phase thereisno
expression of TGF-B1 or 2, at thisphase noggin was
activated and timulusthehair follicdestem cdlstogive
birththenew hair.
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