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Table 3 Major toxicity findings for p-(a,0-dimethylbenzyl) phenol in the newborn and young rat main studies
Newborn study (mg/kg) Young study (mg/kg)
0 30 100 300 0 100 300 1000
Male
Dead or moribund 0/12 0/12 0/12 0/12 0/14 0/7 0/7 3/14
ALT, y-GTP / - - - S/ - - T
BUN, Creatinine / - - - / - - T
Relative tiver weight / - - - / - T 1
Relative kidney weight / - - T / - - T
Stomach, hyperplasia 0/6 0/6 0/6 0/6 0r7 0/7 077 1/6
Liver, proliferation bile ducts 0/6 0/6 0/6 0/6 077 0/7 /7 6/6
Kidney, regeneration 0/6 0/6 0/6 0/6 317 377 517 6/6
Kidney, dilatation 0/6 0/6 1/6 6/6 0/7 0/7 0/7 6/6
Female a
Dead or moribund 0/12 0/12 0/12 0/12 0/14 0/7 0/7 1/14
ALT, +-GTP / - - - / - - T
BUN, Creatinine / - - T~ / - - -
Relative liver weight o/ - - - i - - T
Relative kidney weight / - - T / - - T
Stomach, hyperplasia 0/6 0/6 0/6 0/6 0/7 077 0/7 317
Liver, proliferation bile ducts 0/6 0/6 0/6 0/6 07 0/7 0/7 777
Kidney, regeneration 0/6 0/6 0/6 0/6 077 /7 0/7 717
Kidney, dilatation 0/6 0/6 2/6 6/6 0/7 077 0/7 477

Only critical data are shown in this table. Data are numbers of animals with the change of the number examined. Slashes and bars mean
no statistical significance as compared to controls. T indicates significant increase at P < 0.05. Relative kidney weights were increased 2.5-
and 2.1-fold for males and females at 300 mg/kg in the newborn study. For the young study, 14 males and 14 females (half for examination
of recovery) were assigned to each group but 6 males and 7 females at 1000 mg/kg were re-assigned for 28-day examination because of

deaths.

and 300 mg/kg. The absolute ovary weights were still lowered
by 32% at 300 mg/kg after the recovery-maintenance period.

Increased numbers of atretic follicles were found in ovaries of half -

of the females at 300 mg/kg at the end of the dosing period, and
most females continued to show various changes such as decreased
numbers of corpa luteua in the ovaries and hypertrophy of endome-
trial epithelium in the uteri, after the recovery-maintenance period.

In the young study, two males and one female died, and one male
was killed in a moribund condition at 1000 mg/kg. The final body
weights were reduced by 18%, limited to males. On urinalysis, both
sexes showed irregularly sized particles of a black substance,
accompanied by 24 fold elevation of urine volume. Clear changes

of several biochemical parameters such as ALT, y-GTP, BUN, and -

creatinine, increases of relative liver and kidney weights, and his-
topathological changes in the forestomach (squamous hyperplasia),
liver (bile duct proliferation), and kidney (regeneration of tubular
epithelium and dilatation of tubules) were also observed at
1000 mg/kg. A dose of 300 mg/kg was considered to cause slight
toxicity, because the abnormal urinary contents described above
were found in half of both sexes and a slightly elevated incidence
of mild regeneration of the tubular epithelium was noted in male
kidneys. After the two-week recovery period, the pathclogical
changes in male kidneys at 1000 mg/kg continued to be evident.
There were no signs of toxicity at 250 and 500 mg/kg in the dose-
finding study although the administration period was only half and
urinalysis and histopathological examinations were not performed.

- The pNOAEL of 30 mg/kg/day for newborn rats is clear and one

of 100 mg/kg/day for young rats is reasonable because of slight
toxicity at 300 mg/kg in the main study and limited information at
250 mg/kg in the dose-finding study. Toxicity for newborn rats was
evident at 300 mg/kg as all animals of both sexes showed histo-
pathological changes in kidneys, with increased relative weights.
However, the degree of toxicity for young rats at 1000 mg/kg was
obviously much stronger than that of newborn rats at 300 mg/kg,
which appeared to be equivalent to doses of 700-800 mg/kg in
young rats. Therefore, pUETLs of 300 and 700-800 mg/kg/day
may be appropriate for newborn and young rats, respectively. It
should be specially noted that this chemical may have endocrine
disrupting properties, especially against females, when given only
during the suckling phase. '

{Hydroxyphenyl)methyl phenol (Table 4)
The newborn investigation was conducted at doses of 0, 20, 60, and
200 mg/kg for dose-finding and 0, 16, 40, and 100 mg/kg for the
main study. The young study was conducted at doses of 0, 100,
500, and 1000 mg/kg for dose-finding and 0, 8, 40, 200, and
1000 mg/kg for the main study. S
Common changes were limited to depression of body weight and
death at high doses in newborn and young rats. The highest ‘dosg
of 100 mg/kg in the newborn main study did not cause any changes,
but half the animals at 200 mg/kg in the newborn dose-finding study
died, without accompanying liver weight changes in surviving

-222-



0

R. Hasegawa et al.

Table4 Major toxicity findings for (hydroxyphenylymethyl phenol in the newborn and young rat main studies

Newborn study (mg/kg)

Young study (mg/kg)

0 100 2007 0 40 200 100C
Male
Dead or moribund 0/12 0/12 3/6 0/12 0/12 0/12 0/12
Final body weight / - l / - - !
Total cholesterol / - T / - - d
Relative liver weight / - - / - - T
Stomach, hyperplasia. 0/6 0/6 no data 0/6 0/6 0/6 6/6
Liver, centrilobular hypertrophy 0/6 0/6 no data 0/6 0/6 2/6 4/6
Female
Dead or moribund 0/12 0/12 3/6 0712 0/12 0/12 1/12
Final body weight / - O / - - W)
Total cholesterol / - - / ! l d
Relative liver weight / - - / - T T
Stomach, hyperplasia 0/6 0/6 no data 0/6 0/6 06 6/6
Liver, centrilobular hypertrophy 0/6 0/6 no data 0/6 . 0/6 0/6. 4/6

Only critical data are shown in this table. T indicates a dose from the dose-finding study. Numbers are for animals with the feature in the
total examined. Slashes and bars mean no statistical significance as compared with controls. Tindicatés significant increase P < 0.05.
lindicates significant decrease at P < 0.05. () indicates that statistical significance was not obtained. Final body weights of surviving newborr
males at 200 mg/kg in the dose-finding study were reduced by 30% (14% for females, not significant), respectively. Final body weights of
young male rats at 1000 mg/kg in the main study were decreased by 11.8% (5.7% for females, not significant). Increase of relative liver
weights was 13% in females at 200 mg/kg, and 16 and 27% in males and females at 1000 mg/kg in the young main study.

animals. There were no chemical-related changes with other exam-
inafions, including developmental parameters. In the young study,
one female became moribund and the final body weights of males
were decreased at 1000 mg/kg. All animals of both sexes at this
dose showed squamous hyperplasia of the forestomach or limiting
ridge with ulceration, and two-thirds of the animals featured cen-
trilobular hypertrophy of hepatocytes with decrease of total
cholesterol (29-51% drop) and increase of relative liver weight.
At 200 mg/kg, low incidences of centrilobular hypertrophy in the
livers of males and slight increase of liver weights in females
with low total cholesterol (45% drop) were found. No toxicity was
apparent at 40 mg/kg in the main study. No toxicity was also found
at 100 mg/kg in the dose-finding study, but a histopathological
examination was not conducted. There were no abnormalities on
hematological examination and urinalysis at any dose.

The pNOAEL is considered to be 100 mg/kg/day for newborn
rats and 40 mg/kg/day may be appropriate for young rats because
of the limited information at 100 mg/kg in the dose-finding study.
Although toxicity at 1000 mg/kg for young rats was evident, the
dose inducing the same effects in newborn rats was clearly less than
200 mg/kg, because half of the animals died at this dose. We spec-
ulate that the dose range for one death in 12 newborn rats would
be within 140-160 mg/kg. It is clear that the dose-response curve
is much steeper for newborn than young rats. Based on our consid-
eration, pUETLs of 140~160 and 1000 mg/kg/day may be equiva-
lent for newborn and young rats, respectively.

Trityl chloride (Table 5)

The newborn investigation was conducted at doses of 0, 20, 60,
200, and 600 mg/kg for dose-finding and 0, 12, 60, and 300 mg/kg
for the main study. The young investigation was conducted at doses
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of 0, 30, 100, 300, and 1000 mg/kg for dose-finding and 0, 12, 6C
and 300 mg/kg for the main study.

Common effects were observed in livers of newborn and youn,
rats. In the newborn study, increase of relative liver weights wer
shown at 60 mg/kg and more in both sexes and centrilobular hyper
trophy of hepatocytes was noted in 300 mg/kg females. In the dose
finding newborn study, one female died and increase of relativ
liver weights of both sexes at 600 mg/kg was more evident wit
low body weights (11.3% drop for males, 13.8% for females
There were no chemical-related changes with other examination:
including developmental parameters. In the young study, both sexe
at 60 mg/kg showed a high incidence of centrilobular hypertroph
of hypetocytes with limited increases of relative liver weights (10
14%). At 300 mg/kg, soft feces and muceésal thickening of cecur
in most animals were observed in addition to more extensiv
hepatic changes. Although relative kidney weights were increase
at 300 mg/kg in males and 60 and 300 mg/kg in females, there wer
no renal histopathological findings. Hematological and bloo
chemical examinations revealed several slight to moderate change
(56% as the maximum) in fibrinogen, ALT, total cholesterol an
glucose, as well as prolongation of prothrombin and activate
thromboplastin times, at 300 mg/kg.

pNOAELSs of 60 and 12 mg/kg/day for newborn and young ra
appear appropriate because of the lack of information at high
doses in the dose-finding study, which showed no toxicity b
without histopathological examination. The dose of 300 mg/kg :
the young main study was a clear toxic level, but intensity w:
much stronger than that at 300 mg/kg in the newborn main stud
while less that at 600 mg/kg in the dose-finding study. Based ¢
these data, the toxicity with 300 mg/kg for young rats is considerc
to be within the range with 400-500 mg/kg for newborn rat
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Table 5 Major toxicity findings for trityl chloride in the newborn and young rat main studies
Newborn study (mg/kg) Young study (mg/kg)
0 60 300 600t 0 12 60 300
Male
Death 0/12 0/12 0/12 0/6 0/12 0/6 0/12 0/12
Final body weight / - - l / - - 1
ALT, Total cholesterol / - - - / - - T
Relative liver weight / T T T - - T T
Relative 'kidney weight / - - - - - - T
Cecum, thickening 0/6 0/6 0/6 no data 0/6 0/6 0/6 5/6
Liver, centrilobular hypertrophy 0/6 0/6 0/6 no data 0/6 0/6 3/6 6/6
Female
Death 0/12 0/12 0/12 1/6 0/12 0/6 0/12 0/12
Final body weight / - - { / - - -
ALT, Total cholesterol / - — - / - - _
Relative liver weight / T T T - - T T
Relative kidney weight / - - - - - T T
- Cecum, thickening 0/6 0/6 0/6 no data 0/6 0/6 2/6 5/6
Liver, centrilobular hypertrophy 0/6 0/6 4/6 no data 0/6 0/6 516 6/6

Only critical data are shown in this table. tindicates a dose from the dose-finding study. Numbers are for animals with the feature in
the total examined. Slashes and bars mean no statistical significance as compared to controls. 7T indicates significant increase P < 0.05.
lindicates significant decrease at P < 0.05. Relative liver weights were increased by 11% for males and 8% for females at 60 mg/kg, and
29% for both sexes at 300 mg/kg in the newborn main study and by 44% for males and 46% for females at 600 mg/kg in the newborn
dose-finding study. Body weight depression in males (13%) and an increase of relative liver weights (32% for males, 40% for females)

were observed at 300 mg/kg in the young main study.

