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Retinoic acid and thyroid hormone are important regu-
lators of epidermal growth, differentiation, and homieost-
asis. Retinoic acid is extensively used in the rreatment of
many epidermal disorders ranging from wrinkles to skin
cancers. Retinoic acid and thyroid hormone directly con-
trol the transcription of differentiation-specific genes
including keratins. Their eflect is mediated through nuc-
learreceptors RAR and T3R. We have previously identified
the response element in the K14 gene, K14RARE/TRE, to
which these receptors bind, and found that it consists of a
cluster of five half-sites with variable spacing and orienta-
tion. To determine whether this specific structure is found
in other keratin genes, we have mapped and analyzed the
RARE/TRE elements in three additional epidermal ker-
atin genes: K5, K6, and Ki7. We used three different
approaches to identify these elements: co-transfection of

hyroid hormone (T3), steroids. and active metabolices
of viamins A and D3 belong w0 a lrge group of
factors that contribute to verrebrate developnient and
homeostasis. They serve as biologic signals that control
cell growth and differvnriation. These honmones and
vitamins mediate their effects through nuclear receprors, ranseriprion
factors that directly regulate gene transeripnon. Nuclear receprors have
several functions. They bind specific ligand, they recogmze and bind
DDNA sequences in the targer genes, and they either stnulate or inhibit
expression of particular genes (Mangeldorf er al. 1993). The specific
DNA sequences are called response elements (RE). Nawrally occuming
L Es conain hexamer sites homologous to the consensus patindrome
AGGTCA, designated as 3 “core site” or “half=site™ (Umiesono o o,
1991; Perlman o1 al. 1993). Spacing and orientadon between the half-
sites determines the specificity of particular nuclear receptor binding
(Umesono et af, 1991: Naar e of. 1991). Although not completely
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promoter deletion constructs, gel-shift assays, and site-
specific mutagenesis. We localized the RARE/TRE
clements relatively close to the TATA box in all three pro-
moters. All three RARE/TRE elements have a similar
structural organization: they consist of clusters of 3-6 half-
sites with variable spacing and orientation. This means that
the clustered structure of the RARE/TRE:s is a commeon
characteristic for keratin genes. RARE and TRE in the K5
prontoter are adjacent to each other whereas in the K17
promoter they overlap. All three keratin REs bind spe-,
cifically both RAR and T3R in gel-shift assays. Interef
tingly, addition of ligand to the receptor changes the
binding pattern of the T3IR from homodimer to monomer,
reflecting the change in regulation from induction to
inhibition. Key words: clustered half-sites/epidermis/negative
regulation/promorers. J Invest Dermatol 109:566-572, 1997

understood, the known fimction of the RE is to provide binding of
the nuclear receptors to the promorer they regulate.

Epidermis is a major target tssue for hormene/vitamin regulation.
Retmoic acid (RA) maintains the balance of epithelial differencadon
{Damon and  Biumenberg, 1993). Hypervitaminosis A inhibit
keratinization, causes hyperplasia, and blocks terminal keratinocyte
differennation. Hypovituninosis A, conversely, does the opposite: it
causes epidermal hyperkeratinization and keratinization of nonker-
atimaing cpitheha (Fuchs and Green, 1981; Rosenthal of af, 1992;
Fisher er al, 1995). Although less studied. T3 also affects epidermal
differenttation. Alerations of T3 levels cause changes in comification
and lipogenesis (Rosenberg er ul, 1986; Isseroff er ul, 1989). Almost
all patients (91%) with hypothyroidism have epidermal changes
{Blumenberg, 19496},

Nuclear receprors thar are expressed m epidermis include steroid
receprors, vitamin 133 recepror, RA and T3 receprors {Ponec, 1987:
ilkai ¢r o, 1988; Zelent er al. 1989; Blumenberg, 1996). We have wsed
kerann genes to study the effects of RA/T3 on gene regulation in the
epidermis. Keratns, the intermediate filament proteins of epithelial
cells, are precisely controlled in various physiologic and pathologic
stages of epidermis. Basal keratinocytes express keratins K5 and K14,
As they undergo differentiadon K5/K14 expression is shut down and
the KH/K10 keratin pair is induced. During inflammation keratinocyres
express K17, whereas during proliferanive processes such as wound
healing, when keraninocytes become acrivated, the Ké and K16 keraun
pair is expressed (Blumenberg, 1996},

