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Transcription Regulatory Elements of the First Intron
Control Human Transglutaminase Type | Gene
Expression in Epidermal Keratinocytes
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Abstract Expression of the transglutaminase typel gene (TGM1), which encodes an epithelial cell-specific
protein cross-linking enzyme, is limited to particular stages of epidermal development and keratinocyte differentiation.
As a result, transglutaminase type 1 (TGasel) enzyme activity in epidermal cells increases with the onset of
keratinization in vivo and in vitro. We determined, by functional mapping of deletion mutations in the TGM1 5’
untranslated region, that an element in first intron of the human TGM1 gene, in addition to the 5’ proximal promoter,
initiates transcription and upregulates transcriptional activity. These two transcription control elements function
interdependently to regulate the expression of the human TGM1 gene in keratinocytes. We also identified distinct
regulatory elements that cooperatively modify the 5’ proximal and intron 1 promoter activities in response to
environmental variations in retinoic acid and calcium ion concentrations. In conclusion, we report that TGM1
differential gene expression is controlled by two distinct elements, proximal and intronic, which function cooperatively
to initiate and modulate TGM1 gene transcription in response to regulatory signals. We propose that in nonexpressing
cells these regulatory signals repress a default mechanism that operates in their absence. The specificity of their function
is integrated into the default mechanism and consists of the tissue-, developmental-, and differentiation-specific interplay

of 5" URR and intron 1 elements tuned to physiological status. J. Cell. Biochem. 73:355-369, 1999.
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Transglutaminases catalyze post-transla-
tional modification of proteins, forming e-(y-
glutamyl) lysine isopeptide cross-links between
precursor proteins and polyamines, creating
insoluble polymerized structures with diverse
biological functions [Polakowska and Gold-
smith, 1991; Lorand and Conrad, 1984; Folk,
1996; Aeschlimann and Paulsson, 1994; Green-
berg et al., 1991]. TGases have been identified
in all organisms studied, from bacteria to mam-
mals [Aeschlimann and Paulsson, 1994; Rice et
al., 1992]. Despite their similar catalytic activi-
ties and homologous primary structures, the
growing number of known TGases can be distin-
guished on the basis of biological function, sub-
strate specificity, immunoreactivity, gene orga-
nization and regulation [Reichert et al., 1993;
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Greenberg et al., 1991; Parenteau et al., 1986],
and tissue distribution.

Transglutaminase type | (TGasel), or kera-
tinocyte transglutaminase (TGase K), protein
cross-linking plays a major role in the assembly
of the insoluble cornified cell envelope, a hall-
mark of terminally differentiated keratinocytes
that contributes to the structural stability and
barrier function of the epidermis [Polakowska
and Goldsmith, 1991; Roop, 1995; Hohl, 1990].
Defects in the transglutaminase type 1 (TGM1)
gene interfere with normal cornified cell enve-
lope formation resulting in the severe skin dis-
order lamellar ichthyosis (LI) [Huber et al.,
1995]. Homozygous TGM1-/- knockout mice are
born with an abnormal epidermis symptomatic
of the human disease, and die soon after birth
[Matsuki et al., 1998]. Ectopic expression of
TGML1 in primary lamellar ichthyosis keratino-
cytes restored some features of the normal phe-
notype, providing a basis for gene therapy in
treatment of this and other skin disorders [Cho-
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ate and Khavari, 1997]. Genetic heterogeneity
has been revealed through analysis of families
with L1, and at least five TGM1 mutations have
been identified in association with this disease
[Hennies et al., 1998]. Further, heterogeneity
in the TGase family has been identified with
the recent isolation of the TGx cDNA, the fourth
form of transglutaminase expressed in keratin-
ocytes [Aeschlimann et al., 1998].

Progression of epidermal maturation from
basal cells to dead cells of the stratum corneum
is accompanied by differential expression of the
TGases [Kim et al., 1994; Polakowska et al.,
1994; Eckert et al., 1997b; Thacher and Rice,
1985]. Undifferentiated basal cells in the native
epidermis and basal-like keratinocytes cul-
tured in low Ca?" medium express predomi-
nantly the ubiquitous tissue transglutaminase,
or TGase2, which functions in the formation of
apoptotic bodies [Haake and Polakowska, 1993;
Fesus et al., 1991] and in cellular signaling
[Nakaoka et al., 1994]. The TGasel enzyme
comprises by far the majority of TGase protein
in differentiating cells, and is limited to the
spinous and granular layers of stratifying epi-
thelium in vivo and to keratinocytes induced to
differentiate in vitro. The TGase3 enzyme ap-
pears even later in differentiation, restricted to
keratinocytes of the upper granular layer and
to inner root sheath cells of hair follicles [Lee et
al., 1996]; the gene is also transcriptionally
active in cultured keratinocytes [Lee et al.,
1996; Kim et al., 1994]. These three TGases
also have distinct patterns of expression during
fetal skin development [Polakowska et al.,
1994], suggesting the need for tight regulation
and coordinated expression for proper keratino-
cyte growth and differentiation.

The precise molecular mechanisms that con-
trol expression of these three TGase genes dur-
ing keratinocyte differentiation are still poorly
understood. Steady-state TGM1 mRNA levels
increase with the advance of terminal differen-
tiation [Floyd and Jetten, 1989; Gibson et al.,
1996; Dlugosz and Yuspa, 1994]. Retinoic acid
(RA) suppresses both keratinocyte terminal dif-
ferentiation [Fisher and Voorhees, 1996; Fuchs,
1990] and TGM1 mRNA expression in vitro
[Yamadaetal., 1994; Vollberg et al., 1992; Saun-
ders et al., 1993]. In vivo, however, RA induces
expression of the TGM1 gene [Griffiths et al.,
1992] implying more complicated regulatory
mechanisms distinguished by differences in the

in vivo and in vitro growth conditions. Impor-
tantly, the coregulation of TGM1 gene expres-
sion and keratinocyte differentiation suggests
that the mechanisms underlying TGM1 gene
expression may pertain to the regulation of
terminal differentiation generally.

