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An appropriate concentration of intracellular T is a critical determinant of placenta development
and function and is mainly controlled by the activity of type Il deiodinase (D2). The levels of this
enzyme are finely regulated in different tissues by coordinated transcriptional mechanisms, which
rely on dedicated promoter sequences (e.g. cCAMP response element and TATA elements) that
impart inducibility and tissue specificity to Dio2 mRNA expression. Here we show that CCAAT
enhancer-binding proteins « and 3 (C/EBP« and C/EBPB) promote Dio2 expression in the tropho-
blastic cell line JEG3 through a conserved CCAAT element, which is a novel key component of the
Dio2 promoter code that confers tissue-specific expression of D2 in these cells. Increased C/EBPs
levels potently induce Dio2 transcription, whereas their ablation results in loss of Dio2 mRNA. By
measuring the activity of several deletion and point mutant promoter constructs, we have iden-
tified the functional CCAAT element responsible for this effect, which is located in close proximity
to the most 5’ TATA box. Notably, this newly identified sequence is highly conserved throughout
the species and binds in vivo and in vitro C/EBP, indicating the relevance of this regulatory mech-
anism. Together, our results unveil a novel mechanism of regulation of D2 expression in a tro-
phoblastic cell line, which may play a relevant role during placenta development. (Endocrinology
153: 4030-4038, 2012)

uring gestation, the maintenance of appropriate in-
Dtracellular T, concentrations is a critical determi-
nant for proper development of some tissues, including
fetal brain and maternal placenta (1, 2). In these areas,
the intracellular T; levels are promptly adjusted to the
cellular requirements by several mechanisms aimed at
preventing the severe consequences of gestational hy-
pothyroidism (e.g. cretinism, premature delivery, and
abortion). The intracellular conversion of T, to T, cat-
alyzed by type II deiodinase (D2), represents a critical
regulated mechanism of this process. D2 catalyzes the
removal of a single iodine from the outer ring of T, in
the 5’ position and is expressed in several tissues, in-
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cluding brain, muscle, fat, thyroid, bone, and placenta
(3). The regulation of D2 levels and activity is a critical
step to control local T5 concentrations and has been
characterized in different tissues (3). D2 can be regu-
lated at the posttranslational level by ubiquitination
and de-ubiquitination mechanisms (4). Additionally, a
tight regulation of D2 levels in specific tissues and in
response to different stimuli is achieved by a fine-tuned
transcriptional control of the Dio2 gene. The promoter
region of the Dio2 gene has been carefully characterized
in different contexts. Several cis-acting elements have
been identified as responsible for the response to dif-
ferent stimuli or as determinants of tissue specificity (35).

* G.C. and M.G.S. equally contributed to this manuscript.

Abbreviations: C/EBP, CCAAT enhancer-binding protein; CG, chorionic gonadotropin;
CRE, cCAMP response element; D2, type Il deiodinase; EGF, epidermal growth factor; siRNA,
small interfering RNA; TSS, transcriptional start site.
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In humans, one of the tissues where the Dio2 gene is
specifically expressed and regulated is the placenta. In-
deed, D2 levels are elevated in the cytotrophoblast dur-
ing the first trimester of gestation (6), possibly as a con-
sequence of an increased need for T in this tissue at this
stage to support the endocrine function of placenta (7).
For this reason, D2 levels in early pregnancy appear to
be carefully regulated by multiple mechanisms. In our
previous work, we have characterized the promoter ar-
chitecture of the human Dio2 gene and its regulation in
the choriocarcinoma cell line JEG3, which presents
many of the biological and biochemical features asso-
ciated with early trophoblast. These cells express the a-
and B-subunits of the chorionic gonadotropin (CG)
gene and harbor a significant 5'-deiodination activity
(8, 9). In analogy with the a-subunit of CG (aCG), a
paradigmatic placenta-specific gene expressed mostly
during the first trimester of gestation, Dio2 promoter is
synergistically regulated by epidermal growth factor
(EGF) and cAMP, acting through a conserved promoter
cAMP response element (CRE) and a TATA element (9,
10). Because EGF is secreted by placenta during early
gestation and cytotrophoblast expresses EGF receptor
(11), we have hypothesized that this autocrine mecha-
nism may contribute to ensure high levels of placental
D2, aCG, and other critical genes during the early stage
of pregnancy.

In addition to the CRE-TATA unit, there are other im-
portant determinants of placental expression in the «CG
promoter, such as CCAAT boxes, GATA elements, and
upstream regulatory elements (12).