Previous studies, trom our hbomtory and others. have shown that
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RA direetly suppresses keratin gene expression ar the transeriptional
level. measuring both mRINA and promoter acavity (Tomic «f al,
t990; Stelmach ef al, 1991). On the other hand, immunotiverescence
studies of R A-treated skin have shown either no change or an increase
of keraon protein levels (Rosenthal er af, 1992; Eichner of al, 1992).
Rewulanon of keratin pene expression, however, is very complex and
depends on inputs of multiple signalling pathways. For example, we
have shown that growth factors and cytokines specifically induce
subsers of keratin genes (Jiang ef al, 1993, 1994). More importantly,
the regulation of keratin genes by nuclear receprors is codominant
with the regulation by growth factors and cyrokines (Tomic-Canic
a1 al, 19961). Therefore, the suppression of keragin gene expression by
RA has the important function of maintining the balance with other
tactors that induce keratin gene expression.

We have shown that expression of keratin genes is regulated by RA
and T3 receprors in i novel and specific manner: keratin genes are
constitutively activated by unhganded T3R bur they are inhibited by
ligand-occupied T3R or RAR (Tomic ef af, 1990}, Regularion occurs
through direct binding of the T3 and RA receprors to the REs in the
keratin promoters (Tomic-Canic o al, 19960}, In addition, we have
identified the RARE/TRE in K14 keratin gene, and found that it has
a specitic organization. It consists of a cluster of five half-sites in
variable orientation and spacing (Tomic-Canic of al. 1992).

There are several questions that have arisen from thar study, such
as: Are all keratin RARE/TRE stucturally the same? Are cheir
sequences homologous to cach other? 1o they all bind the receprors
in a similar manner? In this paper, we used three ditterent approaches to
answer these questions: co-transfection of promoter deletion constructs,
gel-shift assays, and site-specific mutagenesis. We deseribe the identi-
fication of three new RARE/TRE. those in the K3, K6, and K17
Keratin genes. The RARE/TRE elements in keratin genes share the
same structural organization: they cansist of 2 cluster of several half-
sites with varable spacing and onentation. Although their structure 15
similar, the sequences of the RARE/TRE m keratin genes are not
homologous. In gel-shift experiments all identified RARE/TIRE bind
specifically to purified T3 and RA receprors, Furthenmore, addition
of T3 decreases the homodimer binding and increases the monamer
binding of the T3R. Site-specitic mutagenesis of RARE/TRE in the
K3 and K17 promoters contirms that the identitied response elements
are funcrional, because mutant promoters in which the RARE/TRE
clements were altered were not regulated by RA and T3 receptors,
Taken rogether, these results identify and characterize a new group of
niuve negatve response clements that are responsible for specific
®-uulanon of gene expression in epidermis.

MATERIALS AND METHODS

Plasmids, their growth and purification  Plasinids pKSCAT, pKoCAT, and
pKI17CAT, which contain the promoters of the K3. K6, and K17 keratin genes.
in rront of the chloramphenicol acetyl transterase (CAT) gene and pRSVZ, which
vontains the RSV promoter dnving the gene for B-galaciosidase, have been
previously deseribed {Ohtsuki 1, 1992; Bernerd et al, 1993 Jiang o1 al. 1994),
To mutagenize RARE/TRE in the K3 and K17 promoters we used a previously
desenbed method (Tomic-Canic er al, 1996c). We used standard conditions for
polymerase chain reaction aml cloning procedures previously described (Tomic-
Canic et al. 1996¢), Primers used in polymerase chamn reactions are as follows:

1 Tor K3 promaoter:

KAWTF 53 GGG TCTAGAGGATCCCCGGGTTCCTAAC (Xba i
KAWTR 3" GGGAACGCTICTTGTTCOCTGGTGGAG (Hind 11T,
K3MIL2F 3" GGGGGTACCGGGCGGTTTTTTTTITGUUCACTTAAT-
CATCAT (Kpn 1);

KM 53" GGLGGTACCACCCGCCCUCTUGAGACCTGCACAG

Kpn I}

KaM2H 3 GLCGUTACCTGAGCTCACCOGGTCACACCTGCACAGT-
GGTGGG Kpn 1);

KAM3F 3 GOGCTCCAGGGLCGUGTCAGCTGUCCCCUAGGUA-
TGUCCA (Xho )

K3M3F 3" GGGCTOCGAGACACCTGUACAGTGOGTGTGGGGTGCAAA
(Xha B

2 For K17 promaoter:

K1ITWTE 3 GGGCTGCAGCAACCCATTTCCCUACUA (P X
KITWTR 37 ¢ AGCTTCATGGTGGCGGOGGC (Hind 1Y

KITMIF 3" GGGETAGTTICTAGAGCCCAGGGGAATGGAAA (Spe B,
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KIZTMIR 3" GGGACTCTTGGUCACCTGCCAGUTCC (Spe 1).

