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Ibab/lbab

Ibab/Ibab.
CNP-Tg

Fig. 5 Micro-CT analysis of humeri from wild-type (Wr), lbab/Ibab, and lbab/lbab-CNP-Tg mice at the age of 10 weeks. Scale bar I mm

in lbab/lbab metatarsal explants than in [bab/+ metatarsal
explants and was returned to the same position as lbab/
+ metatarsal explants by addition of CNP (Fig. 8).

Discussion

Previously, we and other groups had reported in brief
communications that the short stature phenotype of lbab/
Ibab mice is caused by a mutation in the CNP gene
[11-13]. Here, we further analyzed the skeletal phenotypes
of Ibab/lbab mice and report the results in this full-length
article.

Analysis of the growth curves of nasoanal and nose~tail
lengths revealed that the shortness of Ibab/lbab mice is
mild at birth but rapidly progresses by the age of 3 weeks,
and then, after 4 weeks, the ratio of the length of lbab/Ibab
mice compared to that of wild-type mice becomes almost
constant. This suggests that CNP is especially crucial for
the skeletal growth spurt that occurs in early life. Since
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CNP is expressed in the growth plate cartilage and works
as an autocrine/paracrine regulator [5], CNP might affect
the endochondral bone growth potently when the volume
of growth plate cartilage is relatively abundant.

We confirmed the thinness of the growth plate of lbab/
Ibab mice, especially in its hypertrophic chondrocyte layer,
followed by the impaired growth of long bones. The thin-
ness of the growth plate of lbab/lbab mice was almost
completely recovered by targeted overexpression of CNP
in the growth plate by the age of 2 weeks. On the other
hand, the recovery of the shortness of the total length of
Ibab/lbab bones by CNP was only partial at 2 weeks,
becoming complete at the age of 10 weeks. This finding
suggests that the recovery is evident earlier in the thickness
of the growth plate than in the total bone length. In addi-
tion, immunohistochemistry for PCNA revealed that at the
age of 2 weeks the proliferation of growth plate chondro-
cytes is decreased in [bab/Ibab mice and that the decreased
proliferation is not rescued by CNP overexpression, even
though the thickness of the growth plate does fully recover.
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Fig. 6 Effect of CNP on cultured tibiae from fetal lbab/+ and lbab/
Ibab mice. a A representative picture of a tibial explant from a fetal
mouse. Total longitudinal length (Total) and the sum lengths of
cartilaginous primordia (CP) are indicated. Graphs of total (b) and CP
(c) lengths of cultured tibiae from Ibab/4 and Ibab/lbab mice treated

The reason the decreased proliferation of chondrocytes in
the [bab/lbab growth plate was not rescued by CNP over-
expression in chondrocytes is not clear, but it may be
because of the weak and slow expression of the CNP
transgene owing to the weak power of the promoter region.
On the other hand, CNP could not increase the proliferation
of growth plate chondrocytes in Ibab/lbab explants in
organ culture experiments in this study. The effect of CNP
on chondrocyte proliferation might be so mild that other
effects of CNP on growth plate chondrocytes, e.g., the
stimulatory effect on matrix synthesis as we had previously
reported [3, 4], might proceed to recover the thinned
growth plate of lbab/lbab mice. The discrepancy between
the effects on proliferation and matrix synthesis may
explain in part the delayed recovery of bone length relative
to growth plate thickness. On the other hand, immunohis-
tochemical staining of type X collagen and Thh in explanted
growth plates at two different stages of endochondral
ossification suggested that the progression of proliferative
chondrocytes to hypertrophic chondrocytes was delayed in
the Ibab/lbab growth plate and recovered by addition of
CNP. In addition to the result that the expression of MMP-
13 was not different between the terminal hypertrophic
chondrocytes of wild-type, lbab/lbab, and rescued growth

20

Days

with vehicle (veh.) or 1077 M CNP (CNP) for 4 days. Circles indicate
Ibab/+ tibiae, and squares indicate Ibab/lbab tibiae. At the end of
culture, closed symbols indicate tibiae treated with vehicle and open
symbols indicate those treated with CNP. n = 8-12 each

plates, CNP might promote the hypertrophic differentiation
of proliferative chondrocytes but not accelerate the termi-
nal differentiation of hypertrophic chondrocytes.

In this study, we investigated the character of calcified
bones of [bab/lbab mice using three-dimensional CT
analysis: the bone volume of lbab/lbab mice was sub-
stantially decreased compared to that of wild-type mice and
recovered by cartilage-specific CNP overexpression. The
mechanism of decrease in bone volume of lbab/lbab mice
is still unknown, but CNP may be expressed in and affect
cells other than chondrocytes, i.e., osteoblasts or osteo-
clasts, in bone. Although overexpression of CNP was tar-
geted to chondrocytes in our rescue experiments, early
onset of CNP-Tg expression from the CP might have been
able to affect bone metabolism at the earlier stage of
skeletogenesis [17] and may have continued to affect
osteoblasts or osteoclasts near the growth plate cartilage in
the later stage of skeletogenesis. Whereas several in vitro
effects of CNP on osteoblastic cell lineages or osteoclasts
have been reported [18-28], the in vivo effects of CNP on
bone metabolism remain elusive; and further experiments
are now ongoing in our laboratory.

We previously discovered that in two strains of mice,
cn/cn and slw/slw, dwarfism is caused by spontaneous
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{bab/+
+veh,
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Fig. 7 Histological analyses of the growth plates of tibial explants
from fetal Ibab/+ and Ibab/lbab mice treated with vehicle (veh.) or
1077 M CNP (CNP) for 4 days. Alcian blue and hematoxylin—eosin
staining (a) and immunohistochemical staining for type X collagen
(b). Yellow bars in a indicate lengths of cartilaginous primordial, and
red bars in b indicate heights of hypertrophic chondrocyte layers.

mutations in the GC-B gene [7, 8]. In humans, it has been
identified that AMDM 1is caused by spontaneous loss-
of-function mutations in the GC-B gene [9, 29]. The lbab/
Ibab mouse, the skeletal phenotype of which we have
closely analyzed in the present report, has a spontaneous
loss-of-function mutation in the CNP gene; by analogy to
the GC-B gene, some forms of human skeletal dysplasia
might be caused by mutations in the CNP gene. Thus far,
no such conditions have been discovered [30]. In the event
such a discovery is made, the Ibab/lbab mouse would then
be a novel model of a form of human skeletal dysplasia
caused by a mutation in the CNP gene.

In contrast to mice homozygous for the Ibab allele, the
growth and skeletal phenotype of mice heterozygous for
the Ibab allele were not different from those of wild-type
mice, as is the case with heterozygous CNP knockout mice.
This confirms that haploinsufficiency for the CNP gene
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Scale bars 200 um. Height of hypertrophic chondrocyte layer (c) and
proportion of BrdU-positive cells (d) of the growth plate of tibial
explant from fetal [bab/+ or lbab/lbab mice treated with 1077 M
CNP or vehicle at the end of the 4-day culture period. n = 3 each.
#*#P < (.01 in ¢ and n = 2-3 each in d (Color figure online)

does not exist in mice. Likewise, heterozygotes for the
GC-B knockout, the cn allele, or the slw allele exhibit no
skeletal abnormalities [6—8]; thus, haploinsufficiency of the
GC-B gene also does not exist in mice. Nevertheless,
haploinsufficiency of the GC-B gene does exist in humans:
heterozygous carriers of AMDM are reported to be shorter
than expected for their population of origin [31]. The
reason for the discrepancy is not clear at present, but it may
have to do with differences between species or some other
unknown mechanism(s). We will have to perform further
investigations on the skeletal phenotypes of the afore-
mentioned lines of GC-B mutant mice; such experiments
are now ongoing in our laboratory.

In summary, in this study we more closely investigated
the skeletal phenotypes of a novel CNP mutant mouse,
Ibab/Ibab. The results of this study will be useful not only
for further elucidation of the physiological role of CNP on
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Ibab/+ +veh.

col X

lhh

Jbab/ibab + veh.

