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Abstract

The amelogenin gene is tightly regulated at the temporal and spatial level in accord with the developmental requirement for tooth
formation. Previous studies have shown that CCAAT/enhancer-binding protein o (C/EBPa) is a transactivator of the mouse X-chromo-
somal amelogenin gene. C/EBPa contains four highly conserved regions (CR) named CR1, CR2, CR3, and CR4. Transient transfection
assays showed that CR2 in isolation had an exceptional capacity to enhance transcription from the 2.3 kb mouse amelogenin promoter.
The remaining conserved regions of C/EBPa, either in isolation or in selected combinations, were less effective in amelogenin transac-
tivation than the full length C/EBPa. Msx2 has previously been shown to antagonize C/EBPa through protein—protein interactions with
C/EBPa, and the carboxyl-terminus of Msx2 is required for protein—protein interactions. Co-immunoprecipitation analyses identified

that the carboxyl-terminal domain (residues 218-359) of C/EBPua is required for the C/EBPa~Msx2 protein—protein interactions.

© 2006 Elsevier Inc. All rights reserved.
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C/EBPa is the prototypic basic region/leucine zipper
transcription factor consisting of a well-characterized car-
boxyl-terminal leucine zipper that exerts dimerization abili-
ty and has a neighboring DNA-binding domain [1,2]. The
remaining amino-terminal amino acids (1-273) are orga-
nized into transactivation domains, which controls the tran-
scriptional activity of C/EBPa in different sets of promoters
[3-5]. In the search for the mechanism determining the abil-
ity of C/EBPua to activate the serum albumin promoter, a
study identified three separable transactivation elements
(TE-I, TE-II, and TE-III) located within the amino-terminal
region of C/EBPa. Any two of these transactivation ele-
ments are able to activate the serum albumin promoter
either in the context of the C/EBPa protein or when fused
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to the Gal4-DNA-binding domain. In addition, transactiva-
tion element III contains a negative regulatory domain, the
function of which is abrogated upon C/EBPa binding to the
albumin promoter [6]. Another study has mapped four con-
served regions (CR1-4) within the C/EBPa transactiva-
tion domain based upon the ability of C/EBPa to induce
spontaneous preadipocyte differentiation. The CR2 domain
in isolation when fused to the DNA-binding domain, is
capable of stimulating spontaneous differentiation of 3T3-
L1 preadipocytes. However, CR2 is not essential for adipo-
genesis because a combination of CR1 and CR3 is also able
to reproduce this experimental end-point [5].

Here, we examine the role of these conserved regions
(CR) of C/EBPu in the ability to activate their mouse ame-
logenin promoter. In addition, we identify that the carbox-
yl-terminus of C/EBPa is required for protein—protein
interactions with Msx2, the transcriptional repressor of
the amelogenin gene.
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Materials and methods

Plasmids. The mouse C/EBPa expression plasmid (pSER28) was
described previously [7]. The expression vectors containing different
combinations of the four conserved regions (CR1-4) were prepared as
previously described [5]. To generate C/EBPa AN (A1-217) expression
vector, full length C/EBPa (pSER28) was digested with Ps¢I, the 2.6 kb-
Pst] fragment was blunt-ended with T4 DNA polymerase (New England
Biolabs, Ipswich, MA), digested with Apal to release the 0.7 kb fragment,
and inserted into the EcoRV-Apal site of pcDNA3.1(+) (Invitrogen,
Carlsbad, CA). To generate C/EBPa AC-V5 (A216-359) expression vec-
tor, pSER28 was digested with Pstl, the 0.7 kb fragment was blunt-ended
with T4 DNA polymerase (New England Biolabs, Ipswich, MA), digested
with EcoRI, and inserted into the EcoRV-EcoRI site of pcDNA3.1/V5-
HisA (Invitrogen, Carlsbad, CA).

Cell culture. A mouse ameloblast-like cell line (LS8) established from
immortalizing primary cultures of enamel organ epithelial cells with SV40
large “T” antigen was used as previously described [8].

Transient transfection and luciferase assay. Transient transfection and
luciferase assays were performed as described previously [9].