All motants were designed to have 3 unique restriction site (indicated 1n
parentheses) to be used for diagnostic purposes. To ereate K5-M4 we used K3-
MI & a template and a pre-existing Pstl site positoned at =475 bp from ATG
and deleted the DNA between this Pstl site and an engineered Kpn [ site of
K5-M1. Therefore, K3-M4 contains an incernal deletion in the background of
K3-M1. Positive clones were diagnosed by specific restriction enzyme digesaon
and, subsequently, by sequencing. The plasmids expressing human RAR @ and
RARY nuclear receptors (pSV-RAR® and pSV-RARY) were yifts from Dr. P.
Chambon and the plasmids expressing ¢« T3IRa (pSV-cT3Ra) and GH-TRE
were gifis from Dr. H. Samuoels. Plasmids were grown in JMI0) Escherichin coli
host to saturation densiey 11 Luria Broth (LB) medivm. DNA was extracted
and purified using the Maxi Prep Kit rom Promega {Madison, W1).

Cell culture Hela cells were paintined i Dulbecco-moditied Eagle's
muedivm supplemented wich 10% calf serum ac 37°C in a 3% CO; ammosphers
m media containing penicillin and smrepromyein as described (Tomic er ol
1990). The day before ransfecton cells were plated onto 60-mm dishes.

Nonnal human foreskin epidennal keradnocytes were a generous gift trom
Dr. M. Simon. The cultares were initated vsing 3T3 feeder layers as desvribed
{Randolph and Simon, 1994) and then trozen in liquid N> until used, Once
thawed, the keratinocytes were yrown withoue feeder cells in defined serum-
free keratinoryre medinm supplemented with epidermal growth factor and
bovine pitvitary extract {GIHCO BRL, Gaithersburgz, MD). Cells were expanded
through rwo 1:4 passagss belore transfection.

Transfection using CayfPO,);  We have gencrally followed published
procedures for manstecting Hela cells that were ae 80% confluence {(Chen and
Okayasna, 1987). Four bours before transtection the medium was changed to
PMEM supplemented with 108 calf serumn depleted of RA and T3 as desenbed
{Tenue er b, 1991, At the aine of wanstection 3 e of the keratin-CAT
construct. | pg of the nuclear receptor expression vector plasmid, | pyg pRSVZ
reference plavmd. and a sutfierent amount of camicr to bring the total to (0
Hy of DNA were added inwo cach dish, The cells were harvested 48 h after
transfection by scraping mto 3 ml of phosphate-butfered saline (PBS), washed
once maore in PBS, and resuspended i 150 pl of 0.25 M Tris butfer pH 7.8.
CAT and f-gabactosidase assays were perionmed as described (Tomue o af. 1990;
Jiang et al, 1991). All eranstecnons are performed in duplicate plates. and each
iransfection expeniment was repeated two to five times.

Transfection using polybrene with DMSO shock  We used this method
to mnsiect primary keratinocytes at 901008 confluency, as previously
described {Jiang ef ol 1941). Each transtection conwined 10 gy per dish of
keratn-CAT  constructs, 3 Hg of the nuclear recepror expression vector
plsmid, and 3 pg per dish of RSVZ. The cells were then incubated with
or withour 107% M RA (107 M stock in DMSQ) or 107 T3 00 M
stock in 0.1 N NaOH). Both all-trans-RA and T3 were purchased from
Sigma (St Louss, MO). Fortv-cight hours after wansfection cells were
wished twice with PBS and harvested by scraping as deseribed above. The
cell disruption by repeated  freeze-thaw cveles, as well as QAT and
B-galactosidase assays. has also been described (Jiamg er ol 1991). ANl CAT
velues were normalized for transfection efficiency by calculating the ratio of
CAT activity to P-galactosidase in cach transfected plate. Each transfecdon
experiment was separately performed in duplicate plates, three or more times.

