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研究成果の概要（和文）：本研究では、古代魚の鰭が四肢へと進化したプロセスを解明することを目的として研
究を行った。その結果、鰭から四肢への過程において、前側領域と後側領域のバランスが大きくシフトして「後
側化」すること、この過程には前後軸パターンを制御する Gli3 の発現制御領域の機能の変化が関連することを
明らかにした。さらに、サメの鰭を人為的に「後側化」すると、鰭の3本の基骨が 1本になることを実証した。
神経パターンについては、神経ガイダンス因子のSema3A の発現様式の変化が四肢神経の多様性を生み出すこと
が示された。筋肉パターンについては、従来報告されていた形式とは異なる形式で、鰭の筋肉が進化したことが
示された。

研究成果の概要（英文）：In this project, we aimed to explore the evolutionary process of how fins 
have evolved into limbs during evolution of vertebrates. Studies of catsharks revealed that there 
was a shift in the balance of anterior and posterior fileds in their fin buds compared to that in 
mouse limb buds. Furthermore, catshark genome lacked a sequence found in mice and other tetrapods, 
which is responsible for preventing Gli3 expression in the posterior part of tetrapod limb buds. 
When we deliberately “posteriorised” pectoral fin buds of catshark, the fins lost anterior 
skeletal elements, and showed a single bone connected to the pectoral girdle as seen in fossil 
Tiktaalik pectoral fins. We also explored the developmental mechanisms behind the alteration of the 
neuronal framework during morphological diversification of limbs and found that Sema3A-dependent 
guidance system plays a key role in this process. 

研究分野：進化発生学
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１．研究開始当初の背景 
 
	 脊椎動物の進化史の中で、水中生活を行っ
ていた古代脊椎動物が陸上へと進出した際
に起こった形態進化のうち、最も重要な変化
の一つに対鰭を四肢へと進化させたことが
あげられる。現生の水棲脊椎動物の中では、
最も原始的な対鰭の形態的特徴を持つ軟骨
魚類のうち、サメの胸鰭骨格をマウスの四肢
骨格と比較すると、骨格形態でも、前鰭骨と
中鰭骨の退化や指骨の獲得など、大きな変化
を伴う。さらに、歩行を可能にするためには、
四肢筋や神経のパターンの大幅な変化が必
要となる。一方で、対鰭や四肢の原基の発生
過程で骨格、筋肉、及び、神経のパターン形
成を制御している形態形成遺伝子群は広く
保存されていることがわかっており、これら
の発現をどう変化させることが対鰭から四
肢への形態進化をもたらしたのかを理解す
ることは、これから解決すべき問題として残
されていた。 
 
２．研究の目的 
	  
	 本研究では、海で生活していた古代脊椎動
物の一部が陸にあがった際に、その対鰭を四
肢へと劇的に進化させたプロセスを明らか
とすることを目的とした。 
	  
３．研究の方法 
 
	 各種魚類胚と各種四肢動物胚を用いて、対
鰭原基と肢芽の発生過程を比較した。その手
段として、比較発現解析、骨パターン解析、
筋パターン解析、神経パターン解析、遺伝子
機能解析、比較ゲノム解析、組織学的解析、
電子顕微鏡解析、数理モデル解析等を行った。 
 
４．研究成果 
 
（本研究は、研究代表者が基盤研究 B を平成
28 年度に前年度採択をされたため、平成 27
年度が最終年度となった。） 
 
	 サメの胸鰭骨格と四肢動物の前肢骨格を
比較すると、前側鰭骨格が退化している。こ
の原因について、サメ胚の胸鰭原基とニワト
リ胚の前肢芽において、前後軸のパターン形

成に関与する遺伝子の発現を比較解析した
ところ、鰭から四肢への進化の過程では、前
側領域と後側領域のバランスが大きくシフ
トして、「後側化」されることがわかった（図
1）。そして、前側領域と後側領域のバランス
の変化は、前後軸パターンを制御する Gli3の
発現制御領域の機能が変化したことによる
ことを明らかとした。さらに、サメの鰭を人
為的に「後側化」すると、上陸直前の原始脊
椎動物の鰭でみられるように、鰭の 3本の基
骨が 1 本になることが実証された（図 2；
Onimaru et al., 2015 eLife（業績 6）。 

 
	 さらに、数理生物学者の James Sharpe 氏
（CRG, Spain）との共同研究により、対鰭か
ら四肢への進化のうち、先端部の骨格パター
ンの変化の一部は Turing pattern のパラメー
タの変化で説明できることを示した
（Onimaru et al., 2016 Nature Communications
（業績 3））。 
 

	 神経パターンについては、神経ガイダンス
因子の Sema3A が四肢の神経をガイドする
様式が、四足動物の共通祖先の段階で確立さ
れたこと、Sema3A の発現様式の変化が四肢
の神経の多様性を生じさせる要因となった
ことを示す結果を得た（Noguchi et al., in press 
Dev. Growth Differ.（業績 2）） 
	 また、筋肉パターンについては、サメ胚の
胸鰭を題材に複数の筋形成マーカーを用い
た解析と電子顕微鏡解析を行った結果、従来
報告されていた仮説とは異なるプロセスを図 1	サメの胸鰭とマウスの前肢の比較.	

図 2	人為的に後側化されたサメの鰭.	