To elucidate the molecular mechanisms in-
volved in this regulation, we isolated and char-
acterized genomic clones encoding TGML1 [Pola-
kowska et al., 1992]. In the present study we
analyzed in greater detail the K3 subclone con-
taining the 5’ untranslated region (5" UTR) of
the human TGM1 gene, consisting of untran-
scribed sequences upstream of the untrans-
lated exon I, exon | and the first intron. In
similar studies which involved functional map-
ping of the rabbit TGML1 gene, a sequence ele-
ment required for TGM1 core promoter activity
was identified within 84 bp of the transcription
initiation site [Saunders et al., 1993]. Mapping
of the human TGM1 upstream regulatory re-
gion (URR) in rat cells identified a core pro-
moter within 95 nucleotides of the CAP tran-
scription initiation site [Ueda et al., 1996]. The
human TGM1 region of 2,200 bp proximal to
the CAP site was essentially inactive in human
SCC-9 or SIK keratinocyte cell lines compared
to rat cells [Mariniello et al., 1995], indicating
that the promoter upstream of the transcrip-
tion start site is either insufficient or sup-
pressed in those cells. Both the rabbit and hu-
man TGM1 URR are responsive to TPA and RA
[Yamada et al., 1994; Saunders et al., 1993],
and human TGM1 promoter activity is also
modulated by overexpression of Jun and Fos
proteins of the AP1 family [Yamada et al., 1994].

We show that the TGM1 gene expression is
upregulated by elements within intron 1 and
demonstrate that transcription of the human
TGML1 gene is controlled by the cooperative
function of intronic and proximal control ele-
ments, which include the previously described
proximal promoter located upstream of exon 1
and a promoter within the first intron, intro-
duced in this study. The two promoters are
regulated by RA- and Ca?"-responsive ele-
ments within separate regulatory regions, and
overall gene activity is controlled in a tissue-,
developmental-, and differentiation-specific
manner by the interplay of their respective
regulatory sequences.
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MATERIALS AND METHODS
Cell Culture

The HaCaT cell line of spontaneously immor-
talized human keratinocytes was obtained from
Drs. N. Fusenig and D. Breitkreutz and cul-
tured as recommended [Boukamp et al., 1988].
Neonatal Human Keratinocyte (NHK) cultures
were initiated in Keratinocyte Growth Medium
(KGM) (Clonetics, San Diego, CA) from epider-
mal cell suspensions obtained by trypsin disso-
ciation of dispase-separated epidermis. Keratin-
ocytes were initially cultured in low calcium
KGM (0.1 mM Ca?*) and passaged at approxi-
mately 80% confluence. First or second passage
cells were induced to differentiate by switching
to high calcium KGM (1.2 mM Ca?*). Fibro-
blasts were initiated in RPMI+10% fetal calf
serum after collagenase digestion of isolated
dermis.

Constructs with Deletion Mutations

Deletion mutations were introduced by link-
ing various portions of the TGM1 5’-flanking
region (-929 to +822) to the CAT reporter gene
in the promoterless pBLCAT3 [Luckow and
Schutz, 1987] or pCAT-basic (Promega, Madi-
son, WI) vectors. The 194 bp Nlalll DNA frag-
ment (+628 to +822) of the TGM1 5’ upstream
region, immediately upstream of the AUG
codon, was ligated into the Sphl site of the
promoterless vectors to construct the p194 chi-
meric plasmid. The pH and pB plasmids were
constructed by insertion of the Hindlll and
BamHI DNA fragments into compatible sites in
the parent vectors, respectively. The pl194H
plasmid was constructed by digestion of the
p194 plasmid with Hindl 11 and insertion of the
TGM1 HindlIl fragment. This plasmid served
as the base for constructing the pK3 plasmid
which consisted of the entire sequence 5’ of
exon Il of the genomic EMBL-K clone isolated
previously [Polakowska et al., 1992]. The dele-
tion mutated construct p194HA was constructed
by removal of the TGM1 Pstl fragment from
p194H parent plasmid.

The p3.0(+)int, or intron plus, construct con-
tains the full length regulatory region includ-
ing intron 1 (a 3.0 kb Sacl/Naelll genomic DNA
fragment proximal to the first AUG codon of the
TGM1 gene which includes 2170 bp 5" up-
stream of the CAP site, 94 bp of exon | and 737
bp of the TGML1 first intron), while the p3.0(-)int,

or intronless, construct does not contain the
intron 1 sequences nor 27 nucleotides at the 3’
end of exon | up to the Sca | restriction site.
Both intron plus and intronless DNA fragments
were inserted into the pSPCAT vector in which
the 5° T7 RNA polymerase promoter was re-
moved.

Liposome-Mediated Transfection

Plasmid DNA was introduced into keratino-
cytes and fibroblasts by lipid-mediated transfec-
tion. Liposomes were prepared according to Rose
et al. [1991] with 5 mg/ml of the cationic lipid
dimethyldioctadecylammonium bromide (DDAB),
and 1 mg/ml of the neutral lipid dioleoyl-L-«-
phosphatidylethanolamine (PtdEtn). Keratino-
cytes and fibroblasts grown in 60 mm culture
dishes were treated at 50-70% confluence with
a transfection mixture of 1.5 ml Dulbecco’s modi-
fied Eagle medium (DMEM),12 ug of reporter
plasmid DNA supplemented with a standard
amount of a B-galactosidase expression vector,
and 45 pl of the lipid mix. After 4h the dishes
were supplemented with an equal volume of
KGM, or RPMI 1640 with 4% serum, for an
additional 2h, followed by replacement of the
media with KGM or RPMI1/2% serum with or
without high (1.2 mM) Ca?* and RA (10-¢ M) for
48h. Cell lysates were analyzed for transcrip-
tional activity by CAT assay and for transfec-
tion efficiency by B-galactosidase assay. Data
from five experiments revealed the same trends;
variation in the magnitude of CAT levels be-
tween experiments undermines the usefulness
of statistical comparison of means. Statistical
analysis of variance indicated with high confi-
dence a difference between all constructs for
NHK and HaCaT cells.