Purification of hRAR® and cTIRa recepior E. wol-exprossed hRARa
and ¢TIR& were purificd as previously deseribed (Forman of al, 1992).
Bricfly, an ovemight culture of the bacteria containing the receptor expression
vector was grown in LIS containing 250 My ampicillin per ml and 30 pg
chlommphenicol per ml. Two milliliters of the overnight culture was
mnsterred nte 200 ml LB conrining 230 pg ampicillin per mi and 30 py
chloramphenicol per ml and incubated at 37°C with shaking at 230 pm
until O 600 of 1.0, The celh were then induced with | mM
icpopylthiogalactovide (IPTG) for 30 min afrer which rifampicin was added
te a final concentranon of 530 pg per mi and colurs were grown for an
additional hour. The coll were then chilled an ice and centrituged at 3000
X ¢ dor 1t min. The pellet was washed onee with FBS and frozen in
GTETD=0 contaming 153% glyeerol, 25 mM Trs-HCL 0.05% Triton X-
Wioe A0 mM EDTA, | M PMSE, and 400 M KCL The cells were
thawed on ice and the lysed bacrerial suspemvion was somcated to shear the
DNA, and centrifuged for 13 min av 17000 X ¢ to renuove bacterial debns.
Nucleie acid was preciptated with 112% polvethyleninine and remaoved by
centnifugation for 15 wun at 17000 X g Further purificaion was achieved
by onmonium sulphate precipitation beoween 0 and 35% saturation, The
anmonium sulphate pellee was reswspended w0 GTETD-200 ame
GTEDT-HM1 except the KCL i 20 mM) and apphied te a hepamn-azarow
columin, The colanis was wshed with GTETI.22% tvontamme 225 mM
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KO and recepror was ured i GTETD-373 ontming 275 md KOs
The velume was redueed woan Amcon- 100 meroconcentmazor. The gquabity
of the punticd Teceptor wa evilwated by the sandard protein el

clectrophoresis,

Gel-shift assays  Oligonucleotides were wortheuzed on 3 Gene Aveanblor
Plus Synthesizer (Phanmacia). The cogquences of oligonucleotides containiag
GGG 3 overbamgg are as follows:

K>-RFE 5 GGOGTGACCGGTGAGUTCACALL TOGUUCOCUCAGH-
CATGUCA;

K6-RE 3 GUGTGCAAGCTCACCTTCCAGOGACTAGGGCCAGCCCA-
TGCT;

K17-ILE 5 GGOTGOGGAGCTGGUAGGTGGCCAGTGOTOGATGAAAGC -
COAGGGG;

K14-RE 3 GGGTAGCCTGTGUTGATGAAAGUCAAGGGGAAAGGAA
TRE-pal 3’ GGGAGGTCATGACCT:

K3-Site A {used as NS) 3" GGGCCACTTAATCATCATCAGLUTC.

Double stranded oligonucleotides comesponding to the keratin-RE and TRE
palindrome were labeled with Jo=-HPACTE, using the Klenow Fill In Kit
(Boeirringer, Mannheim, Gemmany). Thiry thousand cpm of the resulting
probe was mixed with 2.5 fmel of punficd receptar proteins and incubated
fist for 3 min at room temperatere and then for 1 min at +4%C The
incubation was carried our in 4 30 P volunie in 25 mM Tris, pH 7.8: 5640 pM
EDTA: 88 mM KCE 10 mM 2-B-mcreaproethanol: U1 gg of apratinin: 1.1
ug of poly{dldC): 1032 Triten X-100 {vol/voll: 1P glycerol (volsvol).
Samphes were loaded on 4% polyacrlamide gel and <eparated by electrophoresis
(20-25 mA) & +4°C jor 2 h with a butfer comaining 10 mM Tris, 7.5 mM
acedic-acid, and 40 pM EDYTA pH 7.8, Gels were dricd and analysed by
autotadiography.

Conpenition experiments were perforned a3 fbllows: a LK molar exces of
the competitor DNA wa. incubated with protem at soom temperature for
15 nun prior o addidon of the radivactively labeled 1INA probe. Binding
reacoons were further meubated at room wmperature for 15 nan and then 3t
+47C tor an additional 10 min,

