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Abstract The extracellular matrix of human fetal skithese studies indicate that human fetal skin is structurally
differs substantially from that of adult skin. Fetal skidifferent from adult skin in terms of both the distribution
contains sparse amounts of fibrillar collagen enmeshat the composition of the large, aggregating chondroit-
in a highly hydrated amorphous matrix composed of hysulfate proteoglycan versican.

aluronan and sulfated proteoglycans. Both fetal and adult

skin contain two major interstitial proteoglycans that akey words Skin - Proteoglycan - Development - Human -
extracted by chaotrophic agents and detergents. Thies&’

are the large chondroitin sulfate proteoglycan versican

and the small dermatan sulfate proteoglycan decorin. Eor

this study, proteoglycans extracted from fetal and adlrtroduction

skin were compared on Western blots to determine the

relative amounts of versican. Decorin present in the salmdetal skin, the sparse amounts of fibrillar collagen are
samples provided an internal standard for these studeseneshed in an amorphous, highly hydrated matrix com-
Fetal skin differed from adult skin in that it contained posed principally of hyaluronan and sulfated proteogly-
significantly higher proportion of versican than did adufians, creating a matrix that confers special characteris-
skin. Immunohistochemical studies compared early-fetads on this developing organ (Breen et al. 1970; Hol-
with mid-fetal skin and found that versican was a signifirook et al. 1993; Kaplan et al. 1994). These matrix
cant component of the interstitial extracellular matrix abmponents support the active cellular proliferation, mi-
both of these stages of skin development. However, dnation, and differentiation events that are required for
the mid-fetal period, interstitial versican became restrigirowth and development (Goetinck 1991; Knudson and
ed to the upper half of the dermis, although versican alsoudson 1993; Ellis and Schor 1995). It has also been
continued to be highly expressed around hair folliclgmoposed that the hyaluronan component of this amor-
glands, and vasculature in the lower half of the dermigous matrix facilitates the scar-free healing characteris-
Fetal skin extracts differed from an adult skin extract lbigs of fetal skin (Longaker et al. 1991; Adzick and Lo-
the presence of a 66-kDa protein immunologically relaenz 1994).

ed to versican and by the absence of a 17-kDa core proHyaluronan, an atypical, non-sulfated glycosamino-
tein of a proteoglycan related to decorin. Both of thegl/can, differs from other glycosaminoglycans in that it
molecular species may represent degradation productbinfls to a specific group of proteins, sometimes termed
their respective proteoglycans. Monoclonal antibodiesatrix hyaladherens (Knudson and Knudson 1993),
which detect epitopes in native chondroitin sulfate glyhrough non-covalent interactions (Rodén 1980; Carney
cosaminoglycan chains recognized versican extractat Muir 1988). Some of these hyaluronan-binding mol-
from fetal skin. However, the tissue distribution of theszules, like CD44, concentrate and organize hyaluronan
antigens did not entirely conform to that for versican pericellular domains (Knudson and Knudson 1993). In
core protein, suggesting that versican in different regiocaddition, a substantial amount of hyaluronan resides in
of the skin may be substituted with glycosaminoglycahe interstitial spaces where it interacts with and is stabi-
chains with different microchemistries. The results tized by sulfated proteoglycans (Lever-Fischer and Goet-
inck 1988; LeBaron et al. 1992; Knudson and Knudson
J.M. Sorrell (]) - D.A. Carrino - M.A. Baber - A.l. Caplan 1993).
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sulfate-dtachment domains (Zimmarann and Ruoslahti bution and the composition of the der aggregating

1989; Magolis and Magolis 1993; Dous-Zimmemann chondwitin sulfate piotegylycan \ersican.

and Zimmemann 1994; ¥mada et al. 1994; Miller et al.

1995). One of these domains, tthhich is locded near

the N-teminus, specitally recanizes and bindsyal- Materials and methods

uronan with elatively high afinity (Johansson et al.

1985; Lever-Fischer and Goetirlc1988; Goetink 1991; Subjects

LeBaron .et al.‘ 1992). fius, \ersican has the potential tOHuman etal skin samples &re obtained fom the Cental Labora-

form multimeric aggregate stuctures with lyaluronan. 1oy for Human Embyology a the Uniersity of Washington, Se
Little is curently known &bout the content and distr attie, Wash. in accatance with policies edbtished ty the Institu

bution of wersican in human etal skin. Been et al. tional Reiew Boad & Case \Wésten Reseve Uniersity and

(1970) eported tha chondpitin sulfate and lyaluronan, therefore, have been pedrmed as estdished ly the 1964 Dele-

L " ration of Helsinki. All human tissues usedrfthese studies eve
but not demaan sultte, were the pincipal glycosami classifed as discated tissue; thus, infmed consent of the dorsor

noglycans bund in etracts of humanetal skin. These was not equired Fetal scalp and tink skin samples in coldster
daa ae consistent with the wetha versican is a major ile saline solution wre shipped ¥ ovemight delivery. These sam
constituent of humaretal skin. Havever, studies of étal g'ﬁgsge;nﬁ”ﬁngetgaf\%rg“ggé ;:Ugsmmemaeerg cuPto'?]tc?C:rlnp;il
; : u i Wi ut i
and ”“1‘0”@' rodent S.k.m SUQBSted thaversican V\as not pieces andpembeléd in Tissue-EkK, OCO.J% embeding medium
the pincipal intestitial proteaylycan. Imnunohiste (sakua Fnetek, Brrance Calif.) without pior fixation. Poteo
chemical studies of deloping mouse skinafled to de glycans vere extracted fom other pieces of tissue (as désed
tect \ersican in intestitial regions of the demis, hut below), and some pieces of tissuem used to eshlish fetal der

i A ; ; ; mal cell cultues. Adult human skin in coldtefle saline solution
found this molecule inegions surounding hair éllicles, was obtained b sugical breast eductions and s povided by

glands, and perascular egions (du Cos et al. 1995). It the Hyman ®sue Coopetive, Depatment of Rthology, School
has also beereported tha in developing &t skin a small of Medicine Case Wsten Reseve University, Cleveland Ohio in
demaan sulbte pioteqglycan, pesumaly decom, is accodance with policies edtiashed ly the Institutional Reiew
the major sulited poteaglycan (Hduchi et al. 1986) Board of this Unversity. Adult paillary and eticular demal fi-
Th tudi deaken h desi .d t : broblasts were obtained fom Dr. Irwin A. Schafer, MetroHealth
€ stu |_es un n nee Y\ere esigned 10 CoM \pedical CenterCleveland Ohio (Stafer et al. 1985). fie adult
par the elaive contents of ersican etracted fom hu  papillary and eticular foroblasts useddr this stug were grown
man #tal and adult skin and to stuthe imnmunohiste from the same piece oblar am skin fom a 36-garold donor
chemical distibution of this poteajlycan duing eaty
and mid-etal peiods of skin deelopment. Riteqly-
cans a&tracted fom fetal and adult skin are compaged
on Westen Hlots to detemine the elaive amounts of Anti-chondwitin sulfate antibodies 4C3, 6C3, and 7D4 dguced
versican. Decdn present in the same samplesyided in this leboratory) and antibog CS-56 (Sigma Chemical, St.