Co-immunoprecipitation assay and Western blotting. LS8 cells, ~90%
confluent in a 100 mm cell culture plate, were washed twice in ice-cold
phosphate-buffered saline. Ice-cold RIPA buffer (1 ml 1x PBS, 1% Non-
idet P-40, 0.1 mg/ml phenylmethylsulfonyl fluoride (Sigma, St. Louis,
MO), 30 pl/ml aprotinin (Sigma, St. Louis, MO), and 1 mM sodium
orthovanadate) was added, and the cells were collected using a cell scraper
(Corning, Acton, MA), and lysed by passing six times through a 22-gauge
needle at 4 °C. After centrifugation at 3000 rpm for 15 min at 4 °C, the
protein concentration of the supernatant was measured using a Bio-Rad
protein assay kit (Bio-Rad, Hercules, CA) with bovine serum albumin as
standards. For immunoprecipitation, 500 pg of total protein was pre-
cleaned with 50 pl of protein G-agarose beads (Sigma, St. Louis, MO)
prior to addition with 2 pg of primary antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) for overnight incubation at 4 °C with rotation.
Protein G-agarose beads (20 pl; IgG binding capacity at 10-20 pg/ul) was
added and incubated for 2 h at 4 °C with rotation. Immunoprecipitates
were collected by centrifugation at 2500 rpm for 5 min at 4 °C. The pellets
were washed three times with 1 ml PBS. After the final wash, the pellets
were resuspended in an equal volume of 2x SDS loading buffer, boiled for
S min, and stored at —70 °C. Samples were resolved by 12% SDS-poly-
acrylamide gel electrophoresis and transferred to Immobilon-P membrane
(Millipore, Billerica, MA). The membranes were incubated in blocking
buffer overnight at 4 °C, followed by incubation with the primary anti-
body for 1 h and the appropriate horseradish peroxidase-conjugated sec-
ondary antibody (Amersham, Piscataway, NJ) for 1h at room
temperature. Protein—antibody complexes were visualized by enhanced
chemiluminescence (ECL, Amersham, Piscataway, NJ).

Results

Physical dissection of the transactivation domain within
CI/EBPu responsible for activating the amelogenin promoter

It has previously been shown that C/EBPu is a transac-
tivator of the mouse X-chromosomal amelogenin gene
[8-10]. Four conserved regions of the C/EBPa transactiva-
tion domain, named CR1, CR2, CR3, and CR4, are iden-
tified among several species (Fig. 1A), and their functions
contributing to adipogenesis have been previously analyzed
[5]. To further investigate the region within the C/EBPa
transactivation domain acting upon the amelogenin pro-
moter, different combinations of the four conserved regions
(CR1-4) in C/EBPa were used to examine their ability
to alter amelogenin promoter activity using transient trans-

fection assays performed in an ameloblast-like cell line
termed LS8. Consistent with our previous findings, full
length C/EBPa (CR1/2/3/4) activated amelogenin pro-
moter by 4.4-fold (Fig. 1B). The C/EBPa isoform (CR3/
4) had little effect on the promoter activity (l.1-fold,
Fig. 1B). Interestingly, CR2 in isolation had exceptional
capacity, 11.8-fold, to enhance transcription of the amelo-
genin promoter over baseline values (Fig. 1B). Moreover,
CR2 in isolation was a stronger amelogenin transactivator
than full length C/EBPo, (11.8-fold compared to 4.4-fold).
The remaining conserved regions of C/EBPa, either in iso-
lation or in selected combinations, showed little effect on
amelogenin transactivation, such as 0.9-fold for CRI,
1.2-fold for CR1/4, and 1.3-fold for CR1/3/4. Western
blot analysis confirmed the expression of these various
C/EBPa truncated isoforms when transfected into LS8
cells (Fig. 1C).

Carboxyl-terminus of C/IEBPu. is responsible for C/EBPo—
Msx2 protein—protein interactions

