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A-type lamins are not present in either early em-
ryos or the embryonal carcinoma (EC) cell line. P19
ells, which are EC cell line, are able to express A-type
amins upon retinoic acid (RA) treatment. Here we
eport that a novel RA-responsive element, termed
amin A/C-RA-responsive element (L-RARE), is located
ithin the lamin A/C promoter. RA activated the lucif-

rase activity of the reporter which had four tandem
epeats of the wild-type L-RARE, while a loss of func-
ion mutant, which altered CACCCCC to CACtatC
ithin L-RARE, did not respond. Four specific binding

omplexes of L-RARE, Complexes-A, -B, -C, and -D,
ere detected in protein extracts obtained from P19

ells treated with and without RA. Specific antibodies
evealed that Sp1 and Sp3 were included in Complex-A
nd Complexes-B and -C, respectively. Thus, L-RARE
as important in the RA-mediated activation of the

amin A/C promoter and was recognized by DNA bind-
ng proteins. © 2000 Academic Press

Key Words: retinoic acid; transcription; transcrip-
ion factor; lamin; differentiation; Sp1; Sp3; embryonal
arcinoma cell line; retinoic acid-responsive element;
romoter.

The nuclear lamina consists of a protein meshwork
hat lines the inner side of the nuclear membrane, and
ts disassembly is a critical step during mitosis (1). The

ajor components of the nuclear lamina are the A- and
-type lamins, which are members of the intermediate
lament protein family (2, 3). A- and B-types of lamin
re distinguished by a number of criteria. A-type
amin, which subdivided into A and C, binds to chro-

osome surfaces with specific DNA sequences (4–6).
amin A might contribute to scaffold of nuclear mem-
rane (7). Moreover, A-type lamin binds to the retino-
lastoma gene product, which controlled cell cycle and
ene expression (8). On the other hand, B-type lamin,
hich is subdivided into B1 and B2, mainly binds to

1 To whom correspondence should be addressed. Fax: 81-6-6872-
219. E-mail: koichi@beri.co.jp.
197
ng chromatin in mammalian cells (10, 11). Lamin B1,
n particular, associates with matrix attachment re-
ions, which mediate interaction between matrix and
hromatin DNA (12). In addition, the B-type lamin
o-localizes with Oct-1, a transcription factor, at the
uclear periphery and might repress the activity of
ct-1 (13). Therefore, A- and B-types of lamin have
istinct functions in the nucleus (14).
In most mammalian somatic cells, both types of

amins are expressed. However, type-A lamin is not
xpressed in early vertebrate embryos (15–18), and the
mounts of lamin A and C transcripts are either very
ow or undetectable in mouse embryonal carcinoma
EC) cells, which are pluripotent stem cells of malig-
ant teratocarcinomas, and a number of murine and
uman tumor cell lines (18–22). In the presence of
etinoic acid (RA) or DMSO, mouse EC cells, such as
19 and F9 cells, differentiate in vitro into a variety of
ell types (23, 24). P19 and F9 cells express lamin B in
oth the undifferentiated and differentiated states,
hereas lamins A and C, which are alternative splice
ariants expressed from a single lamin A/C promoter
25, 26), are only expressed in the differentiated state,
8 h after RA treatment (20). The regulation of lamin
/C gene expression is certainly regulated in a dif-

erentiation-dependent manner. However, the mecha-
ism and the regulatory factors of lamin A gene ex-
ression in RA-induced differentiation of P19 cells are
ot known.
In this study, we analyzed the promoter region of the

amin A/C gene in P19 cells. Our results show that the
amin A/C promoter has a novel RA-responsive ele-

ent that binds transcription factors, included Sp1
nd Sp3. Thus, we propose that a novel RA-responsive
lement are involved in regulation of the lamin A gene
xpression during RA treatment.

ATERIALS AND METHODS

Cell cultures and retinoic acid treatment. P19 mouse embryonal
arcinoma cells were cultured in Dulbecco’s modified Eagle’s medium
upplemented with 10% fetal bovine serum. The cells were then were
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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xposed to 10 nM retinoic acid, solvent (ethanol) or 0.5% DMSO
or 48 h.