; ; T Louis, Mo.) were used as priously descibed on tissue sections
an intenal standat for these studies.efal skin difered without piior chondoitinase digstion (Anur and Geigr 1984;

from adult skin in thiait contained a sigriantly higher gorelf et al. 1990, 1993). Antibyd2B6 was a it from Dr. Bruce
reldive piopottion of versican than did adult skin. In Caerson, Unversity of Cadiff, Wales (Coubman et al. 1984; Ga
munohistobiemical studies comped ealy-fetal with terson et al. 1985). Anti-humarewsican antibog 12C5 vas ob
mid-fetal skin anddund tha versican vas a signitant tained fom the Dgelopmental Studies Hylstloma Bank, Unier-

. " . sity of lowa, lowa City, lowa (Asher et al. 1991, 1995), and meno
component of the intstitial extracellular m&ix at both C|0¥1a| antibodies gaﬁgst hun(]an grsican, 2B1. and dgdm 686,

of these stges of skin deelopment. Haever, by the (Yamayata et al. 1987; Sale et al. 1989; Isgmi et al. 1996) wre
mid-fetal peiod, interstitial versican becameesticted to obtained fom Seikgaku Ameica (Rodkville, Md.). Anti-decoin

the upper half of the dE“S, although grsican also con polyclonal antibodies LF-30 (Bianco et al. 1990) and LF-122

. . ) . (Fisher et al. 1995) are a g¢nepus dft from Dr. Lary W. Fisher
tinued to be hlgM egpressed aund - hair 6II|cIe_s, National Institutes of Health, Bethesda, Méntibody S103L
glands, and asculdure in the lover half of the demis. against dick aggrecan vas @neously provided by Dr. N.

Fetal skin atracts difered fom an adult skinxdract by Sdwartz, University of Chicayo, Chicago, IlI.
the pesence of a 66-kDa @ein immunolagically reléa-
ed to \ersican and ¥ the dsence of a 17-kDa ®pio-
tein of a poteqglycan elaed to decan. Both of these
molecular species rgaepresent dgradaion products of Frozen tissue sections, 8-um tkjovere mounted onto glass slides
their respectie piotealycans. Monolonal antibodies for immunohistotiemical analses (Saell et al. 1996). Bllowing
tha detect pitopes in ntive chonditin sulfate glycos 'S”ecc‘i%f:gnwv;’éthmgqsie%“”:n% ?ﬂgl‘ig&% a i{ﬁog”eggr%%rm;r:ﬁbg&?
am'”cglyca” hains ECGQ”'Zed \ersican atracted fDm_ (god, anti-mouse Ig) conjuaged to fuorescein isothioganae (Or
fetal skin. Hwever, the tissue disoution of these anti ganon Eknika, Wst ChesterPa.). Contol sections \ere prepared
gens did not entaly conform to tha for versican coe for ead tissue For these sections, the tissuasnincubted with |
protein, sugesting tha versican in diferent lgions of - Pt B B o e o these sectonehd
the . skin my .be SUbstltUted V\."th gtosaminglycan sections ere vieved on a¥1 Olmpus BH-2 micoscope and photo
chains with diferent micochemisties. The esults of graphed using ikdak Tmax ASA 400ilin.

these studies inditatha human &tal skin is suicturally

different from adult skin with espect to both the distr

Antibodies

Immunohisto©iemisty
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Extraction and pufication of protealycans on a DEAE-Sphacel column as desiged dove. Following dialy-
sis gainst water and yophilization, the samples &re dissoled in
For illustrative puposes in this marscipt, human étal skin vas chondoitinase liffer containing prtease inhibita (Oike et al.
obtained fom the pooled tmk and scalp skin &m four fetuses 1980). Chondritinase ABC (Seikgaku Ameica, Rodkville, Md.)
rangng in age from da/ 76 to dy 88 estiméed gstdional aye  was adled to half of the sample tavg a fnal concentation of
(EGA), which will be referred to as da 80 EGA in the tat, and 0.05U/ml; an equal slume of diondwitinase iffer was adied to

from pooled tunk and scalp skin of a singleyda27 EGA fetus.
Adult human beast skin was obtained &'m a 33-garold individ-
ual. Havever, adlitional specimens ha been studied; algether
two different sets of da80 and dg 127 tal samples ha been

the other half of the samplBoth samples @re incubded @ 37C
for 1h.

studied Additional adult beast samples dm 26-, 31-, 78-, and Gel filtration chromaography

82-yearold individuals hae also been studiedhese tissues eve
cut into small pieces andere placed into cold>araction luffer
consisting of 0.0 sodium aceti, pH 5.8 containing M guan
idine hydrochloride, detegent (0.5% Titon X-100 for the #tal
samples and 0.5% 3-[(3r0loamidopopyl)dimethylammonio]-1-
propanesulbnae (CHAPS) or the adult samples), andopease
inhibitors (5 mM benzamidine 0.1 M 6-aminocaroic acid
0.01 M sodium etlylenediaminetetracetic acid (EDA), 0.1 mM
pherylmethylsulfonyl fluoride, and 0.01M N-ethylmaleimide).
The tissues were extracted br 24 h a& 4 C with constant stiing
(DeLuca et al. 1977; Cano et al. 1994). e etraction luffer
was emoved and fesh atraction huffer was adied br an adli-
tional 24-h peind, a which time the tw sets of rtracts vere
combined These gtracts were darified by centifugation a
15,000%g 6r 20min and vere then fitered though 1.0pm filters.
The «traction huffer for both the étal and adult samplesas
replaced with a 0.0% sodium acet huffer, pH 7.0 containing
8 M urea, 0.15M NaCl, and 0.5% CHAPSPmotealycans vere
pattially puified from skin &tracts ly ion exchange chromaogra-

phy on a dietlglaminoetlyl (DEAE)-Sephacel column; after load

ing the samplethe column as washed sequentigliwith five cot
umn wlumes of the laove kuffer and then the sameifber con
taining 0.25M NacCl. The potegylycans vere eluted fom the col
umn with the sameuffer containing 1.0M NaCl (Carino et al.
1994).