Fig. 8 Immunohistochemical staining of type X collagen (upper panels) and Ihh (lower panels) of the growth plates of metatarsal explants from
fetal Ibab/+ and Ibab/Ibab ;ilicc treated with vehicle (veh.) or 1077 M CNP for 4 days. Scale bar 50 pm

endochondral bone growth but also for the prediction of
pathophysiology of a hypothetical chondrodysplasia caused
by a mutation in the human CNP gene, which has not yet
been discovered.
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hyroid hormone activation and inactivation are me-

Forkhead Box A1 (FOXA1) and A2 (FOXA2) Oppositely
Regulate Human Type 1 lodothyronine Deiodinase
Gene in Liver
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Masako Miura, Akihiro Yasoda, Naohisa Tamura, Hiroshi Arai,
and Kazuwa Nakao
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Metabolism, Clinical Research Institute, National Hospital Organization Kyoto Medical Center (T.T.),
Kyoto 612-8555, Japan

Type 1iodothyronine deiodinase (D1), a selenoenzyme that catalyzes the bioactivation of thyroid
hormone, is expressed mainly in the liver. Its expression and activity are modulated by several
factors, but the precise mechanism of its transcriptional regulation remains unclear. In the present
study, we have analyzed the promoter of human D1 gene (hDIO7) to identify factors that preva-
lently increase D1 activity in the human liver. Deletion and mutation analyses demonstrated that
a forkhead box (FOX)A binding site and an E-box site within the region between nucleotides — 187
and —132 are important for hDIOT promoter activity in the liver. EMSA demonstrated that FOXA1
and FOXA2 specifically bind to the FOXA binding site and that upstream stimulatory factor {USF)
specifically binds to the E-box element. Overexpression of FOXA2 decreased hDIOT promoter
activity, and short interfering RNA-mediated knockdown of FOXA2 increased the expression of
hDIOT mRNA. In contrast, overexpression of USF1/2 increased hDIOT promoter activity. Short in-
terfering RNA-mediated knockdown of FOXA1 decreased the expression of hDIOT mRNA, but
knockdown of both FOXA1 and FOXA2 restored it. The response of the hDIO1 promoter to USF was
greatly attenuated in the absence of FOXA1. Taken together, these results indicate that a balance
of FOXA1 and FOXA2 expression modulates hDIOT expression in the liver. (Endocrinology 153:
492-500, 2012)

are modulated by a variety of factors. T; induces the ex-

diated by three selenoenzymes, type 1 iodothyronine
deiodinase (D1), D2, and D3. D1 and D2 catalyze the
conversion of T, to Ty via removal of outerring iodine (1).
The human D1 gene (hDIO1) is expressed in the liver,
kidney, thyroid, and pituitary (2). The D2 gene is ex-
pressed in the central nervous system, pituitary, heart, and
skeletal muscle, butitis absentin the liver (1). The D3 gene
is expressed in the central nervous system and placenta,
and it is involved in thyroid hormone inactivation by me-
diating the removal of innerring iodine. Unlike D2, D1
activity is considered to be regulated predominantly at the
pretranslational level. The expression and activity of D1
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pression of hDIO1 via two thyroid hormone responsive
elements within its promoter (3), and nuclear factor B
induced by TNFa inhibits the T5-dependent induction of
D1 (4). However, the precise mechanism of the transcrip-
tional regulation of hDIO1 expression remains unclear.

In this study, we sought to identify factors that in-
creased D1 activity in the liver, a main organ that expresses
bhDIO1. We assessed the promoter activity of the 5-kb
5'-flanking region of hDIO1 and characterized regulatory
element-binding proteins within this region. In this study,
we identify responsive elements for the forkhead box
(FOX) transcription factors FOXA1/FOXA2 and the ba-

Abbreviations: D1, Type 1 iodothyronine deiodinase; FOX, forkhead box; hDIOT, human
D1 gene; HNF, hepatocyte nuclear factor; MUT, mutated oligonucleotide; siRNA, short
interfering RNA; USF, upstream stimulatory factor; WT, wild type.
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sic/helix-loop-helix-leucine zipper transcription factor

upstream stimulatory factor (USF), and we show that
FOXA1,FOXA2,and USF all participate in the regulation
of hDIO1. We also show that FOXA1 is required for the
activation of the ADIO1 promoter by USF and that
FOXA2 represses the transcription of PDIO1 and disrupts
the interaction of USF with FOXA1 by occupying the
FOXA binding site. Collectively, these results demon-
strate that FOXA1 and FOXA2 display opposing activity
in the regulation of DIO1 expression in the liver.

Materials and Methods

Cell culture

The human liver carcinoma cell line HepG2 was obtained
from American Type Culture Collection (Manassas, VA) and
cultured in MEM (Life Technologies, Carlsbad, CA) with 0.1
mM nonessential amino acid solution (Life Technologies), 1 mm
sodium pyruvate (Life Technologies), 100 U/ml penicillin, 100
pg/ml streptomycin, and 0.25 ug/ml amphotericin B supple-
mented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis,
MO) at-37 C in a humidified atmosphere containing 5% CO,.
TSA 201 cells, a clone of human embryonic kidney 293 cells (5),
were cultured in DMEM (Life Technologies) with 100 U/ml pen-
icillin, 100 pg/m! streptomycin, and 0.25 pg/ml amphotericin B
supplemented with 10% fetal bovine serum at 37 C in a humid-
ified atmosphere containing 5% CO,.

Plasmid construction

Deletion mutants of the 5'-flanking regions of ADIOI
(—4949, —2023, —343, —187,—150, —131,and —103/—4, the
translational start site was set at +1) were prepared by PCR using
human genomic DNA from leukocytes as a template. The re-
sulting PCR products were subcloned into EcoRV or Kpnl/Hin-
dill-digested pGL4.10 (Promega, Madison, WI) to create a fu-
sion with the luciferase gene (—4949, —2023, —343, —187,
~150, =131, and —103/—4 hDIO1-Luc). The PCR primers,
containing EcoRV, Kpnl, or Hindlll linker, are listed in Table 1.
The correct orientation of these deletion mutant constructs was
confirmed by sequencing.

Mutations were created using the QuikChange Site-Directed
Mutagenesis kit (Stratagene, La Jolla, CA), according to the
manufacturer’s instruction; —187/—4 and —150/—4 hDIO1-
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Luc were used as templates. For mutagenesis, the sequences of
the FOXA binding element and E-box were specified in figure 3
below. Mutated constructs were isolated from each reaction and
verified by sequencing.

Plasmids expressing cDNA for FOXA2 and USF1, pF1KB7038
and pF1KB8339, respectively, were generated by Kazusa DNA
Research Institute (Chiba, Japan) and purchased from Promega.
These plasmids were digested with Sgfl and Pmel, and cDNA for
FOXA2 and USF1 were ligated into the Sgfl/Pmel-digested
pF4A CMV Flexi vector (Promega), which uses the human
cyromegalovirus intermediate-early enhancer/promoter to al-
low constitutive protein expression at native levels in mam-
malian cells. The open reading frame of human USF2 was
generated by PCR using HeLa cell cDNA as a template. The
PCR primers containing Sgfl or Pmel linker are listed in Table
1. The PCR product was digested with Sgfl and Pmel, cloned
into the Sgfl/Pmel-digested pF4A CMV Flexi vector, and ver-
ified by sequencing.

Transient transfection and luciferase assay

HepG2 and TSA 201 cells were plated at 1.5-2 X 10° and
0.5-1 X 10° cells/well in 24-well tissue culture plates, respec-
tively. Cells were maintained in 0.5 ml of antibiotic-free medium
for 1 d before transfection. Transient transfections were per-
formed using the Lipofectamine LTX reagent (Life Technolo-
gies) for HepG2 cells and the Lipofectamine 2000 reagent (Life
Technologies) for TSA 201 cells according to the manufacturer’s
instruction. In HepG2 cells, transfections included 500 ng of
experimental reporter constructs and 25 ng of pGL4.74, which
contained the cDNA encoding Renilla luciferase (Promega) as an
internal control for transfection efficiency. In TSA 201 cells,
transfections included 100 ng of experimental reporter con-
structs and 5 ng of pGL4.74. In the experiments with plasmids
expressing FOXA2 and/or USF, total amount of plasmid DNA
was kept constant by adding the corresponding amount of pF4A
without a cDNA insert. After transfection, cells were grown in
antibiotic-free medium and harvested after 48 h. Luciferase ac-
tivity was determined using the Dual-Luciferase Reporter Assay
System (Promega), and luminescence was measured by a 2030
ARVOX multilabel reader (PerkinElmer, Waltham, MA). Firefly
luciferase activity was normalized to Renilla luciferase activity in
each well to control for transfection efficiency.