Transfection and luciferase assays. The various luciferase (luc)
eporters, which were fused to lamin A promoter deletion mutants,
ere constructed (Fig. 1). p4xL-RARE-, p4xM1-, and p4xM2-TK-luc
ere derived from pTK-luc, which has a tk minimal promoter (27).
3xRARE-luc, which has three RARb binding sequences, was used
s a positive control for RA treatment (28). The expression plasmid
f the dominant negative RARb was from Dr. K. Umesono (29). For
ransient transfection, P19 cells (5 3 104 cells per well in a six-well
late) were seeded the day before transfection. Cells were incubated
ith a mixture of DNA and Lipofectamine-Plus reagents (GIBCO
RL) for 5 h. The DNA mixtures contained both 200 ng luciferase
lasmids as a reporter and 10 ng pRL-TK, which has Renilla lucif-
rase, as an internal control. The cell growth media were then
hanged to complete media containing either all-trans RA (10 nM,
igma), solvent (ethanol) or 0.5% DMSO, and the cells were incu-
ated for an additional 48 h. The luciferase activity was normalized
o the internal control activity.

Electrophoretic mobility shift assay (EMSA). P19 cells (1 3 108)
ere harvested and centrifuged at 250g for 10 min. The cells were
ashed in 5 volumes of buffer A [10 mM Hepes (pH 7.9), 1.5 mM
gCl2, 10 mM KCl, 0.5 mM DTT, 0.5 mM PMSF] and were then kept

n ice for 10 min. After suspension in 3 volumes of buffer A, Nonidet
-40 (NP-40) were added to a 0.05% concentration, and the cells were
omogenized with 20 strokes of a tight fitting Dounce homogenizer.
he nuclear pellet was suspended in 1 ml buffer C [5 mM Hepes (pH
.9), 26% glycerol (v/v), 300 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA,
.5 mM DTT, and 0.5 mM PMSF] and was incubated on ice for 30
in. After centrifugation, aliquots of the supernatant were used as
uclear extracts for EMSA (30). Double stranded oligonucleotides
orresponding to the desired lamin promoter sequences (264 to 233)
ere labeled with [32P]dCTP using the Klenow fragment.
L-RARE, 59-CTAGTGCAGTGGATCCACCCCCTGTAGAGGAGGG-
CT-39
M1, 59-CTAGTGCAGTGGATCCACCCCCTGTAGCTCGAGGCCT-39
M2, 59-CTAGTGCAGTGGATCCACTATCTGTAGAGGAGGGCCT-39

FIG. 1. Deletion analysis of the lamin A/C promoter. The lamin A
epresents the lamin A/C TATA box, located 27 bp upstream from th
ere used as negative and positive controls, respectively. Transfection
nd with pRL-TK, which expresses Renilla luciferase, as an internal e
gray bar) RA treatment for 48 h. Relative luciferase activity is indica
tandard deviations for six independent experiments are shown.
198
Binding reactions were performed with 4 mg nuclear extract in a
inding buffer [20 mM Tris–HCl (pH 7.4), 50 mM NaCl, 1 mM EDTA,
mM DTT, 1 mg poly(dI–dC), 5% glycerol]. The reaction were incu-

ated for 10 min on ice and then were incubated for an additional 30
in after the addition of 50 fmol of the labeled probe. The reac-

ion mixtures were loaded on 5% polyacrylamide gels in TAE. For
ompetition assays, a 100-fold molar excess of double-stranded oli-
onucleotides was added to the binding reactions. The GC box oligo-
ucleotide was purchased from Promega. For the supershift experi-
ents, the immuno-reactions were incubated with 1.0 ml of either

nti-Sp1, Sp3, or C/EBP antibody (Santa Cruz Biotechnology) for 20
in at 25°C after the binding reactions (30).