Therefore, pUETLs of 400-500 and 300 mg/kg/day are proposed
as appropriate for newborn and young rats, respectively.

1,3,5-Trihydroxybenzene (Table 6)

The newborn investigation was conducted at doses of 0, 100, 500,
and 1000 rg/kg for dose-finding and at 0, 20, 100, and 500 mg/kg
for the main study. The young investigation was conducted at doses
of 0, 100, 250, 500, and 1000 mg/kg for dose-finding and at 0, 30,
100, 300, and 1000 mg/kg for the main study.

Common changes were observed in the thyroids and liver. The
only toxic change in newborn main study was hypertrophy of
thyroid follicular cells with increase in relative thyroid weights in
both sexes at 500 mg/kg. Increased relative liver weights in females
were not accompanied by any histopathological changes. Although
decrease of adrenal weight and histopathological alterations such
as vacuolization and pigmentation were noted at the end of the
dosing and recovery-maintenance periods, these were always slight
and not dose-dependent. There were no chemical-related changes
with other examinations, including developmental parameters, in
newborn rats. In the young study, similar effects on the thyroids
and liver were found at 1000 mg/kg, but the incidence of thyroid
histopathological changes was slightly less than in newborn ani-
mals at 500 mg/kg.

pNOAELs of 100 and 300 mg/kg/day for newborn and young
rats can be considered appropriate because of the lack of data with
dose settings between 100 to 500 mg/kg in the newborn, and no
histopathological examination at 500 mg/kg in the young dose-
finding study. The degree of toxicity at 1000 mg/kg for young rats
was almost equal to that at 500 mg/kg for newborn rats. Therefore,

pUETLs of 500 and 1000 mg/kg/day are proposed as equivalents
for newborn and young rats, respectively.

DISCUSSION

More than 100 000 industrial chemicals are now in use around the
world and sufficient toxicity information is available for only a
small proportion. The Japanese government started the Existing
Chemical Safety Program to obtain minimal toxicity data sets from
28-day toxicity studies using young rats for high production vol-
ume chemicals lacking toxicity information. For the present six
targeted chemicals, we found toxicity information for only two
chemicals by literature search. Daniel et al. (1993) reported no
toxic effects of 2-chlorophenol on oral administration to male and
female Sprague Dawley rats at up to 257 mg/kg for 10 days or
150 mg/kg for 90 days. Our results were consistent with their data,
as we found no toxicity at 500 mg/kg in young dose-finding study
(14 days administration) and at 200 mg/kg in the young study
(28 days), while further providing information on CNS effects at
higher doses. As for (hydroxyphenyl)methyl phenol, consisting of
bisphenol D, E, and F isomers, bisphenol F has been reported to
have estrogenic potential evidenced by several in vitro and in vivo
experiments (Hashimoto ef al. 2001; Yamasaki er al. 2002; Stro-
heker etal. 2003). However, we could not establish any such
activity in this study. Our results are reasonable because oral admin-
istration of bisphenol F increased relative uterus weights only at
more than 100 mg/kg, but not 50 mg/kg given during PNDs 22-25
(Stroheker et al. 2003), while our highest dose of (hydroxyphe-
nyl)methyl phenol was equivalent to 30 mg/kg of bisphenol F.
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Table 6 Major toxicity findings for 1,3,5-trihydroxybenzene in the newborn and young rat main studies

Newborn study (mg/kg)

Young study (mg/kg)

0 100 500 0 300 1000
Male
‘Relative organ weight
Liver / - - / - T
Thyroids / - T / - M
Histopathology
Liver 0/6 0/6 0/6 0/6 0/6 0/6
Thyroids, hypertrophy 0/6 0/6 4/6 0/6 0/6 2/6
Female
Relative organ weight
Liver / - T / - T
Thyroids _ ’ / - M / - M
Histopathology
Liver 0/6 0/6 0/6 0/6 0/6 - 06
Thyroids, hypertrophy 0/6 0/6 5/6 06 0/6 46

Only critical data are shown in this table. Slashes and bars mean no statistical significance as compared with controls. T indicates
significant increase P < 0.05 (except in parentheses where statistical significance was not attained). Numbers are for animals with the feature
in the total examined. Increase of relative organ weights at 500 mg/kg in the newborn main study was observed for thyroids (39% for males,
24% for females) and liver (9% for females). Increase of relative organ weights at 1000 mg/kg in the young main study was observed for
thyroids (14% for males, 19% for females) and liver (23% for males and 9% for females).

Table7 Comparative susceptibility of newborn and young rats to the six chemicals

Newborn study Young study pNOAEL pUETL
pNOAEL pUETL pNOAEL pUETL Young/Newborn Young/Newborn
mg/kg/day mg/kg/day

2-Chlorophenol 40 200-250 200 1000 5.0 4.0-5.0
4-Chlorophenol 100 300 100 500 1.0 1.7
p-(o,a-Dimethylbenzyl) phenol 30 300 100 - 700-800 33 2.3-27
(Hydroxyphenyl) methyl phenol 100 140-160 40 1000 04 6.3-7.1
Trityl chloride 60 400-500 12 300 0.2 0.6-0.8
1,3,5-Trihydroxybenzene 100 500 300 1000 3.0 2.0

Although there has been no reports for p-(o,c-dimethylbenzyl)
phenol, it causes endocrine disruption and possible antiestrogenic
activity, when administered to newborn female rats in this study.
Therefore, further studies on this chemical should be conducted to
elucidate the mechanisms, because the present investigation did not
indicate any effects on sexual differentiation such as preputial sep-
aration, vaginal opening and the estrous cycle.

For our focus on the comparative sensitivity of newborn and
young rats to chemicals, two toxicity endpoints, pNOAEL and
PUETL, were newly defined as appropriate, considering the entire
data sets from both main and dose-finding studies. We believe that
this alternative assessment approach allowed us to make more real-
istic comparisons between newborn and young rats under the same
experimental conditions as far as possible.

The ratios of pNOAELs for chemicals between newborn and
young rats may provide an additional UF value in risk assessment
according to susceptibility of newborn rats, because regulatory
limit values for chemicals to protect public health of humans,
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including infants, are derived from the division of NOAEL by UFs.
The data in Table 7 indicate newborn rafs to be 1-5 times more
susceptible to four of the tested chemicals, 2- and 4-chlorophenols,
p-(o,0-dimethylbenzyl) phenol and 1,3,5-trihydroxybenzene, than
young rats in terms of the pNOAELSs, similar to the results of
previous analyzes of five phenolic chemicals, 4-nitro-, 2,4-dinitro-,
2,4,6-trinitro-, 3-methyl- and 3-amino-phenols (Koizumi et al.
2001, 2002, 2003; Takahashi et al. 2004). Immaturity in the detox-
ification potential of phase 1 and phase 2 enzymes in newborn
animals may be the major cause of higher toxicity in newborn rats
(Rich & Boobis 1997; Gow et al. 2001), because these chemical
classes are probably direct toxicants. In the case of (hydroxyphe-
nyl)methyl phenol, the pNOAEL (100 mg/kg/day) for newborn rats
was 2.5 times higher than that (40 mg/kg/day) for young rats, but
it can be speculated that values are in practice rather similar because
the toxicity for young rats at the high dose, 200 mg/kg, was only
slight (Table 4). As for trityl chloride, newborn rats were obviously
less susceptible (0.2 for the pNOAEL ratio). Similar results were
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also reported from our previous analysis for bromoalkanes (Hirata-
Koizumi efal. 2005) and may be explained by mechanisms of
action and metabolic characteristics of newborn rats. As this class
of chemicals possibly requires metabolism to act as toxicants, the
relatively mature metabolic enzyme status of young rats would be
expected to provide toxic intermediates by metabolic activation to
a greater extent than in newborn rats, as evidenced by data for
previously reported chemicals (Onkenhout et al. 1986; Kennedy
et al. 1993). Other compounds such as acetaminophen, bromoben-
zene, and carbon tetrachloride have also been shown to not produce
liver injury in neonatal animals at doses that are hepatotoxic to
adults (Gregus & Klaassen 1998).

The ratios of pUETLs, doses inducing the same degree of toxic-
ity in newborn and young rats, were almost the same as for
pNOAELSs with the direct toxicants, as shown in Table 7. However,
newborn rats were considerably more susceptible to (hydroxyphe-
nyl)methy! phenol when considering the pUETL, due to the much
steeper dose~response curve in newborn rats, with a 100 mg/kg/day
pNOAEL and half the animals dying at 200 mg/kg, compared with
a 40 mg/kg/day pNOAEL and only one death in 12 animals at
1000 mg/kg for young rats. Although young rats showed stomach
hyperplasia in addition to hepatotoxicity at 1000 mg/kg, the cause
‘of newborn deaths at 200 mg/kg was unclear. With regard to trityl
chloride, the pUETL for young rats was almost the same as for
newborn although the latter were less susceptible. Such an anomaly
has also been found for bromoalkanes previously analyzed. Another
example of a chemical for which susceptibility differs at low and
high doses is chlorpyrifos, the maximum tolerated dose in 17-day-
old rats being reported to be five times less than that in adults
following oral exposure (Moser & Padilla 1998), but the differential
sensitivity not appearing in low-dose exposure (Pope & Liu 1997).
Thus as there are several chemicals of which dose-response curve
in newborn. rats was obviously steeper than that in young rats,
pUETL -ratios should be also taken into account for the suscepti-
bility of newborn rats as the second endpoint marker.

In conclusion, newborn rats were 2-5 times more susceptible
than young rats in terms of both the pNOAEL and the pUETL in
most cases. One exception was that young rats were clearly more
susceptible than their newborn counterparts for trity! chloride.
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Mesp2 is a transcription factor that plays fundamental roles in
somitogenesis, and its expression is strictly restricted to the ante-
rior presomitic mesoderm just before segment border formation.
The transcriptional on-off cycle is linked to the segmentation
clock. In our current study, we show that a T-box transcription
factor, Thx6, is essential for Mesp2 expression. Thx6 directly binds
to the Mesp2 gene upstream region and mediates Notch signaling,
and subsequent Mesp2 transcription, in the anterior presomitic
mesoderm. Our data therefore reveal that a mechanism, via Thx6-
dependent Notch signaling, acts on the transcriptional regulation
of Mesp2. This finding uncovers an additional component of the
interacting network of various signaling pathways that are in-
volved in somitogenesis.

enhancer | transgenic mouse | RBPJ« | luciferase assay

S omitogenesis not only is an important morphogenic process
that generates metameric structures in vertebrates, but it is
also a intriguing model system for the study of the interactions
among various signaling cascades that facilitate periodic pattern
formation. The segmental boundary of each somite forms at the
anterior end of the presomitic mesoderm (PSM) or unsegmented
paraxial mesoderm, which is supplied from the primitive streak
or tailbud at a later stage of development.