Computational analysis of the putative
transcription factor binding sites

The putative transcription factor binding sites on the 5'-
flanking region of hDIO1 were identified by computational

TABLE 1,

Oligonucleotides used in plasmid construction and RT-PCR

Forward primer (5'-3")

Reverse primer (5'-3") Accession no.

Plusmid construction

—4849/~4 hdio1-Luc GGGGATATCGCAGGTGCAGCCTAGAGATGTAACG CCCAAGCTTGGCAAAGCCAGAGTAAGCTC AL031427
—2023/-4 hdio1-Luc CGGGGTACCACACTTCCATTCCAGTTACAG CCCAAGCTTGGCAAAGCCAGAGTAAGCTC AL031427
—343/~4 hdiol-Luc CGGGGTACCGAGAGAGCATCTAACAGGTTC CCCAAGCTTGGCAAAGCCAGAGTAAGCTC AL031427
~187/—4 hdio1-Luc CGGGGTACCGACCTTTGTGCACCTGGTTAG CCCAAGCTTGGCAAAGCCAGAGTAAGCTC AL031427
~150/~4 hdio1-Luc CGGGGTACCGACAGAAAGGCAAACATCTTC CCCAAGCTTGGCAAAGCCAGAGTAAGCTC ALO31427
—131/~4 hdio1-Luc CGGGGTACCTCTGACCTGACTCCTTCCCCTG CCCAAGCTTGGCAAAGCCAGAGTAAGCTC AL031427
—103/-4 hdio1-Luc CGGGGTACCGGTTGGCTGCTCCTACCCTGC CCCAAGCTTGGCAAAGCCAGAGTAAGCTC AL031427
pF4A-USF2 AGCAGCGATCGCCATGGACATGCTGGACCCGGGTCTGGA CGAGGTITAAACCTGCCGGGTGCCCTCGCCCA NM_003367
RT-PCR
hDIO1 CAGAGTCAAGCGGAACATCC CCGTTGGTCACCTAGAATTG NM_000792
Cyclophilin A GCACTGGAGAGAAAGGATTTGG CAGCAATGGTGATCTICTTGC NM_021130
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analysis using TFSEARCH databases (http://www.cbrc.jp/
research/db/TFSEARCH].html), based on the TRANSFAC da-
tabases (6).

RNA isolation, RT-PCR, and quantitative PCR

Total RNA was extracted from HepG2 cells using the RNeasy
Plus Mini kit (QIAGEN, Valencia, CA) according to the manu-
facturer’s instruction. One microgram of total RNA was reverse
transcribed with random hexamers using a First-strand cDNA
Synthesis kit (GE Healthcare UK Ltd., Buckinghamshire, UK)
according to the manufacturer’s instruction. The resulting
cDNA were diluted 1:10 and subjected to PCR amplification
with 0.5 mM each of the sense and antisense primers and 0.5 U
of AmpliTaq Gold DNA polymerase (Life Technologies). The
PCR primers used for »DIOT and human cyclophilin A gene are
indicated in Table 1. The PCR conditions were 40 cycles of de-
naturation for 1 min at 95 C, annealing for 1 min at 52 C, and
extension for 1 min at 72 C. The PCR products were electro-
phoresed in 2% agarose gels.

Quantitative PCR reactions were performed, recorded,
and analyzed using TagMan Gene Expression Assays with
StepOnePlus real-time PCR system (Life Technologies). The
probe and primers were Hs00270129_m1 (human FOXAT),
Hs00232764_m1 (human FOXA2), and Hs00174944_m1
(hDIO1) and purchased from Life Technologies. Diluted
cDNA were amplified using the following conditions: 50 C for
2 min, 95 C for 10 min, and 40 cycles of 95 C for 15 sec and
60 C for 1 min, followed by continuous incubation at 25 C.
Expression levels of FOXA1, FOXA2, and hDIO1 were nor-
malized to cyclophilin A to compensate for variations in input
RNA.

Preparation of cell extracts and EMSA

Nuclear extracts were prepared from HepG2 cells using the
Nuclear Extract kit (Active Motif, Carlsbad, CA), according to
the manufacturer’s instruction. EMSA were conducted using a
LightShift chemiluminescent EMSA kit (Thermo Fisher Scien-
tific, Rockford, IL) with slight modifications of the original man-
ufacturer’s instruction. Oligonucleotides 3'-end labeled with bi-
otin were synthesized (Life Technologies) and annealed to
generate double-stranded oligonucleotide probes. Two hundred
femtomoles of oligonucleotide probe were incubated with
10-15 ug of nuclear protein and 0.5 ug of poly (dI-dC) in the
presence or absence of competing oligonucleotide in 10X bind-
ing buffer [containing 100 mum Tris, 500 mmM KCl, and 10 mm
dithiothreitol (pH 7.5)] and 75 mm KCl, and 5% glycerol was
added to solutions containing probes with an E-box element.
After a 30-min incubation at room temperature, DNA-protein
complexes were separated by electrophoresis on a 6% DNA re-
tardation gel (Life Technologies) at 4 C in 0.5X Tris-borate,
EDTA buffer [containing 89 mM Tris-borate and 2 mm EDTA
(pH 8.0)]. For supershift assays, binding reactions were incu-
bated for 45 min at room temperature with antibodies before the
addition of labeled probes. The antibodies used in the supershift
assays were as follows: 1 p! (200 pg/0.1 ml) of USF1 (sc-8983X),
USF2 (sc-861X), E47 (sc-763X), FOXA1 (sc-6553X), FOXA2
(sc-6554X), and FOXA3 (sc-5361X) and 5 ul (200 ug/0.5 ml) of
normal goat and normal rabbit IgG, and all were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). After electro-
phoresis, samples were transferred onto nylon membranes and
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fixed by UV irradiation. Biotinylated DNA was detected using a
Fujix Lumino-image analyzer (LAS-1000; Fuji Photo Film Co.,
Ltd., Tokyo, Japan).

Transfection of short interfering RNA (siRNA)

An aliquot of 6 pmol siRNA specific for FOXA1 and/or
FOXA2 (Stealth Select RNAI, Life Technologies) or a negative
control siRNA (Stealth RNAi Negative Control, Life Technol-
ogies) was transfected into HepG2 cells using the Lipofectamine
RNAiMax reagent (Life Technologies) by reverse transfection
according to the manufacturer’s instruction. After transfection,
HepG2 cells were plated at 1.5-2 X 10° cells/well in 24-well
tissue culture plates and maintained in 0.5 ml of antibiotic-free
medium for 2448 h. mRNA extraction and analysis were per-
formed as described above.

Statistics

The data represent the mean * seM and were obtained from
at least three separate experiments, each performed in triplicate.
Statistical analyses were performed to examine the significance
of differences among the results using unpaired ¢ test or ANOVA
followed by Student-Newman-Keuls test or Dunnett’s test.

Results

Functional analysis of the 5'-flanking region of the
hDIOT gene

To identify regions within the promoter region of hDIO1
important for regulating its expression, a series of 5'-deletion
constructs was subcloned into the pGL4.10 vector and tran-
siently transfected into HepG2 and TSA 201 cells (Fig. 1A).
In both HepG2 and TSA 201 cells, luciferase activity in-
creased by deletion of nucleotides —150 to =131 and de-
creased after deletion of —131 to —103. Among the tested
constructs, the luciferase activity produced by transfection of
—150/—4 hDIO1-Luc was specifically and markedly de-
creased in HepG2 cells. Additionally, more pronounced dif-
ferences were seen between the activity of —150/—4 hDIO1-
Luc and —131/—4 hDIO1-Luc in HepG2 cells compared
with TSA 201 cells. In addition, luciferase activity was mark-
edlyincreased by deleting the region from —343 to —187and
decreased after deletion of —187 to —150 only in HepG2
cells. Taken together, these results indicate that the region
between nucleotides —187 and —132 is important for
bDIO1 promoter function in HepG2 cells. To confirm the
expression of hDIO1, we performed RT-PCR using total
RNA isolated from HepG2 and TSA 201 cells, a liver and
kidney cell line, respectively. As shown in Fig. 1B, although
there was a difference in the degree of gene expression,
hDIO1 was expressed in both cell lines; this was consistent
with a previous report examining »DIO1 tissue distribution
(2). Additionally, multiple PCR products were detected, be-
cause there are several alternative splice variants of hDIO1
(7). These results indicate that there may exist a sequence
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FIG. 1. Liver-specific changes in hDIOT promoter activity. A, A series of 5'-deletion constructs
of the hDIOT promoter were transiently transfected into HepG2 or TSA 201 cells. Promoter

activity was normalized to Renilla luciferase activity and expressed as the

promoterless pGL4.10. Statistical significance was determined by ANOVA followed by
Student-Newman-Keuls test. *, P < 0.05; **, P < 0.01. N.S., Not significant. B, RT-PCR
analysis of hDIO? expression. Electrophoretic analysis of RT-PCR products using total RNA
from HepG2 and TSA 201 cells was performed. The arrows and arrowhead correspond to the
RT-PCR products using total RNA from HepG2 and TSA 201 cells, respectively. Cyclophilin A
was used as a positive control. C, The nucleotide sequences of the 5'-flanking region of
hDIO? are shown. The translational start site was set at + 1. Underlined sequences indicate
putative binding sites for transcription factors. Consensus sequences of E-box site and FOXA
binding site are shown at the bottom. Abbreviations for nucleotides: W (AorT), K(GorT), Y

