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Abstract

Recent studies have revealed that hundreds of genes in the uterus are activated by estrogen. Their expression profiles
differ over time and doses and it is not clear whether all these genes are directly regulated by estrogen via the estrogen
receptor. To select the genes that may be regulated by estrogen, we treated mice with several doses of estrogen and
searched for those genes whose dose—response expression pattern mirrored the uterine growth pattern. Among those
genes, we found that the dose-dependent expression of the adrenomedullin (ADM) gene correlated well with the
uterotrophic effect of estrogen. ADM expression is induced early after estrogen administration and is restricted to the
endometrial stroma. The spatiotemporal gene expression pattern of ADM was similar to that of receptor-modifying
protein 3 (RAMP3). RAMP3 is known to modify calcitonin gene-related receptor (CRLR) so that it can then serve as an
ADM receptor. Chromatin immunoprecipitation assays indicated that the estrogen receptor binds directly to the ADM
promoter region and RAMP3 intron after estrogen administration. It was also shown that neither the ADM nor RAMP3
gene could be activated in estrogen receptor-a-null mouse. Although uterine ADM expression has been reported to
occur in the myometrium, our observations indicate that estrogen-induced ADM is also expressed in the uterine stroma
and that such variable, spatiotemporally regulated ADM expression contributes to a wider range of biological effects

than previously expected.
Journal of Molecular Endocrinology (2006) 36, 81-89

Introduction

The uterus is a major targer organ of estrogen and under-
goes drastic changes after estrogen administration. Early
uterine responses to estrogen include many physiological
biochemical changes such as hyperemia, calcium influx,
histamine release, eosinophil infilwation, cAMP level
changes, enhanced glucose oxidation, and increased RNA
and protein synthesis. After DNA synthesis and mitosis,
later stage effects include cellular hypertrophy and hyper-
plasia and the result is the growth of the uterus. This
uterotrophic effect of estrogen is a demonstrable pheno-
type that can be used to estimate the potency of estrogens.
Notably, not all the physiological and biochemical
changes associated with estrogen treatment are necessary
for the uterotrophic effect. For example, while cAMP is
elevated after estrogen administration (Szego & Davis
1967), uterine growth is independent of cAMP (Zor et al.
1973). This is also true for ornithine decarboxylation and
prostaglandins. Thus, it remains unclear which processes
are essential for the effects of estrogen in target tissues.

Journal of Molecular Endocrinology (2006) 36, 81-89
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In the level of gene expression, it is also not clear
whether estrogen-response genes are directly regulated
by estrogen receptor (ER) or not. Recently, the effect of
estrogen on the uterus has been studied at the level of
gene expression by DNA microarray analysis (Watanabe
et al. 2002). As a result, hundreds of genes have been
listed as being estrogen-responsive and the temporal
changes in their expression after estrogen exposure have
been analyzed (Watanabe ef al. 2003). This has vastly
aided our understanding of the effect of estrogen on
the uterus at the genetic level. However, this new
methodology, like the classical methodology, cannot
determine whether a particular gene-expression change
is the direct effect of estrogen or not.

In our previous study we found that not all estrogen-
responsive genes are uniformly activated by estrogen and
that their estrogen-dose-dependent, gene-expression
patterns are not necessarily identical with the utero-
trophic effect of estrogen (Watanabe et al. 2003). For
example, while the uterotrophic effect of estrogen is -
directly proportional to the estrogen doses used, some

DOI: 10.1677/jme.1.01825
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genes are activated by a low dose of estrogen but this
activation is saturated or diminished by higher doses of
estrogen. These various estrogen-response patterns are
generally attributed to the differences of promoter con-
text but the contribution of ER is not clear. In this study,
we selected the adrenomedullin (ADM) and receptor-
modifying protein 3 (RAMP3) genes, whose expression
patterns correlate closely with the uterotrophic effect, and
studied the direct contribution of ER to their expression.

Experimental procedures

Animals

Female C37BL/6] mice and ERa- and -B-null mice
(Dupont et al. 2000) were housed under a 12 h:12h
light/darkness cycle. To assess the effect of estrogen on
uterine gene expression, mice were ovariectomized at
8 weeks of age and 2 weeks later injected intraperito-
neally with estrogen (or sesame oil as a vehicle control;
Nakarai Tesque, Kyoto, Japan). The whole uterus (n=4)
were collected 6h later. The estrogen used was
17B-estradiol (Sigma-Aldrich Japan, Tokyo, Japan) and
it was injected at 0-03, 0-3, 3 or 50 pg/kg body weight
(b.w.). To assess the effects of the different estrogen doses
on uterine growth, mice were ovariectomized and
2 weeks later injected intraperitoneally every 24 h for
7 days with the different 17B-estradiol doses or sesame
oil. The whole uterus (n=3) were then collected and
weighed. All animal experiments were approved by the
institutional animal care committee.

Preparation of labeled cRNA and microarray analysis

Total uterine RNA was extracted using TRIzol reagent
(Invitrogen, Tokyo, Japan) and cRNA probes were pre-
pared from the purified RNA by using an Affymetrix
cRNA probe kit according to the manufacturer’s protocol
(Affymetrix Japan, Tokyo, Japan). All preparations met
the recommended criteria of Affymetrix for use on their
expression arrays. The amplified cRNA was hybridized
to high-density oligonucleotide arrays (Mouse U74 A;
Affymetrix Japan), and the scanned data were analyzed
with GeneChip software (Affymetrix Japan) and pro-
cessed as described previously (Watanabe ef a/. 2002). To
confirm the estrogen-related changes in gene expression
revealed by the DNA microarray analysis, we indepen-
dently repeated the same experiment at least twice. The
expression data were analyzed with GeneSpring software
{Agilent Tech. Japan, Tokyo, Japan).

Quantitative real-time PCR

cDNA was synthesized from total RNA purified as
described above by using Superscript II reverse
transcriptase (Invitrogen) with random primers at 42 °C
for 60 min. Quantitative PCRs were performed by using

Journal of Molecular Endocrinology (2006) 36, 81-89
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the PE Prism 7000 sequence detector (Applied
Biosystems, Tokyo, Japan), SYBR-Green PCR core
reagents (Applied Biosystems) and the appropriate
primers according to the manufacturer’s instructions.
The primers were chosen to amplify short PCR products
(<100 bp), and their sequences were as follows: RAMP1
(NM_016894), 5-TTTCATTGCGCTCCCCATT-3
and 5"-CCAGACCACCAGTGCAGTCAT-3; RAMP2
(NM_019444), 5-AGTTGCATGGACTCTGTCAAG
GA-3" and 5-TGCCTGCTAATCAAAGTCCAGTT-
3, RAMP3 (NM_019511), 5-CCGGATGAAGTACT
CATCCCA-3" and 5-CCACCAGGCCAGCCATAG-
3", ADM (U77630) 5'-ATAAGCCTCATTACTACTT
GAACT-3' and 3-TTGCACGTTCCTCGCTAGGT-
3, and CRLR (calcitonin gene-related receptor;
NM_018782) 5-CACTCTGATGCTCTCCGCAGT-3
and 5-GGCTGTACCCTTGCATGTCAC-3". Gene-
expression levels were normalized to the expression levels
of NM_012053 (ribosorne L8, Rpl8), whose primer
sequences were 5-ACAGAGCCGTTGTTGGTGT
TG-3" and 3-CAGCAGTTCCTCTTTGCCTTGT-3'.
Gel electrophoresis and melting-curve analyses were
performed to confirm correct amplicon size and the
absence of nonspecific bands.