Noich signaling plays fundamental roles in segmental patlern
formation by means of oscillating the activity in the tailbud, its
forward movement through the PSM as traveling waves, and its
stabilization at the anterior end of the PSM (1, 2). A segment
border forms at the posterior limit of the stabilized stripe of
Notch signaling activity (2). The oscillation of the Notch signals
in the tailbud region is regulated by the transcription factor Hes7
(3), a glycosyltransferase Lunatic fringe (2), and by Wnt signaling
(4). In contrast, the positioning of scgment formation by a
determination wavefront is thought to be defined by antagonistic
interactions between gradients of Fgf signals from the posterior
end (5) and retinoic acid (RA) from anterior end of the PSM (6).
On the other hand, mutant analyses identified a T-box protein,
Tbx6, as an indispensable component for correct PSM differ-
entiation and segmentation (7). IHowever, the direct molecular
relationships between these factors have not yet been well
characterized.

A Dbasic helix-loop—helix transcription lactor, Mesp2, has a
crucial role both in somite segment border formation and in the
establishmenl of the rostrocaudal patterning of each somite (8).
Mesp2 shows dynamic and periodical expression in the anterior
PSM, which defines the positioning of the forming somite by
suppressing Notch signaling, partly through the activation of
unatic fringe (2). Genetic analyses have revealed that Mesp2
expression itself is controlled by Notch signaling, which indicates
the presence of a complicated feedback circuitry (9, 10). How-
ever, the molecular mechanisms that control Mesp2 expression
remain largely unknown. In our present study, we show that 1bx6
directly binds to upstream clements of the Mesp2 gene and is
essential for the activation of Mesp2 expression. Furthermore, we
demonstrate that Notch signaling strongly enhances Mesp2 ac-
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tivation by Tbx6, and we identify the sequences thal are impor-
tant for this enhancement. Hence, we identify a Thx6-mediated
Notch signaling pathway as a mechanism underlying the regu-
lation of Mesp2 expression.

Results and Discussion

Evolutionally Conserved Sites in the Upstream Region of the Mesp2
Gene Promote Strong Reporter Activity in Forming Somites. The
distinct expression patterns of Mesp2 expression during somito-
genesis are strictly regulated. As we previously reported (11), a
transgenic approach has revealed that a 300-bp portion of the
5’-adjoining sequence of the Mesp2 ORF induces lacZ reporter
activity in forming somites. ‘This finding reflects the Mesp?2
expression pattern in the anteriormost PSM, suggesting that this
5" region includes cis elements that regulate PSM-specific Mesp2
expression. We performed comparisons of the genomic se-
quences of mouse Mesp2 and its putative ortholog in zebrafish,
mespb, and identified five conserved sites (A-E) in this 300-bp
segment (Iig. LA4). Each of these sites was then independently
examined for enhancer properties by using a transgenic strategy.
We previously showed that one of our transgenic constructs,
P2L.-100, containing sites D and E, which cover the 100 bp
upstream of the Mesp2 ATG start codon, did not activate the
lacZ reporter gene (11). We thus concentrated our analysis on
sites A~C in our current experiments by ligating them with the
P2L-100 construct. None of these three sites could individually
promole lacZ reporler activity in somites (Fig. 18). However, the
combination of sites A and B (designated as “site A+B”
hereafter) induced strong f3-gal expression in the somite region
(Fig. LB Lefr). This result suggests that specific transcription
factors required for somite-specific Mesp2 expression may bhind
to site A+B.

Tox6 Binds to Cis-Regulatory Elements of the MespZ Gene and
Activates its Expression. To identify transcription factors that bind
to the cis-regulatory elements of the Mesp2 gene, we performed
yeast one-hybrid screening. Using sitc A+B sequences as the
“bail,” we isolated a T-box transcription factor, Tbx6, as a
candidate binding protein. T-box proteins have been shown to
recognize and bind to nucleotide sequences of 10-11 bp in length
that possess a conserved CACAC motif (12). Significantly, sites
A, B, and D in the upstream sequences of the Mesp2 gene contain
this motif (I'ig. 24). EMSA subsequently revealed that 'LAG-
Tobx6 binds to both site B and site D, in addition to the T
(Brachyury) binding consensus sequence (12) (Fig. 61, which is
published as supporting information on the PNAS web site). By
using site B sequences as a probe for FLLAG-Tbx6 binding,
EMSA experiments produced two band shifts, a distinct band
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Fig. 1. Characterization of the Mesp2 enhancer region. (A) Comparisons
between the genomic sequences of mouse Mesp2 and zebrafish mespb (an
ortholog of mouse Mesp2) reveal five conserved sites in the 300-bp proximal
promoter region. These conserved sites are denoted as A-E. The numbers
above the genomic sequences indicate the base count from the ATG tran-
scriptional start site of the Mesp2 ORF. {B) Summary of the transient transgenic
assay results with different combinations of conserved sites from the Mesp2
upstream region (sites A~C). Each site was tested either alone or in combina-
tion with other sites for somite-specific enhancer activity. The presence (+) or
absence () of 3-gal activity and the incidence of this among transgene-
positive embryos is shown schematically on the right of each reporter con-
struct. The combination of site A and site B (shown as A + B) resulted in strong
somite-specific enhancer activity (Lef).

with a lower mobility and a weaker band with a higher mobility.
These two specics presumably represent the binding of two and
one Thx6 molecule(s), respectively, because palindromic repeats
or spaced tandem repeats of two half fragments of site B
generated band shift patterns identical to those of site B (Fig.
6B). Tbx6 binding to site B and site D was successfully competed
for by oligonucleotides containing the T binding consensus
sequence and could be supershifted by incubation of the forming
complexes with an anti-FLLAG antibody (Fig. 6.1). We conclude
therefore that Tbx6 binds to the upstream region of the Mesp2
gene by means of the DNA binding activity of its T-box domain.

We next introduced nucleotide substitutions to the conserved
CACAC motifs in sites B and D and examined the binding ability
of Tbx6 to these mutated oligonucleotide probes. Interestingly,
a mutation in site B, designated mB1 (Fig. 2.41), eliminated both
of the wild-type site B band shifts in an EMSA (Fig. 2B). Because
T-box transcription factors can recognize palindromic sequences
and bind to these sites as dimers (13, [4), we introduced
nucleotide substitutions to the GGGTC sequence in site B, which
is situated in the 5' region adjacent to the CACAC motif (Fig.
24, mB2). In subscquent EMSA analysis, the mB2 substitution
was found to have eliminated only the upper site B band shift,
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SiteB: CCTTCGAGGGGTCAGAAT CLACACCT CTGCAAAT GGGCCCGLTTT
mB1: CCTTCGAGGGGTCAGAATCHATARCTCTGCAAATGGGCCCGCTTT
mBZ: CCTTCGAGAGtuCtGAATCCACACCTCTGCAAATGGGCCCGCTTT
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Fig.2. Thxs binds to the Mesp2 enhancer and promotes gene expression. (A}
Wild-type and mutant sequences of site B and site D. The bases highlighted in
lowercase denote the mutation sites. (B) Thx6 binds to site B and site D.
Digoxigenin-labeled oligonucleotide probes containing site B or site D were
subjected to EMSA with ( +) and without () Tbx6. Mutation of the CACAC
motif insite B (lane mB1) resulted in the loss of both the wild-type band shifts,
whereas mutations in GGGTC (lane mB2) abolished only the upper band.
Mutations in the CACAC motif from site D also eliminated the band shift (lane
mD). (C) B3-Gal reporter expression analysis in transgenic mouse embryos with
constructs containing either wild-type or mutated Mesp2 upstream regions.
Each of the images is a lateral view with the anterior region toward the top.
The numbers of p-gal-positive transgenic embryos are shown in each image
(3-gal-positive ‘transgene-positive).

indicating that this mutant oligonucleotide can bind only one
Tbx6 molecule (Fig. 2B). These results suggest that site B is a
partial palindrome that associates with two Tbx6 molecules and
that the initial binding depends on the CACAC motif. The site
D probe generated one EMSA band, and mutation of the
CACAC motif in this site (mD) eliminated this band shift
(Fig. 2B).

T-box proteins constitute a large family of transcription factors
(15). ThxI8 (16) and Brachyury (Bra) (17) are expressed in
segmented somites and in the tailbud, respectively. Mga is a
ubiquitous transcriptional repressor that possesses both T-box
and basic helix-loop-helix motifs (I18), and the T-box motifs of
Mga and Tbx6 show similarities (19). In our present experiments,
we examined the DNA-binding abilitics of 'Tbx6, Bra, Mga, and
Tbx18 to upstream Mesp2 sequences using EMSA experiments
(Fig. 6D). Bra and Tbx 18 showed no binding activity to cither site
B or site D, whereas Mga bound weakly to site B. Taken together,
we conclude from these data that 'Thx6 is the most likely factor,
among the T-box-containing proteins expressed in the PSM, that
binds to site B and site D of the Mesp2 gene.
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To examine the function of these upstream Mesp2 cis elements
on gene expression, we performed transient transgenic mouse
analyses using a lacZ reporter with mutated cis elements in 6-kb
upstream sequences of the Mesp2 ORF. The nucleotide substi-
tutions that eliminate the binding of Tbx6 to sites B and I of the
Mesp2 promoter (P2ZEmBID) diminished gene reporter activity
in these assays (Fig. 2C). Furthermore, targeted disruption of
sites B and D eliminated Mesp2 expression in the forming
somites of homozygous embryos (data not shown), demonstrat-
ing that these cis-regulatory elements are essential for somite-
specific Mesp2 expression.

In mouse embryo, Mesp2 mRNA emerges in anterior PSM, at
the position of S-1 (8, 9). Tbx6 protein exists also in S-1 (20).
Mesp2 is not expressed in the PSM of Thx6-null mouse embryos
{7), suggesting that it is a downstream target of Tbx6. Although
the distinct Mesp2 signal overlaps only in the anteriormost part
of Thx6, the initial Mesp2 mRNA emerges in the more posterior
region, overlapping with the 7hy6 signal (Fig. 6F). These results
suggest that Tbx0 is necessary at least for initiation of Mesp?2
expression.

In zebrafish, fissed somite ( [ss), which encodes The24, is known
as a distant homolog of mouse Thx6, and the corresponding
mutant embryos have neither segmented somite nor mespb
expression (21). The cis-regulatory elements are also well con-
served between the upstream regions of Mesp2 and mespb (Fig.
1A), and Tbx24 also binds to the Mesp2 upstream region (data
not shown). Recently, Davidson ef al. (22) reported that, during
heart development in the simple chordate Ciona intestinalis, a
Mesp homolog is also expressed in a Tbx6-dependent manner.
Comparing genomic sequences among Ciona, mouse, and ze-
brafish, the authors identified multiple Tbx6 binding sites in the
upstream sequence of Ciona Mesp homolog. Taken together, we
speculate from these findings that Tbx6-mediated activation of
the Mesp genes is an evolutionally conserved mechanism in
Chordata.