(CorT), R(AorG), V(A C, orG),and N{A, C, G, or T). LUC, Luciferase.

essential for liver-specific expression of »hDIO1 within the
—187to —132 region of its promoter. A computational anal-
ysis of this region revealed the presence of a consensus E-box
site between nucleotides —187 and —151 and a FOXA bind-
ing site between nucleotides —150 and —132 (Fig. 1C).

Promoter activity associated with the FOXA
binding site and the E-box

To better understand the contribution of the FOXA bind-
ing site and the E-box on the expression of #DIOT in liver-
derived HepG2 cells, we examined luciferase activity in cells
transfected with wild-type (WT) or mutated »DIO1 pro-
moter constructs. In HepG2 cells, luciferase activity was in-
creased 2-fold by mutating the FOXA binding site when cells
were transfected witha —150/—4 hDIO1-Luc construct (Fig.
2A). In addition, when cells were transfected with a
—187/—4 hDIO1-Luc construct, luciferase activity was
nearly completely lost by destruction of the E-box, and mu-
ration of the FOXA binding site caused a decrease in lu-
ciferase activity by 50% (Fig. 2B). In TSA 201 cells trans-
fected with —187/—4 hDIO1-Luc, luciferase activity was
almost completely abolished by mutation of the E-box, but
mutation of the FOXA binding site in both —187/—4
hDIO1-Luc and —150/—4 hDIO1-Luc did not significantly
affect luciferase activity (Fig. 2). Thus, the E-box present
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extracts with oligonucleotides contain-
ing the FOXA binding site (Fig. 34,
WT-F) led to the formation of several
DNA/protein complexes (Fig. 3B, lane
2). Formation of one of these com-
plexes was inhibited by incubation with
excess WT-F, but not mutated oligonu-
cleotide (MUT)-F, demonstrating the
specificity of this complex (Fig. 3B,
lanes 3—-6). Additionally, the complex
was supershifted by addition of anti-
FOXAT1 and anti-FOXA2 antibodies
(Fig. 3B, lanes 7 and 8). However, an
antibody specific for FOXA3, which binds an identical
sequence, or normal goat IgG did not disrupt complex
formation (Fig. 3B, lanes 9 and 10). These results suggest
that the putative FOXA binding site is specifically bound
by FOXA1 or FOXA2. We next examined binding to the
E-box sequence, and several complexes were formed by
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FIG. 2. Changes in hDIO7 promoter activity by FOXA binding site and
E-box. Schematic diagram in the left of each figure representing WT
and site-specific mutations of the hDIOT promoter, introduced into the
upstream region of the luciferase gene. A cross represents the site-
specific mutation of the putative FOXA binding site or E-box. Each
construct was transiently transfected into HepG2 or TSA 201 cells.
Promoter activity was normalized to Renilla luciferase activity and
expressed as the relative activity to promoterless pGL4.10. Statistical
significance was determined by unpaired t test (A) or ANOVA followed
by Dunnett's test (B). **, P < 0.01. N.S., Not significant.
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FIG. 3. Specific binding of the transcription factors within the —187 and —132 region in the hDIOT promoter using nuclear proteins from HepG2
cells. Panel A, Sequences of the double-stranded oligonucleotides used in EMSA. WT-F, WT hDIO1 sequence identical to the =153 to —125
region, containing the FOXA binding site at —143 to —132. MUT-F contains a mutated FOXA binding site. WT-E, WT hDIOT sequence identical to
the —187 to —159 region, containing the E-box at —177 to —172. MUT-E contains a mutated E-box. Each putative binding site is underlined; the
mutated base pairs are indicated by italic letters. Panel B, Oligonucleotide WT-F was used as the probe for EMSA either without competitor (lane 2)
or in the presence of 50- and 100-fold molar excesses of unlabeled WT-F (lanes 3 and 4, respectively) or MUT-F (lanes 5 and 6, respectively). The
specific complex formed from HepG2 cell nuclear extract and WT-F is indicated by an arrowhead. Supershift assay experiments were performed
using antibody against FOXA1 (F1; lane 7), FOXA2 (F2; lane 8), or FOXA3 (F3; lane 9) and normal goat IgG (C; lane 10). Panel C, Oligonucleotide
WT-E was used as the probe for EMSA either without competitor (lane 2) or in the presence of 50- and 100-fold molar excesses of unlabeled WT-E
(lanes 3 and 4, respectively), MUT-E (lanes 5 and 6, respectively), or 100-fold molar excesses of unlabeled E-box from the human ghrelin gene [E2
and E3 (in Ref. 8); lanes 7 and 8, respectively]. The specific complex formed from HepG2 cell nuclear extract and WT-E is indicated by an
arrowhead. D, Supershift assay experiments were performed using antibody against USF1 (U1: lane 7), USF2 (U2; lane 8), or E47 (E47; lane 9) and
normal rabbit IgG (C; lane 10). C, Negative control (normal goat and normal rabbit IgG).

incubation of HepG2 cell extracts with an appropriate  cells, a —187/—4 hDIO1-Luc construct was transiently
oligonucleotide (Fig. 3A, WT-E, and C, lane 2). Formation transfected into HepG2 cells along with increasing
of one of these complexes was inhibited by incubating  amounts of either a FOXA2 or USF expression plasmid.
with an excess of WT-E and the E-box from human ghrelin  Theluciferase activity decreased in a dose-dependent man-
gene (8) but not by a mutant oligonucleotide MUT-E (Fig.  ner by cotransfection of the FOXA2 expression plasmid
3C, lanes 3~ 8). Computational analysis predicted thatthe  with —187/—4 hDIO1-Luc (Fig. 4A). In contrast, lu-
putative E-box site binds the basic/helix-loop-helix-leu-  ciferase activity increased dose dependently by the
cine zipper transcription factor USF, and to investigate this  ¢otransfection of the USF1 or USF2 expression plasmid,

hypothesis, a supershift assay was performed using anti-  ,pd gverexpression of USF2 consistently led to greater
bodies specific for USF1 and USF2. Addition of antibodies

' hDIO1 promoter activity than expression of USF1 alone
specific for USF1 and USF2 completely inhibited complex

. ) i : (Fig. 4B). Thus, transcription of hDIO1 is negatively reg-
formation (Fig. 3D, lanes 7 and 8). However, mcubat.mn ulated by FOXA2 and positively regulated by USF. Al-
Wlth an antibody against E47, 2 p rotein thaF binds a s hough we transiently transfected a —187/—4 hDIO1-Luc
ilar E-box sequence, or normal rabbit IgG did not disrupt construct into HepG2 cells along with increasing amounts

Complii}ioir?]z;;%gg 2??;;?:5 i?nt('iviolg. g h;sz;zs\:kllt.s of a FOXA1 expression plasmid, we could not obtain ap-
suggest tha o putat % 8 propriate data, indicating that the FOXA1 expression

complex likely contains a USF1/USF2 heterodimer. Col- lasmid 1 did not function . |
lectively, FOXA1, FOXA2, and USF likely participate in P25 e 1€ A19H0 UNCLion In OUr EXperimentat sys-
tem for unknown reason.

the regulation of hDIO1 expression.