In situ hybridization

In siu hybridization was performed using PCR
fragments containing a portion of the ADM gene
(nucleotides 58-586; U77630), the RAMP2 gene
(nucleotides 160-706; NM_019444) or the RAMP3
gene (nucleotides 681-1059; NM_019511). [a-33S]JUTP
(Amersham Biosciences, Tokyo, Japan)-labeled antisense
and sense RINAs were obtained by using T7 and T3
RNA polymerases and an in wifro transcription kit
(Stratagene, Funakoshi, Tokyo, Japan). After DNase
digestion, the probes were fragmented by alkali
hydrolysis. The tissues were embedded in compound
(Sakura Fintechnical Co., Ltd., Tokyo, Japan) and
sectioned (10 pm) using a cryostat. Sections were fixed
on slides with 4% paraformaldehyde for 10 min and
rinsed in PBS. The slides were then acetylated in 0-1 M
triethanolamine with a 1/400 vol. acetic anhydride,
rinsed again in PBS, and dehydrated in graded ethanol.
After air drying, the hybridization mixture was added.
Hybridization was performed at 50 °C overnight with
5% 107 d.p.m./ml probe in 100 pl hybridization solution
under coverslips. After the hybridization, the slides were
washed and incubated in RNase A solution (20 pg/ml)
at 37 °C for 30 min, and then dipped in NTB-2 nuclear
track emulsion (Kodak, Rochester, NY, USA). After
14 days exposure, the slides were developed and
counterstained with hemartoxylin. The sections were
evaluated and photographed under dark-field illumina-
tion using a Zeiss microscope. The dark-field (changed
to red) and bright-field images were merged.

www.endocrinology-journals.org
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Chromatin immunoprecipitation

Mouse uteri were fixed with 1% formaldehyde and
homogenized using phyvscotron (NS-310E; Microtec,
Chiba, Japan) in PBS containing 0-125 M glvcine. The
samples were then centrifuged at 700 g for 3 min at 4 °C
and the pellets were incubated with lysis buffer (10 mM
Tris/HCL, pH 8-0, 10 mM EDTA, 0-5 mM EGTA and
0-25% Triton X-100) for 10 min. The samples were
collected by microcentrifugation, suspended in sonica-
tion buffer (10 mM Tris/HCI, pH 8:0, 100 mM NaCl,
1 mM EDTA and 0-3 mM EGTA), and sonicated with a
Bioruptor sonicator (Cosmo Bio, Tokyo, Japan) to an
average length of approximately 500 bp. The samples
were precleared by treatment with Protein G—Sepharose
for 1 h at 4 °C and then incubated with 10 pg and-ERa
polyclonal rabbit antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) or ant-acetylated histone H3
antibody (Cell Signaling, Beverly, MA, USA) overnight
at 4 °C. After precipitation by the addition of Protein
G—Sepharose the samples were washed five times with
RIPA buffer (10 mM Tris/HCL pH 8-0, 140 mM NaCl,
I mM EDTA, 0-5 mM EGTA, 1% Triton X-100, 0-1%
SDS and 0-1% sodium deoxycholate). The precipitated
samples were recovered by incubation with elution
buffer (0:1 M sodium bicarbonate and 1% SDS).
Crosslinks were reversed by incubation at 65 °C for 6 h
followed by incubation with proteinase K at 43 °C for
4 h. Thereafter, the samples were extracted tith
phenol/chloroform and the DNA fragments were
precipitated with a 1/10 vol. of NaCl and 2:5 vol. of
ethanol. Generally, 1/30 of the precipitated DNA was
used for PCR amplification. PCR amplification was
performed in the presence of 0-1 nmol primers, 0-2 mM
each nucleotide (dATP, dCTP, dGTP and dTTP),
1 X PCR buffer and 1 U AmpliTaq Gold (PerkinElmer
Japan, Tokyo, Japan) in 20 pl of reaction buffer. After 33
cycles of amplification the amplified DNA was analyzed
by agarose electrophoresis. As a negative control the
same experiments were performed with IgG: no
amplified DNA was obtained. The primer sequences
used to amplify the putative estrogen-response element
(ERE) of the ADM gene were (—796) 3-ATCCTCA
CGTTTATGATGGA-3' (— 777) and (— 363) 3'-CGG
ATTTCGTAATAAGGGCA-3" (—584). The primer
sequences used to amplify the putative ERE of the
RAMP3 gene were (13531 bp from the 5° end of the
first intron) 3-AGAGTGTACGTGTGGACAGG-3
{13 530 bp) and (13 733 bp from the 5" end of the first
intron) 3-CTGTGACAGCAGGAGGACAG-3' (13 716).

Results

The ADM gene expression pattern cc;rrelates well
with the uterotrophic effect of estrogen

To select genes that may be involved in the estrogen-
induced uterine response, we injected ovariectomized

www.endacrinology-journals.org

-205-

mice with four different doses of estradiol and harvested
the uteri 6 h later. The total uterine RNAs were then
subjected to DNA microarray analysis, which deter-
mined the expression levels of 10000 genes. The
average gene-expression levels were compared with the
estrogen dose response of uterine growth (determined by

daily injecting ovariectomized mice for a week with the

four different estrogen doses and then weighing the
whole uteri; Fig. 1A). The genes whose expression levels
correlated swell with the uterotrophic effect of estrogen
were selected.

Of the 10 000 genes examined, 338 had a correlation
coefficient of greater than 0-95. The average expression
levels of these genes, as determined by the microarray
analysis, are shown in Fig. 1B. The 338 selected genes
included the ADM gene (Fig. 1C). In addition, the
RAMP3  gene displavs a similar estrogen-induced
expression pattern, as shown by Fig. 1D. This is of
interest because RANMP3 modifies the calcitonin
gene-related receptor (CRLR), after which CRLR can
serve as a receptor for ADM (McLatchie e al. 1998).
However, CRLR gene. expression was unaffected by
estrogen treatment (Fig. 1D). The good correlation
between ADM and RAMP3 gene expression prompted
us to examine the gene-expression regulation of ADM
and RAMP3 by estrogen.

ADM and RAMP3 gene expression are activated
early after estrogen administration

To examine the temporal changes in ADM gene
expression by estrogen exposure, we injected ovariect-
omized mice with 5 pg/kg b.w. estradiol, harvested the
uteri 1, 2, 4 or 6 h later, and subjected the whole uterine
RNA to quantitative PCR to evaluate ADM expression.
The experiment was performed three times. While
ADMI gene expression in the uteri varied quite widely
2—4 h after estrogen administration, it was elevated 1 h
after estrogen administration and continued to increase
thereafter until around 4 h after estrogen administra-
tion, after which ADM expression started to decrease
(Fig. 2A). Thus ADM gene expression was induced early
after estrogen stimulation. RANP3 gene expression was
also induced immediately after estrogen administration
and continued until 4 h after estrogen administration
(Fig. 2B).

There is also another modifying protein that confers
ADAI receptor function onto CRLR, namely RAMP2
(McLatchie et al. 1998). However, we found RAMP?2
expression was not effectively activated by estrogen
(Fig. 2C). Moreover, RAMPI, a third CRLR-modifving
protein that modifies CRLR to act as a receptor for
calcitonin-gene-related peptide (CGRP; McLatchie ¢ al.
1998), was substantially repressed by estrogen (Fig. 2C).
Furthermore, CGRP, which binds to receptors bearing
RAMP3 or RAMPI (McLatchie et al. 1998), was

Journal of Molecular Endocrinology (2006) 36, 81-89
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Figure 1 Correlation between estrogen dose-dependent uterine ADM gene expression and the
uterotrophic effect of estrogen. (A) Uterotrophic effect of estrogen. Estrogen dose-dependent uterine
growth is indicated by a ratio to body weight. (B) Average gene-expression levels of the selected
genes; 338 genes whose expression correlated well with the uterotrophic effect were selected and
the average gene-expression leveis of the 338 genes at the different estrogen doses (calculated
from the fiuorescent signal intensity of each gene in the DNA microarray analysis) are indicated.
(C) Estrogen-dependent gene activation of ADM gene. The gene-expression level of ADM (one of
the 338 genes) is indicated. The x axis indicates the estradiol dose administered while the y axis
indicated the gene-expression levels. (D) Estrogen dose-dependent changes in ADM, RAMP3
and CRLR gene expression {solid lines) relative to their expression levels at 0 pg/kg b.w. estradiol
(fold expression). Gene expression of all the 10 000 genes examined is shown in gray. While
ADM and RAMP3 gene expression were activated by estrogen, CRLR gene expression was not
changed. The x axis indicates the estradiol dose administered while the y axis indicates fold
changes in gene expression on a log scale. Note that because of the normalization algorithm,

the gray gene expression is not exactly 1.0 but spread around 1-0 at the 0 mg/kg b.w. dose.

E2, 17B-estradiol.

expressed in the absence of estrogen at much lower
levels than ADM and was unaltered by estrogen
administration (data not shown).