In particular, CCAAT boxes appear to play a major role
in determining the tissue specificity to «CG gene. CCAAT
elements bind a bZIP family of transcription factors,
called CCAAT enhancer-binding proteins (C/EBPs) (13).
There are six members of C/EBPs (C/EBPa, C/EBPS,
C/EBPS, C/EBPe, C/EBPy, and C/EBP{) that play different
roles in different tissues (14). It has been demonstrated
that C/EBPa and -8 are pivotal regulators of development
and function of placenta (15) and that their combined
ablation results in failure to develop the trophoblast (16).
Because we noticed several putative CCAAT elements in the
promoter region of the human Dio2 gene, the aim of this
study was to determine whether C/EBPs directly regulate
Dio2 mRNA levels and participate in the orchestrated reg-
ulation of Dio2 expression in the JEG3 placenta cell line.

Materials and Methods
Plasmids

Human reporter plasmids 1299 ATG Dio2 Luc and 805 ATG
Dio2 Luc have been previously described (8). A series of 5'-
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deletion promoter constructs, all lacking the region downstream
of the transcriptional start site (TSS), were constructed by PCR
using the 1.3-kb Dio2 Luc plasmid as template. The following
constructs were generated and named based on their distance to
the TSS: 590 TSS, 120 TSS, 101 TSS, 81 TSS, 61 TSS,and 41 TSS
Dio2 Luc.

The following primers were used: 590 TSS forward, 5'-CT
GGGATGGTAC-3'; 120 TSS forward, 5'-CTGGCCAAAGTA
AAGCCCT-3; 101 TSS forward, 5'-CCCAAGCTTCTTTCTC
AATGACGTCAAGA-3’; 81 TSS forward, 5'-CCCAAGCTTT
CTTTACCAAGATTAGGCTT-3'; 61 TSS forward, 5'-CCCA
AGCTTTCACTTCTCTATTGCAGCAA-3’; 41 TSS forward,
5'-CCCAAGCTTTTAGCCAGGGAATGTATAAAAG-3’; and
TSS reverse, 5'-GCTATCTGTCTGTGGTGCA-3'.

Promoter sequences were amplified by PCR with GoTaq
Green Master Mix (Promega, Madison, WI), together with for-
ward and reverse primers that contained a 5’ HindIIl adaptor
sequence. PCR products were cloned into the HindIll site of
plasmid pSVOALAS’, a luciferase expression vector (8).

The expression vectors pcDNA3-HA-C/EBPa and pcDNA3-
Flag-C/EBPB were obtained by PCR amplification of human pla-
cental cDNA and cloning into pcDNA3-HA and pcDNA3-Flag
vectors. The constructs have been sequenced to verify the ab-
sence of PCR-dependent errors.

Cell culture, transient and stable transfections, and
luciferase assays

JEGS3 cells were cultured in MEM supplemented with 10%
fetal bovine serum and 1% L-glutamine. The day before trans-
fection, 200,000 cells per well were seeded in six-well plates and
grown overnight. For transfection, cells were incubated over-
night in Opti-MEM (Invitrogen, Carlsbad, CA) with 0.9 ug lu-
ciferase reporter plasmid, 1 ug of the indicated expression vec-
tors,and 5 ul Lipofectin per well (Invitrogen). Plasmid RSV B-gal
(0.1 pg/well), which expresses B-galactosidase under the control
of the RSV promoter, was used in all transfections to normalize
the luciferase activity. The empty expression vector pcDNA3
(Invitrogen) was used, when necessary, to maintain a total of 2
pg f plasmid DNA. After transfection, cells were lysed in 0.5%
Triton X-100, 0.25 M Tris (pH 8), and luciferase activity was
measured.

To generate stably overexpressing C/EBPa (JEG3a) and -B
(JEG3B) cell lines, JEG3 cells were transfected with pcDNA3-
HA-C/EBPa and pcDNA3-Flag-C/EBPS plasmids (see above).
Stably transfected cells were selected by incubation with 0.8
mg/ml Geneticin (Life Technologies, Grand Island, NY), and
single clonal cells were isolated and grown. The level of expres-
sion of C/EBPa or -8 proteins in the clonal cells was verified by
Western blot assay.