Effect of overexpression of FOXA2 or USF on RNA interference
hDIO1 promoter activity Next, we determined the effects of FOXA on the native

To determine whether FOXA and USF have the poten- ~ #DIO1 promoter using siRNA-mediated knockdown of
tial to affect the activity of the hDIO1 promoter in liver ~ FOXAinHepG2 cells. As shown in Fig. 5, A and B, knock-
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FIG. 4. Effect of overexpression of FOXA2 or USF on hDIOT promoter
activity. —187/—4 hDIO1-Luc was transiently transfected into HepG2
cells in the presence of increasing amounts of vectors expressing
FOXAZ (F2) (A) or USF1 or USF2 (U1 and U2, respectively) (B). Promoter
activity was normalized to Renilla luciferase activity, then expressed as
the relative activity to —187/—4 hDIO1-Luc cotransfected with pF4A
without a ¢DNA insert. Statistical significance was determined by
ANOVA followed by Dunnett’s test. **, P < 0.01.

down of FOXA1 decreased the expression of hDIO1
mRNA, and knockdown of FOXA2 increased the expres-
sion level of ADIOT1 mRNA. FOXA1 and FOXA2 did not
affect each other’s expression by knockdown of them (Fig.
5, A and B). In addition, when both FOXA1 and FOXA2
were knocked down simultaneously, no change in the ex-
pression of hDIO1 mRNA was seen (Fig. 5C). Thus,
hDIO1 expression is positively regulated by FOXA1 and
negatively regulated by FOXA2, and FOXA1 and FOXA2
interact with each other to regulate hDIO1 expression.

Interaction between FOXA and USF in the
activation of the hDIO1 promoter

Transcription factors frequently interact to coordi-
nately regulate gene expression, and we first wished to
determine whether the FOXA binding site and the E-box
presentin the hDIO1 promoter interact. We cotransfected
a WT or mutated —187/—4 hDIO1-Luc construct and
USF expression plasmids into HepG2 cells. When the
FOXA binding site was mutated, the transcription activity
of the hDIO1 promoter in the presence of transfected USF
was attenuated (Fig. 6A). Thus, activation of the /DIO1
promoter by USF depends on the presence of a functional
FOXA binding site. Next, we investigated the effects of
FOXA on the response of the »DIO1 promoter to USF.
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FIG. 5. Knockdown of FOXA1 and/or FOXAZ2. Effect of transfection
of FOXA1 (A) and FOXAZ (B) siRNA on the mRNA expression level of
FOXA1, FOXA2, and D1. Simultaneous knockdown of FOXA1 and
FOXA2 (C) was performed using siRNA that has identical sequences in
both FOXA1 and FOXAZ2. N/C, Negative control siRNA; si-F1, siRNA
specific for FOXA1; si-F2, siRNA specific for FOXAZ; si-F1/2, siRNA
specific for both FOXA1 and FOXA2. mRNA expression level was
normalized to that of cyclophilin A in each sample and expressed as
the relative activity to the basal expression (N/C). Statistical significance
was determined by unpaired t test. *, P < 0.05; **, P< 0.01. N.S.,
Not significant.

We knocked down the expression of FOXA and cotrans-
fected a —187/—4 hDIO1-Luc construct along with USF
expression plasmids into HepG2 cells. As shown in Fig.
6B, the transcription activity of the hDIO1 promoter was
attenuated by knockdown of FOXA1 and enhanced by
knockdown of FOXAZ2. The transcription activity of the
hDIO1 promoter was also attenuated by simultaneous
knockdown of FOXA1 and FOXAZ2 to an extent similar to
that seen for the knockdown of FOXA1. The suppressed
activity by knockdown of FOXA1 was not restored by
overexpression of USF, and the enhanced activity by
knockdown of FOXA2 was further enhanced by overex-
pression of USF. Thus, the response of the »DIO1 pro-
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FIG. 6. Interaction between FOXA and USF in the activation of the
hDIOT promoter. A, Dependence of the activation of hDIOT promoter
by USF on the FOXA binding site. Schematic diagram in the feft of
figure representing WT and site-specific mutations of the hDIO1
promoter, introduced into the upstream region of the luciferase gene.
A cross represents the site-specific mutation of the putative FOXA
binding site. Each construct was transiently cotransfected into HepG2
cells in the presence of 5 ng of vectors expressing USF1 (U1) and/or
USF2 (U2). Promoter activity was normalized to Renilla luciferase
activity, then expressed as the relative activity to —187/—4 hDIO1-Luc
cotransfected with pF4A without a ¢DNA insert. Statistical significance
was determined by ANOVA followed by Student-Newman-Keuls test.
** P < 0,01. B, Effect of knockdown of FOXA on the activation of the
hDIOT promoter by USF. Short interfering RNA specific for FOXA1 and/
or FOXA2 or a negative control siRNA were transfected into HepG2
cells as described in Materials and Methods. One day after siRNA
transfection, —187/—4 hDIO1-Luc was transiently cotransfected in the
presence of 5 ng of vectors expressing USF1 and/or USF2. N/C,
Negative control siRNA; si-F1, siRNA specific for FOXAT; si-F2, siRNA
specific for FOXAZ2; si-F1/2, siRNA specific for both FOXA1 and FOXA2.
Promoter activity was normalized to Renilla luciferase activity, then
expressed as the relative activity to —187/—4 hDIO1-Luc cotransfected
with pF4A without a cDNA insert after knockdown by negative control
SIRNA, Statistical significance was determined by ANOVA followed by
Student-Newman-Keuls test. **, P < 0.01 relative to —187/—4 hDIO1-
Luc cotransfected with pF4A without a cDNA insert after knockdown
by siRNA specific for FOXA2. C, Effect of overexpression of FOXA2 on
the activation of the hDIOT promoter by USF. —187/—4 hDIO1-Luc
was transiently transfected into HepG2 cells in the presence of 5 ng of
vectors expressing USF1 (U1), USF2 (U2), and/or FOXA2. Promoter
activity was normalized to Renilla luciferase activity, then expressed as
the relative activity to —187/—4 hDIO1-Luc cotransfected with pF4A
without a cDNA insert. Statistical significance was determined by
ANOVA followed by Student-Newman-Keuls test. **, P < 0.01. LUC,
Luciferase.
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moter to USF was greatly attenuated by knockdown of
FOXA1 and enhanced by knockdown of FOXA2. Fur-
thermore, we cotransfected a —187/—4 hDIO1-Luc con-
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struct and USF expression plasmids with or without a
FOXA2 expression plasmid into HepG2 cells. The tran-
scription activity of the hDIO1 promoter was enhanced in
the presence of transfected USF (Fig. 6C, white bar), but
the activity was greatly attenuated by cotransfection of the
FOXAZ2 expression plasmid (Fig. 6C, black bar). Thus, the
response of the hDIO1 promoter to USF was attenuated
by the coexpression of FOXA2. Collectively, these results
indicate that FOXAL1 is required for the activation of the
hDIO1 promoter by USF and that FOXA2 represses the
transcription of hDIO1 and disrupts the interaction of
USF with FOXA1 by occupying the FOXA binding site.

Discussion

In this study, we analyzed the 5'-upstream region of
bDIO1 to identify protein-DNA interactions within the
bhDIO1 promoter. Our experiments demonstrated that
the region between nucleotides —~187 and —132 is impor-
tant for hDIO1 promoter activity in HepG2 cells. We
identified functional elements for FOXA and USF within
this region, and we showed that these sites are important
for the transcriptional regulation of hDIOI. Recently,
Ohguchiet al. (9)identified a proximal hepatocyte nuclear
factor (HNF)4« binding site in mice, and they demon-
strated that the HNF4a binding site is essential for the
activation of the mouse D1 gene by HNF4a. Deletion
analyses of the 5'-flanking region of hDIO1 were per-
formed by Jakobs et al. (10) by transfecting 1.5- and
0.1-kb constructs into HepG2 cells, and they found that
both constructs substantially increased luciferase activity
compared with a promoterless vector. However, they did
not perform a higher resolution promoter analysis, and we
are the first to identify functional elements other than thy-
roid hormone responsive element in the /DIO1 promoter.