Cell culture

Fetal skin samples @re cut into small pieces under skercondr

Lyophilized samples ere dissoled in 0.05M sodium acetie,

pH 6.0, containing 4M guanidine ldrochloride and 0.5%
CHAPS and pplied to a Sphaose CL-2B column
(110 cmx0.6cm) tha was eluted with the samauffer. Fractions
collected fom the column wre anayzed on a liquid scintillaon

counter br the amount of3pS]SQ, or by dot-tot assgs for the
presence of speddf proteqglycan eitopes. Poteqlycans ob

tained fom the medium fictions ly cold ethanol pecipitaion

(Schmidtchen et al. 1990) are dissoled in 8M urea and ®aed

as desdbed @ove.

Gel electophoesis

ImmunoHbotting was perbrmed essentiall as desébed pevious
ly (Carino et al. 1994). Samplesere subjected to sodium dode
¢yl sulfate-polyactylamide @l electophoesis (SDS-RGE) and
then electotransemed to an Immobilon-P memdémne The transer
buffer consisted of 2mM TRIS, 192mM glycine pH 8.3. After
transer, the membaine vas Bocked with pavdered, non-ft dry
milk in 0.05M TRIS(dydroxymethyl)aminomethane uiffered sa
line containing 0.05% Ween 20 (TBS-Ween) and then incubed
in primary antibog diluted into this same solution. After de
rinses with TBS-Ween, the ot was incubted in secondgranti
body as desdbed dove for dot-Hots. Secondarantibody was at
kaline phosphi@se-conjugted goa anti-mouse immnaglobulin
(Promega, Madison, Wé.) or alkaline phospltase-conjugted an
ti-rabbit immunaglobulin (Sigma Chemical, St. Louis, Mo.pif
antibodies LF-30 and LF-122.h€se studies ke also beener

tions and teaed with a 1:1 mixtue of 0.25% typsin-1mM EDTA  peded using mondonal antiboy 6B6 (Seikgaku Ameica,
(Lif e Technolagies, Gaithesburg, Md.) and 1mg/ml collagenase P Rodkville, Md.). After thiee inses with TBS-Ween, the ot was
(Sigma Chemical, St. Louis, Mo.} &7 C for 3 to 4h. The tissue incubded in alkaline phosphase substte (as desdved dove)
was epeaedly pipetted using a 5-ml pipet, and ttedeased cells until the bands gpeaed rinsed with distilled water, and alleved
and tissue piecesere plaed s@amtely in Dulbeccos modifed to diy. Negative contols were perbrmed ly incubaing lanes, con
Eagle’s Medium (DMEM) (Sigma Chemical, St. Louis, Mo.) suptaining the potegglycan samples, withusfer in place of gmary

plemented with 10%setal calf seum (FCS). koroblasts vere re-
moved from the cultue plaes ty brief treament with 0.5% typ-

antibod. No imnunoreactvity was obsered for these lanes. e
appaent molecular wights br versican vere estalished using

sin-1 mM EDTA; keratinocyte colonies tended taemain on the the coe piotein for embyonic chick aggrecan as a standh(Car-

plates under these conditionshd eleased cells are replated a
low density in DMEM containing 10% FCSetal demal cells,
5th passge, day 57 EGA and 4th pasge, day 127 EGA, were
used br these studies. Afitional studies, noteported hee, were

performed using dg 70, 105, and 132etal demal cell samples.

Adult 4th passge paillary and 4th pasgg reticular demal cells
from a 36-garold donor (Shafer et al. 1985) wre cultued in
DMEM containing 10%FCS Additional studies, noteported
here, were also peidrmed with paillary and eticular cells fom a
51-yearold donor

The B5S]SQ, incomoration studies wre perbrmed ty adding

ino et al. 1994). All othergpaent molecular deteminaions were
based upon the use of mtk pestained high and o molecular
weight standats povided by Bio-Rad Ldoratories (Hecules,
Calif.).

Composite garose/poyactylamide gl electophoesis
Composite garose/poyactylamide els ae pepard so thathe -

nal concengtion of agarose type HSC (Brk Scientifc, North-
ampton, UK), is 0.6% and thén&l concentation of polyaciyla-

radioisotope to denal cell cultues tha had atained 80-90% of mide is 1.2%. Tie ajarose is placed in auffer containing 40mM

confluence Radiosotope as adled to suléte-free medium con
taining 10%FCS and cultues were lebelled br 5h & 37 C. The
cell culture medium vas emoved and the cell fger fractions vere
washed twice with yirodes balanced salt solution; thisagh vas
added to the medium.tie cell la/er fractions vere extracted with
4 M guanidine lydrochloride, 0.5% Titon X-100, and potease in
hibitors as desdbed @ove. The unincoporated isotope as -
moved and the guanidineytrochloride was ecchanged for 8 M

urea ly gel filtration chromaography on Se@hade G-50 columns.

The potealycans vere isolded by ion exchang chromaography

TRIS and 1ImM Na,SO,, pH 6.8, and heed to 95-100C. Once
this solution has cooled to 65, it is mixed with the polaciyla-
mide solution pepared accoding to the diections of Caney et al.
(1986). This mixture is caefully poured into casting ptas pe-
wamed to 37C. For anayses of ggregating protealycans, the
gel is equilibated in mnning uffer, 10 MM TRIS and 0.25mM
N&a,SO,, containing 4V urea. This is washed fom the @l prior to
loading the samplePoteqylycan samples ardissoled in sample
buffer containing 8V urea, 0.25mM Na,SO,, 0.001% bomophe
nol blue, and 10mM TRIS, pH 6.8. The samples arelectophoie-
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sed in unning luffer & 50 wlts until they have enteed the gl
(approximately 5 min) and then the are electophoesed & 150
volts until the bomophenol hue dye has migated 3cm. Longer
running does not impwe resolution. he gels ae removed from
the plaes and electtransered onto either Immobilon-P or nitr
cellulose The nitocellulose is peferred for immunobotting with
glycosaminglycan-specit monodonal antibodies since theris
less bakground Immobilon-P is usedof all other antibodies.

