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Modification of transcription factors would result in
significant changes in the expression of related genes.
Recently, the presence of transglutaminase (TGase) has
been reported in nuclei, the biological significances
of which have attracted a great concern. In this study,
we tested the possibility that nuclear TGase would
crosslink and regulate the activity of a glutamine-rich
transcription factor Spl. The addition of purified guinea
pig liver TGase increased the binding activity of Spl to
the target DNA sequence by gel electrophoretic mobility
shift assay. The activity of the human p21™**! promoter
containing six Sp1 binding sites was increased by the co-
transfection of the TGase 2 gene, and two Spl1 sites at —82
and —69, relative to the transcription start site, were
essential for the increased activity in human renal
embryonic 293T cells. The activity of a minimal promoter
containing three consensus Spl binding sites was in-
creased by co-transfection of human TGase 2 gene. The
amount of Spl protein was increased dramatically in
TGase 2-transfected 293T cells and the Sp1 protein itself
from HeLa cell nuclear extracts was crosslinked readily
by purified TGase at 37°C in the presence of Ca*>". These
results suggest that the nuclear TGase might modulate
the activity of the Spl transcription factor probably via
the posttranslational or transcriptional modification of the
factor by TGase.
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Introduction

Transglutaminase 2 (TGase 2, TGase C, tissue TGase,
or guinea pig liver TGase) is a Ca® " -dependent enzyme
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that catalyzes the acyl-transfer reaction between the
y-carboxamide group of a peptide-bound glutamine
residue and either the e-amino group of a peptide-bound
lysine residue yielding an isopeptide bond or the
primary amino group of a polyamine resulting in €
(y-glutamyl)-polyamine bond formation (Davies ef al.,
1988; Folk, 1980; Folk and Chung, 1985). It also has
GTP-binding and hydrolyzing activity which might be
involved in the receptor-mediated intracellular signaling
via phospholipase C 61 (Feng et al., 1996; Lee et al.,
1989; Nakaoka et al., 1994).

TGase shows three distinct localizations, cytosol
(73%), plasma membrane (20%) and nuclei (7%)
(Bruce and Peter, 1983). In the case of nuclear TGase,
there are a few candidate substrate proteins enriched
in glutamine residues in the nuclei (Folk, 1980). For
example, core histones or abnormal CAG repeat pro-
teins such as huntingtin may be good substrates for
nuclear TGase (Ballestar et al., 1996; Karpuj et al.,
1999). In addition, other nuclear proteins, such as
transcription factors, could be probable substrates for
nuclear TGase. In this respect, we have tested the
possibility that nuclear TGase might crosslink nuclear
transcription factors, especially the ubiquitous gluta-
mine-rich transcription factor, Spl.

Transcription factor Spl is a Zn?>"-dependent pro-
tein that binds to GC-rich DNA sequences and regu-
lates the constitutive and induced expression of a variety
of mammalian genes (Kadonaga et al., 1987). It has
been shown to interact physically or functionally with
other transcription factors such as TFIID, E2F1, YY1,
pRb, or NF-kappaB (Lee et al., 1993; Lin et al., 1996;
Saluja et al., 1998; Udvadia et al., 1993). It has two
glutamine-rich domains outside the DNA binding
domain (Courey and Tjian, 1988), which are important
for the Spl-mediated transcriptional activation: (a) one
of the domains was responsible for mediating transcip-
tional activation of SV40 early promoter in Drosophila
tissue culture cells (Courey and Tjian, 1988); (b) one of
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the domains was required for interaction with a
glutamine-rich region of a human TFIID component,
hTAFII130 (Saluja et al., 1998; Tanese et al., 1996); (c)
physical interaction between c-Jun and at least one of
the glutamine-rich domains of Spl was important to
mediate TGF-p-induced activation of p21WAF!/Cipl
promoter (Kardassis et al., 1999).

Therefore, we assumed if TGase 2 could crosslink the
Spl protein as a glutamine donor substrate, it would
affect the Spl-mediated transcriptional activation of
genes. Moreover, since Spl is a ubiquitous transcription
factor (Kardassis et al., 1999), the modulation of Spl
activity by TGase would affect the expression of a
spectrum of genes, resulting in significant cellular
responses.