The FOXA proteins were first identified as liver-enriched
factors because of their ability to bind the transthyretin gene
promoter, and they were originally termed HNF3 (11).
There are three FOXA proteins, FOXA1 (HNF3a), FOXA2
(HNF3B), and FOXA3 (HNF3+), which are encoded by dif-
ferent genes on different chromosomes (12). FOXA proteins
play important roles in early embryonic development and
organogenesis, and they are recognized as “pioneer factors”
(13). In addition, the FOXA proteins control glucose metab-
olism through the regulation of multiple target genes in the
liver, pancreas, and adipose tissue after birth (13). Our
EMSA experiments demonstrated that FOXA1 and FOXA2
specifically bound the identical FOXA binding site of the
hDIO1 promoter. Although all three FOXA proteins exist
relatively abundant in HepG2 cells (14) and recognize the
same DNA sequences, slight differences in the binding affin-
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FIG. 7. A model for the regulation of liver-specific expression of hDIOT by FOXA1, FOXAZ2,
and USF. FOXA1 and FOXAZ2 bind and share the identical FOXA binding site, and USF binds
the E-box as a heterodimer. FOXAZ2 represses the transcription of hDIO7 through the FOXA
binding site (upper panel), and FOXA1 and USF work cooperatively to activate hDIO1

transcription (lower panel).

ity and DNA binding capacity may account for their speci-
ficity {15). Indeed, there are very few reports that FOXA1
and FOXA2 share an identical binding site and coparticipate
in the transcriptional regulation of a single gene (16). Our
transfection assays and siRNA experiments demonstrated
that hDIO1 is positively regulated by FOX A1 and negatively
regulated by FOXA2 and that FOXA1 and FOXA2 interact
to coordinately regulate hDIO1 expression. These results
suggest that FOXA proteins are involved in thyroid hormone
homeostasis.

USF proteins were first identified as regulators of adeno-
virus major late promoter transcription (17, 18). There are
two USF proteins, 43 kDa (USF1) and 44 kDa (USF2), en-
coded by different genes on different chromosomes (19, 20).
USF proteins primarily bind as dimers to consensus se-
quences containing the CACGTG motif termed an E-box
(18, 19, 21). USF proteins are ubiquitously expressed, al-
though different ratios of USF homo- and heterodimers are
found in different cell types (22). The molecular details of
USF binding and activity have been well characterized, but its
biological role remains poorly understood. USF proteins reg-
ulate the expression of several genes related to glucose and
lipid metabolism and peptide hormone synthesis, including
liver-type pyruvate kinase (23) and glucokinase (24), fatty
acid synthase (25), apolipoprotein A-II (26), calcitonin/cal-
citonin gene-related peptide (27), and ghrelin (8). In our
study, we demonstrated that the putative E-box site in the
hDIO1 promoter specifically bound the USF1/USE2 het-
erodimer and that promoter activity increased in a dose-de-
pendent manner with the cotransfection of the USF1/2 ex-
pression plasmid. These results suggest that USF positively
regulate PDIO1 expression. Additionally, promoter activity
was almost completely abolished by mutation of the E-box
motif, indicating that USF proteins are critical for the tran-
scriptional regulation of ADIO1 and thyroid hormone ho-
meostasis in the liver and possibly kidney.

The response of the /DIO1 promoter to USF was greatly
attenuated by mutation of the FOXA binding site or knock-

31
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hDIO1 by USF. FOXAL1 plays an essen-
tial role in the “pioneering” of gene reg-
ulatory elements, allowing for the re-
cruitment of additional factors required
for gene regulation (28), and our data
suggest that USF cooperates with
FOXA1 toregulate ADIO1 promoter ac-
tivity. Although we could notconfirm the
interaction between FOX A1 with USF by
coimmunoprecipitation experiments in
our experimental condition (data not
shown), a direct physical interaction be-
tween FOXA1 and USF has been reported through the use of
immunoprecipitation and glutathione S-transferase pull-
down assays (29). Furthermore, the cooperation between
FOXA1 and USF likely contributes to the liver-specific acti-
vation of hDIO1; although FOXA1 was expressed in both
HepG2 and TSA201 cells in our preliminary experiments
(data not shown), only HepG2 cells demonstrated substan-
tial differences in promoter activity by transfection of
—187/—4 hDIO1-Luc and mutation of the FOXA binding
site. Interactions between cell-specific factors and other reg-
ulators are thought to contribute to the tissue-specific control
of gene expression by the ubiquitous USF proteins (26, 30~
34), and Fig. 7 shows our working model for the regulation
of liver-specific expression of hDIO1 by transcription factor
bindingto the —187to —132 region of the hDIO1 promoter.
In this model, hDIO1 promoter activity is modulated by
FOXA1,FOXA2, and USF proteins, and these transcription
factors interact with each other to fine-tune the hDIO1 pro-
moter activity.

In conclusion, we have shown that FOXA1, FOXA2,
and USF regulate hDIO1 expression in the liver. FOXA1
and FOXA2 both participate in the liver-specific regula-
tion of hDIO1 expression, and FOXA1 and USF act to-
gether to promote the liver-specific activation of hDIO1.
FOXA1 and FOXA2 are likely involved in thyroid hor-
mone homeostasis in the liver.
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The mammalian natriuretic peptide system, consisting of at least three
ligands and three receptors, plays critical roles in health and disease. Exam-
ination of genetically engineered animal models has suggested the signifi-
cance of the natriuretic peptide system in cardiovascular, renal and skeletal
homeostasis. The present review focuses on the in vivo roles of the natri-
uretic peptide system as demonstrated in transgenic and knockout animal

Natriuretic peptides

The existence of an atrial factor with diuretic and
natriuretic activities has been postulated since 1981 [1].
In 1983-1984, the isolation and purification of such a
factor and determination of its amino acid sequence
were accomplished in rats and humans [2-7]. The fac-
tor is a peptide distributed mainly in the right and left
cardiac atria within granules of myocytes and thus
called atrial natriuretic factor or atrial natriuretic pep-
tide (ANP). The discovery of ANP revealed that the
heart is not only a mechanical pump driving the circu-
lation of blood but also an endocrine organ regulating
the cardiovascular—renal system. For instance, in situa-
tions of excessive fluid volume, cardiac ANP secretion
is stimulated, which causes vasodilatation, increased
renal glomerular filtration and salt/water excretion

Abbreviations

and inhibition of aldosterone release from the adrenal
gland, which collectively result in a reduction of body
fluid volume.

Later, in 1988, a homologous peptide with similar
biological activities was isolated from porcine brain and
hence was named brain natriuretic peptide (BNP) [8].
However, it was soon found that brain BNP levels were
much lower in other species. It has since been shown
that BNP is mainly produced and secreted by the heart
ventricles [9]. Synthesis and secretion of BNP are regu-
lated differently from ANP [10], and the plasma con-
centration of BNP has been found to reflect the severity
of heart failure more closely than ANP [11].

In 1990, yet another type of natriuretic peptide
was isolated from porcine brain and named C-type

ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; CNP, C-type natriuretic peptide; GC, guanylyl cyclase; MCIP1, myocyte-
enriched calcineurin-interacting protein; PAR, protease-activated receptor; PKG, cGMP-dependent protein kinase; RGS, regulator of G-protein

signaling.
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natriuretic peptide (CNP) [12]. CNP was initially
thought to function only in the brain but was later
shown to be produced in peripheral tissues such as the
vascular endothelium [13] and in smooth muscle cells
and macrophages [14]. Because CNP plasma levels are
considerably lower than those of ANP or BNP, CNP
is thought to mainly act locally as a paracrine factor
rather than as a circulating hormone.

Natriuretic peptide receptors

To date, three receptors for natriuretic peptides have
been identified. In 1988, one type of ANP receptor was
isolated from cultured vascular smooth muscle cells.
Using its partial amino acid sequence, the full-length
cDNA was cloned and the entire amino acid sequence
was deduced [15]. The receptor molecule consists of
496 amino acid residues and contains a large extracel-
lular domain, a putative single transmembrane helix
and a 37 amino acid residue cytoplasmic domain. It is
generally accepted that the role of this receptor is to
bind and remove natriuretic peptides and their frag-
ments from the circulation. Hence, this receptor is
termed natriuretic peptide clearance receptor (C recep-
tor). On the other hand, a signaling role of the C
receptor has also been suggested [16].