Results

Versican is the pncipal intestitial protegylycan
in fetal skin

Proteglycans &tracted fom fetal and adult skin are
compaed to detenine the elaive amounts of the lge,
aggregating chondwoitin sulfate poteglycan \ersican. In
this stug, decom present in the same samples\pded
an intenal standat for compaing the elative amounts
of versican in etal and adult skin. Ae eldaive amounts
of versican in &tal and adult skinxt¢racts vas deter
mined on Wsten blots using tvo different monotonal
antibodies spedi for the \ersican coe protein, at
though the esults ae¢ shavn for only one of these anti
bodies, 12C5 (Asher et al. 1991; 1995; gmioet al.
1996). The intact ersican moleculea about 900kDa
(Zimmemann and Ruoslahti 1989)emained in the
staking cel, and although detechhe, was dificult to vi-
sualiz. However, chondoitinase ABC-teaded samples
migrated into the gl. Antibody 12C5 detected tavbands
with appaent molecular wights of 570 and 49@Da
(Fig. 1); these comdrm in siz to the tvo major splicing
variants of human ersican (Dous-Zimmemann and
Zimmemann 1994; Zimmenann et al. 1994). lese
molecular veights vere estalished using the cer pio-
tein from embyonic dick aggrecan, with an estinted
molecular veight of 440kDa, as a standar This coe
protein was identifed on Westen hlots using antibogl

Fetal Adult

+

+

570 kDa _,
490 kDa —>

Fig. 1 Versican in etal and adult skin. Btegylycans e&tracted
from fetal and adult human skinere electophoesed on a 5%
SDS-poyaclylamide @l and vere electotransered onto Iotting
membane One set of samplesas un as intact molecules () and
the other set of samplesaw teaed with tondoitinase ABC ¢)
prior to electophoesis. he Westen blot was pobed with ant
body 12C5. The tondoitinase ABC-teaed coe piotein for em
bryonic cick aggrecan vas used as a moleculaeight standat
for these asga (not shavn)

S103L (Carino et al. 1994). fie intensities of the bands

in the fetal sample &re signifcantly higher than thiafor
the adult sampleeven though equal grweight amounts
of proteagylycan puified by ion exchang ciromaogra-
phy were gplied to ealb lane This stongly sugyests
tha fetal skin contains a ppottionally higher content of
this piotegylycan. A similar stug (not shevn) was also
performed on potegylycans &tracted fom day 80 EGA
fetal skin. hese esults vere identical to those shm in
Figs.1 and2.

To confrm this diference betwen the elaive
amounts of @rsican in &tal and adult skin, thesletive
amount of decan, the other gncipal piotegylycan of
skin, was analzed in the same manneifhe same
amounts of the same samples usadversican analsis
were also useddf decoin anaysis. Monotonal antt
body 2B6, which recaynizes a vell characteized carbe
hydrate epitope on bondwoitin/dematan suléte piotec
glycans thais geneeted ty prior chondoitinase ABC-
treadment (Coubman et al. 1984; @arson et al. 1985),
was useddr the Westen blot shavn in Hg. 2. Because

Fetal Adult
- o+ - o+
100kDa—>  m

45 kDa—>»
17 kDa—»

Fig. 2 Decoin in fetal and adult skin. Bteaglycans a&tracted
from fetal and adult human skin ere electophoesed on a
5-17.5% linear adient SDS-pglaclylamide @l and vere elee
trotransemed onto Iptting membane One set of samplesas un
as intact molecules (-) and the other set of sampkes tweted
with chondoitinase ABC ) prior to electophoesis. A second
treament with diondoitinase ABC vas perbrmed bllowing elee
trotranser onto lotting membane in oder to ceae epitopes br
antibod/ 2B6. Pestained high and ‘o molecular veight stan
dards from Bio-Rad lboratories were used as moleculareight
standads (see belo)



this antibog recaynizes a carbojdrate eitope it de
tects both decar and bigycan in these skinxtéracts.
However, as shwn in Hg. 2, only the decan bands p-
peaed for the ftal and adults sampleshdse bands
have the @pected molecular gights br intact decdn
and decan core potein (Stimidtchen et al. 1990; Ksse
and Stonher 1993; Sbonher et al. 1993). In adition,
the identity of these bandsaw also estdished though
the use of anti-decor core piotein-specitc antibodies
(Yamayata et al. 1987; Bianco et al. 199Gskker et al.
1995). Although not visile in Hg. 2, extremel faint
bands locted a positions &pected ér biglycan could be
discened diectly on the lot. The pesence of bigican
was conirmed on other \sten biots using antibodies
specifc for this coe potein (Bianco et al. 1990;isher
et al. 1995). As befe, bands detectedylthe coe pio-
tein-speciic antibodies were faint and thex was no dis
cemible difference in the elaive amounts of bigican
between &tal and adult skinxtracts. Fetal and adult skin
proteglycan etracts contained substantialdifferent
relaive amounts of decior. Thus, etal and adult skin
proteqgglycan &tracts containedersican and decor as
their piincipal dhondoitin/dematan suléte poteqly-
cans. hese tw proteqlycans @peaed in elaively dif-
ferent piopottion in fetal and adult skinxracts.