Primer Extension and RT-PCR

A 30 bp oligonucleotide complementary to the
CAT gene mRNA was [y-3?P] ATP phosphory-
lated and hybridized to 5 pg of the poly (A)+
RNA isolated from transiently transfected ker-
atinocytes for 3h at 60°C in 10 mM Tris (pH
8.3), LmM EDTA, 250 mM KCl annealing buffer.
Reverse transcription was performed in 16.7
mM KCI. 13.3 mM MgCl,, 23.3 mM Tris (pH
8.3), 13.3 mM dithiothreitol (DTT), 0.33 mM
dNTP, and 0.133 mg/ml actinomycin D with 200
units of reverse transcriptase. The extension
products were fractionated on a 6% sequencing
gel and autoradiographed.
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For RT-PCR the following primers were used:
intron 1 - #307 5’"CACCCTGCCTCTTCCTAAG
AG3' and #547 5'GGAGCACTCTGATGTGT
GTG3'; exon 1 - #281 5'TCTGTGGGTCCTGTC
CCATCCAZ3’; exon 2 - #159 5'CCCCAACGGCC
CACATCGGAACGTGGCCCATCCATCATGC3;;
pUC19- #104 5’ ACGACGGCCAGTGCCA AGC3;
CAT - #490 5'TTAGCTTCCTTAGCTCC TGA-
AAATCTCGCCS'. The cDNA Cycle kit (Invitro-
gen, La Jolla, CA) was used to reverse tran-
scribe cDNA from total or poly(A) RNA isolated
from neonatal Kkeratinocytes cultured in the
presence of high Ca?* and from neonatal fibro-
blasts for control, followed by amplification of
specific cDNAby PCR. The human B-actin cDNA
was PCR amplified to control for the reverse
transcription reaction.

Gel Retardation Assay

Ten pg of each nuclear protein extracts from
keratinocytes grown in high Ca?* and low Ca?*
medium, prepared according to the procedure
of Dignam et al. [1983] were incubated with the
[®?P]labeled 194 bp Nlalll DNA fragment from
the TGM1 first intron region for 15 min at 30°C
(20 mM HEPES pH7.5, 20% glycerol, 0.2 mM
EDTA, 0.5 mM PMSF, 0.5 mM DTT, 100 mM
KCI) with 2 pg poly(dldC) to decrease nonspe-
cific binding. Protein concentration was estab-
lished by the Bradford method using a BSA
standard curve. DNA-protein complexes were
separated by 4% polyacrylamide gel electropho-
resis and detected by autoradiography.

RNase Protection Assay

The RNase protection assay was performed
using the RPA Il kit (Ambion) according to the
manufacture’s recommendations. Sp6 polymer-
ase was used to synthesize the 194 bp Nlalll
fragment of the TGML1 first intron as the anti-
sense RNA probe. A B-actin RNA probe was also
hybridized serving as a control. Unprotected
RNA was also RNase-digested as a control. The
PCDNAZ1 vector (Promega) containing this frag-
ment was linearized with EcoRI to terminate
synthesis of the RNA. Sequencing reactions
performed on an irrelevant template served as
size standards. Following sequencing polyacryl-
amide gel electrophoresis, protected bands were
detected by autoradiography.

RESULTS

Transcriptional Activity of the TGM1 Gene
is Enhanced by Regulatory Elements
of the First Intron

Human TGasel is an 817 amino acid protein
encoded by a single gene, TGM1, located on
chromosome 14q.11.2 [Yamanishi et al., 1992;
Kim et al., 1992; Polakowska et al., 1991]. The
transcription unit of the gene consists of 15
exons and 14 introns. We show here, as others
have shown [Phillips et al., 1992; Yamanishi et
al., 1992; Kim et al., 1992], that the exon | size
is variable, perhaps reflecting multiple tran-
scription start sites. The +1 CAP site mapping
to the “G” nucleotide 94 bp upstream of the 5’
exon/intron splice site was determined by exten-
sion of the #159 primer complementary to 30
nucleotides at the 5’ end of exon 1l (data not
shown). The transcription start site at the “G”
nucleotide was in agreement with one of the
sites mapped by Yamanishi et al. [1992], and we
propose that it establishes the size of exon I as
94 bp.

To identify the functional cis-acting regula-
tory sequences responsible for differential ex-
pression of the TGM1 gene during skin differen-
tiation and development, 3.0 kb of the 5’ region
upstream of the ATG translation initiation
codon were inserted into promoterless CAT re-
porter vectors. The p3.0(-)int, or intronless re-
porter construct, lacking intron 1 and 27 nucle-
otides at the 3’ end of exon I, expressed low
levels of the CAT reporter gene in transfected
neonatal human keratinoyctes (NHK). Restor-
ing intron 1 in the p3.0(+)int, or intron plus,
construct increased expression of the CAT re-
porter gene 10 times (Fig. 1), a level 134-fold
higher than the promoterless vector, indicating
that the 3.0 kb untranslated sequence of the
TGML1 gene is sufficient to promote reporter
and presumably human TGM1 gene transcrip-
tion and that important transcription regula-
tory elements lie within intron 1. In fibroblasts,
neither intronless nor intron-containing con-
structs directed CAT expression, demonstrat-
ing that the intron 1 enhancing activity is cell
type-specific and that the 5’ URR contains suf-
ficient information for the keratinocyte-specific
expression of the TGM1 gene. We next per-
formed functional mapping of the 5’ end region
of the gene to further detail the molecular
mechanisms that operate to control TGM1 ex-
pression in these cells.
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Fig. 1. CAT activity driven by the intron-plus and intronless
TGML1 5’-untranslated region assessed in undifferentiated neo-
natal human keratinocytes (NHK). Transfected keratinocytes
were harvested 48h post transfection. Upper line shows restric-
tion map of the TGM1 5’-untranslated region starting upstream
of the ATG translation initiation codon; upper case letters
represent restriction enzyme sites: S, Sacl; X, Xhol; B, BamHI; H,
Hindlll; N, Nlalll. Middle open bars represent intronless p3.0
(-)int and intron-plus p3.0(+)int constructs; closed box = exon
I. At bottom is shown representative CAT assay results; a promot-
erless pSPCAT plasmid served as a negative control.

Intron 1 and the 5’ Upstream Regulatory Region
of TGM1 Contain Interdependent
Control Elements

To delineate elements with enhancing activ-
ity, the previously described 1753 bp K3 region
at the 5’ end of the human TGM1 gene (from
+830 to -923) [Polakowska et al., 1992], which
contains 923 bp of flanking region 5’ of the CAP
site, 94bp of exon I, and the 736 bp first intron
(Fig. 2A), was studied in more detail. Neonatal
human keratinocytes (NHK) grown in low Ca?*
(0.1 mM) medium and spontaneously immortal-
ized HaCaT keratinocytes were transfected with
a series of reporter constructs containing K3
deletion mutations (Fig. 2B), and lysates were
anaylzed for CAT activity.