RNA isolation and semiquantitative and
quantitative RT-PCR

Total RNA was isolated with RNeasy mini Kit (QIAGEN,
Valencia, CA) according to the manufacturer’s instructions. Re-
verse transcription was performed with 1 ug total RNA using
Superscript II and random hexamers (Invitrogen). Semiquanti-
tative PCR was performed as previously described (9), using
primers specific to Dio2 and B-actin cDNA.

The primers used to amplify the human Dio2 cDNA were for-
ward 5'-GCATGCTGACCTCAGAGGGACTGCGCTGCGTC

6102 Joquiajdag 90 uo Jasn Leinjje) sibojoussiolg did Aq 0SZFZFZ/0E0P/8/ES L AYBISE-0]0IE/OPUS/LI0Y"dNO"OIWLBPEOE//:SARY WO} PAPEOIUMOQ



4032 Canettieri et al.

TGG-3' andreverse 5'-AACCAGCTAATCTAGTTTTCTTTCAT
CTCTTGCTG-3'. For human B-actin, the following primers were
used: forward 5'-CTACAATGAGCTGCGTGTGG-3' and reverse
5'-CGGTGAGGATCTTCATGAGG-3'.

Quantitative real-time PCR was performed as described pre-
viously (17) with the following primers: human Dio2, forward
5'-AGCTTCCTCCTCGATGCCTAC-3" and reverse 5'-CCAC
TGTTGTCACCTCCTTCTGT-3’, and human GAPDH, for-
ward 5'-GTATTCCCCCAGGTTTACAT-3’" and reverse
5'-TTCTGTCTTCCCTCACTCC-3'.

mRNA stability

To determine the stability of Dio2 mRNA, cells were incu-
bated with 5 pg/ml actinomycin D (Sigma Chemical Co., St.
Louis, MO) for the indicated times. RNA was extracted, and
semiquantitative RT-PCR was performed as described above.
Densitometric analysis was performed using NIH Image]
software.

RNA interference

RNA interference experiments were performed using the fol-
lowing small interfering RNA (siRNA) smart pools (Dharmacon,
Lafayette, CO): 100 nm human C/EBPa (M006422030005), 100
nM human C/EBPB (M006423030005), and 100 nM nontargeting
SMART pool (D-001206-13). siRNA transfections were per-
formed by incubating JEG3 cells with Lipofectamine 2000 (Invit-
rogen) in Opti-MEM for 6 h. After transfection, cells were grown
for another 48 h. The efficacy of the knockdown was monitored by
C/EBP Western blot analysis and was always greater than 95%.

PCR-based mutagenesis

Plasmid 1299 ATG TATA MUT Dio2 Luc has been previ-
ously described (10). To generate point mutations of the CCAAT
box sequence in the 1299 ATG Dio2 Luc plasmid, the
QuikChange Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA) was used. The primer sequences containing the mu-
tations were human Dio2 CCAAT MUT, forward 5'-TTTCAC
TTCTCTATGGCAGCACTTAGCCAGGG-3’ and reverse
5'-CCCTGGCTAAGTGCTGCCATAGAGAAGTGAAA-3'.

Western Blot

To perform Western blot experiments on C/EBPa and
C/EBPB JEGS3 stable lines, cells were lysed in sodium dodecyl
sulfate/urea buffer (17) and sonicated. Forty micrograms of cell
lysates were loaded, and Western blot was performed following
standard techniques. Antibodies against C/EBPa (SC-61) and
C/EBPB (SC-150) were from Santa Cruz Biotechnology (Santa
Cruz, CA).

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed as previ-
ously described (9). Briefly, cells were incubated with 1% form-
aldehyde for 20 min at room temperature to cross-link proteins
to DNA. After cross-linking, cells were lysed [3% sarkosyl, 5 mm
EDTA, 50 mm Tris-HCI (pH 8.1), plus protease inhibitors] and
sonicated to reduce the genomic DNA into small fragments
(400-600 bp). The lysates were precleared with protein A-aga-
rose and nonspecific antibodies for 2 h at 4 C. After preclearing,
the lysates were incubated with control IgG, C/EBPa, and
C/EBPBantisera (Santa Cruz Biotechnology) overnightat4 C. At

C/EBP Regulation of Dio2 Gene in JEG3 Cells

Endocrinology, August 2012, 153(8):4030-4038

the end of the incubation, the immunocomplexes were washed
extensively and eluted, the cross-linking was reversed, and the
DNA purified, precipitated, and resuspended. Eluted DNA was
analyzed with quantitative real-time PCR using primers encom-
passing Dio2 or the unrelated GAPDH gene. Quantitative ChIP
was performed as already described (9). The following primers
were used: human Dio2 CCAAT WT (primers A), forward §'-
GCCAAAGTAAAGCCCTCTTTCTC-3' and reverse 5'-GCCT
TTTATACATTCCCTGGCTAA-3'; human Dio2 intron (prim-
ers B), forward 5'-TGATTTTCGCCCTGGTCTTT-3' and re-
verse 5'-CATTCTTCTCAAGCCTGGTTGA-3'; and GAPDH,
forward 5'-AGAACATCATCCCTGCCTCT-3’ and reverse
5'-CACCTGGTGCTCAGTGTAG-3'.