The Notch Intracellular Domain (NICD) Activates a Mesp2 Reporter
Construct in a Thx6-Dependent Manner. To analyze the detailed
regulatory mechanisms underlying the control of Mesp2 expres-
sion, we constructed a Mesp2 reporter system comprising a
firefly luciferase reporter and Mesp2 cis elements. Cotransfec-
tion of a Tbx6 expression vector with the Mesp2 reporter
increased luciferase activity by 10-fold (Fig. 3), indicating that
Tbx6 functions as a transcriptional activator of Mesp2. In somite-
stage embryos, Tbx6 is expressed throughout the PSM and also
in the tailbud region (20, 23), whereas Mesp2 expression is
restricted to the anterior PSM just before somite formation, and
the expression overlaps only in the anterior limit of the Thx6
expression domain (Fig. 6F). The discrepancy between these
expression patterns strongly indicates that other unknown fac-
tor(s) participate in the pathways that restrict the Mesp2 expres-
sion domain to the anterior PSM. Because Notch signaling plays
crucial roles in many aspects of somitogenesis, and given Lhat
Mesp2 expression is known to depend on DIH1-Notch signaling
(10), we examined the involvement of Notch signaling in the
Tbx6-mediated transactivation of Mesp2.

The typical Notch signaling pathway is composed of ligands
known as DSL. (Delta, Serrate, and Tag-2), Notch receptors,
effectors known as CSI. (CBF-1, Suppressor of Hairless, and
Lag-1), and a number of other proleins that modulate the
functions of each component of the pathway (24). Once the DSL
ligands bind (o the Notch receptor, the NICD is proteolytically
cleaved, translocates into the nucleus, and binds to its CSL
effector (RBPJ« in the case of mouse) to activate the transcrip-
tion of downstream target genes (24). We transiently introduced
expression vectors for NICD and RBPIk-VP16 (dominant-
active RBPJx) (25), in conjunction with Thx6, into cultured cells
bearing the Mesp2 reporter. As a positive control, we used the
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Fig.3. Mesp2 expression is activated by Notch signaling in a Thx6-depencdlent
manner. For each set of analyses, the luciferase activity was normalized to the
values obtained in the absence of an expression vector (None). Error bars
represent the standard deviation from six independent experiments. RVP16,
RBPJx-VP16. (A) Thx6 activates a Mesp2-luciferase reporter gene construct
synergistically with the NICD or RBPJx-VP16. Mutation of site B and site D
(denoted as P2ZEmB1D) eliminates this transactivation. (B) Notch signal acti-
vates the Mesp2 reporter constructvia site A andsite C. Thereporter constructs
are indicated to the left of the graph. (C) Nucleotide secjuences of the possible
RBPJic binding sites in site A {Left) and site C (Right) and the comparison
between these regions and the RBPJx binding consensus sequence (denoted
as RBPJk) (27). The nucleotides matching the consensus secquence are shown in
red for site A and site C. Nucleotide substitutions in site C (denoted as mC) are
indicated in lowercase.

Hesl promoter, which is known to be a downstream target of
Notch signaling (26). Transfection of the Hes! reporter construct
produced significant luciferase activity even in the absence of
NICD (data not shown), reflecting the endogenous NEICD
activity, and the reporter activity increased further in the pres-
ence of either NICD or RBPJ«-VP16. In contrast, neither NICD
nor RBPJx-VP16 was found to activate the Mesp2 reporter (Fig.
31). However, when NICD and Tbx6 were cotransfected, sig-
nificant increases in luciferase activity were detected (Fig. 34).
RBPJk-VP16 also can activate the Mesp2 promoter when co-
transfected with Thx6 (Fig. 3A4), suggesting that RBPJ«-
dependent Notch signaling activated Mesp2 reporter in a Thx6-
dependent manner. Consistent with this finding, mutations in
site B and site D, which eliminate Tbx6 binding to the Mesp?2
upstream region, greatly reduced Mesp2 reporter activation by
NICD or RBPIx-VP16 (Fig. 341).

To identify the Notch signaling responsive site within the
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Mesp2 upstream region, we analyzed the activity of two addi-
tional reporter constructs bearing either a deletion or a mutation
in the conserved sites A and C, because these regions contain
sequences that have some similarity to the RBPJx consensus
binding site (24, 27) (Fig. 3. We speculated that these sites may
play an important role in the regulation of Mesp2 expression
based on our observation that site A is essential for somite-
specific expression in combination with site B (Fig. 1). Moreover,
reporiler activity in forming somites is lost when sequential
deletion of the upstream region of the Mesp2 gene removes a part
ofsite C (11). In our current experiments, the deletion of site A
reduced the levels of synergistic activation of the Mesp2 reporter
by both Notch signaling and Tbx6 by up to 50% (Fig. 3B,
P2EAA). Reporter activation was also remarkably diminished
when we introduced mutations into both site A and site C (Fig.
3B, P2ZEAAmC), suggesting that the binding of RBPJ« is re-
quired for the Tox6-dependent transduction of Notch signaling.
In contrast to the Hes family genes, no direct interaction between
the Notch signaling pathway and the Mesp2 regulatory region
had been previously identified. Our current findings thus provide
the first evidence that Mesp2 is a direct target of Notch signaling.
Furthermore, we identified a regulatory mechanism underlying
the Notch signaling pathway that is based on the binding of Tbx6
to transcriptional regulatory sequences (summarized in Fig. 4 A
and B).

We next conducted transient transgenic assays using our lacZ
reporters with mutations in sites A and C. Surprisingly, the
coexistence of the site A deletion and site C mutation
(P2ZEAAmMC) in our reporter system showed somite-specific
B-gal expression, although the activity was slightly weaker than
normal (Fig. 54). One possibility that might explain this disparity
is that there may be a redundant, RBPJ«-independent pathway
of Notch signaling that activates Mesp2 expression. Consistent
with this hypothesis, the P2ZEAAmC reporter retained the ability
to respond to the coexpression of NICD and Tbx6, although this
activity was only 13% of wild-type levels (Fig. 38). Notably, the
P2ZEAAmC reporter showed no synergistic activation after the
coexpression of Tbx6 and RBPJx-VP16 (Fig. 3B), indicating that
the ability to respond to RBPJ«-dependent Noteh signaling is
eliminated by the disruption of sites A and C. These results
suggest that Notch signaling activates Mesp2 expression in both
RBPJ«-dependent and RBPJk-independent manners (Fig. 4C).
Although most of the Notch signals arc mediated by CSL
effectors, such as RBPJk, there is some reported evidence that
suggests the existence of RBPJ«-independent Notch signal trans-
duction pathways (28, 29). The molecular components involved
in RBPJk-independent Notch signaling are still poorly under-
stood, but our present data suggest the possibility that Tbx6 not
only facilitates RBPJk-dependent Notch signaling but also acts
as a component of an RBPJIx-independent Notch signaling
pathway.

Another possible mechanism of somite-specific reporter ex-
pression that we observed in our P2ZEAAmC transgenic embryos
is the involvement of Notch-independent signals (Fig. 4C).
Although it is clear that Notch signaling is genetically upstream
of Mesp2 activation (9, 10), Psenl knockout mouse embryos,
which are deficient in Notch proteolysis and therefore do not
produce NICD (30), show only moderate decreases in Mesp2
expression levels (10). Together with our present findings, these
observations may indicate that the controlling mechanism for
Mesp2 gene expression is a redundant and robust system and is
composed of a number of signaling cascades. Regardless of this
possibility, Thxo6 is likely to be essential for all of the signaling
pathways involved in Mesp2 expression, because mutation of the
Tbx6 binding sites in the upstream regions of the Mesp2 gene
completely eliminates reporter expression in forming somites
(Fig. 20).

Because Thx6 mRNA (Fig. 6F) and protein (20) are distrib-
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Fig.4. Proposed mechanisms underlying the control of Mesp2 expression. Thx6
and NICD (colored ovals) interact with the conserved upstream sites in the Mesp2
gene, sites A-D (represented by boxes). Tbx6 binds to site B (two molecules) and
site D (single molecule). Site A and site C interact with RBPJ« to achieve a
significant increase in Mesp2 expression levels in the presence of Notch signals
(A). This activation fully depends on the binding of Tbx6 tossite B orsite D (B). Thx6
may activate Mesp2 expression without site A and site C, presumably through an
RBPJ«-independent Notch signaling pathway and via other signals (Q). (D) Sche-
matic representation of a proposed model that may explain developmentally
regulated Mesp2 expression in the anterior PSM. (a) NICD is highly accumulated
in the anterior PSM and less in the posterior (1, 2) to activate Mesp2 expression
(red arrows). There may be a threshold fevel of NICD accumulation to initiate
Mesp2 activation (broken line). {b) Thx6 protein is distributed in the tailbud and
PSM (20) and facilitates Mesp2 activation by NICD. (¢) it is possible that the
activation of Mesp2 expression in the tailbud and posterior PSM, if any, is
repressed by other factor(s), such as Fgf8 {36), via an unknown mechanism. (d) As
a result, Mesp2 expression is restricted in the anterior PSM (red box).

uted throughout the tailbud and posterior PSM, the factors that
restrict the expression domain of Mesp2 in anterior PSM remain
to be identified. Notably, although Tbhx6 seems to activate
reporter expression in cultured cells by itself, dominant-negative
RBPI«(R218H), which retains NECD binding activity but has
lost any DNA binding ability (31}, inhibits the Thx6-dependent
reporter activation by 50 (Fig. 55). This finding suggests that

Yasuhiko et al.

~230-



AAMC

Relative fuciferase activity (arbitrary unit}

g 10 20 30 40 50 60
'
i
{@None
@ Thxe
P2EAAMG B Tbhx8+NICD
200 m OTbhx6+RVP18
300g

B Tbx6+R218H

— H
B Thx6+RBPY &

Fig. 5. The expression of Mesp2 is not achieved solely by RBPJx-dependent
Notch signaling. (A) Transgenic analyses reveal that somite-specific reporter
expression can still be observed by using the P2EAAMC construct, which
contains a deletion of site A and mutations in site C. The numbers of 3-gal-
positive embryos are indicated for each image (3-gal-positive/transgene-
positive). (B) The expression of a dominant-negative RBPJ« diminishes re-
porter activation by Thx6 for both the wild-type (wt) and P2EAAMC
(Thx6 + R218H, purple bars) vectors. Wild-type RBPJ« also strongly suppressed
reporter activity driven by Tbx6 (Thx6 +RBPIx, orange bars). Error bars repre-
sent the standard deviation in six independent experiments.