Materials and Methods

Materials Purified Spl, HeLa cell nuclear extracts and Spl
binding consensus oligonucleotide were obtained from Pro-
mega (USA). Purified guinea pig liver transglutaminase was
purchased from Sigma (USA). The y->*P-ATP was obtained
from Amersham (UK). Dulbecco’s modified Eagle’s medium,
fetal bovine serum, and penicillin G sodium/streptomycin
sulfate were purchased from GIBCO BRL (USA).

DNA constructs The 3,257-bp human TGase 2 cDNA was
cloned into the pcDNA3.1 vector (Invitrogen, USA). A
minimal luciferase reporter plasmid, Spl-luc (Sowa et al.,
1997), and luciferase reporter plasmids containing various
deletions of the human p21 promoter sequence (Nakano et al.,
1997; Sowa et al., 1997) were kindly provided by Dr. Sakai
and Dr. Sowa (Kyoto Prefectural University of Medicine,
Kyoto, Japan). Briefly, Spl-luc was generated by subcloning
the fragment which contains three consensus Sp1 binding sites
(GGGCGQG) without the TATA box from the SV40 promoter
into a luciferase reporter vector, pGL3-Basic (Promega, USA).
pPWWP was generated by subcloning the 2,400-bp human
wild-type p21 WAFVCPL sromoter into the pGL3-Basic vector.
The following reporter plasmids were then constructed:
pWPdel-BstX I, containing all six Spl binding sites;
pWPI101, lacking the first (—=119) and second (-109) binding
site; pWP101-mtSp1-3, containing the functional fourth (—69)
to sixth (=55) binding site; pWP101-mt-Sp1-5,6, containing
the functional third (-82) and fourth (—69) binding site; and
pWPdel-Sma I, containing the fifth (—60) and sixth (-55)
binding site.

Gel electrophoretic mobility shift assay Purified Sp1 protein (1
or 0.2 fpp) was incubated in a reaction mixture (30 pl)
consisting of 4.2 mM HEPES, pH 7.9, 42 mM KCI, 1 mM
MgCl,, 11% glycerol, 20 mM dithiothreitol, 0.07 pg/ml
poly(dI-dC), and y->*P-labeled oligonucleotides (40,000 cpm)
at room temperature for 1 h. The sequence of oligonucleotide
used in this assay was 5-ATTCGATCGGGGCGGGGC-
GAG-3" (Promega, USA). Each protein-DNA complex was
analyzed using 4% nondenaturing polyacrylamide gels at 4°C
for 2 h. The gel was then dried and exposed to a film with an

intensifying screen at —70°C. The autoradiogram was scanned
with a Hewlett-Packard Scanjet 6200C scanner.

Cell culture and transient transfection Human renal embry-
onic 293T cells were maintained in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum, 100 units/ml
penicillin G sodium sulfate, and 100 pg/ml streptomycin
sulfate. The cells were transfected by Lipofectamine-Plus
reagent (GIBCO BRL, USA) for 6 h, cell lysates were
collected for luciferase activity assay 48 h later.

Luciferase activity assay The luciferase activities of the cell
lysates were determined according to the manufacturer’s
instructions (Promega, USA) and normalized to the cell lysate
protein level.

Western blot analysis Protein samples were subjected to 10%
SDS-polyacrylamide gel electrophoresis. The gel was blotted
onto a nitrocellulose membrane, which was incubated with a
specific antibody for Spl (Santa Cruz, USA), B-actin (Sigma,
USA), or TGase 2 and then with a secondary antibody
conjugated with horseradish peroxidase. Chemiluminescence
was performed with an ECL kit (Amersham, UK) in accor-
dance with the manufacturer’s instructions.

Results

Increased Spl activity by TGase 2 To test whether
TGase 2 could modulate the activity of Sp1, we checked
the Spl binding force to the consensus-sequenced
oligonucleotide using gel electrophoretic mobility shift
assay. The binding activity of purified human Spl
protein to the target DNA molecule was increased
in the presence of purified guinea pig liver TGase
dose-dependently, from 0.0005 unit/ml (0.02 pg/ml) to
0.5 unit/ml (20 pg/ml) concentration (Fig. 1A). A cold
probe eliminated the band (Fig. 1A), which showed the
band was a result of specific Spl-target DNA binding.
On the other hand, 20 pg/ml of boiled guinea pig liver
TGase, y-glutamyl transpeptidase (GGTP), or bovine
serum albumin (BSA) did not change the Spl activity
(Fig. 1B), which illustrated that the change in Spl
activity by TGase 2 was not a nonspecific protein effect.
The Spl protein from HeLa cell nuclear extracts as well
as purified Spl protein showed the same results (data
not shown). These results suggest that TGase 2 can
regulate Spl activity in vitro.