Recombinant proteins

C/EBPa and C/EBPB recombinant proteins have been gener-
ated with TNT T7 Coupled Reticulocyte Lysate System Kit (Pro-
mega), according to the manufacturer’s instructions, using
pcDNA3-HA-C/EBPa and pcDNA3-Flag-C/EBPB plasmids.

Electrophoretic mobility shift assay

Binding reactions mixture contained 0.6 ng *?P-labeled oli-
gonucleotide probe, 15 ug recombinant proteins, 2 ug poly (de-
oxyinosine-deoxycytosine), 200 mm KCl, 75 mm HEPES (pH
7.9), 5 mMm EDTA, 2.5 mM dithiothreitol, and 25 % glycerol in a
total volume of 25 ml. To perform supershift experiments, 2 ug
of the anti-C/EBP antibody (Santa Cruz Biotechnology) were
added to the binding reaction mixture. In competition experi-
ments, 100-fold molar excess of cold oligonucleotides was added
to the binding reaction mixture. The following oligonucleotide
probes were used: human Dio2 CAAT WT, forward 5'-TT
TCACTTCTCTATTGCAGCAATTAGCCAGGG-3’ and re-
verse 5'-CCCTGGCTAATTGCTGCAATAGAGAAGTGA
AA-3’; and human Dio2 CAAT MUT, forward 5'-TTTCAC
TTCTCTATGGCAGCACTTAGCCAGGG-3'andreverse5'-
CCCTGGCTAAGTGCTGCCATAGAGAAGTGAAA-3'.
Reaction mixtures were incubated for 30 min at room tem-
perature, resolved on nondenaturing 4% polyacrylamide gel,
dried, and exposed to autoradiography.

Statistical analysis

The results presented in figures are representative of at least
three independent experiments with comparable results.

Statistical differences were tested using the Mann-Whitney U
test when treatment and control samples were analyzed or with
nonparametric ANOVA (Kruskal-Wallis test) when more than
two treatments were analyzed. Where significant differences
were observed (P < 0.05) using ANOVA, pairwise comparisons
were carried out using Dunn’s multiple-comparisons test. All
statistical tests are indicated in the figure legends. Differences
were considered significant at P < 0.05. Statistical analyses were
performed using Instat GraphPad version 3.06 statistical soft-
ware (GraphPad Inc., San Diego, CA).

Results

Dio2 gene is regulated by C/EBPs
The promoter region of the human Dio2 gene contains
potential binding sites for C/EBP proteins (Table 1), and
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TABLE 1. Potential C/EBP sites in Dio2 promoter

C/EBP site

TCAAT (=1002/-997 ATG) (=291 TSS —286 TSS)

GCAAT (—833/—828 ATG) (=122 TSS —117 TSS)

TCAAT (—803/—798 ATG) (=92 TSS —87 TSS)

ATTGCAGCAAT (—760/—749 ATG) (=49 TSS —44 TSS)
(=43 TSS —37 TSS)

5  GCAAT (—=503/—498 ATG)

6  ACCAT (—461/—456 ATG)

~rWN —

Numbers in parentheses indicate the positions of the different sites
from the translational start site (ATG) and from the most 5’
transcriptional start site (TSS).

the activity of these transcription factors have been linked
to the regulation of key genes during early trophoblast
development (15, 16). To determine whether C/EBPs
could also regulate transcription of Dio2 gene in a pla-
centa cell line, we first performed a luciferase assay on the
1.3-kbregion of the Dio2 promoter in JEG3 cells. Previous
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studies have shown that C/EBPa and -B are predominantly
expressed in placenta cells (15). Therefore, we focused our
studies on these two isoforms.