To examine how the expression levels of RANMP3
relate to CRLR expression upon estrogen exposure, the
ratic of RAMP3 mRNA to CRLR mRNA was
calculated from data obtained by quantitative PCR. As

Journal of Molecular Endocrinology (2006) 36, 81-89
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indicated in Fig. 1D, CRLR expression is unaltered by
estrogen. Although RAMP3 mRNA levels were one-
tenth of those of CRLR before estrogen administration,
estrogen induced RAMP3 gene transcription, with the
result that RAN[P3 and CRLR were expressed at equiva-
lent levels 2 h after estrogen administration, shown by
mRNA levels. Although protein-level confirmation is

www.endocrinology-joumals.org
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Figure 2 Temporal changes in ADM and RAMP3 gene expression. Ovariectornized mice were
injected with 5 pg/kg b.w. estradiol and total uterine RNA was isolated 1, 2, 4 and 8 h later. ADM (A)
and RAMP3 (B) gene-expression levels were estimated by quantitative PCR. Shown is the change in
exprassion over time relative to the gene-expression level at 0 h (fold changs). Uterine RNA was
prepared from three independent experiments and average fold changes and errors are indicated.
The x axes indicate the time after estrogen administration while the y axes indicate fold changes in
gene expression. (C) Of the different RAMP genes, only RAMP3 was strongly activated by estradiol.
Total uterine RNA was isolated 6 h after injecting 5 pgrkg b.w. estradiol and the change in RAMP
gene expression relative to expression in the sesame-oil-injected control uteri was estimated by
quantitative PCR. Uterine RNA was prepared from three independent experiments and the average
fold changes and errors are indicated. (D) Gene expression of RAMP3 relative to CRLR expression
mRNA after estradiol administration was determined by quantitative PCR. The ratio of RAMP3 mRNA
to CRLR mRNA was calculated on the basis of the copy numbers of RAMP3 and CRLR mRNA.
Approximately equal amounts of mRNA were detected 2 h after estrogen administration. The x axis
indicates time after estrogen administration while the y axis indicates the ratio of RAMP3 mRNA to

CRLR mRNA. E2, 178-estradiol.

essential, the rapid increase of RAMP3 mRNA may
affect the properties of the ADM receptor and it
appears that the net effect of estrogen exposure is
to convert existing CRIR protein into an ADM
receptor. :

www.endocrinology-journals.org

The ER binds to the promoter region of the ADM
and RAMP3 genes

Since ADM expression is induced early after estrogen
administration, we examined whether the ADM gene
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Figure 3 Chromatin immunoprecipitation of the ADM promoter
region. (A) Schematic diagram of the ADM promoter region.
The ADM gene is indicated on the right. The putative ERE is
indicated by a black box. The nucleotide sequence containing
the two direct repeats is indicated (the repeats are indicated by
capital letters). (B) The open box indicates the region amplified
by PCR. The nucleotide sequence. of RAMP3 intron containing
the putative ERE is indicated (the motif is highlighted in bold).
(C) The ADM promoter region was precipitated by anti-ERa
antibody. Chromatin immunoprecipitation was performed on
mouse uteri obtained 0, 1, 2 and 6 h after treatment with

5 pg/kg b.w. estradiol. At 1 and 2 h after estrogen
administration, the ADM promoter region was precipitated by
anti-ERa (upper panel). When chromatin immunoprecipitation
using anti-acetylated histone H3 (AcH3) antibody was
performed, the ADM promoter region was precipitated both
before and after estrogen administration (lower panel). Without
specific antibodies, no DNA was amplified (data not shown).
(D) The RAMP3 intron was precipitated by anti-ERa antibody.
Chromatin immunoprecipitation was performed on mouse uteri
obtained 0, 1, 2 and 6 h after treatment with 5 pg/kg b.w.
estradiol. At 1 h after estrogen administration, the RAMP3
intron was precipitated by anti-ERu (upper panel). When
chromatin immunoprecipitation using anti-acetylated histone H3
antibody was performed, the same region was precipitated
both before and after estrogen administration (lower panel).
Without specific antibodies, no DNA was ampilified (data not
shown).

can be directly activated by the ER. Analysis of the
sequence upstream of the ADM gene revealed direct
repeats of the canonical ERE motif between positions
— 744 and — 748 and between positions — 756 and
— 760 from the 5’ end of the ADM gene (NM_009627;
Fig. 3A). [The actual distance from the transcriptional
start site may differ since the transcriptional start site
database (http://dbtss/hgc/jp/) showed that the ADM
gene has multiple transcriptional start sites located
between positions —9 and — 14.] To examine whether
the ER can bind to the element.in wizo, we performed
chromatin-immunoprecipitation assays with uterine
DNA obtained 0, 1, 2 and 6 h after treatment with
5 pg/kg b.w. estradiol. A DNA fragment containing the
direct repeats was precipitated by the anti-ERa antibody
only after estrogen administration (Fig. 3C), suggesting
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that the ER binds to the promoter region of the ADM
gene and activates its transcription. Unlike the
ligand-dependent binding of the ER to the ADM
promoter, anti-acetylated histone H3 antibody precipi-
tated the direct repeat-bearing DNA fragment even
before estrogen was added (0 h). Thus the chromatin
structure of the ADM gene is open before the addition of
ligand and is accessible to the ER when the ligand is
administered. Similarly RMAP3 expression was also
activated by estrogen. Although ERE could not be found
near the transcription start site, a putative ERE was
found in the first intron of RAMPS gene (13 620 bp
from the 5" end of the first intron; Fig. 3B). Chromatin
immunoprecipitation confirmed that the DNA fragment
containing the putative ERE could be precipitated
by anti-ER« only when estrogen was administered
(Fig. 3D). Similar to ADM gene, anti-acetylated histone
H3 antibody could precipitate the DNA fragment of
RAMP3 even before estrogen administration.

The ADM gene is expressed in uterine stroma cells

To examine the location of ADM gene expression in the
uterus, we -used m situ hybridization to detect ADM
mRNA in uteri obtained 6h after stimulation with
5pg/kg b.w. estrogen. ADM mRNA was mainly
detected in the endometrial stroma (Fig. 4). In contrast
to the weak signal in unstimulated ovariectomized uteri,
the ADM gene was strongly expressed in the stroma of
the estrogen-stimulated uteri. Thus.estrogen induces
ADM gene expression in the stroma only. Interestingly,
the ADM gene was not expressed in the myometrium
or epithelial cells. A similar expression pattern was
observed for RAMP3, namely weak expression in
unstimulated uteri and strong expression in the stroma
of estrogen-stimulated uteri. The distribution of RAMP3
mRNA in the stroma was similar to that of CRLR
mRNA (data not shown). In contrast, RAMP2
expression did not change after estrogen administration,
although its expression was limited to the stroma. Thus
the temporal (Fig. 2) and spatial (Fig. 4) expression of the
ADM and RAMP3 genes correlated closely.

ADM gene is not activated in ERo-null mice

To examine whether ADM gene activation is dependent
on ER, we examined the gene-expression profile of ERa
and -B-null mice using DNA microarray. As shown in
Fig. 5, ADM was activated in wild-type and ERB-null
mice but not ERa-null mice. This result confirmed that
ERa is responsible for the gene activation of ADM.
Similarly, RAMP3 was also activated in wild-type and
ERB-null mice but not ERa-null mice. These results
suggest that both ADM and RAMP3 genes are regulated
by ERa but not ERB.

www.endocrinology-journals.org
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Figure 4 Distribution of ADM, RAMP3 and CRLR mRNAs in
estrogen-treated uteri. Ovariectomized mice were given 5 ug/kg
b.w. estradiol and their uteri were isolated 8 h later. ADM,
RAMP3 and CRLR gene expression was examined by in situ
hybridization. As a control, mice were injected with sesame oil.
The dark-field images were converted to red and merged with

. bright-field images. E2, 17B-estradiol. '

Discussion

Since the development of DNA microarray technology,
many genes have been listed as being respousive to
specific stimuli. However, despite knowing which genes
may be activated or repressed by a particular stimulus,
the biological significance of this information is still
largely lacking, Moreover, many genes identified by
DNA microarray analysis have not been validated to
respond to the stimulus in question by other methods. In
this study, we focused on ADM and RAMP3 genes that
were shown by DINA microarray analysis to be activated
by estrogen and showed that the ADM and RAMP3
genes are directly regulated by the ER.