Increased human p21™4*! promoter activity by TGase 2
expression To check whether the effect of TGase 2 on
the modulation of Spl activity operates at the cellular
level, we analyzed the luciferase activity of the human
p21VAF! promoter, containing six consensus Spl bind-
ing sites in human embryonic renal 293T cells. The
luciferase activity of pWWP, containing the wild-type
promoter, was increased 2.1-fold by a coexpression
of the human TGase 2 gene (Figs. 2A and 2B). To
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Fig. 1. Gel electrophoretic mobility shift assay for Spl activity.
(A) The binding activity of purified Spl protein (one foot print
unit) was enhanced in the presence of purified guinea pig liver
TGase dose-dependently in the 0.0005-0.5 unit/ml concentration
range. (B) 0.2 foot print unit of Spl protein alone did not cause
any detectable band (lane 1). Enhanced binding activity of Spl
by 20 pg/ml (0.5 unit/ml) of TGase (lane 2) was not observed in
the presence of the same concentrations of boiled TGase (lane 3),
y-glutamyl transpeptidase (GGTP, lane 4) or bovine serum
albumin (BSA, lane 5). The gel electrophoretic mobility shift
assay was performed according to the method described in
Materials and Methods.

constructs (Fig. 2A). The luciferase activity of pWPdel-
BstX 1 containing only six Spl binding sites and the
TATA box was still increased about 1.5-fold by TGase 2
expression, and the activity recovered to 1.9-fold in the
first and second Spl binding site deleted construct,
pWP101 (Fig. 2B). The pWP101-mtSp1-3 containing
the mutated third binding site showed reduced fold
induction (1.4-fold) and pWPdel-Sma 1 containing the
fifth and sixth Spl binding site and the TATA box
showed no fold induction (Fig. 2B). The pWPI101-
mtSpl1-5,6 lacking the functional fifth and sixth
Spl binding site did not show any promoter activity
(Fig. 2B). All these data strongly suggest that the third
(located at —82) and fourth (located at —69) Sp1 binding
sites are the primary responsive sites for TGase 2
expression and the fifth and sixth binding sites are
essential for the basal promoter activity. Moreover, this
result demonstrates the possibility that TGase 2 can
modulate Spl activity in vivo.

Increased activity of a minimal promoter by TGase 2
expression To confirm that TGase 2 can modulate the
promoter activity through the Spl binding site, we
analyzed the luciferase activity of the Spl-luc plasmid
(Fig. 2A), containing SV40 promoter-derived three
consensus Spl binding sites but no TATA box, in the
293T cells. A transient coexpression of the human
TGase 2 gene increased the luciferase reporter activity
of Spl-luc plasmid about 1.5-fold compared with the
control expression of the empty pcDNA3.l vector,
whereas the expression of the TGase 2 gene did not alter
the luciferase activity of the control pGL3-Basic vector
(Fig. 2A and Fig. 3). This strongly suggests that TGase
2 can modulate promoter activity through the Spl
binding site.

Sp1 crosslinking by TGase 2 To investigate the mech-
anism for the increase in Sp1 activity by TGase 2 in vitro,
and the increase in promoter activity by TGase 2 in
293T cells, we checked the possibility that Spl protein
might be crosslinked by the enzyme. The HeLa cell nu-
clear extracts were subjected to incubation with purified
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Fig. 2. (A) Schematic representation of full size (pWWP),
deletion (pWPdel-BstX I, pWP101, pWPdel-Sma 1), and mutant
(pWP101-mtSp1-3, pWP101-mtSp1-5,6) human p21WAFYCr!
promoterluciferase plasmids, and three tandem repeats of
consensus Spl sites driving luciferase plasmid (Spl-luc) and
control vector (pGL3-Basic) used in transfection assays. The
open boxes represent the Spl elements of the promoter and
the crossed boxes represent the mutated Spl elements of the
promoter. The 5" end of the promoter is indicated by vertical
bars and numbered relative to the transcription start site.
(B) Transactivation of p21WAF1’/Cir’1 promoter by TGase 2.
The indicated p21 promoter-luciferase constructs (1 pg) were
cotransfected into 293T cells separately with 0.2 ug empty
pcDNA3.1 vector or human TGase 2 cDNA in 6 well plates.
Each construct was described in Materials and Methods. The
results are reported as mean values + standard deviations from
three different experiments. * represents p < 0.05 by the Mann
Whitney U test.