RESULTS

Identification of the RARE/TRE in the K5 promoter Weuseda
series of deletion constructs of the K3 promoter to identify 4 segment of
the promoter responsible for reguladon by RA and T3, In addidon o
the full size promoter (903 by, three deletion constructs 740 by, 304) bp,
and 300 bp in length were cotransivered mto primary buman ker-
atinovytes with hRAR Y and cTIR 0 verton. Keratinocytes are simntied
epithelial cells that express K3, K6_and K17 in vive. Keratinocyte phy<a-
ology is strongly affected by both RA and T3, and they expross bath
receptors in vire. We used hRRARY in these experiments because i is
predominantly expressed in keratinocywes. A GH-CAT consurucr was
used as positive control represcntinga native RARE/ TR E thatis induced
by both hiRAR o and ¢ T30 receprors in the presence of their ligands,
The cells were incubated in the presence or absence of their respective
ligands. Results are presented in Fig 1. All deletorn construcs, including
the simallest one (300 bp), were regulated as che wild-type K3 promoter
(K3-WT): they were whibited by hRARY m the presence of RA and
by «T3R in the presence of T3. In addiven, RA or T3 alone had a
small effeet on both the K5 promoter and a positive contral, due 1w the
endogenous receptors. Their effect wias enhanced by co-mansfection of
the receptors. Therefore the RARE/TIE element is focated in the 300~
bp segiment of the K3 promoter. We have repeated the same experiment
in Hel.a eells {(data not shown). We found similar resules in Hela eelis,
e., ll constructs were normally regulated, they were inhibited by both
hRARa and ¢T3Ra receprors in the presence ot their ligands, con-
firming the location of the RARE/TRE wichin the 304-bp sequence.
We looked for sequences that are homologous to the TRE half-
site, AGGTCA, similar to the previously identified KI4RARE/TRE,
within the 300-bp segiment of the K5 promoter, the region between
=2200 and =183 that has high homelogy to the consensus half=site
and is similar o the K14 RARE/TRE (see Fig 9 and Tomic-Canic
e af, 1992). In this case, the identified region has a cluster ot six half-
sites wich variable spacing and orientuion.

Identification of the RARE/TRE in the K6 promoter Using a
similar approach. westing delerion constructs of the promoter, combined
with sequence analysis, we identificd the RARE/TRE in the Ko
promoter. Two deletion constructs, 158 bp and 114 bp, in additon to

AR TR

RCLATIVE CAT ACTIITY

CONO ADDITIVES THRARY +RA E3cTIA: +T3 IDAA OO

Figure 1. Regulation of the K5 deletion constructs by RA and T3
receptors in keratinocytes. The K3 deletion constructs were co-tramfected
alomg with constructs expresing hRARY or cT3R@ into nommal buman
epidermal keratinocytes. Effects of ligands aone {without co-transection of the
receprors) were tested with KSWT and GH-TRE canstructs. Cellh were
harvested 48 Tt afier transiccuion and CAT and B-galaczosidase acuvioes were
determined. The basic activisy of each CAT construce 1y designared a0 |
Numbers on the left of the positive control plasmid represent relative CAl
acuvities of K3 deletion constructs, and those on the rght GH-TRE. Emr bans,
mean = 81,

RELATIVE CAT ACTVITY

CNOADDITIVES TIRRARY +RA TeT3Ra +T3

Figare 2. Regulution of the Ké promaoter deletion constructs in
keratinocytes. The K6 deletion consrucns were co-tramfected along with
consitucts expressing hRLARY or cT3RE mmto nomual human  epidenmal
keratinocytes in the presence or absence of RA and T3, respecovely. The bas.
unregubited activity of cach CAT construct s designated as 1 o show regutation
by RA and T3 (leii). Reguladon of the posiuve control plassmd, GH-TRE. i
shown on dhe right. Emor bars, mean = SD.

the full size K6 promoter. were tested in primary keratnnocytes. Results
are preseniced in Fig 2. Interestingly. the 114-bp deletion construct
was not regulaced by hRARY or ¢ T3R receprors in the presence of
their ligands, whereas the 138-bp deletion construct was regulated as
the WT promoter. These resules localized the RARE/TRE berween
=158 and —114 bp of the Ké promoter. Sequence analysis ot this region
idendified a cluster of four sites homologous to the TIRE halisites.
thus identitving the RARE/TRE in the K6 promoter (see Fig 9). n
this case, two of the half=sites overlap.

Identification of the RARE/TRE in the Ki7 promoter  Becawe
the idenrified RARE/TRE elemenss in K14, K3, and K6 keratin
genes are very similar in their structure, contining a chuster of halt-
sites. we proceeded to identify the RARE/TRE in the KI7 gene
directly from the promoter sequence. Detnled analysis of the sequence
revealed a region located ar =180 1o -158, which has a cluster of three
halt=sites. This region has seriking similarity in structure and sequence
to K14, K3, and K6 RARE/TRE elemems (see Fig 9). and theretore
we hypothesized that it 1s the KITRARE/TRE. This hypotheus was
confirmed in subsequent experiments (see below).
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COMPETITOR — KEKI4KITTRENS =~ KEKI4MITTRERS  — Ki7 K5 K14 TRE N3

{eTIRa) ; —>

cTHRA —>

PROBE KSRE KERE K17TRE

Figure 3. Purified ¢T3IRa specifically binds to the keratin RE.
Agroradiograms of the gel-shift assays wih K3RE. K6RE, and K17RE are
prevented. RE from keratin gene promaters were used as radivactively labeled
probes and mixed with puntied ¢(T3Ro eiher alone {firis kmes) or m the
presence of [X-molar excess of nonlabeled compentor DNA. Competitor
INA used in cach expenment are indicated on the 1op. DNA-proten
complexes were resolved on nondenatuning polyaceylamide gel, —=», binding of
the recoptor monomer, indicated as ¢T3RoL and revepror homodimer
{cTAR s The bower unlabeled bands onginate from the banding o recepror
degradation produces. NS, nonspecitic DNA.