As shown in Fig. 1A, overexpression of both C/EBP«
and C/EBPg strongly induced Dio2 promoter. To verify
that C/EBPs increase the levels of endogenous Dio2
mRNA, we performed RT-PCR studies in JEG3 cells sta-
bly expressing C/EBPa and C/EBPB (JEG3« and JEG3p;
Fig. 1B). As shown in Fig. 1B, Dio2 mRNA levels were
higher in JEG3« and JEG3p cells overexpressing the tran-
scription factors compared with control JEG3 cells trans-
fected with empty vector.

Previous studies have shown that the stability of Dio2
mRNA is differentially affected by different stimuli and
transcription factors (9). To measure the stability of the
C/EBP-induced transcript, we incubated JEG3 3 cells with
actinomycin D for different times. The calculated half-life

WB: C/EBPa WB: C/EBPB
JEG3 JEG3a JEG3 JEG3p
L || — !

JEG3
JEG3 C/EBPa C/EBPB C-

Dio2

<«— [ actin

hDio2 / GAPDH mRNA

0,8
0,6
0,4

0,2

siCtr  siC/EBPa siC/EBPB

FIG. 1. A, Dio2 gene is induced by C/EBPs: luciferase assay of 1299 ATG Dio2 luc promoter construct in JEG3 cells. Cells were seeded in six-well
plates and transfected with 1299 ATG Dio2 Luc, RSV B-gal, C/EBPa, and C/EBP plasmids. At the end of the incubation, luciferase and B-
galactosidase assays were performed. ANOVA test: *, C/EBP« vs. control, P < 0.05; **, C/EBPB vs. control, P < 0.001. Results represent the
average value = sp of three different experiments, each performed in triplicate. B, Endogenous expression of Dio2 mRNA in JEG3-C/EBP« and
JEG3-C/EBP stable cell lines; top, Western blot (WB) with C/EBP« and C/EBP antisera; bottom, RT-PCR analysis, using primers specific for Dio2
and B-actin cDNA. C, Stability of C/EBP-induced transcript. C/EBPS stable cell line (JEG3p) cells were incubated with 5 wg/ml actinomycin D for the
indicated times. At the end of the incubation, total RNA was extracted and reverse transcribed, and the cDNA was amplified with primers
complementary to Dio2 and B-actin genes (top); bottom, densitometric analysis of the gel. D, Effect of siRNA-mediated knockdown of C/EBPs on
Dio2 mRNA expression; top, quantitative RT-PCR of RNA extracted from JEG3 cells transfected with control (siCtr) and C/EBPa and C/EBP siRNA,
with Dio2 mRNA levels normalized to GAPDH mRNA levels; bottom, Western blot with C/EBPa, C/EBPB, or tubulin antisera to show the efficacy of
siRNA-mediated knockdown. ANOVA test: *, C/EBPa vs. control, P < 0.001; **, C/EBPB vs. control, P < 0.001. Results represent the average

value = sp of three different experiments, each performed in triplicate.
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for this C/EBP-induced transcript was 3.5 h (Fig. 1C). Sim-
ilar data were obtained with JEG3a cells (not shown).
To understand the physiological relevance of the
C/EBPs regulation on Dio2 gene expression, we next ex-
amined the consequences of siRNA-mediated knockdown
of both transcription factors in JEG3 cells. After 48 h from
the siRNA transfection, we observed an almost complete
loss of both C/EBPa and C/EBPS proteins (Fig. 1D, bot-
tom). Remarkably, Dio2 mRNA levels were strongly re-
duced in both C/EBPa- and C/EBPB-deficient cells (Fig.
1D, top), as assessed by real-time quantitative PCR. These
data demonstrate that both transcription factors are es-
sential to basal Dio2 mRNA expression in these cells.

Mapping of the C/EBP-responsive sequence
Because the promoter region of Dio2 gene has multiple
potential CCAAT boxes (Table 1 and Fig. 2), we sought to
identify the sequence involved in the response to C/EBPs.
We first tested the 5’ and 3’ deletion mutant constructs

C/EBP Regulation of Dio2 Gene in JEG3 Cells
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depicted in Fig. 2A. All the constructs tested showed a
significant response to C/EBP, including the smaller plas-
mid, starting at nucleotide —120 relative to the TSS.