guinea pig liver TGase at 37°C in the presence of
a cofactor, Ca’>", and were analyzed by the Western
blot method with a Spl specific antibody after
SDS—polyacrylamide gel electrophoresis. As shown in
Fig. 4A, the enzyme incubation caused the formation of
high-molecular-weight-complex forms of Spl proteins
(lane 2), which was shown clearly in the presence of the

i
]

O pcDNA3.1
B TGase2

£
]

w
=)

-
[

[

Spl-Luc  pGL3-basic

Relative luciferase activity
(X10°RLU/mg protein)

Fig. 3. Activation of the Spl-luc promoter by TGase 2. One
microgram of Spl-luc or pGL3-Basic plasmid was cotransfected
into 293T cells with 0.2 pg of empty pcDNA3.1 vector or human
TGase 2 cDNA in 6-well plates. Each construct was described in
Materials and Methods. The results are reported as mean
values + standard deviations from three different experiments.
* represents p < 0.05 by the Mann Whitney U test.

cofactor, Ca?™ (lane 3). This demonstrates that the Spl
protein can be oligomerized or polymerized by TGase 2
through covalent crosslinks in vitro, by which Spl
activity may also be modulated in vivo.

Although the original 293T cell nuclear extracts
showed a weak expression of Spl protein, the amount of
Spl protein was dramatically increased by TGase 2 gene
transfection (Fig. 4B). This suggests the possibility that
TGase 2 can modulate Spl activity by altering the
amount of Spl protein, which may be due to delaying
Spl protein degradation or the transcriptional activa-
tion of the Spl gene.

Discussion

In the present study, we tested the possibility of activity
modulation of transcription factor Spl by TGase 2. By
gel electrophoretic mobility shift assay, the addition of a
purified guinea pig liver TGase increased the activity of
human Spl protein dose-dependently (Fig. 1A). The
fact that boiled TGase did not increase the Spl activity
demonstrated the importance of the tertiary structure
and the intact activity of the enzyme for its effect on the
Spl activity (Fig. 1B). The specific effect of TGase 2
on Spl activity could be illustrated by excluding the
nonspecific effects of other proteins (Fig. 1B).

Many genes are related with Spl transcription
factor for their expression, but in this experiment, we
selected the human p21WAF! promoter in order to
focus on the regulation mechanism of the cell cycle,
aging and cancer. The wild-type human p21WAF!
promoter contains six Spl binding motifs, which are
essential to the transactivation processes of the pro-
moter by butyrate, histone deacetylase, nerve growth



616 Increased Spl Acitivity by Transglutaminase 2

Well | «— Polymer

M. W. (kDa) [
205

<— Polymer

121
<4— Monomer

70

52

35
29

Lane 1 2 3

B

Spl1=> ‘
Toase2->
Lane 1 2

Fig. 4. (A) Crosslinking of Spl proteins by TGase 2. Forty
micrograms of HeLa cell nuclear extracts (lane 1) and 20 ug of
purified guinea pig liver TGase were coincubated in a buffer
(10 mM HEPES, 100 mM KCl, 50 uM EDTA, 2.5 mM MgCl,
and 6% glycerol) at 37°C for 1 h in the absence (lane 2) or
presence (lane 3) of 10 mM CaCl,. Spl protein was detected by
Western blot analysis as described in Materials and Methods. (B)
Sp1 protein level in 293T cell nuclear extracts. Original 293T cell
nuclear extracts showed weak expression of Spl and TGase 2
(lane 1), whereas the amount of Spl protein was dramatically
enhanced by TGase 2 gene transfection (lane 2). Each 2 pg of
empty pcDNA3.1 vector or human TGase 2 cDNA was
transfected into 293T cells in a 100 pi dish. Nuclear extracts
(80 pg) were subjected to Western blot analysis as described in
Materials and Methods.