ADM was originally identified as a potent vasorelax-
ant peptide that is produced by pheochromocytoma
cells (Kitamura ef al. 19935). The human form consists of
52 amino acid residues and the mouse and rat forms
consist of 30 amino acid residues (Sakata ef al. 1993).

www.endocrinology-journals.org
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the gene-expression profile was analyzed by DNA microarray.
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Subsequent studies revealed that ADM is expressed not
only in vascular endothelial cells but also in'the adrenal
gland (Kitamura ¢ al. 1993a), kidney (Kitamura e al.
19934), heart (Perret et al. 1993), bone (Cornish ¢t al.
1997) and other tissues. Thus ADM is active in the
cardiovascular system (Ishivama et a/ 1993), the
endocrine system (Yamaguchi et al. 1993) and the central
nervous system (Wang et al. 1993). It is also known to be
expressed in the reproductive system as its expression in
the uterus has been observed; moreover, uterine ADM
expression increases during pregnancy (Di Iorio ef al
1999, Michishita et al. 1999, Thota ef al. 2003, Upton
et al. 1997). Furthermore, studies of the relationship
between estrogen and ADM expression in the uterus
have revealed a positive correlation between estrogen
levels and ADM gene expression (Cameron e al. 2002,
Ikeda et al. 2004, Jerat & Kaufman 1998). Thus ADM
appears to participate in phyiological processes affecting
the uterus.

Many studies on ADM are mainly concerned with its
long-lasting activity in physiological processes such as
hypotension (Kitamura ef al. 1993), bone development
(Cornish et al. 2003) and gestation (Thota. et al. 2003,
Upton et al. 1997). With regard to the reproductve
system, ADM has been reported to generally act as a
relaxant or vasodilator (Makino et al. 1999, Yanagita
et al. 2000). However, the data presented in this paper
show that locally expressed ADM can also function in
the uterus in a more transient manner, since
estrogen-induced ADM gene expression in the uterus
only occurs in the stroma over a short period.
Interestingly, although ADM, RAMP3 and CRLR are
only expressed in the stromal cells, this kind of local
effect of ADM has been observed in many tssues (Kato
et al. 1997, Martinez et al. 1997, Nishimura et al. 1997,
Seguchi e¢f al. 1993, Takahashi ¢t al. 1997), including the
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uterus (Nikitenko et al. 2000). Further analysis of ADM
signaling is needed to clarify the effects of estrogen on
uterine growth.

In the present study, we also demonstrated by
chromatin-immunoprecipitation assays that the ADM
promoter is recognized by the ER in a ligand (estrogen)-
dependent manner. Although we used whole uteri for
this analysis, these results appear to reflect the effects of
ADM in the stroma, which is abundant in the uterus.
Our data show that rapid binding of the ER directly to
the ADM promoter may be important for ADM gene
activation. A putative ERE was also detected in the
RAMPS3 gene, though it was found in the first intron of
the gene. Chromatin immunoprecipitation confirmed
that this region could be recognized by ERu in a
ligand-dependent manner.

In summary we have shown that ADM and RAMP3
are genes that are directly activated by the ER, and that
ADM and RAMP3 are directly recognized by the ERa.
Similarities between the gene-activation patterns of
ADM and RAMP3 suggest that a combination of
RAMP3 and CRLR functions as an ADM receptor after
estrogen administration. Although functional analysis of
these genes is essential, the early activation of ADM after
estrogen administration suggests that ADM plays
important roles in the reproductive system in different
ways: first, in processes such as pregnancy, where its
involvement and expression are prolonged (Di Iorio e al.
1999, Michishita ef al. 1999, Thota et al. 2003, Upton
et al. 1997), and second, in processes such as estrogen-
induced uterine growth, where its involvement and
expression are transient.
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Summary

Mespl and Mesp2 are homologous basic helix-loop-helix
(bHLLH) transcription factors that are co-expressed in the
anterior presomitic mesoderm (PSM) just prior to somite
formation. Analysis of possible functional redundancy of
Mespl and Mesp2 has been prevented by the early
developmental arrest of Mespl/Mesp2 double-null
embryos. Here we performed chimera analysis, using either
Mesp2-null cells or Mespl/Mesp2 double-null cells, to
clarify (1) possible functional redundancy and the relative
contributions of both Mespl and Mesp2 to somitogenesis
and (2) the level of cell autonomy of Mesp functions for
several aspects of somitogenesis. Both Mesp2-null and
Mespl/Mesp2 double-null cells failed to form initial
segment borders or to. acquire rostral properties,
confirming that the contribution of Mesp1 is minor during
these events. By contrast, Mesp1/Mesp2 double-null cells
contributed to neither epithelial somite nor dermomyotome

formation, whereas Mesp2-null cells partially contributed
to incomplete somites and the dermomyotome. This
indicates that Mespl has a significant role in the
epithelialization of somitic mesoderm. We found that the
roles of the Mesp genes in epithelialization and in the
establishment of rostral properties are cell antonomous.
However, we also show that epithelial somite formation,
with normal rostro-caudal patterning, by wild-type cells
was severely disrupted by the presence of Mesp mutant
cells, demonstrating non-cell autonomous effects and
supporting our previous hypothesis that Mesp2 is
responsible for the rostro-caudal patterning process jtself
in the anterior PSM, via cellular interaction.

Key words: Somitogenesis, Epithelial-mesenchymal conversion,
Mesp2. Chimera analysis, Mouse

Introduction

Somitogenesis is not only an attractive example of metameric
pattern formation but is also a good model system for the
study of merphogenesis, particularly epithelial-mesenchymal
interconversion in verlebrate embryos (Gossler and Hrabe
de Angelis, 1997; Pourquié, 2001). The primitive streak, or
tailbud mesenchyme, supplies the unsegmented paraxial
mesoderm, known as presomitic mesoderm (PSM).
Mesenchymal cells in the PSM undergo mesenchymal-
epithelial conversion to form epithelial somites in a spatially
and temporally coordinated manner. Somites then differentiate,
in accordance with environmental cues from the surrounding
tissues, into dorsal epithelial dermomyotome and ventral
mesenchymal sclerolome (Borycki and Emerson, 2000; Fan
and Tessier Lavigne, 1994). Hence, the series of events that
occur during somitogenesis provide a valuable example of
epithelial-mesenchymal conversion. The dermomyotome gives
rise to both dermis and skeletal muscle, whereas the sclerotome
forms cartilage and bone in both the vertebrae and the ribs.
Each somite is subdivided into two compartiments, the rostral
(anterior) and caudal (posterior) halves. This rostro-caudal
polarity appears to be established just prior to somite formation
(Saga and Takeda, 2001).

Mesp! and Mesp2 are closely related members of the basic
helix-loop-helix (bHLH) family of transcription factors but
share significant sequence homology only in their bHLH
regions (Saga et al.,, 1996; Saga et al, 1997). During
development of the mouse embryo, both Mesp/ and Mesp2
are specifically expressed in the early mesoderm just after
gastrulation and in the paraxial mesoderm during
somitogenesis. Mespl/Mesp2 double-null embryos show
defects in early mesodermal migration and thus fail to form
most of the embryonic mesoderm, leading to developmental
arrest (Kitajima et al., 2000). Mespl-null embryos exhibit
defects in single heart tube formation, due to a delay in
mesodermal migration, but survive to the somitogenesis stage
(Saga et al., 1999), suggesting that there is some functional
redundancy, i.e. compensatory functions of Mesp2 in early
mesoderm. During somitogenesis, both Mespl and Mesp2 are
expressed in the anterior PSM just prior to somite formation.
Although we have shown that Mesp2, but not Mespl, is
essential for somite formation and the rostro-caudal patterning
of somites (Saga et al., 1997), a possible functional redundancy
between Mespl and Mesp2 has not yet been clearly
established.

To further clarify the contributions of Mesp! and Mesp?2 to
somitogenesis, analysis of Mesp1/Mesp2 double-null embryos
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is necessary. but because of the early mesodermal defects
already  described. these knockout embryos Tack a paraxial
mesoderm, which prevents any analysis of somitogenesis. We
therefore adopted a strategy that utilized chimera analysis. As
we have reported previousty. the carly embryonic lethality of
a Mcesp l/Mesp2 double knockout is rescued by the presence of
wild-type cells ina chimeric embryo. but the double-null cells
cannot contribute 1o the cardiac mesoderm (Kitajima ct al..
2000). This analysis, however, focused only on early heart
morphogenesis and  did not investigate  the  behavior of
Mespl/Mesp2  double-null cells in somitogenesis. In this
report, we focus upon somitogenesis and compare two types
of chimeras using cither Mespl/Mesp2 double-null cells or
Mesp2-null cells o investigate Mespl function  during
SOMILegenesis,

Another purpose of our chimera experiments wias o
clucidate the cell autonomy of Mesp functions. In the process
of somite formation. mesenchymal cells in the PSM initially
undergo cepithelialization at the future segment boundary.
independenty of the already epithelialized dorsal or ventral
nuargin of the PSM Sato ¢t al.. 2002). Epithelial somite
formation is disrupted in the Mesp2-null embryo. indicating
that Mesp2 is required for epithelialization at the segment
boundary. Although Mesp products are nuclear transcription
factors and their primary functions must therefore be cell
autonomous  (Lranscriptional control of target genes). it is
possible that the roles of Mesp2 in epithelialization are
mediated by the non-cell autonomous cffects of target genes,
We therefore asked whether the defects in Mesp2-null cells
during cpithelialization could be rescued by the presence of
surrounding wild-type cells. Additionally. we would expect to
find that the role of Mesp2 in establishing rostro-caudal
polarity is rescued in a simifar way.