Therefore, we generated and tested a series of micro-
5'-deletion mutants, starting from the 120 TSS constructs.
With this approach, we isolated a 20-bp region, between
nucleotides —61 and —41, that was essential to confer the
response to C/EBPB (Fig. 2B). Sequence analysis of this
20-nucleotide fragment revealed the presence of a C/EBP-
binding site (ATTGCAGCAAT; Fig. 3A), which differs
from a canonical consensus site (ATTGCGCAAT) only
for a single nucleotide insertion and is separated from the
most 5’ Dio2 TATA box by 13 nucleotides. Sequence
alignment showed that the putative C/EBP site, the down-
stream region, and the TATA box are highly conserved
throughout the species (Fig. 3A).

To determine whether the putative site is functional, we
introduced two point mutations in the CCAAT site (see Fig.

A 1 23 4 18555
1299 ATG —0—0-0—@0 i 00 Luc l | % [0 Empty
W C/EBPp
4 5 6
swsate —a— "o o | p—
1 23 4
0TS - ——
| *
3 4
mTss o e -
' T T T T 1
0 5 10 15 20 25
Fold change
= TSS
3 4
10178 —0—00— | 1 -
4

81 TSS —“—I: Luc
4

617ss @— 1| Lu

mrss L L !

Empty vector !

O Empty
Il C/EBPB

4 6 8 10 12 14
Fold change

FIG. 2. A, Luciferase assay of Dio2-Luc promoter constructs in JEG3 cells. Cells were seeded in six-well plates and transfected with 1299 ATG, 805
ATG, 590 TSS, 120 TSS Dio2 Luc (schematic representation on the left), RSV B-gal, and C/EBPB plasmids. At the end of the incubation, luciferase
and B-galactosidase assays were performed. *, C/EBPB vs. control, P < 0.05, Mann-Whitney test U test. Results represent the average value *+ sp
of three different experiments, each performed in triplicate. The numbered circles represent the potential Dio2 CCAAT elements. B, Luciferase
assay of Dio2-Luc promoter constructs in JEG3 cells. Cells were seeded in six-well plates and transfected with 101 TSS, 81 TSS, 61 TSS, 41 TSS
Dio2 Luc, RSV B gal and C/EBPS plasmids. At the end of the incubation, luciferase and B-galactosidase assays were performed. *, C/EBPS vs.
control, P < 0.05, Mann-Whitney test U test. Results represent the average value =+ sp of three different experiments, each performed in triplicate.
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-61 TSS -41 TSS
A AGGCTTTCACTTCTCTATTGCAGCAATTAGCCAG
-51 -41

Homo Sapiens
Macaca Mulatta
Mus Musculus

Felis Catus
Canis Familiaris
Gallus Gallus

C/EBP BINDING SITE

TTCTCTATTGCAGCAATTAGCCAGGGAATGTATAAAAGGCG
TTCTCTATTGCAGCAATTAGCCAGGGAATGTATAAAAGGCG
TTCTCTATTGCAGCAATTAGCCAGGGAATGTATAAAAGGCT
Pan Troglodytes TTCTCTATTGCAGCAATTAGCCAGGGAATGTATAAAAGGCG
Rattus Norvegicus TTCTCTATTGCAGCAATTAGCCAGGGAATGTATAAAAGGCT
TTCTCTATTGCAGCAATTAGCCAGGGAATGTATAAAAGGCT
TTCTCTATTGCAGCAATTAGCCAGGGAATGTATAAAAGGCT
TTCTCTATTGCAGCAATTAGCCAGGGAATGTATAAAAGGCT

TATA BOX
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noprecipitation experiments. As shown
in Fig. 4A, when the PCR was performed
with primers encompassing the Dio2
CCAAT promoter region (primers A,
Fig. 4A, bottom), a strong enrichment
was detected in C/EBPa and C/EBPB im-
munoprecipitation samples, compared
with IgG control. In contrast, no enrich-
ment was detected when using primers
amplifying an intronic region located

-21

B 2000 nt downstream from the TSS (prim-

1299 ATG Dio2-Luc ers B, Fig. 4A, bottom) or with primers

CEAAT amplifying the coding region of the

Vx| ol =] *  GAPDH gene. Thus, these data demon-

CCAAT MUT| x_- C e e str.ate that CﬂEBPa apd -Befficiently bind
- Dio2 promoter in vivo.

TATA MUT| .—x L e To study whether C/EBPs bind di-

' rectly to the identified responsive se-

CCAATWT  ATTGCAGCAAT ¢ 1 = = <+ & B 7 quence, we performed EMSA (Fig. 4B).