One of the earliest events following the binding of
ANP to its receptor is increase in the cytosolic cyclic
guanosine monophosphate (¢cGMP) levels. This finding
suggested that cGMP might act as the second messen-
ger mediating the physiological activities of ANP and
that the ANP receptor is coupled to guanylyl cyclase
(GQ), the enzyme that catalyzes the generation of
cGMP. In 1989, a segment of the sea urchin GC
cDNA was used as a probe to screen various cDNA
libraries, which enabled cloning of the first mammalian
GC (thus called GC-A) from rats and humans [17].
Expression of the cloned enzyme confirmed that GC-A
is an ANP receptor. Soon after the discovery of GC-A,
cloning of a second mammalian GC (GC-B) was
reported [18,19]. GC-B also bound and was activated
by natriuretic peptides, demonstrating the diversity
within the natriuretic peptide receptor family. Since
these receptor proteins were first identified as GC fam-
ily members, we refer to them as GC-A or GC-B
throughout this paper.

Ligand selectivity

Subsequent studies revealed that GC-A preferentially
binds and responds to ANP, while GC-B preferentially
responds to CNP [20]. The relative effectiveness of the
three natriuretic peptides in stimulating cGMP produc-

In vivo role of the natriuretic peptide system

tion via GC-A and GC-B has been reported [21]. The
rank order of potency for cGMP production via the
GC-A receptor was ANP 2 BNP > > CNP. On the
other hand, c¢GMP response via GC-B was
CNP > ANP or BNP. Thus, the biological functions
of natriuretic peptides are mediated by two receptors:
GC-A (also known as the A-type natriuretic peptide
receptor, NPRA), which is selective for the cardiac
peptides ANP and BNP, and GC-B (also called the
B-type natriuretic peptide receptor, NPRB), which is
selective for CNP.

The binding affinities of ANP, BNP and CNP to the
human or rat C receptor have been reported [21]. Irre-
spective of the species examined, the rank order of
affinity for the C receptor was ANP > CNP > BNP.
This finding suggests that BNP is the least susceptible
to C-receptor-mediated clearance and is more stable in
the plasma.

Lessons from genetically engineered
animals

A variety of genetically engineered mice have been
generated to study the physiological function of each
component of the natriuretic peptide-receptor system
(summarized in Table 1).

Role of ANP- and BNP-mediated GC-A signaling
in blood pressure regulation

Transgenic animals, which constitutively express a
fusion gene consisting of the transthyretin promoter
and the ANP gene, have plasma ANP levels that are
higher than non-transgenic littermates by 5-10 fold
[22]. The mean arterial pressure in the transgenic ani-
mals was reduced by 24 mmHg, which was accompa-
nied by a 27% reduction in total heart weight. This
chronic reduction in blood pressure was due to a 21%
reduction in total peripheral resistance, whereas car-
diac output, stroke volume and heart rate were not sig-
nificantly altered. In 1994, transgenic mice carrying the
human serum amyloid P component/mouse BNP
fusion gene were generated so that the hormone
expression is targeted to the liver [23]. The animals
exhibited 10- to 100-fold increase in plasma BNP con-
centration and significantly lower blood pressure than
their non-transgenic littermates.

In 1995, ANP-deficient mice were generated, and
their blood pressure phenotype was reported [24]. The
mutant mice (homozygous null for the ANP gene) had
no circulating or atrial ANP, and their blood pressures
were significantly higher (8-23 mmHg) than the con-
trol mice when they were fed standard diets. When fed
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Table 1. Phenotypes of the genetically engineered animals for the natriuretic peptide system.

Mutated gene

Targeting construct

Targeted tissue

Blood pressure phenotype

Cardiac phenotype

Other phenotypes

ANP overexpression
[22]

ANP knockout [24]

BNP overexpression
{23]

BNP knockout [31]

CNP overexpression
in the cartilage [63]

CNP overexpression
in the liver [64]

CNP overexpression

in the heart [65]

CNP knockout
(Kyoto) [69]

CNP knockout
(Berlin) [66]

GC-A knock-in
overexpression [27]

GC-A overexpression
in the heart [39]

Mouse transthyretin
promoter/mouse ANP
fusion gene

11 bp in exon-2 replaced
with the neomycin
resistance gene

Human serum amyloid P
component/mouse BNP
fusion gene

Exons 1 and 2 replaced with
the neomycin resistance
gene

Col2al promoter
region/mouse CNP fusion
gene

Human serum amyloid P
component/mouse CNP
fusion gene
CNP gene fused
downstream of the murine
a-myosin heavy chain
promoter

Exons 1 and 2 encoding
CNP replaced with the
neomycin resistance gene

Exon 1 replaced with a lacZ
expression cassette

Entire GC-A gene duplicated
with the neomycin
resistance gene in
between

GC-A gene fused
downstream of murine
a-myosin heavy chain
promoter

Liver

Systemic disruption

Liver

Systemic disruption

Growth plate
cartilage

Liver

Heart

Systemic disruption

Systemic disruption

Systemic

overexpression

Heart

~ 25 mmHg lower than the
control

Increase, 8-23 mmHg
(homozygotes); normal on
standard diet; 27 mmHg
increase on high-salt diet
(heterozygotes)

~ 20 mmHg lower than
non-transgenic littermates

No signs of systemic
hypertension

Not reported

Systolic blood pressure
unaffected

No change

Not reported

Not reported

Average 5.2 mmHg below
normal in F1 mice carrying
three copies of the GC-A
gene

Normal blood pressure

27% reduction in heart
weight

Heart to body weight ratio
1.4-fold higher than the
wild-type

~ 30% less heart weight
than non-transgenic
littermates

No signs of ventricular
hypertrophy;
pressure-overload-induced
focal ventricular fibrosis

Not reported

Heart weight unaffected

No change at baseline

Not reported

Not reported

No effect on heart weights

Heart weight to body
weight ratio was

significantly less by ~ 15%

Plasma ANP elevated 8-fold
or more; 21% reduction in
peripheral resistance

Heterozygotes have normal
level of circulating ANP

10- to 100- fold increase in
plasma BNP concentration;
skeletal overgrowth

Longitudinal overgrowth of
bones (limbs, vertebrae,
skull)

Elongation of cartilage
bones; plasma CNP level is
84% higher than control

Ventricular hypertrophy after
myocardial infarction is
prevented

Severe dwarfism: impaired
endochondral ossification;
impaired nociceptive
neurons [62]

Lack of bifurcation of
sensory axons in the
embryonic dorsal root
entry zone
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Table 1. (Continued).

Mutated gene Targeting construct

Targeted tissue

Blood pressure phenotype

Cardiac phenotype

Other phenotypes

-GC-A knockout

Neomycin resistance gene
inserted in exon 4, which
encodes the
transmembrane domain

(Dallas) {25}

GC-A knockout
(North Carolina) [26]

Exon 1, intron 1 and a
portion of exon 2 were
replaced with the
neomycin resistance gene

GC-A conditional
knockout

Targeting vector contains
exons 1-13 and an
additional 3.8 kb of the 5’
sequence of the GC-A
gene, a loxP-flanked
neomycin resistance
cassette (at —2.6 kb of
exon 1) and a third loxP
site in the middle of
intron 1

GC-B dominant Dominant-negative mutant

negative for GC-B was fused with
overexpression in the CMV promoter
rat [67]

Systemic disruption

Systemic disruption

Cardiomyocytes
{by crossing with
cardiac a-myosin
heavy chain
promoter Cre
mice) [43]

Smooth muscle cells
{by crossing with
SM22-Cre mice) [33]

Vascular endothelial
cells (by crossing
with Tie2
promoter/enhancer
Cre mice) [32]

Whole body

Systolic blood pressure is
20-25 mmHg higher than
wild-type

16 mmHg higher than the
control

7-10 mmHg below normal
{due to increased secretion
of cardiac natriuretic
peptides)

Normal; acute effect of
exogenous ANP on blood
pressure abolished

Elevated systolic blood
pressure by 12-15 mmHg

No significant differences in
systolic, diastolic and mean
arterial pressure

Global cardiac hypertrophy
(40-60% increase in heart
weight); cardiac
contractility similar to that
in wild-type mice

Heart to body weight ratio
averaging185% {male) and
133% (female} of wild-type

20% increase in heart to
body weight ratio
compared with floxed
GC-A mice; ventricular
collagen fractions
unaffected; preserved
cardiac contractility;
decreased cardiac
relaxation; markedly
impaired cardiac function
after pressure overload

Heart weight and heart to
body weight ratio are not
different from wild-type

~ 20% increase in heart
weight

Progressive cardiac
hypertrophy, which was

further enhanced in chronic

volume overload

Rapid increases in urine
output, urinary sodium and
cGMP excretion after
plasma volume expansion
are abolished; increased
susceptibility to
hypoxia-induced pulmonary
hypertension

Sudden death, with
morphological evidence
indicative of congestive
heart failure or of aortic
dissection; resistant to
LPS-induced fall in blood
pressure

~ 2-fold increase in plasma
ANP concentration

Exaggerated blood pressure
response to acute plasma
volume expansion; higher
vasodilatation sensitivity to
nitric oxide and enhanced
expression of soluble
guanylyl cyclase

Plasma volume is increased
by 11-13%; increased
vascular permeability in
response to ANP is
abolished

Reduced bone growth;
modestly increased heart
rate
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1. Kishimoto et al.

a standard-salt (0.5% NaCl) diet, the heterozygotes
had normal circulating ANP levels and blood pres-
sures. However, on high-salt (8% NaCl) diets, they
were hypertensive, with 27 mmHg increases in systolic
blood pressure levels [24].