factor, progesterone or c-Jun (Kardassis et al., 1999;
Nakano et al., 1997; Owen et al., 1998; Sowa et al.,
1997; Yan and Ziff, 1997). Of the six Spl binding
motifs, it has been reported that the third and the
fourth binding motif are the major responsive sites for
promoter activation and that the fifth and the sixth
binding site are essential for basal promoter activity
(Nakano et al., 1997; Owen et al., 1998; Sowa et al.,
1997). Consistent with these reports, it was observed
that TGase 2 could also transactivate the promoter

activity through the Spl binding sites, especially the
third (located at —82) and the fourth (located at —69)
binding site (Fig. 2B).

The various deletion mutants of p21VAF! promoter
have the TATA box (Fig. 2A). It was confirmed that
TGase 2 could regulate promoter activity through the
Spl binding motifs by an experiment using Spl-luc
plasmid lacking the TATA box (Fig. 3).

Since TGase 2 has GTPase activity in addition to
transglutamination activity (Feng et al., 1996; Lee et al.,
1989; Nakaoka et al., 1994), it is not simple to speculate
upon the nature of the mechanism by which TGase 2
enhances Spl activity by gel electrophoretic mobility
shift assay (Fig. 1A) and the promoter activity via Spl
binding sites (Figs. 2B and 3); however, Spl has two
glutamine-rich domains, which are functionally impor-
tant and might be good candidate substrate sites for
TGase 2 (Courey and Tjian, 1988; Kardassis et al.,
1999; Saluja et al., 1998; Tanese et al., 1996). Therefore,
we tested the crosslinking of the factor by TGase 2 and
found that Spl protein from HeLa cell nuclear extracts
was readily oligomerized covalently by the enzyme
in vitro (Fig. 4A). As a consequence, it can be suggested
that the enhancement of Sp1 activity by TGase 2 in vitro
might be associated with either a conformational change
of the factor or its covalent crosslinking.

In addition, it was observed that the amount of Spl
protein was increased in the TGase 2 overexpressed
293T cells (Fig. 4B), which suggests that TGase 2 might
regulate Spl activity by the control of the transcription
process or protein degradation process of Spl proteins
in 293T cells. It is also possible that TGase 2 might
regulate Spl activity by the oligomerization of the
factor. Although we could not observe any significant
changes in the activities of other transcription factors
such as AP-1, TFIID, NF-kappaB from HeLa cell
nuclear extracts (data not shown), the possibility should
be considered that TGase 2 might affect promoter
activity through the modulation of other transcription
factors in 293T cells.

TGase 2 has been reported to be implicated in diverse
cellular functions, including differentiation (Birckbich-
ler et al., 1976; Scott et al., 1982), inhibition of cell
growth (Cai et al., 1991; Katoh et al., 1996; Mian et al.,
1995), cellular senescence (Park et al., 1999), apoptosis
(Fesus et al., 1987; Oliverio et al., 1999; Piacentini
etal., 1991) and drug resistancy (Han and Park,
1999a; 1999b). It is well known that p21 WAFVCPL plays
important roles in the control of cellular senescence
(Brown et al., 1997), apoptosis (Kang et al., 1999) and
differentiation (Topley et al., 1999). Spl has been
reported to be associated with the transactivation
processes in many gene promoters including cell cycle-
regulating genes such as pZIWAFmPl promoter (Kardassis
et al., 1999; Owen et al., 1998; Sowa et al., 1997).
Therefore, it might be possible that TGase 2 could be
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involved in processes related with p21 WAFI/CPL gepne
activation through the modulation of Spl activity. The
possibility of the modulation of Spl activity by TGase 2
in other genes should be evaluated further.

It is not yet known whether TGase 2 can modify
other transcription factors, but the possibility that
nuclear TGase 2 may modify and regulate many other
transcription factors in addition to Sp1 would provide a
novel mode of transcriptional control, which has the
potential to affect a variety of biological systems
significantly.
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