Adult decoin proteaylycan migated on the SDSej
with an gpaent molecular wight of just under 10RDa
(Fig. 2), which dosely coresponds to theeported siz
of this molecule (Kesse and 3@nher 1993). In con
trast, etal decaon protegylycan migated moe slavly
(Fig. 2), indicaive of a higher molecular eight for this
molecular species.he siz difference betwen these tw
proteajlycans apeas to lesult flom longer glycosami
noglycan dains being tached to the étal decoin core
protein, since the cer poteins br the ktal and adult
molecules, as skvn in Hg. 2, were of gproximately the
same sie. Adult skin also difered from fetal skin in tha
it contained another pteqgylycan species, kich, follow-
ing chonditinase ABC teament, migated with an p-
parent molecular wight of dout 17kDa. This molecule
was also identiéd (not shwn) by antibodies spedif for
decoin core pmotein. The fully glycosylaed \ersion of
this molecule not shavn in Hg. 2, migates on these
gels as a pedispese band with a moleculareight cen
tering aound 45kDa. This 45-kDa mteral was detect
ed on @ls stained dectly with toluidine bue. It was
electotransemred to the ptting membane but it was
leached flom the surice of this fidrophobic lotting
membane duing the imnunodetection mcedue —
hence its ppaent &sence in kg. 2. Additional studies
are in piogress in this lboratory to moe fully character
ize this potealycan speciesefaed to or dawed from
decoin.
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12C5 2B1
0.25M 1.0M 0.25M 1.0M
-+ o+ -+ o+
=
66 kDa —> == =
-
-
'|l
|

Fig. 3 A 66-kDa potein in fetal skin atracts. Moleculesxdract
ed from fetal skin vere chromaographed wer a DEAE-Sphacel
anion echang column. Molecules thaluted with 0.25V1 NacCl
and those Wich eluted with 1.0V NaCl were treaed with don
droitinase ABC ¢) or remained untgaed (). All samples are
electophoesed on a 5-17.5% linearaglient SDS-polaciyla-
mide el. Following electotransér onto lotting membane the
samples wre immunoracted with tw different anti-ersican an
tibodies, 12C5 and 2B1.hE two center lanesafrows) contain
prestained molecular @ight standats. The viside standadls ae
118kDa, 107kDa, 80kDa, 47kDa, 37kDa, 27kDa, and 1%Da

molecule with bondoitinase ABC pior to anaysis by
SDS-RAGE did not alter its 66-kDa moleculareight
(Fig. 3). These esults indicte thd it is not a tlondoit-
in/dematan suléte pioteaylycan. This 66-kDa molecule
also gpeaed in tracts of adult skin intzout the same
propottion as did ersican. Another antiefsican anti
body, 2B1, fiiled to detect this molecular speciesieT
locaion of the 2B1 pitope in the ersican coe piotein
has et to be detenined hut it is possike tha it resides
in the C-teminal region (Isayai et al. 1996), wich could
explain the &sence of immnoractvity with the 66-
kDa band

The aility to produce a high mpottion of versican
appeas to be an inre darmcteistic of fetal demal
cells. This was demonstted by compaing the sie pio-
files of suleted poteaylycans poduced ly fetal and
adult demal cells in monolger cultue. For illustrative
pumposes, cell Iger poteglycans poduced ly fetal
cells fom two donos, d 57 EGA and da 132 EGA,
were compaged with those mrduced ly papillary and e-
ticular demal cells fom the same piece of 3@&grold
adult skin. Adilitional fetal and adult samples\eabeen
studied with esults similar to thoseeported hee. All
four sets of cells are gown to 80—-90% of comifience
and metholically labelled with P5S]SQ, for 5h so tha

Fetal skin &tracts also contain another moleculetthanly newnly synthesied poteglycans vould be ana

was detected yb anti-versican monolonal antibog
12C5. This molecule bound gakly to an anion xchang
column and equired 0.25M NacCl for its elution, viich

lyzed Following puification by CsCl density tadient
centifugation, the sie pofiles of the sulited pioteqly-
cans fom the cell Iger fractions vere compaed ty gel

was a lover concenttion than tha required to elute filtration chromaography on a Sphawose CL-2B col

proteqgylycans fom the column. Also, éament of this

umn. Potealycans fom the medium fctions, obtained
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Fig. 4 Compaison of potec 10000
glycans poduced ly cultured
fetal and adult demal cells.
Protegylycans poduced  cul
tured demal cells vere meta
bolically labelled br 5h with
[35S]SQ, and were then gtract
ed from the cell Iger potions
of these cultugs br anayses
by gel filtration chromaogra-
phy on a Sphaiose CL-2B col
umn. Intact potea@lycans 0
(-e—) and tiondoitinase ABC
treaded poteqlycans {o-)
were compaed for fetal dy

57 EGA and &tal dy 132EGA
demal cells anddr adult pg-
illary and eticular demal cells
obtained fom the same piece
of 36-year skin. Tie wid vol-
ume of the column, Y is indk
caed The total wlume of the
column is indicéed by the ma
jor peak of adioactvity for the
chondwoitinase ABC teaed
sample=

—{ 60000 6000

132 day
7500 | 36000
— 40000 4000

5000 24000

20000 2000 12000

2500

ppPm [>3s}-s0, —*

ppM [*%s}-s0, O

(Wl

8000 6000 — Reticular

-1 21000

—_—O—

6000 4000

14000
4000

S-S0,

2000

5

-1 7000

3

2000

ppm [s}-s0, —*

DPM [

e
R
S S

10 20 30 40

Volume in ml Volume in mi

by ethanol pecipitaion and ion gchang crromaogra- ase ABC (kg. 4). This was indicaéed ty the shift of su
phy, were also studied (not sivm). The medium fac fated lebel from the intuded to the total dume (V).
tions contained @proximately one-thid of the incopo- The emaining poteqylycans ag piobably hepamn sui
rated labelled suléte. However, the eldive amounts of fate potealycans thaare produced lp cultured human
small to lage piotegylycan were the same as slva for demal cells. No #empt was made to fuher daracter
the cell lger fraction. Shonher et al. (1993) compad ize these lder molecules.
the pression of decam in medium factions of donor
matched human denal paillary and eticular cell popu
lations similar to those used in this syjudds in this Immunohisto©iemical distibution of versican
study, they found tha decoim expression in the mediumin fetal skin
fraction of monolgercultured cells vas signifcantly
higher in the demal paillary cells than in the doner The distibution of \ersican, or illustrative puposes,
maiched demal reticular cells. In conést, thg found no was compagd for two time points — edy fetal skin pior
significant diference in the xpression of bigican be to the brmaion of hair bllicles (dg 76 EGA) and étal
tween donomached paillary and eticular cells. skin with hair bllicles (dy 127 EGA). Although not
The two sets of étal potegylycans shwed diferent shawn, studies wre also pedrmed on mmeous other
elution pofiles than those obtainearfthe adult mole fetal samplesangng in age from dg 55 EGA to dy
cules (Fg. 4). Nealy half of the ldelled ftal maeral, 145EGA and on adult skin sampleshd distibution of
49% for the dg 57 sample and 44%oif the dg 132 versican in sections ofefal scalp skin as deteamined
sample eluted with a k less than 0.5. In corast, ony using two different monotonal antibodies, both of
17% of the ppillary and 38% of theaticular poteayly- which produced eqwialent esults. Etal tunk skin was
cans eluted with a K less than 0.5. flese dta indicded also studied; ther were no signifcant diferences fom
tha fetal demal cells in cultue produce a signifantly those desdbed for scalp skin. In edy fetal skin, dg
higher popottion of laige potealycans than does either76 EGA, \versican gpeaed thoughout the enti demis,
populdion of adult cells. Fuhemore, the two adult but the intensity of immnostain diminishedbauptly a
populdions of demal cells also mduced diferent po- the \ascular plane thademacated the denis from the
portions of lage and small mteqlycans, adaure tha undetying myogenic tissue (. 5). Hair follicles and
indicates tha adult demal cells consist of ptsiological- glands hae not yet gopeaed 4 this stge of skin deel-
ly distinct populéions of cells. Dot-ot anayses of col opment. he distibution of \ersican within skin bangd
umn fractions indicted tha the populdon of lage with fetal deelopment. By dg 127 EGA, wersican @-
protegylycans containsersican and thathe populéion peaed with high intensity in the upper half of the der
of small poteqlycans contains dedar (dada not mis, kut the intensity dypped pecipitousy in the demal
shovn). Most of the sulted piotealycans, 90% or region locded belav the lesel of the lulge region of hair
greder, were suscptible to treament with diondoitin- follicles (Fg. 6a). Havever, the hulge region, which con