Tobx6 itself has only weak transactivation properties, if any, and
needs to cooperate with other signals such as Notch for full
activity. We speculate that reporter activation by Tbx6 itself
(Figs. 3 and 5) may be accomplished by cooperation with Notch
signaling, presumably driven by endogenous NICD in cultured
cells. Endogenous NICD concentration in cells or tissues is very
low and biochemically undetectable (32). However, cultured
fibroblast cells express mature Notch protein (33) and show
v-secretase-like activity that generates NICD from Notch pro-
tein (32). Furthermore, NICD activates Hes reporter at very low
concentrations, below the level of biochemical detection (32).
Consistent with these data, Hes! reporter showed higher basal
activity than Mesp2 reporters or control reporter with no pro-
moter/enhancer: 100 times higher in COS-7 cells and 60 times
higher in NIFI/3T3 cells in our observation (data not shown). We
suppose that endogenous NICD affects the expression of Notch
downstream genes in cultured cells,

NICD accumulation is observed as a strong band-like pattern
in the anterior PSM and as a weak diffused signal in the posterior
PSM (1, 2). Mesp? is initially detectable in the middle of a
distinct band of NICD in the anterior PSM (2), consistent with
the importance of Notch signaling in Mesp2 expression indicated
by our present study. [owever, the weak Notch signaling activity
observed in the posterior PSM may activate Mesp2 expression,
whereas Mesp2 transcripts appear only in the anterior PSM. One
possibility is that there is a “threshold” of NICD levels that is
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required to trigger Thx6-dependent Mesp2 activation (Iig. 40D).
Because RBPJk is expressed ubiquitously in the developing
embryo (34) and strongly represses Thx6-dependent activation
of the Mesp2 reporters (Fig. 5B), it may also function as a
suppressor in the posterior PSM that prevents inadequate ex-
pression of Mesp2.

Recent reports also indicate that there are two gradients of
mutually inhibitory signals, T'gf8 and RA, that have important
roles in the positional determination of segment formation (33).
Itis likely therefore that the I'gf8 and R A signals also participate
in the regulation of Mesp2 expression. Recently, Delfini et al.
{36) reported an intriguing result suggesting that Fef signaling
represses Mesp expression, Using i ove electroporation, they
demonstrated that the up-regulation of Fgf in the PSM dimin-
ishes the endogenous expression of cMeso, the chick Mesp
homolog. It is plausible therefore that Fgl8, which is strongly
expressed in the tailbud and posterior PSM, prevents the inad-
equate expression of Mesp2 in posterior region. The involvement
of RA in Mesp2 expression remains elusive, however, because
the disruption of CYP26 (37), a degradation enzyme for RA,
does not severely alfect Mesp2 expression levels (2). In the
zebrafish embryo, G signaling up-regulates a basic helix-
loop—helix transcription factor, her13.2, which maintains the
osciilation of the Notch signals in both the tailbud and PSM by
repressing the Notch-regulated genes Jier] and fier7 (38). RA and
Fgf signals may thus contribute to the positioning of Mesp2
expression by coordinating the regular oscillation of Notch
signals in the tailbud and PSM.

Interestingly, it has been revealed that Thx6 is one of the direct
targets of RBPJk-dependent Noteh signaling (39). During somi-
togenesis, Notch signals may first activate 7bx6 expression in the
tailbud and posterior PSM region and then activate Mesp2
expression in the anterior PSM in cooperation with Tbx6.
Furthermore, Tbx6 also works upstream of the Notch signaling
pathway. In embryos of Thv6 hypomorphic mutant mice, Dil]
expression in the tailbud and posterior PSM is greatly reduced
(40). Promoter analyses of DIlI have demonstrated that Thxo, in
synergy with Wt signaling, activates DI/ expression by binding
to T-binding consensus sequences (20, 41). Taken together, our
present results demonstrate that Tbx6 and Notch signaling
constitute a regulatory network that controls somite formation
via the regulation of Mesp2 expression.

Materials and Methods

Transgenic Analyses. DNA fragments, with and without mutations
in conserved upstream sites, were generated from a Mesp2
genomic fragment by using a standard PCR-based protocol.
Transgene inserts were digested from the corresponding plas-
mids, purified, and injected into the male pronucleus of a
fertilized egg (42). The injected embryos were then transferred
into pscudopregnant recipients and allowed to develop until
9.5-10.5 days postcoitum. Embryos were then analyzed for lacZ
expression by X-gal staining (43) and subscquently examined for
the presence of the transgene by PCR analysis (44).

Yeast One-Hybrid Screening. Synthetic oligonucleotides corre-
sponding to contiguous sequences of conserved site A (nucleo-
tides —199 to —191 from first ATG of Mesp2 ORF) and site B
(nucleotides —162 to —140) were inserted into the vectors
pHISi-1 and placZi (Clontech), immediately upstream of the
HIS3 and lacZ reporter genes, respectively. The resulting con-
structs were then linearized and introduced simultaneously into
Saccharomyces cerevisive YM4271 (Clontech) to gencrate the
bait strain. The bait strain was then transformed by using 80 pg
of [1.5 days posteoitum mouse tail cDNA library plasmid (45) to
screen up to 2 million independent clones. We obtained hun-
dreds of positive clones (HIS3+ and l.acZ+) and recovered
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tibrary plasmid from 77 of these. Fifty-one of these 77 clones
were sequenced and [ound to encode Thx6.

EMSA. The full-length Tbx6 ORE was obtained from the pACT-
1bx6 construct, which was isolated [rom the yeast one-hybrid
screening. After ligation to a 3XFLAG tag (Sigma), the tagged
Tbx6 insert was cloned into pCUS2+ (46). In vitro transcription/
translation was then performed with a TN'L in vitro translation
kit (Promega) following the manufacturer’s protocol. Oligonu-
cleotide probes were labeled with digoxigenin-1 [-dideoxy UTP
by using recombinant TdT (Roche Diagnostics). Crude in vitro
translated product (5 pl) was subjected to EMSA as a protein
sample. As a negative control, reticulocyte lysate without Tbhx0
template was used. EMSA was performed by using the DIG Gel
Shift Kit, 2nd Generation (Roche Diagnostics), following the
manufacturer’s protocol. The band shifts were detected by using
Lumilmager LAS-1000 (Fuji).

Luciferase Assay. Segments (356 bp) corresponding to the 5'-
adjoining sequence of the Mesp2 ORF, with and without muta-
tions in the conserved binding sites, were subcloned into the
pGL3-Basic (Promega) vector to generate luciferase reporter
constructs. The expression vectors for the proteins to be assessed
were constructed in the same way as that used in the EMSAs
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described above. COS-T cells were routinely and regularly pas-
saged in DMIM supplemented with 109 FBS. Cells were
seeded at 2.5 x 10% cells per well in 24-well plates, and, after 24
h of cultivation, they were transfected with a total of 350 ng of
DNA containing the reporter plasmids and expression vectors
for the proteins under analysis (50 ng of each expression vector
and 200 ng of reporter construct, adjusted to 350 ng by the
addition of empty vector). Twenty-four hours alter transfection,
the cells were lysed by Passive Lysis Buffer (Promega) and
subjected to a luciferase assay by using the Dual Luciferase
System (Promega). In all experiments, 5 ng of the sea pansy
luciferase expression vector phRL-TK (Promega) was used per
well as the internal control. Luciferase activity was normalized
to the phRL-TK internal control activity (sea pansy luciferase).
The experiments were performed in triplicate for each assay and
repeated at least twice.
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MespI-Nonexpressing Cells Contribute to the
Ventricular Cardiac Conduction System’

Satoshi Kitajima,'* Sachiko Miyagawa-Tomita,” Tohru Inoue,’ Jun Kanno," and Yumiko Saga**

Previous fate mapping analysis, using Cre recombinase driven by the MespI locus, revealed that Mespl is-
expressed in almost all of the precursors of the cardiovascular system, including the endothelium,
endocardium, myocardium, and epicardium. MespI-nonexpressing cells were found to be restricted to the
outflow tract cushion and along the interventricular septum (IVS), which is a location that is suggestive of
specialized cardiac conduction system (CCS). In our current study, we examined the identity of these IVS
cells by using the pattern of B-galactosidase activity in CCS-laeZ mice. In addition, by crossing Mesp1-Cre
and floxed GFP reporter mice with CCS-lacZ mice, we have calculated that approximately 20% of the
ventricular CCS within the IVS corresponds to MespI-nonexpressing cells. These data suggest that the
ventricular CCS is of heterocellular origin, Furthermore, we indicate a possibility that a population of the
cells that contribute to the ventricular CCS might be distinguished.at an early stage of development.
Developmental Dynamics 235:395-402, 2006. o 2005 Wiley-Liss, Inc. .
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INTRODUCTION

The heart is the first functional organ
to be formed during organogenesis,
and cells that are destined to form
cardiac mesoderm are induced both
before and during gastrulation. The
cells of the cardiac mesoderm invagi-
nate through the primitive streak and
migrate with the cranial mesoderm.
The bilaterally symmetric cardiac pre-
cursors subsequently migrate and
converge at the midline of the embryo
to form the cardiac crescent, which

then forms a linear, single heart tube.
The heart tube, formed by an outer
myocardium and an inner endocar-
dium, then undergoes rightward loop-
ing, which is lined by an acellular ma-
trix (the cardiac jelly). The looped
heart tube then undergoes septation
to generate a mature, four-chambered
cardiac structure in mammals.

The heart is composed of three ma-
jor cardiac cell types: (1) the endocar-
dium, a part of which forms the cush-
ion tissue by transformation from

epithelial to mesenchymal cells; (2)
the myocardium; and (3) the epicar-
dium (for review, see Moorman and
Christoffels, 2003). The major compo-
nents of the heart, such as endocar-
dium and myocardium, are of meso-
dermal origin (i.e., cardiogenic
mesoderm), but the contribution of
other cell lineages has also been re-
ported for both chick and mouse. Fate
mapping of the avian cardiac neural
crest has been well documented, and
it was reported previously from such
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experiments using quail-chick chi-
mera that two types of mesenchyme,
cardiac neural crest derived and non-
neural crest derived, participate in
outflow septation and remodeling
(Kirby et al., 1983; Waldo et al., 1998).
Recently, through the use of the Cre-
loxP system in mice, it has been dem-
onstrated clearly that the cardiac
outflow tract (OT) cushions are con-
tributed in part by cardiac neural
crest cells (Yamauchi et al, 1999;
Jiang et al., 2000). Additionally, lin-
eage analysis using Tie2-cre in mice
has suggested that the OT cushions
are of mixed origins, containing neu-
ral crest cells and endocardium,
whereas the atrioventricular (AV)
cushions are mainly derived from
cells originating from endocardium
(Kisanuki et al., 2001).