In low Ca?* medium which maintains the
primary cells in a proliferative and undifferen-
tiated state, which is also characteristic of
HaCaT cells, the pK3 construct directed strong
CAT gene expression in NHK and to a lesser
extent in HaCaT cells (Fig. 3). Deletion of the 5’
Xhol/Hindlll DNA fragment (p194H) reduced
the CAT activity in NHK by 80%, identifying
the Xhol/Hindlll or 5’ X/H fragment as a posi-
tive control element. Interestingly, deletion of
this element had little effect on CAT activity in
HaCaT cells, implying that the 5’ X/H element
is inactive in these cells.

The 5’ X/H element present in p3.0(-)int was,
however, insufficient for maximal expression of
the CAT reporter gene (Fig. 1). Maximal expres-
sion was dependent on the presence of both the
5" X/H proximal element and intron 1 of the
TGML1 gene. Deletion most of both, intron 1 and
the 5'X/H elements, but preserving the 5" se-
guences of the proximal core promoter (pB; Fig.
2A,B), reduced the CAT activity by 90% relative
to the intact pK3 in NHK (Fig. 3). In contrast,
pB produced a higher CAT activity than the full
length pK3 in HaCaT (Fig. 3), underlining the
cell type-specificity of TGM1 gene regulation.
The pH deletion construct (Fig. 2B) lacking 194
nucleotides at the 3’'end of intron 1 was nearly
inactive in both HaCaT and normal keratino-
cytes (Fig. 3), suggesting that the 194 nucleo-
tides of intron 1 are important for efficient
TGM1 gene expression. Surprisingly, the 194
bp fragment alone (p194, Fig. 2B) was able to
drive CAT expression (Fig. 3) and at reproduc-
ibly higher levels than p194H which contains
the proximal promoter, particularly in HaCaT
cells (Fig. 3). This identifies the 194 bp region of
intron 1 as a promoter of CAT transcription,
and potentially as a second promoter of TGM1
gene expression in human keratinocytes. It was
of interest next to determine whether this newly
identified intron 1 element is activated in con-
cordance or discordance with the 5’ CAP proxi-
mal promoter, and whether the promoters are
differentially regulated during keratinocyte
growth and differentiation.

Effect of RA and Ca?* on Transcriptional Activity
of the TGM1 Gene

It is well established that calcium ions (Ca?")
and retinoic acid (RA) are positive and negative
effectors, respectively, of both keratinocyte dif-
ferentiation [Fuchs and Green, 1981; Yuspa
and Harris, 1974; Rice and Green, 1979] and
the steady-state level of TGM1 mRNA [Floyd
and Jetten, 1989]. TGM1 gene expression is
regulated at the level of transcription [Yada et
al., 1993; Floyd and Jetten, 1989; Michel et al.,
1989], and if the TGM1 5’ end contains Ca?"
and RA responsive elements, CAT reporter ex-
pression directed by pK3 should be upregulated
by Ca?" and suppressed by RA treatment of
keratinocytes. Lysates from proliferating NHK
(0.1 mM Ca?* medium) transfected with each
construct were assayed for CAT activity and
compared pair-wise to those from differentiat-
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Fig. 2. Deletion mutants of the 5’ upstream regulatory region
of the TGM1 gene with putative regulatory sites. Top: Schematic
of the genomic DNA fragment located upstream of the transla-
tion initiation codon (AUG). This fragment (the K3 subclone)
contains 923 basepairs of the untranscribed region, 94 base-
pairs of exon | that starts at the transcription initiation CAP site
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Fig. 3. CAT assay results from neonatal human keratinocytes
(NHK) and HaCaT cell lysates. Cells were cultured in 0.1 mM
Ca?* (low Ca?*) medium. Values represent percent acetylated
chloramphenicol normalized to one OD,y unit of B-galactosi-
dase activity, relative to the value for NHK transfected with pK3,
designated as 100%. Numbers are the mean values obtained
from three to seven experiments.

ing cells (1.2 mM Ca?") and to those from cells
treated with 1.2 mM Ca?" and 10°¢ M RA.
Contrary to expectations, high Ca2* suppressed
pK3-driven CAT gene expression by 50% (Fig.
4), suggesting that pK3 contains a negative
Ca?* responsive element(s). After deletion of
intron 1 and the 5’ X/B fragment (pB plasmid),
instead of supressing, high Ca2* doubled the
reporter activity. The p1l94H plasmid, lacking

p194 ——

(+1) and 736 basepairs of intron 1; upper case letters represent
restriction enzyme sites: X, Xhol; B, BamHI; H, Hindlll; N,
Nlalll; closed boxes, exon I. Shaded symbols represent overlap-
ping consensus sequences. Bottom: Bars indicate K3 sequences
present in the indicated K3-deletion mutation constructs, in the
promoterless pBLCAT3 vector; closed boxes, exon I.
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Fig. 4. Effect of retinoic acid (RA) and calcium ion (Ca2")
concentrations on K3 fragment-mediated CAT reporter expres-
sion in neonatal human keratinocyte (NHK) lysates 48 h after
transfection. Cells grown in low Ca?* (LoCa) medium (0.1 mM)
to 80% confluence were switched after transfection to medium
supplemented with high (1.2 mM) Ca?* (Hi Ca), or with high
Ca?* and 1078M all trans retinoic acid (RA). Values represent
percent acetylated chloramphenicol normalized to one ODg;o
unit of B-galactosidase activity, relative to the value for NHK
transfected with pK3, designated as 100%. Numbers are the
mean values obtained from three to seven experiments. Positive
(pSV2CAT) and negative (pBLCAT3) are not shown.

the 5’ X/H region, was essentially unresponsive
to high Ca?*. Taken together, these data sug-
gest that a negative Ca?*-response element lies
5’ of the BamHI site in the 5’ X/H region, and a
positive Ca?* response element between the 5’
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X/H BamHI and Hind 111 sites. The increased
CAT activity could also result from removal of a
negative Ca2*-responsive control element within
intron 1 deleted in the pB construct. Sequence
analysis of intron 1 revealed two consensus
motifs, a reverse CAAT box [Connelly and Man-
ley, 1989] and a negative RA response element
(NRARE) (characterized in the rat oxytocin gene
[Lipkin et al., 1992]) overlapping with an Spl
site. Removal of these sequences in the p194HA
construct by deletion of the internal Pstl (+434
to +630) fragment enhanced CAT activity 56%
relative to p194H in differentiating keratino-
cytes and 70% in RA-treated cells (not shown),
suggesting that this region may contain a func-
tionally significant repressor(s).