Fig. 5 Versican in dg 76 EGA fetal skin. \érsican, as detected/b
antibody 12C5, apeas thoughout the dtal demis. The intensity
of immunoractvity diminishes aruptly at the \ascular plgus
tha separtes the denis from the unddying myogenic tissue
x12C
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tains the deeloping seaceous gland (Akpma et al.
1995), vas surounded ly a mesernttyme tha contained
higher amounts of ersican than did the neartdemal
mairix (Fig. 6b). \ersican @peaed in the denal sheths
surrounding hair 6llicles and in the deral paillae of
these bllicles (Hg. 6a).

Glycosaminglycan-specit monodonal antibodies

Monodonal antibodies thadentify ndive epitopes, tha
is, those pitopes locted within the intdor of intact
chonditin sulfate glycosaminglycan tains (Anur
and Geigr 1984; YWmaata et al. 1987; Soell et al.
1990), ecaynized gitopes pesent in ersican atracted
from fetal skin, it not in decan obtained fom the
same tissueThis was demonsgéted on Vsten blots fol-
lowing the separtion of intact \ersican and decor ex-
tracted fom human étal skin ly electophosesis on com

Fig. 6a, b Versican in dg 127 EGA gtal skin.a Versican, as de
tected ly antibody 12C5, a@peas in the upper half of the dais.

The intensity of immnoreactvity diminishes aruptly at the level

of the hulge region, which contains the deloping séaceous
gland §). Versican ppeas in the demal sheths and in the demal

papillae of the hair dllicles. x150.b Versican, identied by anti

body 12C5, apeas moe intensel in the demal region immeds

ately surounding the blge region than it does in the nearller

mis. The dereloping sbaceous gland is theilye most distal fom

the gidemis (s). x35C
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Decorin Versican 6C3 7D4

B

Fig. 7 Composite garose/poyactylamide @l electopholesis of
fetal skin potealycans Intact poteqlycans &tracted fom da
80 and dg 127 EGA ttal skin vere electophoesed on a com
posite @arose/poyactylamide @l and elecutransered onto
blotting membane Lanes containing the gd27 EGA potealy-
cans vere immunostained with antibgdLF-122 for decom core
protein and antibog 12C5 br versican coe piotein. Lanes con
taining both étal poteagylycan samples &re immunostained with

dence 6r immunoractvity of any of these antibodies
with either decdn or biglycan, both of Wich are knavn
to be pesent in these samples.

These anti-sondoitin sulfate monotnal antibodies
recaynized antign in humandtal skin; havever, the dif
ferent antibodies mduced diferent pofiles. Antibod/
6C3, like the mondonal antibodies to ersican coe
protein (Hg. 5), detected antan thoughout the enty
ealy fetal demis (Fg. 8a). In contast, antibog 7D4
detected antign ony in the upper half of the deiis
(Fig. 8b). These esults indicte tha versican in diferent
regions of humandtal skin mg have different condioi-
tin sulfate glycosaminglycan stuctures.

Discussion

anti-chonditin sulfate monotonal antibodies 6C3, 7D4, and 43

posite garose/poyaciylamide gls (Caney et al. 1986).
Two sets of étal skin potealycans, fom dgy 80 and
day 127 EGA donos, were anayzed using mondonal
antibodies 6C3, 7D4, and 4C3igF7). Antibodies tha
recaynize versican and decor core piotein were used to
identify the migation positions of these twproteayly-
cans in this system. Haof the anti-bondoitin sulfate
monodonal antibodies acaynized poteaylycans tha
migrated identica}y with versican. here was no &i-

Fig. 8a, b Proteglycans detectedypbmonodonal antibodies 6C3
and 7D4 in dg 76 EGA Fetal Skin.a Antibody 6C3 detects
protealycans thaare distibuted thoughout the ente demis and

in the subdeamal tissue b Antibody 7D4 detects mteaylycans
tha appear in the upper half of the des and in the subderal

tissue The subdenal vascular plgis (v) demacaes the denis

from the unddying myogenic tissuex10(

Versican is a lage, hyaluronan-binding chondioitin suk
fate proteaylycan tha eppeas in a wide wariety of non-
cattilaginous connectie tissues, ilading skin (Zim
memann and Ruoslahti 1989; Zimmeann et al. 1994).
Although a mimber of functions hee been asdred to
this potealycan (Kusius et al. 1987; Zimmerann and
Ruoslahti 1989; &magata et al. 1993), little is asey
known aout hav it functions in skin. Consequewntlob-
taining information regarding the distibution and deel-
opmental egulation of this potegylycan in human skin
should povide basic inbrmation tha could then be used
to help to deduce its function in thisgan. Mud of the
curent informaion regarding \ersican in deeloping
skin comes fom studies ofadent skin vere an imnu-
nohistotiemical stugl of developing mouse skiner
vealed thaversican is esticted specitally to sites of
epithelial/mesenisymal inteactions, sule as aound hair
follicles and glands (du 6s et al. 1995). Hauchi et al.
(1986), using metalic labelling of fetal and neonal




rat skin in ogan cultue, identiied dematan suléte pio-
teaglycan (decan) as the pncipal lebelled potealy-
can species. fle studies of ersican in human skin del-
opment eported hee piovide a diferent viev of protec
glycans in skin deslopment than those mentiondubee
for rodents.