ESULTS

RA-responsive element exists in the A-type lamin pro-
oter. The A-type lamin is not present in P19 and F9

ells. However, it is detected in these cells 48 h after
A treatment (20). Using RT-PCR of RNA extracted

rom P19 cells, we confirmed that the level of lamin A
ranscripts increased 3.6-fold 48 h after RA treatment.
he effect of the RA treatment was also followed using
n antibody against Oct3 (data not shown), which has
een shown to be expressed only in undifferentiated
19 cells and whose levels decreases upon RA treat-
ent (31).
The functional role of the lamin A/C promoter was

nvestigated by generating truncated versions of the
romoter and comparing basal and RA induced activi-
ies. We designed a luciferase reporter plasmid with
.2 kb (148 to 22141) of the promoter region of lamin
/C, plamA-luc and then made a series of deletion
utants based on that plasmid (Fig. 1). The basal level

f luciferase activity was significantly decreased to

promoter deletions were fused to the luciferase reporter gene. TATA
ranscriptional start site (defined as 11). pTK-luc and p3xRARE-luc
alyses in P19 cells were carried out with various reporter constructs

ression control. These cells were cultured with (black bar) or without
in arbitrary units normalized to the activity of pRL-TK. Means and
/C
e t
an

xp
ted
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bout 22, 5, and 2% of that of the wild type promoter in
he deletion mutants plamA3-luc, plamA6-luc, and
lamA7-luc, respectively. In other words, the regions
100 to 285, 268 to 254, and 254 to 236 from the

ranscriptional start site are control regions for the
asal activity of the lamin A/C promoter. The region
rom 2100 to 285 has a GC box, which is potentially
ecognized by Sp1 family proteins (26). The region from
68 to 254 had no resemblance to previously reported

lements. The region from 254 to 236 has a CACCC
ox, a known Sp1 binding site (30, 32, 33).
Comparison of the level of RA stimulation of pro-
oter activity identified a novel RA response element.

FIG. 2. Effect of the dominant negative mutant of RARb. The
lamA-luc (plamA) and 3xRARE-luc (3xRARE) were transfected
ith the dominant negative mutant of RARb (mRARb). p3xRARE-

uc was used as a positive control of mRARb activity. Transfection
nalyses in P19 cells were carried out with both reporter constructs
nd pRL-TK, as an internal expression control. These transfected
ells were cultured with (black bar) or without (gray bar) RA treat-
ent for 48 h. Values, which are expressed relative to no RA treat-
ent for each plasmid as 1.0, are expressed as the means (bars

epresent SD) obtained from three independent experiments.

FIG. 3. Mutation analysis of the lamin A/C promoter. The four m
f the sequences shown for each mutant construct. Transfection anal
n internal expression control. P19 cells were cultured with (black
elative luciferase activity is indicated in arbitrary units normaliz

ndependent experiments are shown.
199
ately 1.6-fold increase from basal promoter activity.
eletion mutants, from plamA1-luc to plamA6-luc,
ere also stimulated by RA treatment with 1.6- to
-fold increases in luciferase activity. However, further
eletion to plamA7-luc abolished any response to RA,
lthough there were still significant levels of basal
xpression. Furthermore, dominant negative form of
he retinoic acid receptor (RAR) b did not inhibit the
nduction of plamA with RA treatment, while it
trongly repressed the induction of 3xRARE-TK luc,
hich has RARb binding sequence (Fig. 2). Thus, the

egion between nucleotides 254 and 236 appears to be
ritical for RA stimulation of promoter activity without
ARb and has been designated Lamin A/C-RA-
esponsive element (L-RARE).

Characterization of the RA-responsive element of the
amin A promoter. To identify the minimum sequence
or the RA-response, we constructed point mutations
ithin the plamA2-luc plasmid (Fig. 3). Of four con-

tructs, the basal luciferase activities were signifi-
antly decreased by three mutations, which were
lamA2-1-luc (changed from CCCGCCCC to CCtc-
agC; 297 to 293), plamA2-3-luc (AAGAGCAGT to
ctcgAGT; 267 to 264), and plamA2-4-luc (CACCCCC

o CACtatC; 251 to 249) and slightly reduced in the
ase of the plamA2-2-luc mutation (CTTTAAGAG to
TTctcGAG; 270 to 268), in agreement with the re-
ults from the deletion mutants (Fig. 1). However,
hereas most of the mutants showed a 2.2-fold stimu-

ation by RA treatment, only plamA2-4-luc had re-
uced RA-inducible activity to 1.3-fold (Fig. 3). Thus,
he region from 251 to 249 was critical for RA stimu-
ation.