The presence of RA strongly suppressed pK3-
directed CAT activity in Ca?* treated cells (Fig.
4) in addition to the decrease caused by the
Ca?* treatment. Deletion of the 5’ X/H proximal
element (p194H) reversed the RA-mediated re-
sponse, from suppression to strong activation,
indicating the presence of a powerful negative
RA response element (RARE) in the 5 X/H
region that represses function of most of the
positive transcription elements contributing to
the pK3-directed CAT activity. In contrast, p194-
driven CAT gene expression showed a prodi-
gous RAmediated increase (Fig. 4), demonstrat-
ing that the intronic 194 bp fragment contains
a highly effective positive RARE and can ini-
tiate efficient transcription. The TGM1 intron 1
appears therefore to occupy a regulatory func-
tion rather than acting purely as a generic
enhancer of CAT gene expression.

The Proximal Region and Intron 1 of the Human
TGM1 Gene Contain Two Distinct Promoters;
the Proximal (P1) and Intronic (P2)

The fact that two constructs, pBH and p194,
that have no overlapping TGM1 DNA sequence
each express significant CAT activity in trans-
fected NHK strongly suggests that the TGM1
gene is regulated by two promoters; the previ-
ously described proximal promoter [Mariniello
et al., 1995; Yamada et al., 1994] located near
the CATAA sequence, which resembles a TATA-
like sequence motif, may be designated P1, and
the promoter located within intron 1 as P2.

To eliminate the possibility that p194 acts to
enhance a spurious promoter derived from the
vector sequences, RT-PCR of RNA isolated from
transiently transfected keratinocytes was per-
formed using pairs of primers that would distin-

guish between specific p194 and pK3, or non-
specific pUC19 derived sequences. There was
no product observed following PCR based on
primers #104 pUC19/#490 CAT that produce an
amplified fragment only if transcription is initi-
ated from the pUC19 sequences surrounding
the insertion site. PCR using the #281TGM1/
#490CAT pair of primers (pK3 transcript) or
#307TGM1/#490CAT (p194 transcript) that
would detect only the exogenous TGM1 spliced
and unspliced transcripts produced fragments
of the expected sizes, ruling out the possibility
of spurious initiation of transcription (Fig. 5).
In addition, all deletion mutated DNAs were
subcloned into the plasmid pCATbasic, which
has different sequences surrounding the inser-
tion site. The CAT assay data were similar to
those obtained with the pBLCAT3 reporter vec-
tors (not shown), further supporting the finding
that transcription can be initiated from the
TGML1 intron 1 194 bp fragment as well as from
the proximal promoter located upstream of exon 1.

To further distinguish the 194 bp of intron 1
as a promoter rather than an enhancer ele-
ment, the 194 bp DNA fragment was subcloned
into the pCATbasic vector in the reverse orien-
tation and assayed for CAT activity. Only the
forward 194 bp fragment initiated CAT gene
expression (Fig. 6), indicative of promoter rather
than enhancer function.

If TGM1 gene transcription is determined by
two distinct promoters, and both promoters are
functional, it should be possible to identify a

603 »

194 »
74 b ——

Fig. 5. RT-PCR of RNA isolated from transiently transfected
keratinocytes with p194H (lanes 1,2) and with p194 (lanes 3-5).
The pair of primers used were: intron 1 #547/CAT #490 (lane 1);
pUC19 #104/ #490 (lane 2); intron 1 #307/ #490 (lane 3); intron
1 #307/ exon 2 #159 (lane 4); exon 1 #281/ exon 2 #159
(lane 5). The specificity of the assay for the spliced and un-
spliced transcripts was confirmed by Southern blot using the
TGM1 cDNA as a probe (not shown).
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Fig. 6. Orientation dependence of the 194 bp K3 fragment, in
the p194 construct, on CAT reporter trancription in NHK.
Arrows on the open bar schematics indicate the orientation of
the 194 element. The autoradiograph shows CAT assays of
transiently transfected NHK cultured in low (0.1 mM) Ca2* and
high (1.2 mM) Ca2* in the presence and absence of 10-6M RA.

transcript containing intron 1-specific se-
quences. To identify this transcript, an RNase
protection assay was performed with in vitro
transcribed RNA p194 probe. The labeled probe
was hybridized to total RNA isolated from kera-
tinocytes grown under different conditions. The
intron 1 specific 230 nucleotide long probe pro-
tected a 170 bp fragment from RNase digestion
(Fig. 7), positively identifying intron 1-contain-
ing RNA and supporting the conclusion that
two distinct transcripts are expressed in kera-
tinocytes from the human TGM1 gene. Itis still
possible that the two transcripts result from
alternative splicing rather than from initiation
by two promoters, a point that will ultimately
be resolved by mapping of the transcription
start sites by 5" RACE for example.

Keratinocytes Contain Nuclear Proteins
That Interact With the Intron 1 Promoter Region
of the Human TGM1 Gene

To determine whether the 194 bp DNA frag-
ment has functional significance in vivo, this
TGML1 intron 1 fragment was analyzed for DNA-
protein binding activity using nuclear extracts
from keratinocytes grown under differentiating
and proliferating conditions in the presence
and absence of RA. The electrophoretic mobility
shift gel presented in Figure 8 shows that the
194 pb TGM1 fragment interacts with specific
trans-acting factors present in some nuclear
extracts but not in others. Band 4 was formed
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Fig. 7. RNase protection assay performed with intron 1 RNA
probe. Total RNA from neonatal human keratinocytes, grown in
low (0.1 mM) Ca2* in the absence (NHK) or presence (NHK+RA)
of 1076 M RA, was hybridized to in vitro transcribed 230 bp
probe containig 194 nucleotides of intron 1. Sequencing reac-
tions from an irrelevant template were run in parallel as a size
standard. GATC, order of the sequencing reaction termination
dideoxynucleotides. Other controls performed but not shown
include running undigested probe, RNase digestion of unhybrid-
ized RNA, and RNase digestion of RNA hybridized to actin RNA
probe.
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Band3 —»
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Fig. 8. Gel retardation assay. Nuclear extracts were isolated
from NHK cultured in low Ca?* (0.1 mM) (lane 1), low Ca?* (0.1

mM) plus 1076M RA (lane2), high (1.2 mM) Ca?* plus 10-6M
RA (lane 3), and high (1.2 mM) Ca2* (lane 4).