COMPETITOR = M6 KI4KITIREHE — XSMI4X17TRENS = WAT K5 #i4 TRE WS

(hRARDL) 5 ~—

K17RE

PROBE KSRE KSRE

Figure 4. Puorified hRARO specifically binds to the keratin REs.
Autoradiograms of the gel-shift assavs with KSRE, K6RE, and KITRE e
prowented. The RE were used as radioactively libeled probes and mixed with
putitied hRAR a vither alone (first lanes} or 1o the presence of H-molar exces
of nonlabeled competitor DNA. The compenitor DNA used in each experiment
arc idicated on the top, The DNA-prowin complexes were resolved on

rondenatuning polyacrylamide pel. —, binding of the recepror homodimer
‘hip ARQ);. NS, nonspecific DNA.
;Y

(a)
RA - +
hRARQL

— M‘ N

’“ w| |,

KSRE

-+
+ +

PROBE K6RE K17RE
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— T e —— ———
AGGTGTOACCGGTGAGCTCACAGCTECCCCCCAGGCA LTI

KS-WT

K5-M1 EUdeAdgcFraeaIBGTACCAGELORTITTIN LI T,
Ks-M2 [ ccasarsaTITITITY
K5-M3 CidaAodspeacsT]

FELATIVE CAT ACTMTY

WE-M1 KB iS-MI
TINQ ADOITIVES EhRARY «RA

Figure 6. [dentification of the KARARE by site-specific mutagencsis.
The sequence of the K3-WT 1 shown on the top and the sequences of the
maenn are shown below, The mutied nucleondes are enclosed in the grey
haxes, The resslts trom co-transtections of K3M L K3M2, and K53MJ along
with hRARY into the keratinoevees are prosented on che left by Back hars. The
regulation of the posiave conrol, GH-TRE. is shown on the nght.

All identified keratin RARE/TRE clements bind RAR and
TIR RARE/TRE clemens from K5, K6, and K17 promaters were
used as probes i gel-shift assays with punificd hRARa and ¢ T3Ra.
Each of the three probes. K5 RE, K6 RE. and K17 RE, forms two
complexes (noted with arnes) with the ¢T3R G, idenafied as menomers
and homodimers (Fig 3). To deterinine whether the binding is specific,
we wsed 100 molar exvess of unlabeled RART/TRE elements of K3.
Ki4, and KI7. the pertece TRE palindrome and 3 nonspecific DNA
K3-SitcA. which is 2 binding site for another trunseription factor bur
not the nuclear receptor (Ohtsuki er af, 1992). ¢ TIR binds specifically
to all three elements, because the binding s efficiently compered by
excess of specttic compentors but it is not affecred by excess of
nonspecific compentors (NS) (Fig 3), Therefore. we conclude that
the idenntied TREs m the K3. K6, and K17 promoters specifically
bind purified cTIRQ recepror.

hRAR@ predominantly binds as a homodimer (amud to the K5,
K¢, and K17 RARE/TRE elements (Fig 4), which is similar to whar

(b)

T3 - + - + - 4+

cT3RQ + + + + + +
— | b
—

-
"
PROBE K5RE KGRE K17RE

Figure 5. The effects of ligands on the binding of the receptors to the keratin RE. Aurotadiograns of (e gel-sht avsass wirth Jll chree kerann RE
probes and purified receptors in the abwences and presence of ther rapeetve ligands are presented. (a0 The brding pattern of the hICARCE to Lecann IRE does nior
sigmbicantly change m the presence of RA; (0) the binding parern of cT3R@ 0 keratm RES wgnificandy changes i the prosence of T3
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K5-WT AGGFGTGACCGGTGAGcTCACAGGTGGCCCCCAGGCA?GGCCA

BCGGGIGTACCCRECBOTTT Ty

572229,
kM4 CHEAAREE

RELATIVE CAT ACTIWITY

Figure 7. Identification of the KSTRE by site-specific mutagenesis,
Internal deletion of the half-site responsible for ¢(TIRG regulation 15 indicated
by a tangle. Results from co-mansfections of all four K53 promoter mutants
along with ¢13Ret into the keratinocvees are presented on the leit by black
bars. The positive control. GH-TRE, is shown on the right.
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Figure ¥. Identification of the KIFRARE/TRE by site-specific
muitagenesis. The sequence of the KI7-WT 15 shown on the top and the
sequence of the mutant is shown befow, The mutated nucleotides are enclosed in
gy boxes. The bar graphs represent co-transfeciion expeniments in keratinocyres.