The specialized cardiac conduction
system (CCS) includes the sinoatrial
(SA) node, which generates a pace-
maker impulse; the AV node, which
delays the electrical impulse and al-
lows for the sequential contraction of
the atrial and ventricular chambers of
the heart; and the ventricular CCS,
such as the atrioventricular bundle
(AVB), bundle branches, and their
ramifications, which facilitates the
fast and coordinated conduction of im-
pulses to and throughout the ventri-
cles. Cells in the CCS are character-
ized by their larger size, reduced
number of myofibrils, and large accu-
mulations of glycogen (Mikawa, 1999).
It has also been suggested that the
CCS might be categorized into two
parts based on their origin (Moorman
et al., 1998, 2003). One is the SA and
AV nodes, which might be derived
from the slow-conducting myocardium
of the inflow tract and AV canal. The
other one is the ventricular CCS,
which possibly develops from the tra-
becular ventricular component. In
chick, an elegant series of experi-
ments using retroviral lineage-tracing
has provided strong evidence that
ventricular components of the conduc-
tion system are derived from cardiom-
yogenic cells (Gourdie et al., 1995;
Cheng et al., 1999). In addition, it has
been suggested that the differentia-
tion of a subset of Purkinje fibers, ad-
jacent to the arterial bed, might be
regulated by local signals from the
coronary artery (Gourdie et al., 1995).
It was subsequently shown that endo-

thelin-1, a paracrine factor secreted
by endothelial cells, is capable of in-
ducing embryonic chick myocytes to
the cells of the CCS.

In contrast to the avian CCS, the
ventricular CCS in most mammals is
morphologically and topologically dif-
ferent from that of chick as it is
mainly subendocardial. Hence, the de-
velopmental role of the coronary ar-
tery in mammalian CCS differentia-
tion is uncertain. In the murine heart,
the expression of several markers, in-
cluding specific connexins and lacZ
under the transcriptional regulation
of either the minK or HF-1b loci, de-
lineate the bundle branches and prox-
imal Purkinje fibers, but none appear
to delineate the full extent of the con-
ductive network along the ventricular
free walls (Delorme et al., 1995; Cop-
pen et al., 1998, 1999; Kupershmidt et
al., 1999; Nguyen-Tran et al., 2000).
In contrast, the entire mouse CCS, in-
cluding the distal Purkinje fiber net-
work, in both embryonic and neonatal
hearts has been visualized recently by
way of B-galactosidase (8-gal) reporter
activity (Rentschler ef al., 2001) in the
CCS-lacZ mouse line. Recently, the
B-gal-positive cells in the interven-
tricular septum (IVS) region of the
CCS-lacZ adult mice have been re-
ported to correspond to the Cx40-pos-
itive cells (Myers and Fishman, 2004).
However, the comparison was per-
formed by using serial sections; thus,
further clarification is needed to de-
termine whether the same cell ex-
presses the both markers or not. Nev-
ertheless, it is considered that the
B-gal-positive cells of CCS-lacZ em-
bryos are the most reliable indication
for CCS cells in the mouse embryo,
compared with the other markers. Al-
though the lineage of the cells of the
murine CCS is incompletely charac-
terized, a recent study demonstrated
that exogenous treatment of 8.5-10.5
days postcoitum (dpc) embryos with
neuregulin-1, an endocardial-derived
growth and differentiation factor es-
sential for ventricular trabeculation,
could induce a CCS-like phenotype
in embryonic cardiomyocytes (Rent-
schler et al., 2002). Whereas, the use
of in vitro culture systems has demon-
strated also that the treatment of em-
bryonic stem cells with endothelin-1
but not with neuregulin-1 increased
the percentage of pacemaker-like
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cells, suggesting that the role of endo-
thelin-1 in CCS development may be
conserved, even in mice (Gassanov et
al., 2004).

Mespl and Mesp?2 are transcription
factors that contain almost identical
basic helix—loop-helix (bHLH) motifs
and are encoded by genes that both
localize in chromosome 7 (Saga et al.,
1996, 1997). Disruption of the Mespl
gene results in cardia bifida (Saga,
1998). We also have shown previously,
using double knockout mouse em-
bryos and by chimera analysis, that
Mespl and Mesp2 are essential for the
development of cardiac mesoderm
(Kitajima et al., 2000). Mespl expres-
sion is restricted to the nascent meso-
dermal cells, and its expression is
transient and down-regulated before
heart tube formation (Saga et al.,,
1999). However, lineage analysis us-
ing Mespl-cre has revealed that
Mespl-expressing cells are incorpo-
rated into almost all of the precursors
of the cardiovascular system (.e.,
endothelium, endocardium, myocar-
dium, and epicardium), both in em-
bryonic and extraembryonic regions
at 9.5 dpe, and that Mespl expression
is the earliest detectable molecular
marker in heart precursor cells (Saga
et al., 1999, 2000). In this current
study, we describe further detailed
lineage analyses of the mouse heart
using MespI-cre mice. We show that
MespI-nonexpressing cells contribute
to neural crest-derived regions as well
as to a subset of the cells in the ven-
tricular CCS.

RESULTS

Lineage Analysis of MesplI-
Expressing Mesodermal Cells
in the Developing Heart

Using MespI-cre~mediated cell lin-
eage analysis, we previously reported
that MespI-expressing cells were in-
corporated into almost all precursors
of the cardiovascular system in both
embryonic and extraembryonic re-
gions at 9.5 dpc (Saga et al., 2000).
However, further analysis at 13.5 dpc
now has revealed that the cardiogenic
cells are not entirely contributed by
MesplI-expressing cells, suggesting
that the origin of these cells may be
subdivided according to Mespl expres-
sion (Fig. 1A~C). At this developmen-
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[MespI-cre; R26R] 13.5 dpc

b B
13.5dpe

Fig. 1. Transverse sections of B-galactosidase (B-Qal) -stained Mesp1-cre:R26R or CAG-cre:

R26R embryos at 13.5 days post coitum (dpc). A-B: The B-gal-negative areas were observed in the -

region of outflow tract cushions (OTC; A; boxed area in A-1) and along the interventricular septum
(IVS) in a pattern reminiscent of the veniricular cardiac conduction system (CCS; B; boxed areas,
B-1 and B-2). C: atrioventricular cushions (AVC; boxed area in C-1) showed B-gal activity. Original
magnification, X100, Magnified images of OT cushion cells, the interventricular regions, and AV
cushions are shown in A-1, B-1 and -2, and C-1, respectively. D: Transverse sections of B-gal-
stained CAG-cre:R26R embryos show no B-gal-negative regions, suggesting that R26R expression
was not shut down as Mesp 7-nonexpressing cells differentiate. A magnified image in the interven-
tricular regions is shown in D-1. E: Sectioning planes are illustrated and were counterstained with
eosin. LV, left ventricle; RA, right atrium; RV, right ventricle. Scale bar = 100 pm.

[PO-cre: CAG-CAT-Z] 13.5 dpe
B ot o C Co T

o

Ivs

RV

[CCS-lacZ] 13.5 dpe

v‘gg i

Fig. 2. B-galactosidase (3-gal) staining in sections of the PO-cre:CAG-CAT-Z and the CCS-lacZ
embryos at 13.5 days post coitum (dpc). A-C: In the PO-cre:CAG-CAT-Z embryo, high B-gal activity is
observed in the region of the outflow tract cushion (OTC; A, boxed area), but little activity is evident in
the region of the atrioventricular cushion (AVC; C, boxed area). Original magnification, X40. Note that
the B-gal activity was not observed within the ventricle and the interventricular septum (IVS; B). D-F: The
images in the boxed area are magnified. In the CCS-lacZ émbryo, B-gal activity is observed strongly in
part of the atria (indicated by arrowheads) and along the IVS in a pattern reminiscent of the ventricular
cardiac conduction system (CCS; boxed area). In contrast, B-gal activity in either the OTC or AVC
regions was barely detectable (D,F). The images in the boxed area are magnified. Sectioning planes of
images A-C and D-F are the same as those fllustrated in Figure 1E: A-C, respectively. All sections were
counterstained with eosin. RA, right atrium; RV, right ventricle. Scale bar = 200 pm.
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tal stage (13.5 dpc), during which the
septation complexes start to form,
MespI-nonexpressing cells are also
visible along the IVS region in a pat-
tern reminiscent of the AVB and bun-
dle branches, which are components of
the ventricular CCS (Fig. 1B). In ad-
dition, region of the OT cushions had
little B-gal activity (Fig. 1A), unlike
most of the AV cushions that had
strong activity (Fig. 1C). In the CAG-
cre mouse, in which the cre gene is
under the control of the cytomegalovi-
rus immediate early enhancer-
chicken beta-actin hybrid (CAG) en-
hancer, it has been reported that the
sequence between the two loxP sites is
deleted in all tissues in the mouse em-
bryo (Sakai and Miyazaki, 1997). This
finding was confirmed in our current
experiments; all of the cells in the de-
veloping heart of double-transgenic
embryos were positive for LacZ (Fig.
1D), indicating that this expression is
not down-regulated upon CAG pro-
moter activation. This observation
strongly suggests that MespI-“non”
expressing cells are indeed present in
the developing murine heart of the
Mesp1-cre:R26R  reporter  double-
transgenic mouse.

Because neural crest cells are
known to contribute to part of the de-
veloping heart structure (Jiang et al.,
2000), we initially expected that the
regions containing MespI-nonexpress-
ing cells might reflect this population.
To address this possibility more fully,
we next compared our findings with a
previous report that used a PO-cre
transgene and CAG-CAT-Z reporter
gene to identify neural crest-derived
cells (Yamauchi et al, 1999).

Mesp1-Nonexpressing Cells
Along the Ventricular
Septum Are Not Derived
From the Neural Crest

We analyzed P0-cre:CAG-CAT-Z em-
bryos to examine whether neural crest
cells indeed contribute to any of the
regions occupied by MespI-nonex-
pressing cells. In the PO-cre:CAG-
CAT-Z embryo at 13.5 dpe, B-gal ac-
tivity was mainly detected in the
mesenchyme located within the OT
cushions of the heart (Fig. 2A), which
is consistent with previous findings
(Yamauchi et al., 1999) and a report
using Wntl-cre mice (Jiang et al.,
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Fig. 3. Comparison of B-gal staining patterns
between Mesp1-cre:R26R:CCS-lacZ triple het-
ero-embryos and Mesp1-cre:R26R erbryos.
A,B: Sections of the heart of the MespT-cre:
R26R:CCS-lacZ embryo at 13.5 days post co-
itum (dpc). G,D: Compared with the Mesp1-cre:
R26R embryo (boxes in C-2 and D-1), Mesp1-
nonexpressing cells along the interventricular
(IVS) were barely observed in the MespT-cre:
R26R:CCS-facZ triple hetero-embryos (A,B;

_boxes in A-2 and B-1). However, Mesp1-non-

expressing cells in outflow tract (OT) cushion
regions were also detected, even in the triple
hetero-embryos (box A-1). Original magnifica-
tion, X100. The images in the boxed area are
magnified. Sectioning planes of A, B, and C, D
are the same as those illustrated in Figure 1E: B
and C, respectively. Sections were counter-
stained with eosin. AVC, atrioventricular cush-
ion; VS, interventrcular septum; RA, right atri-
um; RV, right ventricle; Scale bar = 100 pm.