Unbound >
DNA

only with extracts of proliferating keratino-
cytes while bands 1, 2, and 3 were detected only
with nuclear extracts of differentiating cells.
Interestingly, nuclear extracts of keratinocytes
cultured in high Ca?* medium supplemented
with 107®M RA do not form the DNA-protein
complex designated as band 1, suggesting that
RA inhibits either interaction or synthesis of a
putative regulatory protein. Although more de-
tailed studies are warranted, these data sup-
port the assumption that the 194 bp DNA frag-
ment of the first intron contains cis-acting
regulatory sequences that bind proteins spe-
cific to the particular physiologic state of kera-
tinocytes.
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DISCUSSION

Transglutaminase type 1 activity increases
with the onset of keratinocyte differentiation
[Thacher and Rice, 1985] and is Ca2*-inducible
in culture as is differentiation generally, and
therefore the TGM 1 gene product is often cited
as a marker of this process. The temporal and
spatial patterns of RNA and the protein cellular
and subcellular distribution vary during devel-
opment [Polakowska et al., 1994; Nonomura et
al., 1993], between keratinocyte growth condi-
tions [Saunders et al., 1993; Steinert et al.,
1996; Yada et al., 1993], and between keratiniz-
ing epithelia of different sites of origin and of
different species [Schroeder et al., 1992; Michel
et al., 1992], indicating that regulatory mecha-
nisms involved in expression of the active TGase
1 are complex and may operate at all levels of
genetic control.

To determine the molecular mechanisms con-
trolling transcriptional activity of the TGM1
gene during keratinocyte differentiation that
can be mimicked [Green, 1979; Fuchs, 1990]
and modulated in vitro in response to Ca?* and
RA concentrations in the growth medium [Blu-
menberg and Tomic-Canic, 1997; Fuchs, 1990],
functional mapping of the TGM1 5’ end region,
using a CAT reporter gene assay, was per-
formed in human keratinocytes and fibroblasts.
Several findings underline the importance of
intron 1 in regulating transcriptional activity of
the human TGM1 gene as a component of a
transcription repression mechanism. It was
found that the 1753 bp upstream of the ATG
translation initiation codon of this gene (pK3
construct) directed high CAT activity in undif-
ferentiated keratinocytes. The maximal activ-
ity depended on the presence of both the 5'X/H
element in the proximal 5’ upstream regulatory
region (5'URR) and the first intron. Neither the
5'X/H in p3.0(-)int (Fig. 1) nor the intron 1 in
p194H (Fig. 3) was as effective in directing CAT
activity as when acting in union in the
p3.0(+)int and pK3 constructs, demonstrating
the functional interdependence of the URR and
intron 1 cis-regulatory elements and their coop-
erative contribution to the overall transcrip-
tional activity of the human TGM1 gene. This
5’URR and intron 1 interdependent enhancing
activity in undifferentiated NHK could be, how-
ever, suppressed by high Ca2* and RA in NHK
(Fig. 4) and was downregulated in HaCaT cells
(Fig. 3). The inhibitory effect appeared to be

mediated again by interdependent 5'X/H and
intron 1 cis-acting elements.

The 5'X/H transcription control element was
strongly repressed by RA. The RA-induced si-
lencing of the 5'X/H element was dominant
over the RA stimulation of intron 1 activity
seen in the absence of the 5'X/H element in
pl94H (Fig. 4). Inspection of the 5'X/H se-
quence reveals a direct repeat 5 (DR5) type of
RARE [for reviews see Chambon, 1996; Fisher
and Voorhees, 1996] mediating retinoic acid
receptor (RAR)-signaling. In keratinocytes,
negative regulation of RARE activity is attrib-
uted to signaling through RARYy [Miquel et al.,
1992; Aneskievich and Fuchs, 1992], the most
abundant RAR in skin [Fisher and Voorhees,
1996]. It is therefore likely that the RA-induced
repression of the TGM1 gene is exerted by
binding of this receptor to the putative DR5
RARE within the 5'X/H transcription control
element. The recent finding that RARy was
instrumental in suppression of a differentiation-
specific keratin gene promoter [Aneskievich and
Fuchs, 1995] supports this assumption. An-
other mechanism by which RA can repress
5'X/H activity may be through antagonizing
the activity of its two AP-1 sites [for review see
Fisher and Voorhees, 1996] or through certain
functional AP-2 sites [Mariniello et al., 1995].
In keeping with the latter possibility, AP-2 gene
expression in keratinocytes was found to be
downregulated by RA [Wanner et al., 1996]. In
addition to RA, the 5'X/H element apparently
contains regulatory sequences that control the
TGM1 gene transcription in response to high
Ca?*. This element was repressed in Ca?*-
induced differentiating NHK (Fig. 4) and was
inactive in the cellular context of HaCaT cells
(Fig. 3), which require high Ca2* for growth but
fail to exhibit Ca?*-induced differentiation. This
cell type-specific Ca?*-responsiveness appears
to be controlled by two subelements of the 5’ X/H
region. A silencer located upstream of the
BamHI site was required for the strong Ca?*
suppression of pK3 activity, and an enhancer of
Ca?t-signaling located downstream of the
BamHI site was detected by the increased pB-
directed CAT activity, particularly evident in
the HaCaT cell background. Both subelements
contain a large number of diverse regulatory
motifs (Fig. 2) that have the potential to bind
transcription factors implicated in controlling
expression of keratinocyte differentiation-spe-
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cific genes [reviewed in Eckert et al., 1997a].
Interestingly, the only Ca?*-enhanced transcrip-
tional activity of the TGM1 gene observed in
our study coincided with the absence of most of
intron 1 in the pB plasmid, suggesting that the
deleted sequences may constitute an intronic
negative regulatory element that silenced the
5’URR enhancer subelement, once again dem-
onstrating the functional interdependence of
5’URR and intronic regulatory elements of the
human TGML1 gene. In addition, the intron 1
region could act, depending on the cell type, as
a silencer (HaCaT) or enhancer (undifferenti-
ated NHK) of CAT gene expression (Fig. 3). In
this study, two distinct regions were identified
within intron 1 that could be involved in the
repression or induction of TGM1 gene expres-
sion; the Pstl/Pstl negative element which con-
tains a reverse CCAAT box and a short nRARE
element [Lipkin et al., 1992] overlapping an
Sp1 site, which may have a role in repression of
transcription [Chung et al., 1995], and the 194
bp element, which displayed promoter activity.