Regulavon of the KITWT and K17M1 by RAR or T3R in the presence of

their respecve ligands are shown on the left. Romlation of the posinve
caontroi. GH-TRE, is shown on the right.

we found with K14RARE/TRE (Tonne-Canic ¢f ¢f, 1996a). Binding
is specific because it is competed with the specific but not with che
nomspecific DNA competitors (NS) (Fig 4). We conclude that the
identified RAREs in K5, K6, and KI7 promoters specifically bind
purified hRAR@ as well.

Nexr, we analyzed the effects of ligand in our gel-shift experiments,
We found that addition of RA causes a small change in mobiliry,
which occurs due o a conformarional change of the receptor (Fig Sa).
Imporandy, however, the addivon of T3 essendally changed the
binding of the ¢T3Ra to the DNA (Fig 58). We found . significant
increase of monomer binding and a decrease of homodimer binding
due o addition of the ligand (Fig 5#). This means thar che additon
of the hormone promotes the binding of the receptor monomer at the
expense ol the homodimer. Similar results were found with KI4RARE/
TRE {Tomic-Canic er al, 1996a).

w\o\?«\‘-(ar QM“\J’M*\)\”"F

N

[T LR

RA T3
K5-WT ! [} AGGTOTGACCGRTGAGLTEACAGETGCTCECCAGGEA TEECEA
KSM1 o ] A GIBEaE0TOR TACCOGQUERI T T TT.
K5-M2 } ol [GBTACTE R GeTTTTTIMITTT: S
KEMI e | EicARaGehgaaaT R.{
KoM o o AT "
Ke-WT i l O TEACCTICCABRACTAGETEE,
®5-D158 l l -m‘-:sa
Ke-D114 4 400 114
Kiewr L] GG TOGCCACTEETRAYEARA
KITM o RETRGTTETAGS

Figure 9. Characterization of the RARE/TREs in keratin genes. The
summary of the tesults is presented, The onentations of the gmous indicate the
type of regulation. Grey boxes indicate the mtroduced mutations in the promoters,;
triggles with numbers indicate the positions of the deletions.

Site-specitic mutagenesis of the K5 and K17 RARE/TRE
promoters To charactenze the RARE/TRE sites in kemon pro-
moters, we performed site-specific mutagenesis of the K3 and Kg7
promoters. We choose K3 as representative of the basic keratins and
K17 as representative of the acidic keratins. The complete sequence
of the fve half=sites (40 bp) in the K3 prometer was changed. which
resulted in muane K5-M1 (Fig 6). Mutne K3-M1 is not regulated
by hRARY in the presence of RA (Fig 6}, thus confirming that =220
to —183 contains 3 functonal RARE. To determine which of thew
five half-sites are responsible for RA regulation, we have created two
addiional mutants of K3 the promoter: K3-M2, in which the three
disral half=sites are altered, and K5-M3, in which the two proxinul
half-sites arc altered (Fig 6). Interestingly. K3-M2 was not regulated
by RARY in the presence of RA, whereas K5-M3 was (Fig 6). Similar
results are obtained in Hela cells with the hRAR@ receptor {data not
shown). This means chat within the identified RARE/TRE cluster of
K3 promoter, the region responsible for RA regulation 15 located in
the first three half=sites, between =220 and =206 bp.

To determine whether che same elements are responsible for T3
regulation, we co-transtecred all K3 murants wich the ¢ T3R @ into ker-
atinocytes. Interestngly, K3-M1, K5-M2, and K3-M3 were normally
regulated by ¢ T3R @ in the presence of T3, This suggested the possibiliry
that the only halt=site lett unaleered in K3-M1 is the one responsible for
the T3 regulation. To test this hypothesis we created an internal deletion
of thar site. resulting in construct K3-M4 (Fig 7). Indeed. K3-M3
construct was not regulated by TIR G in the presence of T3 (Fig 7). This
means thar in K3SRAWE/TRE sites. RARE and TRE can be separated.

Using a similar approach we have mutagenized Ki7TRARE/TRE.
We altered the sequence of the middle inverted repear (Fig 8). which
resulted in the construct K17-M1. In co-transfection expeniments the
K17-M1 construct was no longer regulated by hRAR« or hRARY
receprors in the presence of RA in either of the cell types we tested.
Hela and keratinocytes (Fig 8 and data not shown, respectively).
Theretore, we have localized a functional RARE in the K17 promuoter
to the region berween =170 and —138 bp.