Our analysis suggests that Mesp ! and Mesp2 have redundant
functions and are both cell-autonomously ivolved in the
epithelialization of somitic mesodern. In addition. our results
highlight some non-cell autonomous effect of Mesp2-null and
Mespl/Mesp2-null cells.

Materials and methods

Generation of chimeric embryos

As deseribed previously (Kitajima et al,, 20007 chimeric embryos
were generated by aggregating 8-cell embryos of wild-type mice
(ICRy with those of mutant mice that were genetically marked with
the ROSA26 trunsgene (Zambrowicz et al. 1997). Mespl/Mesp2
double-null embryos were generated by crossing who-del (+/-) and
Mesp /- /Mesp2(+/ere) mice as deseribed previously (Kitajima et
al.. 20000, This strategy enables us 1o distinguish chimeric embryos
derived from homozygous embryos. which have two different mutant
alleles. from those derived from heterozygous embryos. Likewise.
Mesp2-nudl embryos were generated by crossing P2v/i+/~) mice
(Saga et al. 1997y and P2GEP (+#/g/py mice (Y.S. and S.K..
unpublishedy that were also labeled with the ROSA26 locus. The
genotype of the chimeric embryos was determined by PCR using volk
sie DNAL

Histology, histochemistry and gene expression analysis

The chiimeric embryos were fixed at 1 days posteoituim (dpe) and
stained in X-gal solution for the detection of B-gatactosidase activity.
as described previously (Saga et al.. 1999y, For histology. samples
stained by X-gal were posthixed  with 4% paraformaldehyde.
dehydrated inan ethunol series. embedded in plastic resin (Technovit
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8100, Heraeus Kulzer) and sectioned at 3 g, The methods used for
gene expression analysis by in-situ hybridization of whole-mount
samples and frozen sections and skeletal preparation by Alcian
Blue/Alizarin Red staining were deseribed previously (Saga et al..
1997; Tukahashi et al, 2000), Probes for in-situ hybridization for
Unex4. ) (Mansouri et al.. 1997; Neidhardt et al.. 1997). Delia-like |
(DI (Bettenhausen et al.. 1995) and Paravis (Burgess et al.. 1995)
were Kindly provided by Drs Peter Gruss. Achim Gossler and Alan
Rawls, respectively. A probe for EphA4 (Nieto et al.. 1992) was
cloned by PCR. For detection of actin filaments. frozen sections were
stained - with - AlexaFluor 488-conjuguated  phalloidin - (Molecular
Probes) according to the manufacturer's protocol.

Results

Possible functional redundancy and different
contributions of Mesp1 and Mesp2 in somitogenesis
During somitogenesis, both Mespl and Mesp2 we expressed
in the anterior PSM just prior to somite formation and their
expression domains overlap (Fig. TA), Mespl-null embryos
form morphologically normal somites and show normal rostro-
caudal patterning within cach somite (Fig. 1B.E-H). indicating
that Mespl s not essential for somitogenesis. By contrast.
Mesp2 is essential for both the formation and rostro-caudal
patierning  of somites. ws Mesp2-null embryos have no
epithelial somites und lose rostral hall properties. resulting in
caudalization of the entire somitic mesoderm (Saga et al.,
1997y (Fig. 1C.Dy.

Although somite formation and rostro-caudal patterning is
cisrupted  in o the  Mesp2-null embryo.  histological
differentiation into dermomyotome and  sclerotome is not
affected. It is noteworthy that the Mesp2-null embryo still
forms  disorganized  dermomyotomes  without  forming
epithelial somites (Saga et al.. 19975 As Mespl is expressed
al normal levels in the PSM of Mesp2-null embryos (Fig.
IC.D) it is possible that Mespl functions o rescue some
aspects of somitogenesis in the Mesp2-null embrvo. In order
to further clarify the contributions of both Mespl and Mesp?2
during  somitogenesis. we  therelfore  generated  chimeric
cmbryos with cither Mesp2-null cells or Mesp1/Mesp2? double-
null cells and compared the behavior of mutant cells during
somitogenesis (Fig. 2).

Mesp2-null cells tend to be eliminated from the
epithelial somite and the dermomyotome, but can
partially contribute to both of these structures

We first generated Mesp2-null chimeric embryos (Mesp2
with Rosa26: wild) (o analyze cell autonomy of Mesp2
function during somitogencesis, The control chimeric embryo
(Mesp2™ with Rosa26: wild) showed normal somitogenesis
and a random distribution of X-gal stained cells (Fig. 3A). The
Mesp2-null chimeric embryos formed abnormal somites that
exhibited incomplete seamentation (Fig. 3B). but histological
differentiation ol dermomyotome  and  sclerotome was
observed. Within the incomplete somite, X-gal-stained Mesp2-
null cells were mainly localized in the rostral and central
regions. surrounded by wild-type cells at the dorsal. venural and
caudal sides (Fig. 3B). The swrounding wild-type cells.
however. did not form an integrated epithelial sheet. but
consisted of several epithelial cell clusters. Such trends were
more obviously observed i other sections. where wild-type
cells were found to form multiple smalf epithelial clusters (Fig.
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Fig, 1. Mesp! and Mesp2 ave co-expressed inthe anterior PSM but have differing roles in somitogenesis. (A Overlupping expression of Mespl
and Mesp2 is revealed by in-situ hybridization using the feft and right halves of the same embryo. The lines show most recently formed somite
boundaries. (B-C) A Mesp{-null embryo (B) shows the sume normal somite tormation as & wild-type embeyo (O Arvowheads indicate somite
boundaries. (D) In Mesp2-null embryos. no somite formation is observed but Mesp ! is expressed at comparable levels wo wild type, although s
expression is anteriorly extended and blurred. (E-Hjy Mesp-null embryos show normal rostro-candal patterning of somites, (£.F) Expression of
acandal half marker. Unexd 1 (GHY Expression of a vostral haff marker. EphiA4 The lines indicate presumptive or formed somite boundarfes
and the dorted line indicates approximate position of somite halt boundary.

3C.Dy Mesp2-null cells tended to be climinated from the
epithelial clusters, although they were partially integrated into
these structures (blue wrrows in Fig, 3C,D). Likewise, small
numbers of Mesp2-null cells were found to contribute to the
dermomyotome (Fig. 3EF). Mesp2-null cells also appeared to
form the major part of the sclerotome,

Mesp?2 is required for the cell-autonomous
acquisition of rostral properties

We have previously demonstrated that suppression by Mesp?2

e PR R T
t Resn? Fosa

TN
)
PR
\4 L v
g7 7 Transferto 11.0 dpc embryo
foster mother
¢
blastorys!

Fig. 2. Schematic representation of chimera analysis method. Either
Mesp2-null or Mesp/Mesp2 double-null embryos, genetically
labeled with Rosa locus, were aggregated with wild-type embryos at
the 8-cell stage. and the resulting chimeras were subjected 1o analysis
at 11.0dpe.

of the caudal genes DI wnd Uncexd ] in presumptive rostral
half somites is a crucial event in the establishroent of the rostro-
caudal pattern of somites (Saga ot al., 1997; Takahashi ct al,,
2000). As Moesp2-null embryos exhibit caudalization of
somites. Mesp2-null cells are predicted to be unable to express
rostral properties. Hence, Mesp2-null cells are expected to
distribute to the caudal region of ench somite where the rostro-
caudal patterns are vescued by wild-type cells in a chimeric
embryo. Tn this context. the Tocalization of Mesp2-null cells at
the rostral side was an unexpected fisding, We interpret this to
mean that the rostral Tocation of Mesp2-null cells is due to a
lack of epithelialization functions (sec Discussion).