Fig. 4. Mesp1-nonexpressing celis contribute to a
subset of the ventricular cardiac conduction system
(CCS). Triple immunostaining for Mesp1-expressing
cells {green fluorescent protein [GFP] -positive cells;
green), cells of the ventricular CCS (LacZ-positive
cells; red), and nuclei @',6'-diamidino-2-phenylin-
dole [DAPI] staining; blue) in a MespT-cre:CAG-
CAT-EGFP:CCS-lacZ embryo. All images shown
are merged views, and double Immunostaining of
GFP and LacZ (g) and a triple immunostaining im-
age with additional DAPI staining (b} are shown in
some cases. A-D: A merged view of the interven-
tricular (IVS) region at 13.5 days post coltum (dpc).
The boxed area of the ventricular CCS in A was
magnified as shown in B. Other sections derived
from additional embryos are shown in Cand D. The
presence of red cells suggests that Mesp7-nonex-
pressing cells actually belong to the ventricular
CCS, whereas some MespT-expressing cells also
colocalize here (yellow). Typical images of mixed cell
populations are shown in B and C, whereas a red
cell-dominant section is shown in D. Original mag-
nification, X400, except for A, which is Xx100.
E,F: Merged view in the IVS region in an embryo at
17.5 dpc (E) or in a neonate (F). Original magnifica-
tion, X400. Red cells (i.e,, the Mesp?-nonexpress-
ing cells belonging to the CCS) were observed even
at later stages beyond 13.5 dpc. G: The region of
the venous valves, which are proposed remnants of
the embryonic sinoatrial (SA} ring, at 13.5 dpc. Al-
most all of the cells in this region were stained yel-
low, suggesting that the cells belonging to the
venous valves are Mesp7-expressing. Original mag-
nification, X200. Sectioning planes are those be-
tween B and G, illustrated in Figure 1E. AVG, atrio-
ventricutar cushion; LV, left ventricle; OTGC, outflow
tract cushion; RA, right atrium; RV, right ventricle.

Fig. 5. Comparison of transverse sections of B-gal
stained Mesp7-cre:R26R embryos with CCS-lacZ
embryos at an earlier stage. Az At 7.75 days post
coitum (dpc) in MespT1-cre:R26R embryos, we ob-
served a few Mesp7-nonexpressing cells within the
primitive heart tube (arow head). Original magnifi-
cation, X400. B: At 8.5 dpc, the regions of the
Mesp1-nonexpressing cells in MespT-cre:R26R
embryos, were observed more clearly (arrowheads).
C: The B-gal-positive regions {.e., the cells belong-
ing to the CCS) were observed mainly in the sub-
endocardial myocardiurn of 85 dpc CCS-lacZ
mouse (arrows). Original magnification, X200. D:
Sectioning planes are illustrated. Sections were
counterstained with eosin. EC, endocardium; RPH,
right primitive heart tube; VC, ventricular chamber,
Scale bars = 100 um.
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2000). There were only minimal con-
tributions by neural crest cells in the
AV cushions, as predicted by the 3-gal
activity in the Mesp1-cre:R26R mouse
(Fig. 2C). Importantly, however, neu-
ral crest-derived mesenchyme was not
observed in either part of the ventricle
or the IVS (Fig. 2B), where MespI-
nonexpressing cells were visible (Fig.
1B). This finding indicates that other
cell types must contribute to this par-
ticular region. Intriguingly, the distri-
bution of MespI-nonexpressing cells
resembled that of the AVB and bundle
branches and also the Purkinje fibers
of the CCS. This prompted us to spec-
ulate that ventricular CCS cells might
be derived from lineages that are dis-
tinct from both the neural crest and
Mesp1-expressing mesodermal cells.

Mesp1-Nonexpressing Cells
Contribute to the CCS

As a preliminary approach to deter-
mine whether or not MespI-nonex-
pressing cells did in fact reside in the
CCS, we compared these cells with the
B-gal expression patterns in embry-
onic hearts of CCS-lacZ transgenic
mice. In these mice, the specialized
CCS can be visualized by B-gal activ-
ity (Rentschler et al., 2001). In 13.5
dpc hearts from these transgenic ani-
mals, strong B-gal activity could be
observed in part of the atrium, which
could correspond to the SA node. This
high level of activity could also be de-
tected along the IVS, which demar-
cates the ventricular CCS, including
the AVB and bundle branches (Fig.
2D-F). When comparing these results
with those shown in Figure 1, the por-
tion of the MespI-nonexpressing cell
population along the IVS was found to
show a similar pattern to the B-gal—
positive regions in the CCS-lacZ mice,
suggesting that these MespI-nonex-
pressing cells contribute to the ven-
tricular CCS.

To provide direct evidence for our
hypothesis that cells of the ventricular
CCS are indeed derived from Mespl-
nonexpressing cells, we generated tri-
ple transgenic Mespl-cre:R26R:CCS-
lacZ mice. Because both the CCS-lacZ
and R26R transgenic mice use B-gal
as a marker, the entire region contrib-
uted by the MespI-nonexpressing cells
in the IVS would become B-gal—posi-
tive in the friple hetero-embryonic

hearts if our contention was correct.
As shown in Figure 3, this was found
to be the case, as all of the cells in the
IVS had p-gal activity, which was in
contrast to the corresponding sections
of the MesplI-cre:R26R embryo (Fig.
3C,D). Moreover, the region of the OT
cushions had little B-gal activity even
in the triple hetero-embryo (Fig. 3A),
supporting our conclusion that this re-
gion is occupied mainly by cells of neu-
ral crest origin. Hence, these data sug-
gest that the MespI-nonexpressing

cells in the IVS belong to the ventric--

ular CCS.

It was still unclear, however,
whether all of the ventricular CCS is
derived from MespI-nonexpressing
cells, because both the CCS-lacZ and
R26R reporter mice use the same
B-gal marker. We, therefore, per-
formed a similar series of studies
using the CAG-CAT-EGFP strain

(Kawamoto et al., 2000), in which GFP"

expression is dependent upon cre-me-
diated recombination and representa-
tive results are shown in Figure 4.
MespI-nonexpressing cells at 13.5 dpc
do indeed reside within the ventricu-
lar CCS (MespI-nonexpressing/CCS-
lacZ-positive red cells in Fig. 4A-D),
although it is clear that the CCS is
also observed in the MespI-expressing
cell populations (i.e., Mespl-express-
ing/CCS-lacZ—positive yellow cells).
In addition, after 4',6'-diamidino-2-
phenylindole (DAPI) staining, we ob-
served that all of the green fluorescent
protein (GFP) -negative MespI-nonex-
pressing cells belonged to the lacZ-
positive cells of the ventricular CCS,
because cells positive for DAPI alone
(blue) were rarely observed along the

IVS (b in Fig. 4A-C). To demonstrate

the heterocellular origin of CCS more
unequivocally and to analyze the ra-
tios quantitatively, we generated se-
rial sections of the embryonic heart
along the anteroposterior axis and an-
alyzed the staining patterns.

A total of three embryos were sec-
tioned and 58 sections containing
CCS-LacZ staining in the IVS region
were further subjected to semiquanti-
tative analysis (Supplementary Fig-
ure S1, which can be viewed at http:/
www.interscience.wiley.com/jpages/
1058-8388/suppmat). However, as the
CCS distributes peripherally in the
IVS with multiple branchings, it is
very difficult to quantify. We, there-
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fore, roughly estimated the ratio by
counting DAPI stained nuclei in each
cell type and selected 28 typical sec-
tions, from which 16 showed a colocal-
ization pattern for yellow and red cells
(Fig. 4B,C). Of these 16 sections, 2 and
5 showed a red cell- and a yellow cell-
dominant pattern, respectively (Fig.
4D, and data not shown). We have
estimated that approximately 20% of
the ventricular CCS, along the IVS,
corresponds to MespI-nonexpressing
cells. Moreover, red cells (ie., the
MespI-nonexpressing cells belonging
to the ventricular CCS) were also ob-
served in the ventricular CCS even at
later developmental stages of 17.5 dpc
(Fig. 4E) and in neonates at 4 days
after birth (Fig. 4F). The AV cushion
cells were weakly positive for the GFP
signal, due to the thinness of the cyto-
plasm and resulting lower intensity of
fluorescence (Fig. 4A), but their iden-
tity was confirmed by LacZ staining in
MespI-cre; R26R embryos (Fig. 1C).
Thus, we conclude unequivocally that
the population of MespI-nonexpress-
ing cells, which we identified along the
ventricular septum, contributes to the
CCS.

In the case of the SA or AV node
regions of the CCS, the contribution of
Mespl-expressing and/or MespI-non-
expressing cells was not as clear from
our present results using embryos at
13.5 dpc, because these typical node
structures were not discernible. In
contrast, we were able to determine
that most of the cells in the venous
valves, which are the proposed rem-
nants of the embryonic SA ring in the
fully developed heart (Rentschler et
al., 2001), of the Mesp1-cre:CAG-CAT-
EGFP:CCS-lacZ embryo were Mespl-
expressing (i.e., GFP-positive cells).
This determination was revealed by
the MespI-expressing/CCS-lacZ—posi-
tive yellow cells at 13.5 dpe (Fig. 4G).
However, the developmental relation-
ships between the venous valves and
both the SA and AV nodes have not
vet been determined.

Origin of Mespl-
Nonexpressing Cells

To determine the origin of the Mespl-
nonexpressing cells, we examined the
LacZ expression profiles in more im-
mature Mespl-cre:R26R and CCS-
lacZ embryos. As shown in Figure bA,
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even at 7.75 dpe, at which stage the
cardiac crescent can be observed, a
few B-gal-negative cells were detect-
able in the Mespl-cre:R26R embryo.
The B-gal-negative cells were ob-
served in the myocardium region more
clearly at 8.5 dpc (Fig. 5B). In the
CCS-lacZ embryo, although the heart
region at 7.75 dpc was confirmed to be
B-gal-negative (data not shown) as re-
ported previously (Rentschler et al.,
2001), patchy staining was observed
mainly in the subendocardial myocar-
dium region at 8.5 dpc (Fig. 5C). How-
ever, a direct relationship between the
MespI-nonexpressing cells and the
CCS cells is still not clear, although
the neural crest cells, which are also
identifiable as MespI-nonexpressing
cells in our system, have not yet ar-
rived in the heart at this stage and
can be excluded (Jiang et al., 2000).

DISCUSSION

In this study, we have found using a
Cre-loxP site-specific recombination
system that the origin of the cardiac
mesenchyme is subdivided according
to the presence of Mespl expression.
We demonstrate that the regions oc-
cupied by Mespl-nonexpressing cells
correspond to two distinct populations
of cells: one derived from the neural
crest and the other one that contrib-
utes to the ventricular CCS.