We abso tested K17-M1 for regulation by T3. Interestingly, K17-
M1 was not regulated by the ¢T3R@ receptor in the presence of
T3 (see Fig 8). Because the same mutation in the K17 RARE/TRE
promoter abolished regulation by both receptors. we tested this mutated
K17 promoter for regulation by IFNY. K17-M1 was normally induced
by [FNY (dara not shown), as previously shown for the K17-WT
promoter (Jiang er al. 1994). This means that the introduced mutinon
did not alter the general response to all stimuli of the Ki7 promoter.
bue specifically the ones responsible for RA and T3 regulation. We;
find it very interesting that in the Ki7 promoter RARE and TR
co-localize whereas in the K3 promater they are separaced.
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DISCUSSION

n this paper we have identified and characterized the response elements

‘or RA and T3 recepron in three different human epidermal keraun
wnes K3, K6, and K17 (Fig 9). This group of response elements,
ogether with previously described RARE/TRE in keratin K14
sromoter, has several unique charactenistics: (i) it is the first group of
ndve. neganvely regulated RARE/TREs identified in the same gene
asmily: (i) all four RARE/TRE elements bind specifically hoth RAR
md T3 (1) the clements are organized in clusters of 3—0 hali-sites
that vary i orentation and spacing: (iv) these clustered elenents can
convey regukation by at least rwo different nuclear receplors, RAR
and T3R.

Localizagion of all tour RARE/TREs (K53, K6, K14, and K17) s in
close proximity of the TATA box in each promorer (within 250 bp),
valike in other genes where the response elements can be localized as
tar as 6—7 kb trom the TATA box {Kato ef af, 1995; Bulens er al, 1993).
The close localizanon of the response clements to the TATA box
keratin genes may reflect the specificity of the mechanism by which
nuclear receptors regulate keratin genes.

Although all four keratin RARE/TREs are alike. their sequences
are not homologous. It is not possible to create any “consensus”
kerain RE. In all four kerann RARETREs an mwerted repeat is
tound, sometimes even overlapping as is the case in K5 and K6,
In additton, a direct reprat separated by various numbers of
nucleorides can be foumd 0 cach of the four elemwents. This
clustered organizacon of the half=sites within the clements provides
several possible combinations of binding sites, which allows many
different nuclear receptors ro regulate through these clements. In
the K3 promoter the sites are adjacent, in K17 they overlap,
whereas in K14 they also overlap but can be distinguished by
ditferent mwtatons (Fig 9). Therefore. although very sumilar in
strucniee,  each response element has a specific seguence  and
confignradion, possibly reflecting the strict regulatory pattern of
every keraun gene.

Because of the combinatorial capabilities of the keratin RARE/
FREs, it s very difficult to determine the importance of the spacing
between the half—sites. There are two rypes of elements identified
o vanous promoters: one that follows the 1-3 rule, and s 2
“perfect” direct repeac tor a specific receptor, and the second thae
has spacings thar vary from 7 to 15 bp, or even more (Kato or al.
1993). interestingly, there are promoters that have combinations of
o or more sites thay belong to both types and contribute equally
tw #he regulation by a1 given nuclear recepror (Liv o o, 1994;
Pikarsky et ol 1994; Sozuki er ol 1994 Bulens er ol 1993). A
RARE has been reported in the bovine Kob promoter, where 1t
v a part of a composite enhancer that includes APL and AP2 sites
(Navaro o of, 1993). Human kerain RARE/TREs do not have
such combinagons of two distant RE or  composite  structure.
Insezad, they are clustered in the same region.

Results from pel-shift experimenes with T3R binding reveal a
sgmtficant decrease of the homodimer binding and, at the same
ume, Jan increase of the monomer binding due to the addidon of
the hormone to the recepror. Importantly, the binding ol the RAR
1 not smilarly affected by addition of the ligand. These resulis
vorrlate well  with  the  previowsly  deseribed  ones  involving
K14RARE/TRE. We have shown previously, using different mutants
of TR, that regulation of K5, K14, and K17 genes by unliganded
T3R does not require hererodimenizadon with RXR  receptors
(Tooue-Canic er af, 1996a). [nteresangly, similar results were recently
found in two different negative TREs (Hollenberg of al 1995
Tovoda e al, 1993). Taken wgether, these findings suggest that this
novel mechanism of negative regulauon of kerann genes by T3R
tuncuons in other svstems as well.
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