In this stug, versican ppeaed thoughout the entir
demis of ealy fetal skin, indicéing tha, unlike in de
veloping odent skin, it is pmaiily an intestitial protec
glycan. The biodhemical d&, which assged imnuno
logically for protegglycan, indicéed tha the dondoitin
sulfate pioteqlycan, \ersican, in elaion to the dema
tan suléte poteqgglycan, decdn, was the major mtec
glycan species in humaetal skin. Potealycans in &
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region of versican and & 60 kDa, GHAP is aproxi-
mately the same si as the molecule iderigfl in skin
(Perides et al. 1989). Ftiremore, the GHAP molecule
with an isoelecic point of 4.3-4.4, shouldike the 66-
kDa moleculebind weakl to an anionxchang column
(Perides et al. 1989). fAus, both GHAP and the 66-kDa
molecule might be dgadaion products of ersican (F-
rides et al. 1993). Alteetively, the 66-kDa molecule
might be a nely identified splicing \arant of human
versican in vhich the two chondoitin sulfate-binding
domains a& missing (Za& et al. 1995). Ftiner work
will be required to moe precisey identify this molecular
species and to edl#sh its signifcance in &tal skin.
Another diference betwen &tal and adult skin is the

tal and adult skin he not been quani#d as has beenpresence of a smalhonditin/demaan suléte piotec

reported elswher (Scott et al. 1996). kever, these
daa ae signifcant in tha versican, decan, and bigy-
can vere eab expressed adifferent lesels in etal and

glycan tha has a ca piotein of dout 17-kDa and thas
recaynized ly anti-decoin antibodies. e intact ersion
of this molecule miggtes on SDS-RGE as a pgldis-

adult skin. hese esults ae consistent with those of aperse species with a moleculareight centezd d 45-

previous stug of human étal skin in vhich acidic gy-
cosaminglycans, upon raction and angbis from 3-
month ftal skin, vere found to contain pmarly hyal-
uronan and lsondoitin sulfate, with only a tace of der
maan suléte (Breen et al. 1970). In thegment stug no
significant diferences in thealaive levels of \ersican to
decoin were noted atwo different fetal ajes, dg 80
and 120EGA. However, subtle bangs in the immno
histodhemical distibution of versican occued betveen
these time points. By the mietal peiod, i.e, da
120-140EGA, intesstitial versican disppeaed from the
lower half of the demis, although, as in neot@ mouse
skin, versican in these deeregions ppeaed aound hair
follicles and vas especiajl prominent in the denal pa
pilla regions of thesedllicles and in pevascular con
nectve tissue of the lger Hood wessels. Signitant
changes in the distbution of versican occured betveen
fetal and adult pards. In adult skin, the dishution of
versican becomesven moe restictive, as it nev ap-
peas pominenty with elastic fbers in the deper e
gions of the denis (Zimmemann et al. 1994; Bastein

kDa. In other studies, small ageaan suléte pioteqly-
cans with coe pioteins angng in siz2 from 14-21kDa
have been identiéd in human denal scar tissue (Samn
et al. 1988; Gay et al. 1990) and in neota calf skin
(Matsunaga and Shinkai 1986). Unkkdecoin, this ma
terial does not bind é&éctively to a tydrophobic suppdr
such as Immobilon-P (DCA. Carino, JM. Sorrell, A.l
Caplan, unpubshed work); consequenyl it has been
dismissed in some studies as beirgefgycosamingly-
can tains (Scott et al. 1996).h€ results eported hee
indicate tha this maderial is @tached to a spedif core
protein. Sub a tuncded coe piotein might be gnegt-
ed by metallopoteoltic digestion of intact decar. Ma-
trix metallopoteases hae been identiéd tha are cpa
ble of generting suh a caabolic species (Nakano and
Scott 1988; Imai et al. 1997).h& signifcance of this
small potegylycan species is undain and is cuently
under ivestiggtion in this ldoratory.

The function of ersican in &tal skin emains ob
scuke. It has been posed thiits pimary function in
skin development is to help med&intecellular signal

et al. 1995). Our imemohistotiemical studies of adulting tha occus in eithelial/meseniaymal inteactions,

skin, not eported hee, conirm these obsgeations.
Additional evidence br developmental bhanges be

tween the étal and adult péd occured in two popula

tions of small poteaglycans or potealycan-elaed

sud as those assoté with deelopment of hairdlli-

cles and in the contired eguldion of ¢yclic process of
hair gowth (du Cos et al. 1995). In adult skingsican
interacts speci€tally with the micofibrillar constituents

molecules. Spedifally, fetal skin contained a 66-kDaof elastic tbers (Benstein et al. 1995; Bode-Lesniska
molecular species thavas undempresented in adult et al. 1996). In@ases in the content of elasticteral,

skin, and adult skin contained a 17-kDaecpiotein of a
proteqglycan tha was undemepresented indtal skin. he
66-kDa potein, due to itsecaynition by anti-versican
monodonal antibog 12C5, is elaed to \ersican (F-
rides et al. 1993). fis antibog recanizes an pitope
locaed in the galuronan binding egion of versican. he
skin prootein dosely resemies a 60-kDa ymluronan-
binding molecule xracted fom human kain and viite
matter called glial galuronan-binding potein or GHAP
(Perides et al. 1989; Asher et al. 1991heTGHAP gy-
coprotein has an amino acid sequencet tisavirtually
identical to the N-taminally locaed tyaluronan-binding

sudh as occuws with solar elastosis, alsesults in iR
creased dgosition of \ersican (Benstein et al. 1995).
The pesent d&a do not efute the afrementioned
functional typothesesalaed to \ersican in either dtal
or adult skin. Havever, they raise the aditional possibi
ity that in fetal skin a major function ofevsican is to iR
teract with tyaluronan and theby stabilize this deelop-
mentalyy important glcosaminglycan. The \ersican
core piotein contains, near its N-tamal region, a glob
ular domain theenales it to bind speci€ally to hyal-
uronan (Zimmemann and Ruoslahti 1989; LeBar et
al. 1992), nuch like the vell characteized inteaction of