Comparison of the Cell-
Lineages of Neural Crest
Cells and Mespl1-
Nonexpressing cells

In our experiments with Mespl-cre:
R26R embryos, we have found that cells
derived from the neural crest are nega-
tive but that mesodermal cells derived
from MespI-expressing cells are posi-
tive, for B-gal activity, We have also
confirmed that mammalian cardiac
neural-crest cells are MespI-negative
(Figs. 1, 2) and contribute to the mesen-
chyme in the OT cushions of the heart.
These observations were made follow-
ing neural crest cell lineage analyses
using the PO-cre:CAG-CAT-Z strain
(Fig. 2) and are consistent with previous
results obtained using Wntl-cre:R26R
double transgenic mice (Jiang et al.,
2000). The origin of the cells of the AV
cushions was suggested to be mesoder-
mal, because this region was occupied
by Mespl-expressing cells in our study

(Fig. 1C). This result is consistent with
the previous study of Kisanuki et al.
(2001) using Tie2-cre mice that reported
that the origin of the AV cushions is
mainly of endocardial cell lineage.
Thus, mesenchymal cells in the OT
cushions are derived from mainly neu-
ral crest cells and those in the AV cush-
ions are derived from endocardium.
Importantly, we observed a second
population of MespI-nonexpressing
cells, along the IVS (Fig. 1B). Because
this region is not contributed by neu-
ral crest cells (Fig. 2B), we explored
the possibility that these MespI-non-
expressing cells reside in the ventric-
ular CCS. Before examining this pos-
sibility, we first confirmed that the
failure to express B-gal in the MespI-
cre:R26R embryos was not due to an
artifact, such as down-regulation of
LacZ expression during differentia-

tion or mosaicism of Cre recombinase.
expression. To exclude the former pos-

sibility, we examined CAG-cre:R26R
mice, in which Cre recombinasge is
ubiquitously expressed and all cells
should be LacZ-positive. We did not
subsequently observe any LacZ-nega-
tive cells in the heart, indicating that
there had been no down-regulation of
LacZ upon cell differentiation (Fig.
1D). To exclude possible mosaicism of
Cre recombinase, we repeated our
analysis in more than 20 embryos and
observed very consistent results, al-
though some clonal differences may
exist. In addition, when we crossed
the Mespl-cre and CCS-lacZ strains
and monitored R26R-dependent re-
porter gene expression, we did not ob-
serve patchy LacZ-negative cells in
the ventricular wall. Thus, it appears
unlikely that mosaicism of the R26R
reporter could account for our results.

As for the contribution of the neural
crest cells into the ventricular CCS, it
was reported that neural crest-de-
rived cells were observed in the vicin-
ity of the CCS in the IVS at 14.5 dpc
using the Wnt1-cre:R26R reporter sys-
tem (Poelmann et al., 2004). Thus, the
possibility cannot be rule out that the
neural crest cells contribute to CCS in
the IVS, although we could not detect
any B-gal-positive cells in the IVS in
our PO-cre:CAG-CAT-Z system. The
discrepancy could be due to the differ-
ence in systems used for lineage anal-
yses. The future studies using triple
transgenic strategy (Wntl-cre:CAG-
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CAT-GFP:CCS-lacZ) as used in our
current study would be useful to dis-
criminate the discrepancy.

Origins of the CCS

Using Mespl-cre:R26R embryos, we
identified a population of MespI-non-
expressing cells that were found to be
distributed in the wall along the ven-
tricular septum (Fig. 1B). The results
of genetic crosses with the CCS-lacZ
strain suggested that these Mespl-
nonexpressing cells contribute to the
ventricular CCS (Fig. 3B). To confirm
these findings, we generated triple
transgenic MespI-cre:CAG-CAT-EGFP:
CCS-lacZ mice. Double-staining for
GFP and B-gal expression and/or ad-
ditional DAPI sgtaining in these mice
confirmed that the MespI-nonexpress-
ing cells contribute approximately
20% of the ventricular CCS (Fig. 4).
Moreover, these populations of cells
can be distinguished at a stage as
early as stage 7.75 dpc at least (Fig.
5), whereas Mespl is initially, albeit
transiently, expressed at 6.5 dpc
(Saga et al., 1996).

The pacemaking and conduction
systems of the heart are composed of
the SA node, AV node, AVB, the bun-
dle branches, and the Purkinje fibers,
each of which can be distinguished
morphologically, functionally, and
molecularly (Moorman and Christof-
fels, 2003). The origin of the nodal tis-
sue is less clear than that of the ven-
tricular CCS, although the primary
myocardium is suggested to be a can-
didate (Moorman and Christoffels,
2003). Recently, it was suggested that
some of the working myocardium
could also differentiate into nodal tis-
sues, even after birth (Pashmforoush
et al., 2004). Although the develop-
mental relationships between the ve-
nous valves and the nodes have not
yet been fully elucidated, our data in-
dicate that most of cells in the venous
valves, which are proposed to be rem-
nants of the embryonic SA ring (Rent-
schler et al., 2001), are derived from
Mespl-expressing cells (Fig. 4G).
However, further detailed studies will
be required to determine the precise
cellular origin of the nodes and their
relationships with the venous valves.

In the present analyses, we have
focused on the cell-lineages of the ven-
tricular CCS and shown them to be of
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Fig. 6. Summary of the origin and cell-fate relationships of cardiac mesenchyme cell types. Each
cardiac cell type is established by three distinct origins: neural crest cells, the mesodermal cells of
Mesp1-expressing cells, and Mesp7-nonexpressing celis. It is noteworthy that both the Mesp1-
expressing cells and the Mesp 7-nonexpressing cells contribute to the ventricular CCS. In addition,
the origins of the subset of the ventricular CCS that are contributed by the Mesp7-nonexpressing
cells are distinguishable from that of the myocardium by the Mesp? expression profile. We
speculate that the Mesp7-nonexpressing cardiomyocyte may be a candidate for the origin of the
subset of the ventricular CCS. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

heterocellular origin. Two possibilities
have emerged from both our analyses
and previous reports concerning the
origin of the ventricular CCS in
mouse, occupied by Mespl-nonex-
pressing cells. First, it is conceivable
that the Mesp-nonexpressing cells in
the CCS are not derived from cardio-
myocytes. Alternatively, these cells
may represent cardiomyocytes, which
simply do not express Mespl. We favor
this latter possibility. Lineage tracing
experiments in chick have convinc-
ingly demonstrated that the ventricu-
lar CCS, including the Purkinje fibers,
are derived from cardiomyocytes (re-
viewed in Mikawa, 1999; Pennisi et
al., 2002). Moreover, experiments in
the mouse also indicate that embry-
onic cardiomyocytes can be converted
to a CCS-like phenotype in response to
neuregulin-1, at least when assayed
by up-regulation of the CCS-lacZ
transgene (Rentschler et al.,, 2002).
Nonetheless, additional analyses will
be required to determine the basis for
the molecular heterogeneity within
the ventricular CCS and to determine
whether there is associated functional
diversity in this structure.

In conclusion, we have determined that
MespI-nonexpressing cells contribute to
the ventricular CCS in addition to the OT
cushion. Furthermore, we indicate a pos-
sibility that a population of the cells that
contribute to the ventricular CCS might
be distinguished at an early stage of de-

velopment. Unfortunately, it could not be
clarified from our present experiments
whether MespI-nonexpressing cells also
contributed to the other regions of the
CCS, such as the SA or AV nodes. A
scheme summarizing the cell lineage re-
lationships in the developing murine
heart is shown in Figure 6. Our observa-
tion that the ventricular CCS includes
both MespI-expressing and -nonexpress-
ing cells is evidence of the heterogeneous
nature of the ventricular CCS. The fur-
ther identification of specific molecular
markers for the mouse CCS, expressed at
early embryonic stages, will undoubtedly
enhance our understanding of the devel-
opmental biology of the CCS in the heart.

EXPERIMENTAL
PROCEDURES

Lineage Amnalysis of MesplI-
Expressing Cells

The Mesp1-cre knockin mouse was con-
structed by introduction of a gene en-
coding Cre recombinase into the MespI
locus, as previously described (Saga et
al., 1999). The fidelity of expression was
confirmed by in situ hybridization at
E7.0 (data not shown). Genotyping was
performed by polymerase chain reac-
tion using a neo-specific primer
NeoAL2: 5'-GGGGATGCGGTGGGCT-
CTATGGCTT-3' and Mespl primer
MesP1-GR1: 5-ATATGCCAAGTCATT-
GAGGTGAGCTTTC-8'. Mespl-cre mice
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were crossed with either CAG-CAT-Z
(Araki et al., 1995), R26R (Soriano, 1999),
or CAG-CAT-EGFP (Kawamoto et al.,
2000) reporter mice. PO-cre (Yamauchi et
al., 1999) and CCS-lacZ mice (Rentschler
et al., 2001) were also used for cell lineage
analyses. Mice were maintained on a 7:00
AM to 7:00 pm light—dark cycle, with noon
on the day of vaginal plug discovery de-
fined as 0.5 dpc.

B-gal Staining,
Immunostaining, and In Situ
Hybridization

Embryos that had been fixed at 7.5—
10.5 dpc were stained for the detection
of B-galactosidase activity in whole-
mounts as described previously (Saga
et al., 1992). The specimens were then
dehydrated by means of a graded eth-
anol series, embedded in either paraf-
fin wax or plastic resin (technovit
8100, Heraeus Kulzer, Inc.) and sec-
tioned at a thickness of 4 pm. Hearts
that had been isolated from embryos
at later stages were subjected to B-gal
staining after sectioning. Briefly,
hearts were fixed in a solution of 2%
paraformaldehyde, 0.05% glutaralde-
hyde, and 0.02% NP-40 in phosphate
buffer (PBS) for 30 min on ice. The
tissues were then sequentially soaked
in a graded series of 10, 20, and 30%
sucrose (w/v) in PBS while being
gently agitated on a shaking platform,
culminating in a 50:50 mix of 30% su-
crose:OCT. Samples were frozen and
stored at —80°C until sectioning at 8
pm thickness, and the sections were
placed on gelatin-coated slides. Fro-
zen sections of Mespl-cre:CAG-CAT-
EGFP:CCS-lacZ mouse hearts was
stained with anti-lacZ and anti-GFP
antibodies as follows: sections pre-
pared were fixed with 4% paraformal-
dehyde for 3 min, treated with 10
pg/ml proteinase K and blocked in 3%
skim milk for 30 min at room temper-
ature (RT). Blocking solutions was re-
placed with rabbit anti—B-gal anti-
body (Cappel, ICN Pharmaceuticals,
Inc., OH) at a dilution of 1:2,000 and
with rat anti-GFP antibody (Nacalai
Tesque, Kyoto, Japan) at a dilution
1:200 and incubated overnight at 4°C.
After brief washes in PBS, the sec-
tions were incubated with Alexa 594~
conjugated anti-rabbit followed by
Alexa 488-conjugated anti-rat sec-
ondary antibodies at dilutions of 1:200
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for 90 min at RT. These sections were
then incubated with 0.1 pg/ml of DAPI
(Sigma, St. Louis, MO) for 5 min to
visualize nuclei.
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Summary

Mespl and Mesp2 are homologous basic helix-loop-helix
(bHLH) 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
Mespl1/Mesp2 double-null cells failed fo form initial
segment borders or to acquire rostral properties,
confirming that the contribution of Mesp1 is minor during
these events. By contrast, Mespl/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 autonomous.
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 itself
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 morphogenesis, particularly epithelial-mesenchymal
interconversion in vertebrate 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 sclerotome (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 compartments, the rostral
(anterior) and caudal (posterior) halves. This rostro-caudal
polarity appears to be established just prior to somite formation
(Saga and Takeda, 2001).

Mespl 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 Mespl 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 (Sagaet al., 1997), a possible functional redundancy
between Mespl and Mesp2 has not yet been clearly
established.

To further clarify the contributions of Mespl and Mesp2 to
somitogenesis, analysis of Mesp1/Mesp2 double-null embryos
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