It has been previously shown that there is functional
antagonism between C/EBPa and Msx2 in regulating the
mouse amelogenin gene transcription. Protein—protein
interactions between the carboxyl-terminus of Msx2 (resi-
dues 184-267) and C/EBPa is required for this protein—
protein interaction [11]. In an effort to map the domain
within C/EBPa responsible for C/EBPo-Msx2 protein—
protein interactions, various C/EBPa truncated isoforms
and Msx2 expression vectors were cotransfected into LS8
cells with the amelogenin promoter report construct
p2207-luc. In this experiment set, all tested C/EBPa trun-
cated isoforms contained the CR2 domain because CR2
domain is indispensable for C/EBPa transactivation.
Increasing amount of Msx2 potently attenuated either
CR1/2/3/4 (full length C/EBPa), CR2/3/4, CR2/4, CR1/
2, or CR2-mediated transactivation of the amelogenin pro-
moter in a dose-dependent manner (Fig. 2). Deletion of
CR1, CR3, and CR4 domains did not affect the inhibitory
effect of Msx2 on CR2-mediated transactivation (Fig. 2,
lanes 19-21), suggesting that CR1, CR3, and CR4 are
not required for C/EBPa—Msx2 interactions. It is likely
that either the CR2 domain or the basic region/leucine
zipper domain of C/EBPa accounts for Msx2-mediated
inhibition. Co-immunoprecipitation assay was then per-
formed to identify the region of C/EBPa required for pro-
ductive interactions. Here, two C/EBPa constructs were
generated to facilitate the study, C/EBPo AN (C/EBPa
AA218-359) and C/EBPa AC (C/EBPa AAI1-215). An
amino-terminal FLAG epitope-tagged Msx2 expression
plasmid was cotransfected into LS8 cells with the CR1/2/
3/4, CR2/3/4, CR1/2, CR2/4, CR2, C/EBPa AA218-359,
or C/EBPa AA1-215 expression plasmid, respectively.
Comparable amounts of both Msx2 and various C/EBPa
truncated isoforms were expressed in all transfected LS8
cell groups (Fig. 3A, lanes 1-7, 15-21). The Msx2 proteins
could be readily detected when using an anti-FLAG anti-
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Fig. 1. Effects of C/EBPu truncated isoforms on the p2207-luc mouse amelogenin promoter. (A) Schematic representation of various C/EBPo. truncated
isoforms. (B) Expression plasmids (200 ng) of various C/EBPu truncated isoforms were transiently cotransfected into LS8 cells with 250 ng of p2207-luc
amelogenin promoter reporter construct. pPCMV-lacZ was used as an internal control for transfection efficiency. The relative luciferase activity was the
normalization of luciferase activity with -galactosidase activity. The mean + SD from at least three independent experiments was represented, and the
level of p2207-luc in the absence of exogenous C/EBPa was set as 1. (C) LS8 cells were transfected with 1 pg of the expression vectors of various C/EBPa
truncated isoforms, and lysed 24 h latter as described under Materials and methods. Equal amounts of protein were separated by 12% SDS-—
polyacrylamide gel electrophoresis, immunoblotted with the C/EBPa antibody and detected using an Enhanced Chemiluminance assay (Amersham,
Piscataway, NJ).
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Fig. 2. Antagonism of C/EBPa truncated isoforms mediated transactivation on the amelogenin promoter by Msx2. In the presence of 250 ng of p2207-luc
reporter construct and 75 ng of pCMV-lacZ, various amounts (100, 200, and 400 ng) of the Msx2 expression plasmid were cotransfected into LS8 cells in
the presence (+) or in the absence (—) of 200 ng of the expression plasmid encoding CR1/2/3/4, CR2/3/4, CR2/4, CR1/2, or CR2, respectively. The relative
luciferase activity is the normalization of luciferase activity with B-galactosidase activity. The mean + SD from at least three independent experiments is
represented, and the basal level of p2207-luc was set as 1.
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body to pull down the desired target from total cell lysates
(Fig. 3A, lanes 22-28). In addition to the Msx2 proteins,
the light chain and heavy chain of anti-FLAG M2Ab
antibody were also detected (Fig. 3A, lanes 22-28). For
the co-immunoprecipitation portion, the various C/EBPa
truncated isoforms (CR1/2/3/4, CR2/3/4, CR1/2, CR2/4,
CR2), or the C/EBPa AA218-359 were co-immunoprecip-
itated efficiently with Msx2 (Fig. 3A, lanes 8-13). However,
the C/EBPa AA1-215 protein was not detected in the
immunocomplex (Fig. 3A, lane 14), suggesting that the
amino-terminal domain (residues 1-215) are not required
for C/EBPa—~Msx2 protein—protein interactions. The reci-
procal experimental strategy in which immunoprecipitation

immunoblotting using an anti-C/EBPa, anti-V5 or anti-
FLAG antibody (Fig. 3B) was also performed and
confirmed the finding that the carboxyl-terminal
domain (residues 218-359) of C/EBPa are required for
C/EBPa~Msx2 protein—protein interactions.

Discussion

Here, we report that the CR2 (conserved region 2) of the
C/EBPu transactivation domain was best able to stimulate
transcription from the mouse amelogenin promoter. The
remainders of the conserved regions in select combinations
had little effect on the mouse amelogenin promoter. This