Fgf), the exception to this is the distal Hox genes, which play no
role in our catshark model. This decoupling of the BSW network
with the distal Hox genes is suggested by our observations and
previous studies17,26 that Hox expression domains do not overlap
with the Sox9 expressing region significantly (Fig. 4b), and is
consistent with recently published results highlighting the
differences in Hox gene regulation between tetrapods and fish.
In tetrapod limbs, Hoxa and Hoxd genes are regulated by two
distinct genomic domains: a 30 domain regulating expression
in the zeugopod and a 50 counterpart controlling autopod
expression3,31. Fish fins, by contrast, do not have such strict
relationship between Hox gene regulations and their anatomical
regions. Although a bimodal regulation has been found in fish
fins3,6, the expression pattern of Hoxa13b in zebrafish, for
example, is almost uniform35. Similarly, misexpression of the
distal Hox genes also causes very different results: misexpression
of Hoxd13 or a13 in chick limb buds results in a truncation of
zeugopod elements36,37, while a similar experiment in zebrafish
pectoral fin buds causes an increase of cartilage condensation in
the distal region38. Thus, much experimental data supports the
idea that while the Hox gene regulation and anatomical modules
are strictly coupled in tetrapod limb development, this modular
regulation is less strict in fish fin development. Elaboration of Hox
gene regulation, suggested by many other studies3,10,38,39, may be
relevant to coupling the interaction between Hox genes and the
BSW network in the digit patterning.

We have focused here only on the distal nodular bone
formation in S. canicula—because it is the first periodic pattern to
form in the fin bud—and thus the mechanism of the proximal
stripe formation remains to be addressed. Because the distal
nodular elements are each connected with a proximal stripe
element in adult catshark fins, one possibility is that the proximal
elements are formed just by elongation of the distal Sox9
expression spots. Our Wnt inhibition experiments question this
idea, as even when the distal Sox9 expression becomes
continuous, the stripe elements are still formed (though they
are thicker and fewer in number), suggesting that formation of
the stripe elements is not totally dependent on the patterning of
the distal nodular elements (Fig. 5i). This semi-independent
nature of the distal and proximal elements implies that additional
unknown molecular controls might contribute to patterning of
the proximal regions. Nevertheless, the very periodic nature of
this pattern suggests that even if different molecules are involved,
Sox9 is likely patterned by a Turing-type mechanism, which may
be related to the BSW model.

Finally, we propose that the changes in the fin and limb skeletal
arrangement may have involved a change in the role of
Fgf gradient for organizing the Sox9 expression patterns. In
S. canicula Fgf appears to act as a positional cue40—positioning
the row of Sox9 spots at a certain distance from, and therefore
parallel to, the distal fin edge—while in the mouse it appears to
align the digital stripes perpendicular to the distal limb edge, and
to control the wavelength41 (Fig. 6). In the model, this dynamical
difference can be explained by at least two parameters
(Supplementary Fig. 7). One is the ratio between Wnt and Bmp
production terms, which can change spots to stripes—also
demonstrated by the Wnt inhibitor treatment in Fig. 5. The
other is the inhibition of Sox9 by Wnt (k3), which affects the
position of Turing space. Decreasing k3 results in a shift of Turing
space to the distal edge, allowing it to form a pattern in the distal
domain. In our computer model, these Wnt-related parameters
are enough to change the role of Fgf gradient from positioning
spots to aligning stripes. Biologically, FGF and WNT are known
to have a synergetic repressive activity to Sox9 expression42.
Therefore, we could speculate that this synergetic activity of Wnt
and Fgf might be relatively stronger in the distal mesenchyme of

catshark fin bud than in the mouse digit forming region.
Although the real fin-to-limb transformation must have involved
more complex processes, including fin/limb shape changes,
anterior–posterior patterning changes43, the loss of actinotrichia
proteins44, Hox gene regulation3,10,38,39 and others, our simple
BSW model is nevertheless able to capture some key qualitative
features of this morphogenetic change.

In conclusion, our study reveals that the morphological
diversity of the distal fin and limb elements can be explained as
the re-organization of a Turing patterning process. It highlights
how relatively small regulatory changes can lead to major
re-arrangements of the skeleton, and also emphasizes the
difficulty of assigning homologous relationships between the
distal elements of fins and limbs.

Methods
Animals. Experiments were performed in accordance with guidelines for animal
experiments of Tokyo Tech and CRG, and experiments involving mice were
approved by animal ethics committees of CRG (JMC-07-1001P3-JS). Catshark
(Scyliorhinus canicula) eggs were provided by A. Tweedale (Bangor university) and
Station Biologique de Roscoff, France, and they were incubated at 16 !C in seawater
and staged according to the standard staging system45. C52BL/6 (Charles River)
mouse timed-pregnant females were sacrificed at different days after gestation
E11.5. For in situ hybridization, embryos were fixed overnight in 4%
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Figure 6 | Comparison between fins and limbs. (a) Sox9 expression
patterns (white) in S. canicula pectoral fin bud at stage 30 and mouse digits
at embryonic day 12. (b) Schematics of Sox9 expression (black) and
proximal-distal positional information represented by a smooth gradient of
colours from red to blue. Bracket: the large wavelength of Sox9 expression
at the distal side of the mouse limb bud. (c) Two graphs illustrate the
proposed difference in Fgf function between shark and mouse buds. In the
case of S. canicula a Turing pattern (spots) can only form between the
threshold values (th1 and th2). In the case of mouse a Turing pattern
(stripes) forms along the whole gradient, and the Fgf signalling level instead
influences the local wavelength. Space is represented on the x axis, and Fgf
signalling (positional signal, PS) on the y axis. Green lines represent the
Turing pattern. Bottom, the Turing network represented by this BSW model.
Scale bars, 100mm.
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図 3	サメの胸鰭とマウスの前肢の Sox9	パターンを

制御する	Turing	pattern（業績 2	より抜粋）. 



経て、対鰭の筋肉が進化したという結果を得
た（Okamoto et al. under revision）。 
	 このように、本研究課題では、骨パターン、
神経パターン、筋肉パターンの進化について、
研究計画をほぼ達成し、重要な成果を得るこ
とができた。 
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