CCAATMUT ATGGCAGCACT Fold change The addition of recombinant flag-tagged

TATAWT  TATAAAA C/EBPB to a radiolabeled oligonucleo-

TATAMUT  GAGACAA tide containing the Dio2 C/EBP site

FIG. 3. A, Top, sequence of the 20-nucleotide region (=61 to —41) containing the CCAAT
element (underlined bold) in human Dio2 promoter; bottom, sequence alignment of this
region in various species; bold indicates C/EBP binding sites and TATA boxes. The numbers
indicate the position of the two elements, relative to the most 5’ TSS in human Dio2. B,
Luciferase assay of 1299 ATG Dio2 Luc promoter constructs in JEG3 cells. Cells were seeded
in six-well plates and transfected with 1299 ATG WT Dio2 Luc, 1299 ATG CCAAT MUT Dio2
Luc, 1299 ATG TATA MUT Dio2 Luc, RSV B-gal, and C/EBPB plasmids. At the end of the
incubation, luciferase and B-galactosidase assays were performed. *, C/EBPB vs. control, P <
0.001, Mann-Whitney test U test. Results represent the average value =+ sp of three different
experiments, each performed in triplicate. Bottom, Wild-type and mutant sequences (the

underlined letters indicate the point mutations).

3B) by site-directed mutagenesis followed by luciferase assay.
As shown in Fig. 3B, mutation of the CCAAT site in the
context of the 1299 ATG Dio2 Luc construct resulted in the
complete loss of C/EBPB response, demonstrating that
C/EBPB induces Dio2 promoter exclusively through the
identified CCAAT element.

The §5'-flanking region human Dio2 gene has a complex
organization and contains multiple TATA boxes and TSS
(8, 18). Therefore, we wondered whether C/EBPS works in
concert with the nearby TATA box (the most 5" TATA box)
or other TATA or potential non-TATA elements. To this
end, we tested the response of the 1299 Dio2 region mutated
inthe most 5" TATA box (TATAMUT). Asshown in Fig. 3B,
C/EBPB was unable to induce transcription of the mutant
construct, thus demonstrating that the CCAAT unit is func-
tionally dependent on the integrity of the most 5’ TATA box.

Analysis of the binding of C/EBPs to Dio2
promoter

To determine whether C/EBPs are recruited to Dio2 pro-
moter i vivo, we performed quantitative chromatin immu-

caused the formation of a DNA-protein
complex (see lane 2). The band was spe-
cifically supershifted upon addition of
anti-C/EBPS antibodies (lane 3). The ad-
dition of 100X excess cold wild-type oli-
gonucleotide completely displaced the
complex (lane 4), whereas addition of
100X excess cold mutated oligo (same
mutation of Fig. 3B) failed to compete
with the labeled oligonucleotide (lane 5).

Taken together, these data demonstrated that C/EBPs
bind i1 vivo and in vitro Dio2 promoter.

Discussion

In the present work, we have demonstrated the relevance
of C/EBP transcription factors in the regulation of Dio2
gene expression in a human placenta cell line.

The time-restricted expression of several genes in spe-
cific tissues is governed by the concerted action of multiple
transcription factors, working in an orchestrated fashion
on specific promoter modules. One of these genes appears
to be Dio2, which is expressed in selected tissues as a result
of dedicated mechanisms acting at the promoter level.

A well-known case of such regulation occurs in human
thyroid, where it has been demonstrated that human Dio2
gene is highly expressed thanks to the presence of a thyroid
transcription factor-1 response element located in the en-
hancer region of human but not mouse gene (19). Another
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FIG. 4. A, Quantitative chromatin immunoprecipitation. JEG3 cells were cross-linked with 1% formaldehyde and lysed. The lysates were sonicated
and immunoprecipitated with control IgG, C/EBP«, and C/EBP antisera. At the end of the incubation, the immunocomplexes were washed
extensively and eluted, the cross-linking was reversed, and the DNA was purified, precipitated, and resuspended in Tris-EDTA buffer. Quantitative
PCR was performed using primers amplifying Dio2 CCAAT sequence (primers A), an intronic region of Dio2 gene (primers B), and the unrelated
GAPDH gene. ANOVA test: *, C/EBPa vs. control, P < 0.05; **, C/EBPB vs. control, P < 0.001. Results represent the average value =+ sp of three
different experiments, each performed in triplicate. hDio2, Human Dio2. B, EMSA. ?P-Labeled Dio2 CCAAT oligonucleotide probe, recombinant
flag-tagged C/EBPB, anti-C/EBPB antibody, 100-fold molar excess of cold wild-type (wt) and cold mutated (mut) oligonucleotides were added to
the reaction, as indicated. The free probe is indicated. The indicated retarded bands represent the complex between recombinant C/EBPB and the
Dio2 CCAAT probe (DNA-protein complex) or the supershift upon addition of antisera (supershift).

mechanism of tissue-specific expression of Dio2 gene has
been elucidated in cardiac muscle. In cardiomyocytes,
Dio2 expression is regulated by the combined action of
two transcription factors, NKX 2.5 and GATAA4, that im-
part tissue specificity to the gene through the binding to
specific promoter sequences (20).