In the same year, disruption of the GC-4 gene was
reported to result in chronically elevated blood pressure
(about 25 mmHg in systolic pressure) in mice on a
standard-salt diet [25]. Unlike mice heterozygous for
the ANP gene, blood pressures of GC-A heterozygotes
remained elevated and unchanged despite increasing
dietary salt intake. In 1997, another group reported
that the mice lacking functional Nprl gene, which
encodes GC-A (denominated NPRA by the authors),
displayed elevated blood pressure and cardiac hypertro-
phy with interstitial fibrosis resembling that seen in
human hypertensive heart disease [26]. In a subsequent
paper, the blood pressures of one-copy F1 animals were
reported to be significantly higher on high-salt diet than
on low-salt diet [27]. The reason for the discrepancy
between the salt phenotypes of these two GC-A4 knock-
out mouse strains is still unknown. It is possible that
differences result from different targeting strategies or
the genetic background of the mouse strains used.

In 1999, the generation of mice in which the C
receptor was inactivated by homologous recombination
was reported [28]. C-receptor-deficient mice have less
ability to concentrate urine, exhibit mild diuresis and
tend to have depleted blood volume. C receptor homo-
zygous mutants have significantly lower blood pres-
sures (by 8 mmHg) than their wild-type counterparts.
The half-life of ANP in C-receptor-deficient mice is
two-thirds longer than that in wild-type mice, demon-
strating that C receptor plays a significant role in its
clearance. Moreover, C receptor modulates the avail-
ability of the natriuretic peptides to their target organs,
thereby allowing the activity of the natriuretic peptide
system to be tailored to specific local needs. In fact,
C receptor expression is tightly regulated by other sig-
naling molecules, such as angiotensin II [29] and cate-
cholamines [30]. Interestingly, the baseline levels of
ANP and BNP were not higher in the C-receptor-defi-
cient mice than in the wild-type mice, implying that
either the cardiac secretion or C-receptor-independent
clearance mechanism was altered in those mice.

In 2000, the targeted disruption of the BNP gene in
mice was reported. Multifocal fibrotic lesions were
found in the ventricles of BNP-deficient mice, suggest-
ing the protective role of BNP in pathological cardiac
fibrosis [31]. Interestingly, there were no signs of sys-
temic hypertension or ventricular hypertrophy, suggest-
ing that in the presence of ANP basal levels of BNP
are dispensable for these cardiovascular phenotypes.
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To examine the tissue(s) responsible for the hyper-
tensive phenotype of systemic GC-A-null mice, a tar-
geting strategy was designed so that Cre recombinase
mediates the deletion of exon 1 of the GC-A gene.
Thus, in floxed GC-A mice, GC-A can be deleted in a
tissue-specific manner. Endothelium-specific deletion of
GC-A was achieved by crossing the floxed GC-A mice
with transgenic mice expressing Cre recombinase under
the control of the Tie2 promoter/enhancer. Endothe-
lium-specific GC-A-deficient mice display significantly
increased systolic blood pressure (by approximately
12-15 mmHg) and diastolic blood pressure (by
approximately 5-10 mmHg) than their control litter-
mates [32]. Interestingly, although the direct vasodila-
tation effects of exogenously administered ANP were
abolished, smooth-muscle-cell-restricted deletion of
GC-A did not affect the resting blood pressure [33],
indicating that endothelial cell GC-A, and not vascular
smooth muscle cell GC-A, is indispensable for chronic
regulation of blood pressure.

Overall, these results show the significance of the
endogenous natriuretic peptide system in the mainte-
nance of normal blood pressure.

Regulation of blood volume

Infusion of ANP results in substantial natriuresis and
diuresis in wild-type mice but fails to cause significant
changes in sodium excretion or urine output in GC-A-
deficient mice, indicating that GC-A is essential for
ANP-induced acute regulation of diuresis and natriure-
sis [34]. After experimental expansion of the plasma
volume, urine output as well as urinary sodium and
cGMP excretion increase rapidly and markedly in the
wild-type but not in systemic GC-A-deficient animals.
Nevertheless, plasma ANP levels are comparable or
even higher in CG-C-deficient animals [34]. On the con-
trary, the knock-in overexpression of GC-A (four-copy)
in mice results in augmented responses to volume
expansion in urinary flow and sodium excretion along
with rises in both glomerular filtration rate and renal
plasma flow, compared with wild-type (two-copy) mice
after volume expansion [35]. These results establish that
GC-A activation is the predominant mechanism medi-
ating the natriuretic, diuretic and renal hemodynamic
responses to acute blood volume expansion.

The plasma volumes of animals completely lacking
GC-A are expanded by 30%, suggesting the role of
GC-A in chronic regulation of the blood volume.
Interestingly, mice lacking GC-A specifically in the
vascular endothelium are volume expanded by 11-13%
[32], suggesting that GC-A in the endothelium at least
partly accounts for chronic blood volume regulatory

In vivo role of the natriuretic peptide system

effects. Since previous experiments indicated that ANP
increased capillary permeability of the endothelium to
macromolecules like albumin [36], these data suggest
that the ANP/GC-A pathway regulates chronic trans-
vascular fluid balance by increasing microvascular per-

- meability [37].

Cardiac remodeling and the local natriuretic
peptide system

Cardiac synthesis and secretion of ANP and BNP are
increased according to the severity of cardiac remodel-
ing in humans as well as in animal models [38]. Since
the two cardiac natriuretic peptides share a common
receptor (i.e. GC-A), the cardiac phenotype of mice
lacking GC-A revealed complete effects of the cardiac
natriuretic peptide signaling. Notably, targeted deletion
of the GC-A4 gene resulted in marked cardiac hypertro-
phy and fibrosis, which were disproportionately severe
[39,40] given the modest rise in blood pressure [25].
Since the chronic treatment of GC-A-deficient mice
with anti-hypertensive drugs, which reduce blood pres-
sure to levels similar to those seen in wild-type mice,
has no significant effect on cardiac hypertrophy [41],
these results imply that the natriuretic peptides/GC-A
system has direct anti-hypertrophic effects in the heart,
which are independent of its roles in blood pressure
and body fluid control.

More direct evidence of local anti-hypertrophic GC-A
signaling was obtained from animals in which the
GC-A gene was conditionally targeted. The GC-A4 gene
was selectively overexpressed in the cardiomyocytes of
wild-type or GC-A-null animals, and the effects were
examined [39]. Whereas introduction of the GC-4
transgene did not alter blood pressure or heart rate as
a function of genotype, it did reduce cardiomyocyte
size in both wild-type and null backgrounds. The
reduction in myocyte size was accompanied by a
decrease in cardiac ANP mRNA expression, which
suggests the existence of a local regulatory mechanism
that governs cardiomyocyte size and gene expression
via a GC-A-mediated pathway [42]. Conversely, the
GC-A gene was inactivated selectively in cardiomyo-
cytes by homologous loxP/Cre-mediated recombina-
tion, which circumvents the systemic hypertensive
phenotype associated with germline disruption of the
GC-A gene [43]. Mice with cardiomyocyte-restricted
GC-A deletion exhibited mild cardiac hypertrophy
with markedly increased transcription of cardiac
hypertrophy markers, including ANP. These observa-
tions are consistent with the idea that a local function
of the ANP/GC-A system is to moderate the molecu-
lar program of cardiac hypertrophy [44].
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