Several properties that are characteristic of a
promoter element, including initiation of CAT
gene expression in an orientation-dependent
fashion (Fig. 6), RA-signaled inducibility (Fig.
4), presence of a distinct transcript (Fig. 7), and
the DNA-nuclear protein binding activity (Fig.
8), support the notion that the 194 bp region of
intron 1 may function under unidentified condi-
tions as a P2 promoter, alternative to the P1
core promoter in the 5’"URR [Mariniello et al.,
1995; Yamanishi et al., 1992] of the TGM1 gene.
The intronic P2 promoter has the potential to
be functionally active, since intron 1 contains
many putative regulatory flanking elements
(Fig. 2), some apparently functional (Fig. 8),
and some, like Sp1, AP-1, and AP-2, common to
the 5" URR. So in addition to the environmen-
tally modulated interplay of its regulatory tran-
scription elements with 5'"URR elements, the
intron 1 region may contribute to differential
TGML1 gene expression as an alternative pro-
moter.

A regulatory role of the first intron has been
demonstrated for many genes [Kozak, 1991],
including keratinocyte-expressed involucrin
[Carroll and Taichman, 1992] and keratin 18
[Umezawa et al., 1997], genes which are regu-
lated in a tissue-, developmental-, or differentia-
tion-specific manner in response to environmen-
tal cues. Examples of the interdependence
between intron 1 and 5’URR elements in gene

regulation are documented [Hadden et al., 1997;
Storbeck et al., 1998; Tiffany et al., 1996], and
intron 1 functional significance was confirmed
for the type I collagen gene in transgenic mice
[Hormuzdi et al., 1998]. Similarly, utilization of
alternative promoters is a widespread phenom-
enon in eukaryotes, and like intron 1 regula-
tory elements, alternative promoters are instru-
mental in generating stage-, temporal-, and
tissue-specific diversity of gene expression in
response to different signaling pathways [Ay-
oubi and Van De Ven, 1996; Kozak, 1991]. If
human TGM1 gene expression is controlled by
alternative promoters, usage of the intronic
promoter would result in omission of the un-
translated exon I, and in the production of
transcripts with alternative leader exons, which
could affect stability and translatability, as well
as subcellular distribution of the message and
TGase 1 [Ayoubi and Van De Ven, 1996]. Also,
the utilization of multiple promoters provides
an additional level of gene expression control,
by transcriptional interference of alternative
promoters, or occlusion of downstream promot-
ers, as seen in several prokaryotic and eukary-
otic genes [Irniger et al., 1992], including PCNA
[Alder et al., 1992], c-fos [Mechti et al., 1991],
and human Fatty-acid Synthase [Hsu et al.,
1996]. The reverse CCAAT box found in the
Pstl fragment of intron 1 may function, like in
other genes [Eggermont and Proudfoot, 1993;
Connelly and Manley, 1989], as a negative ele-
ment in overall transcriptional activity of the
human TGM1 gene, by directing transcrip-
tional arrest to prevent interference of the P1
with the P2 promoter. Deletion of this CCAAT
box in p194HA construct increased CAT activ-
ity suggestive of such negative regulatory role,
but its functional significance has yet to be
established.

On the basis of the data presented, we pro-
pose that in undifferentiated keratinocyte tran-
scriptional activity of the human TGM1 gene is
controlled by a default mechanism in the ab-
sence of regulatory signals. This mechanism
can be repressed by cell-, growth-, or stratum-
specific regulatory signals that control TGM1
differential expression. These signals would in-
clude, integrated into a default mechanism, the
interplay of the 5'X/H and intron 1 transcrip-
tion control elements. These elements, in re-
sponse to intrinsic and extrinsic factors includ-
ing Ca2* and RA, can be activated in expressing
or inactivated in non-expressing cells. As shown
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by us and other investigators, TGM1 gene ex-
pression can be regulated also by TPA [Saun-
ders et al., 1993; Liew and Yamanishi, 1992;
Yadaetal., 1993], by signaling pathways involv-
ing protein kinase Crn (PKCr) [Ueda et al.,
1996], retinoid receptor RXR/RAR heterodimer
[Yamada et al., 1994], the AP-2 [Mariniello et
al., 1995], and by the AP-1 c-jun and c-fos com-
plex [Yamada et al., 1994; Rossi et al., 1998].
The 5" proximal and intronic regions of the
human TGML1 gene share multiple keratino-
cyte- and differentiation-specific cis-acting ele-
ments (Fig. 2) including functionally active AP-2
[Mariniello et al., 1995], Sp1 [Doi et al., 1996],
and AP-1 [Rossi et al.,, 1998] binding sites,
which together may contribute by the interplay
to the spatial-, temporal-, and tissue-specific
but also species-specific expression of the TGM1
gene. Their functional interdependence is appar-
ently not instrumental in the regulation of the
rabbit TGM1 gene expression [Saunders et al.,
1993], indicating that the human TGM1 gene
appears to be regulated in a different and spe-
cies-specific manner. Many observations sup-
port this concept. Rabbit TGM1 cDNA, al-
though highly homologous to human, has very
little homology in intron 1 sequences, lacking
preservation of the consensus transcription fac-
tor binding motifs. Also, the human TGM1 5’
proximal promoter was inactive in human pri-
mary, SCC-9, or SIK keratinocytes (Fig. 1 and
[Mariniello et al., 1995]) while highly active in
rat cells [Mariniello et al., 1995; Ueda et al.,
1996] in which the regulatory function of intron
1 may not occur. We further found that the
TGML1 5'untranslated region efficiently drives
B-gal transgene expression in human keratino-
cytes in vitro but was inactive in trangenic mice
(data not shown), whereas the TGM1 transgene
devoid of intron 1 was successfully expressed in
mice [Yamada et al., 1997], suggesting again a
species-specificity of the regulatory machinery,
which occurs in other genes as well [Gaunitz et
al., 1997; Oskouian et al., 1997]. It may be said
that the role of the intron 1 sequences is to tune
the human TGM1 gene expression to the par-
ticular cell type or state of a cell.