To examine rostro-caudal properties in Mesp2-null cells,
located in the rostral side. we analyzed the expression of a
caudal half” marker gene. Unexd ] (Mansouri et al,, 1997,
Neidhardt et al. 19975 Analysis of adjacent sections revealed
that facZ-exprossing Mesp2-null cells, focalized at the rostral
and central portion. ectopically expressed Unevd | (Fig. 4A-
D). This strongly suggests that Mesp2-null cells cannot acquire
rostral properties even il surrounded by wild-type cells. and
that Mesp2 function 15 cell-antonomously required for the
acquisition of rostral propertics. We also observed that the
small number of Mesp2-null cells distributed mostly 1o the
caudal end of the dermomyotome (Fig. 3EF) and  that
the expression patiern of  Unex<i ] was normal in the
dermomyotome (Fig, 4E.FY. Inthe sclerotome. fucZ-expressing

"Mesp2-nudl cells often distributed o the rostral side, where

expression of Unevd 1 was abnormally elevated (Fig, 4G.H).
The vertebrae of the Mesp2-null chimeric fetus showed a
partial fusion of the neurad arches, which was reminiscent of
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Mesp2-hypomorphic fetuses (Fig. 4LI) (Nomura-Kitabayashi
et al, 2002) Fusion of proximal rib elements was also
observed (Fig. 4K.1L).

Mesp1/Mesp2 double-null cells cannot contribute to
the formation of epithelial somites or to the
dermoimyotome

To address the question of whether Mespl, in addition to Mesp2,
exhibits any function during somitogencesis. we next generated
Mesp1/Mesp2 double-null chimeric embryos and compared
them with the Mesp2-null chimeric embryos described in the
previous sections, We dirst performed  whole-mount - X-gal
staining of embryos at Hodpe. In the control chimeric embryo,
the  X-gal-stained  Mespl/Mesp2  double-heterazygous  cells
distributed randomly throughout the embryonic body. including
the somite region (Fig. SA.C). By contrust. the Mespl/Mesp2

Mesp2™™ : Wild
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double-null chimeric embryo displayed a suikingly uneven
pattern of cellalar distribution in the somite region. The X-gal
stained Mesp1/Mesp2 double-null cells were localized at the
medial part of embryonic tail and were not observed in the
Tateral part of the somite region (Fig. 5B.D). Histological
examination ol parasagittal sections further revealed obvious
differences in the cellular contribution to somite formation (Fig.
SE.F). In the control chimerie embryo, Mespl/Mesp2 double-
heterozygous cells distributed randomly throughout the different
stages of somilogenesis (PSM. somite. dermomyotome and
sclerotome: Fig. SE). In the Mespl/Mesp2 double-null chimeric
cembryo. neither the initdal segment border nor epithelial
somites  were  formed. bul histologically  distinguishable
dermomyotome-like and sclerotome-like compartments were
cencrated (Fig. SF) In additon. Mespi/Mesp2  double-null
cells and wild-type cells were randomly mixed in the PSM,
whercas the dermomyotome-like epithetium consisted
exclusively of wild-type cells and the sclerotome-like
compartment mostly ol Mespl/Mesp?2
double-null cells. This suggests that cither Mespl
or Mesp2 s cell-autonomously  required  for the
formation of epithelial somite and dermomyotone.
These results also indicate that PSM cells with
different characteristies are rapidly sorted during
somite formation.

Subsequent examination of transverse  scctions
confirmed the elimination of Mespi/Mesp2 double-
null cells from dermomyotome (Figo SGUH). In the
mature somite region, the wild-tvpe dermomyotome-
like epithelivm was Found to form the myotome (my)
tFig.  SLb. Furthermore.  the  venwral part of
this — dermomyotome-like  epithelivm became
mesenchymal and appearcd (o contribute o the
dorsal sclerotome (dseln implying that this inttial
dermomyotome-like epithelium actually corresponds
to the epithelial somite exclusively composed of wild-
type cells (Fig, 5Ly Fluorescent phalloidin staining
revealed that the apical localization of actin filaments
i~ fimited to the dorsal compartments, whiclt are
occupied by wild-type cells in the Mespl/Mesp2
double-null chimeric embryo (Fig. SK.L). indicating
the Mespl/Mesp2 double-null cells cannot undergo
epithetialization.

It is known that the bHLH wanscripion factor
paraxis (Tel1S — Mouse Genome  Informatics). is
required for the epithelinlization of somite and

consisted

Fig. 3. Mesp2-null cells tend to be excluded from the
epithelial region of the somites, {A) The control chimeric
cmbryo undergoes normal somite formuation and shows
random distribution of labeled cells. The right punel is o
high-power view of o somite. (B In the Mesp2-null
chimeric embryo, incompletely segmented somites are
forimed. Mesp2-null cells tend to be localized at the rostral
and central region of these incomplete segments. Red
arrows: wild-type cell clusters: blue arrows: Mesp2-null cell
clusters. (C.DY Other sections indicating multiple soall
epithelial cell clusters carrows). Note that Mesp2-null cells
only partially contribute to the epithelial clusters tblue
arrows) Y A small number of Mesp2-nalt cells are
distributed i the dermomyotome and are mostly localized
at the candal end. Scale bars: 100 win.
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dermomyotome (Burgess et al,, 1995; Burgess et al,, 1996).
Although Paraxis expression is not affected in Moesp2-null
embryos (data not shown). it is possible that it is influenced by
the loss of both Mespt and Mesp2, We therefore examined the
expression patterns of Paraxis in our Mespl/Mesp2 double-
null chimeras, In wild-type cmbryos Paravis is initially
expressed throughout the entire somite region (in both the
prospective dermomyotomal and sclerotomal regions) in the
anteriormost PSMand newly forming somites, and then
localizes in the dermomyotomes (Burgess et al, 1995), The
dorsal dermomyotomal epithelium. composed of wild~type
cells. strongly expressed Paravis in the chimeric embryo (Fig.
6A.B). In addition. adjacent sections revealed that facZ-
expressing Mespl/Mesp2 double-null cells expressed Puraxis
in the medial sclerotomal compartment (Fig, 6A,B, brackets).
This suggests it Paraxis expression in the future sclerotomal
region is independent of Mesp factors, However, at present we
cannot exclude the possibility that the maintenance of Paraxis
cxpression in the dermomyotome requires the Tunctions of
cither Mespl or Mesp2,

Mesp1/Mesp2 double-null cells are incapable of
acquiring rostral properties

To clarify the rostro-caudal properties of somites in our
chimeric embryos, we examined the expression pattern of
Uncxd 1. Control chimeric embryvos exhibited a normal stripe
pattern of Uneh D oexpression throughout the segmented
somite region (Fig, 7A) By contrast, Mesp /Mesp2 double-
null  chimeric embryos  exhibited  continuous  Unevd ]
expression i the ventral sclerotomal region (Fig, 78). This
continuity  was  observed i the  entire  sclerotome-like
compartment of the newly formed somite region and in the
ventral selerotome in the mature somite region. The caudal
localization ol Unexd F espression, however, was normal in the
dermomyotome and the dorsal sclerotome, which consisted of
wild-type cells (Fig. S0 even in Mespl/Mesp2  double-
null chimeras. This sugeests that. like Mesp2-null cells,
Mespt/Mesp2 double-null cetls are incapable of acquiring
rostral propertics. Since the mesoderm of Mesp1/Mesp2
double-null embryos Tacks the expression ol the major
markers of paraxial mesoderm (Kitajima ot al,, 2000), and
Mespl/Mesp double-null cells do not exhibit histological
features characteristic of epithelial somites in our current study,
it s possible that Mospl/Mesp2 double-null cells may Iack

Fig. 4. Mesp? function is cell autonomously required for rostral
properties. tA-D) Lxpression of laeZ ind Uncexdl | iranseripts at the
site of initial somite formation in control (A,By and Mesp2-null
(C.Dy chimeric embryos, In the control, ucZ-expressing cells are
randomly distributed and Uncvd. J expression is normal. In the
MespZ-null chimera. JacZ-expressing Mesp2-nulf cells at the rostral
part of the incomplete segments Garrows in C) ectopically express
Unexd ! carvows in D). Lines indicate somite boundaries. (E.F) In
the dermamyotome. Mesp2-null cells are mostly laculized at the
caudal end. and the Uncxd ] expression pattern is normal, (G.H) i
the sclerotome. the distribution of Mesp2-null cells resulis in
expansion of Uncvd L expression tarrows). (1) The control chimerie
fetus shows normul vertebrae, (h The Mesp2-null chimeric fetus
exhibits partial fusion of the neural arches. (K) The control chimeric
fetus shows normal ribs. (LY The Mesp2-null chimeric fetus shows
proximad b fusion, Scale bars: 100 tom, C, caudal compartiment: R,
rostral compartment.