To further elucidate whether L-RARE is sufficient
or RA stimulation, we constructed and analyzed four
andem DNA repeats of the region 265 to 233 fused to
he tk minimal promoter (Fig. 4A) along with two mu-
ants, M1 and M2, mutated at regions 242 to 238 and

ants were identical to the wild type plamA2-luc with the exception
s were carried out with various reporter constructs and pRL-TK, as
r) or without (gray bar) RA treatment for 48 h after transfection.
o the activity of pRL-TK. Means and standard deviations for four
ut
yse
ba

ed t
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51 to 249, respectively. In basal level, the wild type
-RARE activated transcription in comparison with

he activity of tk minimal promoter and M1 decreased
he activity of L-RARE, while M2 did not show any
ctivity (Fig. 4B). Thus, L-RARE acts as an enhancer
n undifferentiated P19 cells.

Whereas the tk promoter alone did not respond to
A, the one containing the wild type L-RARE was
timulated 6-fold upon RA treatment, demonstrating
hat L-RARE is a RA-responsive element (Fig. 4B). The
1 mutant showed a similar level of activation. How-

ver, the lack of response by the M2 mutant clearly
hows the importance of the CCC sequence in the re-
ion from 251 to 249. Furthermore, the wild type
-RARE reporter was not activated with DMSO treat-
ent (Fig. 4C). Therefore, we concluded that the CCC

equence of L-RARE is critical for activation of lamin
/C promoter with RA treatment.

L-RARE is recognized by specific binding proteins.
o identify L-RARE binding proteins, we performed
MSA using nuclear extracts prepared from P19 cells

hat were either treated or not treated with RA for
8 h. Four shifted bands were detected from both ex-
racts with 32P-labeled L-RARE as a probe (Fig. 5, lane
) and were named Complexes-A, -B, -C, and -D. To
haracterize the proteins of the binding complexes, we

FIG. 4. Identification of the RA-responsive element of lamin A/
lasmids, which are the tk minimal promoter bearing four tandem r
ndicated by closed ellipses. (B) Effect of L-RARE on the tk minim
4xL-RARE-TK-luc (WT), p4xM1-TK-luc (M1), and p4xM2-TK-luc (M
ith (black bar) or without (gray bar) RA treatment for 48 h after tra
K plasmid as 1.0, are expressed as the means (bars represent SD) o
MSO treatment. pTK-luc (TK), p4xL-RARE-TK-luc (WT) and plam
hich are expressed relative to no DMSO treatment for each plasmid

hree independent experiments.
200
arried out an EMSA competition analysis. Com-
lexes-A, -B, and -C had decreased intensities in the
resence of a 100-fold excess of the unlabeled wild type
nd M1 forms of L-RARE (Fig. 5, lanes 3, 5, 8, and 10).
nterestingly, these three complexes also competed
ith GC box, which is recognized by Sp1 and Sp1

amily proteins (34) (Fig. 5, lanes 6 and 11). Complex-D
as competed with both the wild type and M1 formed
f L-RARE (Fig. 5, lanes 3, 5, 8, and 10). M2 had no
ffect on any shifted band (Fig. 5, lanes 4 and 9),
ndicating that these complexes are specifically bind-
ng to the wild-type sequence, in particular to the re-
ion including the CCC (251 to 249) sequence. It is
otable that there was no remarkable difference be-
ween the intensities of the shifted bands in RA-
ntreated and -treated extracts.

Sp1 and Sp3 can bind to the CACCCCC element of
-RARE. Since Complexes-A, -B, and -C could be
ompeted off by an Sp1 binding site (Fig. 5) and since
ACCC is recognized by Sp1 family member proteins

30, 32, 33), we tested whether these complexes in-
luded Sp1 family proteins using supershift assays
ith Sp1 and Sp3 antibodies (Fig. 6). The C/EBP anti-
ody was used as a negative control in these assays and
id not affect the binding of proteins to L-RARE (Fig. 6,
anes 3 and 7). The finding that Complex-A and

(A) Schematic diagram and insert sequences of luciferase reporter
ats of L-RARE or derivatives thereof, L-RARE and its mutants are
romoter with RA treatment. The reporter plasmid: pTK-luc (TK),
ere transfected with pRL-TK into P19 cells. P19 cells were cultured

fection. Values, which are expressed relative to no RA treatment for
ined from four independent experiments. (C) Effect of L-RARE with
luc (plamA) were transfected with pRL-TK into P19 cells. Values,
1.0, are expressed as the means (bars represent SD) obtained from
C.
epe
al p
2) w
ns
bta
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omplexes-B and -C were supershifted by Sp1 and Sp3
ntibodies, respectively, indicates that Sp1, Sp3, or
elated proteins are binding in these complexes.
omplex-D was not supershifted by either antibody.