The physiological role of the TGM1 interde-
pendent transcription control elements of the 5’
URR and intron 1, including utilization of alter-
native promoters, is not yet known. In vivo,
TGase 1 activity is limited to the narrow band
of terminally differentiating epidermal cells in
the stratum granulosum [Michel and De-

marchez, 1988], while the TGM1 gene is tran-
scriptionally and translationally active earlier,
in suprabasal [Nonomuraet al., 1993; Michel et
al., 1992] or even in proliferating basal
[Schroeder et al., 1992; Parenteau et al., 1986]
cell layers. Both keratinocyte differentiation
and TGM1 gene expression appear to be con-
trolled by the affect of opposing Ca?* and reti-
noic acid (RA) concentration gradients, existing
in the native epidermis [Menon and Elias, 1991;
Fisher and Voorhees, 1996; Vicanova et al.,
1998], on intracellular levels. Low Ca?" and
high RA concentrations in the stratum basale
permit basal cell proliferation. In vitro low Ca?*
conditions permit operation of a default mecha-
nism in basal-like undiferentiated keratino-
cytes. The TGML1 P1 promoter region contain-
ing CpG islands created by two Spl and eight
AP-2 recognition sites implicated in regulation
of several keratinocyte-specific genes [Wu et al.,
1994; Mariniello et al., 1995; Lee et al., 1996;
Eckertetal., 1997], displays characteristics of a
housekeeping gene which has the genetically
determined potential to be active in undifferen-
tiated cells [Tyndall et al., 1992]. Thus a default
mechanism most likely would direct TGM1 gene
expression in the basal cell layer if it were not
silenced by, at least, a high level of RA in this
layer. As demonstrated above, instrumental in
suppression by RA appears to be the 5'X/H
element. Topical RA treatment in vivo had no
effect on the TGM1 mRNA steady state level
[Griffiths et al., 1992], reflecting perhaps that
the gene is already repressed in basal cells.
According to our model the precocious TGM1
mMRNA expression observed in psoriasis
[Schroeder et al., 1992; Bernard et al., 1986], or
in basal keratinocytes of other keratinizing tis-
sues [Yamada et al., 1997; Parenteau et al.,
1986; Schroeder et al., 1992], results from dere-
pressing conditions, which may involve abnor-
mally functioning RA-signaling or metabolism.
This would explain the effectiveness of RA in
treatment of psoriatic plaques [Orfanos et al.,
1997; McClelland, 1997] and normalization of
TGM1 gene expression [Nagpal et al., 1996]. In
normal epidermis the decreasing level of RA
accompanied by the gradually increasing Ca?*
concentration stimulates keratinocyte differen-
tiation in suprabasal cell layers and TGM1
MRNA accumulation [Fuchs, 1990; reviewed in
Saunders et al., 1993; Eckert et al., 1997]. This
accumulation was downregulated by RA in a
dose dependent manner [Saunders et al., 1993],
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demonstrating that transcription regulatory el-
ements of the TGM1 may be sensing the in vivo
RA concentration. Responsiveness of TGM1
regulatory elements to increasing Ca2?* concen-
tration in vivo and in vitro is less direct. In
vitro, steady state TGM1 mRNA increases to a
maximum 3.6-fold at 24h in human keratino-
cytes [Gibson et al., 1996] and to 17-fold in 24 h
in mouse keratinocytes [Dlugosz and Yuspa,
1994] after Ca?* induction of differentiation.
Subsequently it falls to the un-induced level,
while the processes of differentiation, including
TGase 1-catalyzed cell envelope formation [Pil-
lai et al.,, 1990; reviewed in Reichert et al.,
1993], continues to advance. It appears then,
that the TGM1 gene is transcriptionally active
at early stages of keratinocyte differentiation, a
conclusion also reached by [Su et al., 1994].
Later, in cells of more superficial layers, when
the Ca?* concentration is high, transcriptional
activity of the TGM1 gene in differentiating
keratinocytes is perhaps downregulated by si-
lencing or dispatching the interdependent posi-
tive function of the 5’URR and intron 1 tran-
scriptional control elements. High Ca?™ may be
necessary for the posttranscriptional regula-
tion of TGML1 gene expression evident by the
discordant patterns of mMRNA and protein distri-
bution observed in vivo [Thacher, 1989; Grif-
fiths et al., 1992] and in vitro [Gibson et al.,
1996] and thought to occur in these layers [Gib-
son et al., 1996]. Thus the reduced CAT activity
under high Ca?" conditions, directed by the
pKS3 construct, is not surprising and reflects
decreased TGML1 transcriptional activity in dif-
ferentiated cells of layers with high Ca?*. Inac-
tivation of the TGML1 transcriptional activity in
terminally differentiating cells with less acces-
sible chromatin structure is logical, and per-
haps its regulation at the posttranscriptional
level may provide the advantage of a quick
response to extracellular or intracellular signal-
ing.

In summary it appears that human TGML1
gene expression in human epidermal keratino-
cytes is regulated by a default mechanism inte-
grating the cooperatively operating 5’"URR and
intronic alternative promoters, controlled by
the cell- and growth-specific interplay of their
regulatory elements. In vivo the transcrip-
tional activity of the TGM1 gene is downregu-
lated in basal cells, perhaps due to the high RA
concentration, and is upregulated upon leaving
the basal cell layer. This suggests that the

TGML1 gene is activated in a spatially and tem-
porally narrow window before Ca?* reaches high
levels and after RA falls to a concentration
permitting its expression. RA appears to be a
dominant repressing factor of the TGM1 de-
fault mechanism of transcription.
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