54

the catilage poteqglycan agrecan with Ilyaluronan
(Camey and Muir 1988; Heingard and Oldbey 1993).
Sud intelactions betwen \ersican fom skin and hal-
uronan hae been documented gnds with poteqly-
cans fom catilaginous tissues, this intection is sthi-
lized by link protein (Binette et al. 1994). Ajpegates
consisting of poteglycan and faluronan ae retained
within tissue moe efectively than ae the indvidual
components, and thesggaegates stucture and etain
water in the tissue (Cagy and Muir 1988; Heingad
and Oldbeg 1993). hese ersican/lyaluronan agre-
gates my then modulte cellular adhesion, migtion,
and poliferation, which are functions thethave been as
cribed to both of these molecules &tdl tissugin heal
ing skin wounds, and in stmal compaments in iva-

cans. In aelaed stug, it was demonséted tha when
matched sets of demal fibroblasts were cultued, papil-

lary demal cells poduced moe decoin than did their
reticular countgraits (Stonher et al. 1993). Intarst

ingly, the synthetic géems exemplified by the diferent

populdions of demal cells tosely reflect the in wo sit-

uation. For example in fetal skin the lage chondpoitin

sulfate poteqlycan \ersican pedominaes. Thus, these
studies indicte the dversity tha chamacteizes demal fi-

broblasts and also help us to eludigléhe functional sig
nificance of poteqlycans in skin.

Anti-chondoitin sulfate monoéonal antibodies tha
detect pitopes in nave dondoitin sulfate glycosami
noglycan tains (Anur and Geigr 1984; Saell et al.
1990; Yamayata et al. 1987)acqgnized \ersican, it not

sive tumos (Goetin& 1991; Yo et al. 1991; Ellis anddecoin, tha had beenxracted fom human étal skin.

Schor 1995; Ellis et al. 1997; Naret al. 1997). In ati-
tion, thee is &idence thaversican mg retain tyaluro-
nan in tissue tlmugh complg interactions with ifbronec
tin and type | collgen (Yamayata et al. 1986).

The amophous m#ix that domindes the étal ogan
contains lgaluronan as a major constituent (Halbk et
al. 1993; Agen et al. 1997). Hluronan, lilke versican,
appeas thioughout the ety fetal demis, and again like
versican, gadualy disgppeas from the deper egions of
the demis, although the time cosg of this tansition
may occur slighty before tha for versican (Agen et al.
1997). The co-pesence and co-digtution of \ersican
and tyaluronan in &tal demis sugest tha these tw
molecules mg have interelaed functions.

The small denaan suléte potegylycan decadn is,
in relaion to versican, moe éundant in adult than iref
tal skin (Bianco et al. 1990; Ksse and $@nher 1993).
This ma/ have stuctural signiicance br adult skin since
one of the functions of dedaris to bind to, or decate,
type | collagen fbrils, and thegby prevent these stic-
tures flom associing to form thidk collagen hundles
(Vogel et al. 1984; Kaesse and $®nher 1993). This
role in regulaing collagen fibrillogenesis is msumaly

Consequenyl the imnunohistotiemical staining péem
produced |y these antibodies irefal skin should be sim
ilar to thd for antibodies spedd for the \ersican coe
protein. Monodonal antibog 6C3 and a losely relaed
antibod/, CS-56, both, lik antibodies to ersican coe
protein, ecaynized antign thioughout the enté& demal
region of eaty fetal skin. Havever, antibog 7D4 and its
closely relaed antibog 4C3 poduced a substantigll
different imnmunohistobiemical staining pggem. These
antibodies ecanized antign tha was conihed to the
upper egion of skin. Thus, these da emphasig tha
caution nust be used in intpreting esults based upon
the use of these carbgirate-speciic monodonal antt
bodies. It also implies thahe dondoitin sulfate gly-
cosaminglycan dains of ersican fom different e
gions of ftal skin mg have different carbolidrate mk
crochemisties tha result in the diferential recaynition
by these antibodies.

The daa reported in this stug must be vigved with
some caution in thgprotealycans &tracted fom fetal
skin were etracted essentigll from whole-bod skin,
whereas potealycans used in this studvere etracted
exclusively from adult beast skin. Tie cellular and>e

not signifcant in fetal skin, since this tissue containgacellular m&ix composition of skin mavary at differ

spase amounts ofilfrillar collagen (Holbook et al.
1993). Havever, in adult skin, the situn is diferent.
The lover, or reticular region of the adult demis is
chamacterized ly an intelacing netvork of thick collagen
fiber undles thado not @pear in the uppemor pail-
lary, region (Stenn 1983). Aalaively low amount of
decoin in the eticular demis mg, in pat, account ér
the pesence of thic collagen hundles.

ent angomic sites, although in a @ious imnmunohiste
chemical stug of adult skin, no signi¢ant diferences in
chondwoitin sulfate pioteaylycans vere obseved in sam
ples fom different anéomic sites fom the same indid-
ual (Wllen et al. 1991). &ctoss, sut as tironic sun &-
posue, affect the composition of ptegglycans in skin
(Bemstein et al. 1995). Consequentsamples dr this
study were talen from a single artamic site in oder to

Resident ibroblasts detanine the composition andminimize sud effects. Bken taether the esults eport-

organizdion of their surounding &tracellular méices.
This is paticularly evident in tha fetal skin and the pa
illary and eticular egions of adult skin all dispiare-
markably different histolgic chamcteistics tha in pat
result fom the poduction of lyaluronan and sudted
protegglycans. In this stug it was demonséted tha,
when etal ibroblasts and also adulibfoblasts fom dif-
ferent regions of the same piece of skireanaintained in
vitro, they produce signitantly different popottions of
large and small lsondoitin/dematan suléte pioteayly-

ed in this stug indicée thd there ae substantial ftang

es in the composition and disttion of wersican be

tween etal and adult skin. flese bangs corespond to
reported danges in the content and digtution of hyal-

uronan (Been et al. 1970; Agn et al. 1997), hich sug

gests thaa major function dr versican in humanéial

skin is to inteact with this impatant glycosamingly-

can.
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