ISCUSSION

In this report, we have characterized the lamin A/C
romoter upon RA treatment. We found that the lamin
/C promoter was activated by RA and had a novel

etinoic acid-responsive element, which we named
-RARE. Lamin A/C is expressed in most somatic tis-
ues, but not in embryonic cells (15–18). The mecha-
ism of the increase in the lamin A/C mRNA might
eflect the use of various regulatory factors related to
ifferentiation. P19 cells are pluripotent cells and can
ifferentiate into various types of cells in vitro, after
xposure to RA or DMSO (23, 24). By using P19 cells as

model system, it was possible to demonstrate
he mechanism underlying the increase in lamin A/C
ranscription during differentiation. We found that
-RARE, which is located in the region from 254 to
36 on the lamin A/C promoter, responded to RA stim-
lation but not DMSO stimulation and that the region
rom 251 to 249 was necessary for this response. This
-RARE sequence, however, is different from any pre-

FIG. 5. Comparison of binding proteins prepared from P19 cells
ith or without RA treatment. Four micrograms of nuclear extracts

rom RA-treated or untreated P19 cells was incubated with 32P-
abeled probes containing L-RARE sequences. The four major bands
re indicated as A, B, C, and D. Each competitor was added in a
00-fold excess to each reaction (lanes 3 to 6, and 8 to 11, respec-
ively). Nonspecific complexes are indicated with asterisks on the left
ide of the panel.
201
hermore, lamin A/C expression does not depend on the
ctivation of retinoic acid receptor (RAR)b, which reg-
lates RA inducible gene expression, because a domi-
ant negative mutant of RARb had no effect when
otransfected with lamin A/C promoter. Indeed, it is
nown that the c-jun gene upregulated its gene expres-
ion by RAR independent pathway during RA treat-
ent (35). Thus, we conclude that L-RARE is a novel

etinoic acid-responsive element, and that the CAC-
CCC region of L-RARE is occupied in the inducible
tate.
Sp1 family proteins might be important regulators of

amin A/C gene. Four different binding complexes,
omplexes-A, -B, -C, and -D, recognized L-RARE in an
MSA. The wild type L-RARE and M1 (mutated in the
egion from 242 to 238) but not M2 (mutated in the
egion from 251 to 249) competed with a labeled
-RARE probe for all complexes. Furthermore, using
pecific antibodies, we determined that Complex-A is
omposed of Sp1 and Sp1-related proteins, and the

FIG. 6. Involvement of Sp1 family proteins in Complexes-A, -B,
nd -C. Four micrograms of nuclear extracts from RA-treated or
ntreated P19 cells was incubated with an end-labeled L-RARE
robe. Following the binding reaction, each reaction mixture was
ncubated with (lanes 2 to 4 and 6 to 8, respectively) or without
ntibodies to Sp1, Sp3, or C/EBP (lanes 1 and 5). Nonspecific com-
lexes are indicated with asterisks on the left side of the panel.
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eins. Using reporter assays, we found that the M2
utant was a loss of function mutant in both with and
ithout RA treatment, and that M1 mutant effected

he basal level activity of L-RARE. The M2 mutated
egion is critical for the DNA binding of four specific
omplexes and gene expression. Whereas the M1 mu-
ant could not compete with any binding complex in gel
hift assays, the function of L-RARE for basal level
xpression is necessary to the M1 mutated region of
-RARE. The M1 mutated region might have confor-
ational importance for the L-RARE activity in basal

evel expression. Therefore, these specific complexes,
hich included Sp1 family proteins, are potentially

mportant factors regulating lamin A/C promoter func-
ion with and without RA treatment.

Although the mechanism of the regulation of the
amin A/C promoter in P19 cells stimulated with RA is
till not clear, it is clear that L-RARE was important in
he RA-mediated activation of the lamin A/C promoter
nd was recognized by DNA binding proteins in vitro.
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