In our previous studies, we have sought to understand
how Dio2 gene is regulated and selectively expressed in
JEGS3, a cell line recapitulating several features of the early
trophoblast. We have compared Dio2 gene with a para-
digmatic example of a placenta-specific gene: the a-sub-
unit of CG (aCG). Interestingly, analogies between the
two genes have emerged from our studies. Both genes are
regulated by the cAMP-protein kinase A signaling through
activation of the transcription factor CRE-binding pro-
tein, which specifically binds to conserved CRE sites lo-
cated in their promoter regions (8, 10, 18, 21). In both
cases, the CRE is located in proximity to a functional
TATA box, which is a critical feature needed to confer a

full response to cAMP agonists (22). In addition, both
genes are similarly regulated by EGF, which acts syner-
gistically with cAMP agonists through activation of a
composite transcription factor module, consisting of
CRE-binding protein, cJun, and cfos, which are activated
and recruited to the CRE in a single complex (9, 12).

With this work, we have added further complexity to
this model. We have demonstrated that the specific ex-
pression of Dio2 gene in trophoblastic cells is governed by
an additional common promoter sequence, represented by
the CCAAT enhancer binding element, which is remark-
ably conserved throughout the species. In analogy with the
aCG promoter, this functional CCAAT element is located
nearby the TATA box and needs its integrity to properly
function (23).

We have demonstrated that C/EBPa and C/EBPS,
which are expressed in the early trophoblast, bind in vivo
and in vitro to this CCAAT box and potently induce Dio2
mRNA expression in JEG3 cells. In addition, a strong re-
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duction of Dio2 transcription is observed in JEG3 cells
upon ablation of both transcription factors or mutation of
the CCAAT box, indicating a crucial role of this mecha-
nism for the physiological maintenance of basal Dio2
mRNA levels in this placenta cell line.

The maintenance of proper levels of T5 in human pla-
centa has been suggested to be critical during the early
stage of gestation to support the proliferation and the en-
docrine functions of the expanding trophoblast (7). Be-
cause C/EBPs are mediators of the response to a number of
extracellular cues (e.g. cytokines, insulin, and thyroid hor-
mones) (14), it may be speculated that the Dio2 CCAAT
box could also be involved in the response to proliferating
and differentiating signals acting at placenta level during
the early stage of trophoblast development. One such sig-
nal could be the leukemia inhibitory factor cytokine,
which activates C/EBP in some cells, such as the adipocytes
(24), and has been found to be crucial for trophoblast
development and embryo implantation (235, 26).

Another relevant issue that stems from these data is
whether the effect of C/EBP on Dio2 gene expression is
important in other areas. In this regard, previous studies
have shown that mice lacking C/EBPa display impaired
thermogenesis and decreased T content in brown adipose
tissue, due to low D2 activity (27). Therefore, this obser-
vation can now be explained with a direct effect of C/EBP
on Dio2 expression in brown adipose tissue, a tissue where
C/EBPa and D2 act as master regulators of tissue devel-
opment and heat production. In addition, it has been re-
cently shown (28) that overexpressed C/EBPa and -8 in-
duce rat Dio2 gene expression in glial cells. Although the
responsive sequence has not been finely mapped in that
report, it was shown that the C/EBP-mediated regulation
occurs in a promoter fragment mapping between nucleo-
tides —83 and —37 (relative to the TSS), which overlaps
with the region that we have identified in this study.

In conclusion, we have described a novel mechanism of
regulation of Dio2 gene in a placenta cell line, whereby
CCAAT elements are critical components of a composite
promoter code, which imparts tissue specificity to this
gene. The Dio2 promoter shares several features with
aCG promoter, a critical placenta-specific gene, thus in-
dicating that these two genes are part of a common tran-
scriptional program and suggesting that this mechanism
could also play a relevantrole iz vivo during the early stage
of trophoblast development.
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