Mesp1 and Mesp?2 in somitogenesis 791

paraxial mesoderm propertics. However, the analysis of

adjacent sections suggests that JaeZ-expressing Mespl/Mesp2
double-null cells themselves express Uncxd /o a somite-
specific marker (Fig. 7C,D), and they had adso been found 1o
have normal expression of Puraxis (Fig. 6AB),

It is behieved that the rostro-caudal pattern within somites
and dermomyotomes is generated in the PSM and maintained
in somites and dermomyotomes, We obscrved a normal rostro-
caudal pattern in the dermomyotome (Fig. 7), although wild-
type cells and Mesp t/Mesp2 double-null cells are mixed in the
PSM (Fig. 5). of Mesp1/Mesp2 double-null chimeric embryos,
As Mesp products are required for suppression of DI in the
anterior PSM. a dormal DHT stripe pattern cannot be formed
if Mespt/Mesp2 double-null cells are randomly distributed in
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Mesp 1+ Mesp2* : Wild

A B

Mesp1*Mesp2*" : Wild
somites PSM

: Wiid

Research article

Mespf”ﬂdesp?”’ :Wild [ R

Fig. 8. Mespt/Mesp2 double-null cells fail 1o contribute to epithelial somites or to the dermomvotome. (A-D) Tail regions from X-gal-stained
whote-mount specimens of control tA.C) and double-null (B.Dy chimerie embrvos, tAB) Lateral view, (C.D) Dorsal view, The blue double-
heterozy gous cells are randomly distributed in the control embryo. whereas the Mespt/Mesp2 double-null cells are excluded from the lateral
region of the somites (arrowheads in D). (E.F) Parasagittal sections of tils from chimeric embryos. (1) The labeled cells ure randomly located
in the control chimera. (F) The two types of cells are randomly mixed in the PSM. whereas the dermomyotome-like epithelium consisted
exclusively of wild-type cells and the sclerotome-like compurtiment contained mostly Mespl/Mesp2 double-nulf cells, Note that normal
epithelial somites are not formed in this chimera. (G Transverse sections show elimination of Mesp 1/Mesp2 double-null cells from the
dermomyotome. (L)) The dermomyotome-like epithelium in the Mesp U/Mesp2 double-null chimeric embryo gives rise 1o dermomvotome.
myotome (arrowhead in 1 and the dorsal part of the sclerotome. Red arches indicate the inner surface of dermomyotome. (K.L) AlexaFluor
A88-Fabeled phalloidin staining shows normal epithelialization of sontites in the control chimera (K and restriction of epithelialization in the
dermomyotome-like compartment in the Mesp/Mesp2 double-null chimera (L. dm. dermomyotome: dinl. dermomyotome-like epithelivm:

dse. dorsal part of the sclerotome: my. myotome: nt. neural tube: s selerotome: sell selerotome-like compartment: tg, tail zut.

the anterior PSM. This is because 305 of cells cannot undergo
suppression of DI even in the future vostral hall region,
Therctore. our finding of a normal rostro-caudal pattern in the
dermomyotome o double-null chimeras is surprising and
raises the question of whether wild-type cells can be normally
patterned in the presence of surrounding Mespl/Mesp?2
double-null cells, To determine how the rostro-caudal pattern
in the dermomyotome is formed in the PSM. we examined the
expression pattern ol DI (Bettenhausen ot al., 19935). the
stripe expression profile of  which is established in the
anteriormost PSM via the function of Mesp2 (Takahashi et al,,
2000). The lacZ-expressing Mespi/Mesp2 double-null cells
were subsequently found to be copsistently localized in the

sclerotome-like region, where DI expression was abnormally
expanded (Fig. 6C.D). In the dermomyotome-like region,
however, DI expression in the caudal half was normal.
Intriguingly, strong D1 expression in the anteriormost PSM
was suppressed in a rostrally adjoining cell population. which
is mainly occupied by wild-type cels (Fig. 6C.D arrows). This
implies that wild-type cells and Mespt/Mesp2 double-null
cells rapidly segregate at S~1 to SO. after which the rostro-
caudal pattern of DI expression is formed i the partially
scaregated wild-type cell population but not in the randomly
mixed cell population. In other words, the separation [rom
Mespi/Mesp2 double-nuli cells enabled normal rostro-caudal
patterning of wild-type cells.
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Paraxis e DT

LacZ LacZ ¢

Fig. 6. (A.B) Mespl/Mesp2 double-null cells express Paraxis. Adjacent purasagittal sections of the Mespt/Mesp2 double-null chimeric embryo
were stained for either Paravis (A) or lueZ (B). Note that the expression domains of the two genes overlap in the medial sclerotomal region
(hrackets), ¢C.Dy The rostro-caudal pattern in the dermomyotome is formed in a purtially segregating wild-type cell population. Adjacent
sections of the Mespl/Mesp2 double-null chimeric embryos were stainad tor DI (Cyor lacZ (DY mRNAL Red outlines demarcate the dorsal
dermomyotome-like compartiments. Note that suppression of DI expression oceurs in a region mostly occupied by wild-tvpe cells crows),
Scale bar: 100 m.

Fig, 7. Rostro-caudal Mesp1+/'Mesp2+/' : Witd Monp ™ Geap ™ Wild
pattterning of the sclerotome

is distupted in A . B
Mespt/Mesp2 double-null

chimeric embryos. (A) The S,

control chimeric embryos e

exhibit normal stripe 1. . -

patterns of Unevd. ] ‘

expression throughout the Gemalt
somite region. (B1 The } SE y
Mespl/Mesp2 double-null ) &

chimeric embryos exhibit
continuous Unex. ]
expression in the ventral
selerotomal region, Note
that caudal h)cuiﬁu‘i}n] of Mesp!”"Mesp?*‘/’ < Wild Meant | Me
Unexd [ expression is

normal in the

dermomyotome and dorsal

sclerotome. The nsets 7
show u higher ’
magnitication of lambar
somites, (C.D) Adjacent
sections showing that facZ-

expressing Mespl/Mesp2 C Uncx4.1
double-null cells express
Unewd ) (k-FD The
Mespt/Mesp2 double-nuil o
chimeric fetus exhibits SEL
caudalization of the

vertebrae and of the

proximal ribs. (B The D LacZ G
control chimeric fetus ) .
shows normal metameric arrangement of the neural arches. (1) The Mespi/Mesp2 double-null chimeric fetus shows severe fusion of the
pedicles and the luminae of neural arches. tGy The control chimeric fetus bas normal arrangement of ribs. (1) The double-nuli chimeric fetus
shows severe fusion of the proxitial elements of the ribs, Scale bars: 100 tm.
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Mesp2-null fetuses  display  caudalized  vertebrae  with
extensive fusion of the pedicles of neural arches and proximal
clements of the ribs (Saga et al,, 1997). The Mespl/Mesp2
double-null chimerie fetuses also exhibited fusion of the
pedicles of neural arches and the proximal ribs (Fig. 7E-H).
Furthermore. the vertebrae of severe chimeric fetuses were
indistinguishable from those of Mesp2-null fetuses. These
observations indicate that Mesp1/Mesp2 double-null cells can
dilferentiale into caudal sclerotome and possibly contribute to
chondrogenesis.

Discussion

Mespl and Mesp2 not only exhibit similar expression patterns
but also share common bHLH domains as transcription factors.
Previous studics using gene replacement esperiments (Saga,
1998) Y.S. and S.K., unpublished) indicute that these genes
can compensate for cach other. However. the carly lethality of
double knockout mice hampered uny further detailed analysis
of somitogenesis. An obvious strategy to Turther elucidate the
functions of Mespl and Mesp2 was, therefore. the gencration
ol a conditional knockout allele for Mesp2 in Mesp I disrupted
cells inwhich the Cre gene is specttically activated in the
paraxial mesoderm. which is now underway. Chimera analysis
is also o powerful method  as an alternative strategy,
Comparisons of chimeras. composed of either Mesp2-null or
Mesp1/Mesp2 double-null celiso made it possible (o determine
the contribution of Mespl to somitogenesis. Our results
indicate  that - Mespl  has  redundant functions  in the
cpithelialization of somitic mesoderm and addivonally. by
chimeric analysis, we were able o demonstrate the cell
autonomy of Mespl and Mesp2 function during some critical
steps of somitogenesis,