with a C/EBPo antibody or a V5 antibody was followed by finding in the regulation of the mouse amelogenin gene is
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Fig. 3. Co-immunoprecipitation of various C/EBPa truncated isoforms and Msx2 from LS8 cells. (A) In a 100-mm tissue culture dish, 2 pg of amino-
terminal FLAG tagged Msx2 expression plasmid was cotransfected into LS8 cells with 2 pg of various C/EBPq truncated isoforms, CR1/2/3/4 (lanes 1, 8,
15, and 22), CR2/3/4 (lanes 2, 9, 16, and 23), CR1/2 (lanes 3, 10, 17, and 24), CR2/4 (lanes 4, 11, 18, and 25), CR2 (lanes 3, 12, 19, and 26), C/EBPa
AA218-359 (lanes 6, 13, 20, and 27), C/EBPa AA1-215 (lanes 7, 14, 21, and 28). After 24 h incubation, whole cell lysates were prepared as described under
Materials and methods. For immunoblot (IB), 10 pg of cell lysates were electrophoresed, transferred to Immobilon-P membrane (Millipore, Billerica,
MA), and immunoblotted with a C/EBPa antibody (Santa Cruz Biotechnology, Santa Cruz, CA, lanes 1-6), a V5 antibody (Invitrogen, Carlsbad, CA,
lane 7), or an anti-FLAG antibody (M2Ab, Sigma, St. Louis, MO, lanes 15-21). Five hundred micrograms of cell lysates was subjected to
immunoprecipitation (IP) with an anti-FLAG antibody (lanes 8-14). The immunoprecipitates were then electrophoresed, transferred to Immobilon-P
membrane, and immunoblotted with an anti-C/EBPa antibody (lanes 8-13), or an anti-V5 antibody (lane 14), or an anti-FLAG antibody (lanes 22-28).
(B) Co-immunoprecipitation analysis was performed as in (A). Total cell lysates of 10 ug were immunoblotted with an antibody against C/EBPa (lane 29),
V5 (lane 30), or FLAG (lanes 31 and 32). Cell lysates were immunoprecipitated with an anti-C/EBPa antibody, followed by immunoblotting with an anti-
FLAG antibody (lane 33); or with an anti-V5 antibody, followed by immunoblotting with an anti-FLAG antibody (lane 34).
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different from the observations for the C/EBPa functions
during adipogenesis, in which a combination of CR1 and
CR3 is also able to induce adipogenesis [5]. The difference
may result from the ability of C/EBPa to interact with
selected co-activators in the context of different physiologic
requirements.

Several studies have shown that CR2 interacts with
basal transcription apparatus and certain co-activators.
TBP and TFIIB, two essential components of the RNA
polymerase II basal transcriptional apparatus, have been
identified to co-operatively interact with the region cover-
ing CR2 domain [12]. The retinoblastoma (Rb) protein
complex has been shown to interact with C/EBPa and to
activate C/EBPo-mediated transcription [13,14], while the
Rb-binding motifs of C/EBPu (residues 67-82) are located
within the CR2 domain (residues 55-108) [15]. Further-
more, p300 is reported to co-activate C/EBPa-mediated
transactivation, which is mediated, in part, by functional
interaction with CR2 domain of C/EBPq [5].

The expression pattern of Msx2 has been identified in
murine teeth during odontogenesis. Msx2 is expressed in
undifferentiated inner enamel epithelial cells but is down-
regulated in differentiated ameloblast cells [16]. The role
of Msx2 in tooth formation has also been elucidated in
Msx2-deficient mice. Msx2-deficient molar tooth germs
developed normally up to the cap stage. The defect starts
to be observed at E16.5 as a modest reduction in enamel
organ volume. By the late bell stage, the amount of the epi-
thelial derived stellate reticulum (SR) decreases, and by the
day 1 postnatal stage, highly duplicated epithelial cells
reside in the intercuspal regions. Adult Msx2-deficient mice
show brittle and misaligned incisors as well as degenerated
molars [17]. Functional assays have demonstrated that
Msx2 represses mouse amelogenin gene expression through
direct protein-protein interactions with C/EBPa, a strong
transactivator of amelogenin gene [11]. Msx2-C/EBPua
physical interactions have also been identified to partici-
pate in regulating osteogenic versus adipogenic differentia-
tion of aortic myofibroblasts [18].

In this study, we identify that the CR2 domain of
C/EBPa is the only transactivation domain responsible
for activation of the mouse amelogenin gene. In addition,
the carboxyl-terminus of C/EBPa (residues 216-359) is
required for protein—protein interactions with Msx2.
Although Msx2 is reported as a general transcription
repressor [19], this mechanism is not likely to play a signif-
icant role in our model system since previous data has only
shown a modest inhibitory effect on the amelogenin pro-
moter construct p51-luc in the presence of Msx2 [11].

Since the carboxyl-terminal stretch of amino acids con-
tains basic region leucine zipper domain that is responsible
for the DNA binding and dimer formation of C/EBPa,
there are several possibilities to account for repression of
Msx2 on C/EBPa-mediated transactivation. Msx2 may
interfere with C/EBPa binding to its cis-element upon the
formation of Msx2-C/EBPa protein complexes. Alterna-
tively, Msx2 may perturb C/EBPa dimer formation, since

dimerization is a prerequisite for C/EBPa binding [20,21].
These data, together with our previous findings [8,11], help
to better understand the molecular mechanism for C/EBPa
and Msx2 to orchestrate amelogenin production during
tooth formation.
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