The relative contributions of Mesp1 and Mesp2 to
somitogenesis

In Mespl-null mice. epithelial somites with normal rostro-
caudal polarity wre generated. whereas Mesp2-null mice
exhibit defects in both the generation of epithelial somites and
the establishment of rostro-caudal polarity. Thus. it scems
likely that Mesp2 function”is both necessary and sullicient
[or somitogenesis. However, dermomyotome formation wis
observed, without normal segmentation. cven in Mesp2-null
mice. In view of the apparent redundant functions of Mespl
and Mesp2 in somitogenesis, as demonstrated by our previous
gene replacement study. it was possible that the Mespl/Mesp2
double-null embryo would cxhibit o much more severe
phenotype inrelalion to somitogenesis. In our chimera
analyses. both Mesp2-null and Mesp/Mesp? double-null cells
exhibited  complete  caudalization  of  somitic  mesoderny,
indicating that Mespl function is not sufficient to rescue
Mesp2 deficiency and restore rostro-caudal potarity. Likewise,
both MespZ-null and Mesp/Moesp2 double-null cells were
incapable of forming an initial segment boundary, showing that
the contribution of Mesp! is also minor during this process. By
contrast. whereas Mesp1/Mesp2 double-nudl cells Tacked wny
ability 1o epithelialize. Mesp2-null cells were occasionally
integrated  into - epithelial - somites  and  dermomyotome,
indicating that the contribution of Mesp! to epithelialization is
significant and that Mespt can function in the absence of
Mesp2 (Fig, 8. We therelore postulate that the epithelialization
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Wild :
Wild

gelerotome

Wild :
Mesp? A

Wild &

Mespt ™

Mespl
Fig. 8. A schematic summarization of the Mespi/Mesp2 chimera
experintents, Mesp l/Mesp double-nult celfls can contribute to
neither epithelial somite nor dermomyotome formation, whereus
Mesp2-null cells can partiadly contribute to both somites and
dertnomyotome. Red outhines indicate epithelinhzed tissues
fepithelial somites, dermomyvotomes and wbnornaal small clusters).

of dermomyotome. observed in Mesp2-null embryos, s

dependent on Mespl.

Mesp factors are cell autonomously required for
epithelialization of somitic mesoderm but may also
be non-cell autonomously required for
morphological boundary formation

Conventional interpretations of the results of chimera analysis
are generally based upon the regulative development of the
vertebrate embryo and argue cell autonomy of specific gene
functions in embryogenesis (Ciruna ct al,, 1997: Brown et
al., 1999. Kitajima et al, 2000; Koizumi ¢t al, 2001,
Mesp1/Mesp2 double-null cells failed to form epithelial
somites. cven in the presence of surrounding wild-type
cells. In addition, they were incapable of contributing (o
dermonmyotome. where cell sorting occurs. This strongly
suggests that Mesp Tactors are cell autonomously required for
the cpitheliadization of somitic mesoderm. However, we also
found suiking non-cell autonomous effects of Mesp mutant
cells on wild-type cell behaviors, That is, both types of Mesp
mutant cell not only fuited to undergo normal somitogenesis,
but also inhibited the normal morphogenesis of wild-type cells,
This implies that there are non-cell aatonomous roles for Mesp
factors in the establishment of the future somite boundary, as
we will discuss further,

Initial epithelial somite formation is achieved by the
mesenchymal-epithelial transition of cells Jocated in the
anterior PSM. A future somife boundary is established at a
spectfic position in the PSML followed by gap formation
between the mesenchymal eell populations, Subsequently.
cells ocated anterior to the boundary are epithelialized. This
process is known to be mediated by an inductive signal from
cells posterior to the boundary (Sato et al.. 2002). Therefore.
defects inepithelial somite formation can be explained in two
principal ways: a lack ol cellular ability to epithelialize (ccll
autonomous) and a Jack of an inducing signal. which is
produced in the anterior PSM by a mechanism mediated by
Notch signaling (thus non-cell autonomous). In the case of
chimeras of  Mesp/Mesp2  doable-nufl cetls. no Hocal
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boundary formed by locally distributed wild-type cells was
ohserved, i.e. even a gap between wild-type cells was never
obscrved in the mixture of Mesp!/Mesp2 double-null cells
and wild-type cells, 1t is likely, therefore, that the wild-type
cell population can form a boundary only afler separation
from Mespl/Mesp2 double-null cells (Fig. §). By contrast,
some local boundaries between epithelial  wild-type cell
clusters were occasionally observed in chimeras with Mesp2-
null cells. Considering that there is functional redundancy
between these transeription Tactors, it is possible that cither
Mespl or Mesp2 is necessary for the formation of a signaling
center or source of the putative inductive signal. Henee, we
cannol exclude the possibility that the lack of Mesp Tunction
may alfect non-cell autonomous gencration of the inductive
signal in the anterior PSM.

Formation of epithelial somites requires paraxis, whichis a
transcription tactor (Burgess et al, 1996; Nakaya et al,, 2004).
We observed that Mespl/Mesp2 double-null cells a the mediul
selerotomal region expressed Parwyds, mdicating that Mesp
factors are not absolutely required for Paraviy €Xpression.
Defects in epithelial somite formation in paraxis-null embryos,
with normal Mesp2 expression tlohnson et al, 2001), and in
Mesp2-null embryos. with normal Paraxis expression. imply
that epithelial somite formation independently requires both
gene functions,

Mesp2 is cell autonomously required for the
acquisition of rostral properties

The distribution of Mesp2-nult cells in o the MespZ-nuli
chimeric embryvos may appear somewhat paradoxsical. as they
are localized at the rostral side in the incomplete somites but
at the caudal side in the dermomvotome. Initial focalization at
the rostral and central region. however. is likely to be due to
the relative tack of epithelialization functions. In mammalian
and avian embryos. mesenchymal-to-epithelial conversion of
the PSM commences from the rostral side of the future somite
boundary. 1.e. the caudal margin ol the presumptive somite
(Duband ot al. 1987y Epithelinlization  then  proceeds
anteriorly in the dorsal and ventral faces und in such a process,
Mesp2-null cells, which are less able to participate in
epithelialization, may therefore be pushed to the contral und
rostral - sides. Thus, the majority of the Mesp2-null cells
localize to the central. prospective sclerotomal region and a
smatl number of  them e integrated  in the  future
dermomyotomal region. The incomplete somites then undergo
reorganization into dermomyotome and sclerotome, and small
numbers of Mesp2-null cells in the dermomyotome may he
sorted out Lo the caudal end. Therefore. the apparently complex
distribution pattern of Mesp2-null cells is likely to reflect o
combination o defeets i epithiclialization and rostro-caudal
patterning. Tn the incomplete segments of Mesp2-null chimeric
embryos, the Mesp2-nult celis Tuil 1o acquire rostral properties
cven when localized at the rostral side. Morcover. in the
dermomyotome. where rostro-caudal patterning is rescued.
Mesp2-nudl celts are mostly localized in the caudal region,
These observations suggested that the requirement of Mesp2
for the acquisition: of rostral properties is cell autonomous.
Sinvilarty. it has been reported that presenilin | (Psenl) is
required for acquisition of caudal halt properties (Takahashi et
all. 2000 Koizumi et al.. 20010 and that Psend-null cells cannot
contribute to the caudal half of somites in chimeric embryos.

Mesp1 and Mesp2 in somitogenesis 795

showing cell autonomous roles for Psenl (Koizumi ot al,,
2001).

Mesp mutant cells affect the rostro-caudal
patterning of somites due to the lack of cellular
interaction with wild-type cells

In a previous study. we have shown that the rostro-caudal
patterning of somites is generated by complex  cellular
interactions  involved in positive and negative feedback
pathways of DIt-Notch and DII3-Notch  signaling. and
regulation by Mesp2 in the PSM (Tukahashi et al.. 2003). In
chimeras with either Mesp2-null or Mesp/Mesp2 double-null
cells. the mutant cells were distributed evenly and did not show
any sorting bias in a rostro-caudal divection in the PSM. Since
both Mesp2-null and Mespl/Mesp2 double-uuit cells have the
ability to form caudal cells, it is likely that if wild-type cells
could occupy the rostral part of Tuture somite regions and have
the ability to sortin the PSM, a4 normal rostro-caudal patterining
would be generated. We did not observe this, however. and
conclude that the presence of mutant cells Tacking Mesp factors
must have disrupted normal cellular interactions via Noteh
signaling. Thus these non-cell-autonomous eftects of our
mutant cells are strongly supportive of our previous contention
that rostro-caudal pattering is generated by celtular interactions
via Noteh signaling. '

We thank Mariko tkumi, Seiko Shinzawa, Eriko Hheno and Shinobu
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by Grants-in-Aid for Science Research on Priority Areus (By and the
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