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From Humans to Cats, an Natural
Gain of Shh Function: The Extra Toes
Mutation

The fact that Sonic hedgehog is the active agent of the ZPA was confirmed by a remarkable gain-of-
function mutation. The hemimelic extra-toes (hx) mutant of mice has extra digits on the thumb side
of the paws (Figure 1A and 1B). This phenotype is associated with a single base-pair difference in
the limb-specific Shh enhancer, a highly conserved region located a long distance (about 1 million
base pairs) upstream from the Shh gene itself (Lettice et al. 2003; Sagai et al. 2005). Maas and
Fallon (2005) made reporter constructs by fusing a f-galactosidase gene to this long-range limb
enhancer region from both wild-type and hx-mutant genes. They injected these reporter constructs
into the pronuclei of newly fertilized mouse eggs to obtain transgenic embryos. In the transgenic
mouse embryos carrying the reporter gene with wild-type limb enhancer, staining for 3-galactosidase
activity revealed a single patch of expression in the posterior mesoderm of each limb bud (i.e., in the
ZPA; Figure 1C). However, mice carrying the mutant hx reporter construct showed (3-galactosidase
activity in both the anterior and posterior regions of the limb bud (Figure 1D). It thus appears that (1)
this Shh enhancer has both positive and negative functions, and (2) in the anterior region of the limb
bud, some inhibitory factor represses the ability of this enhancer to activate Shh transcription. The
inhibitor probably cannot bind to the mutated enhancer; thus, in hx mutant mice, Shh is expressed in
both the anterior and posterior regions of the limb bud, and this anterior Shh expression causes
extra digits to develop. Similar mutations in the long-range limb enhancer of Shh produce
polydactylous phenotypes in humans and other mammals (Figure 1E and 1F; Gurnett et al. 2007;
Lettice et al. 2008; Sun et al. 2008).
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A.D from Maas and Fallon 2005, courtesy of B. Robert, Y. Lallemand, S. A. Maas, and
J. F. Fallon. E from Y. Yang and S. H. Kozin. 2009. J Bone Joint Surg Am 91(Suppl).
4:76-80, courtesy of S. Kozin. F photograph by S. Gilbert.

Figure 1 Ectopic expression of Sonic hedgehog in the anterior limb causes extra digit formation. (A) Wild-type mouse
paw. The bones are stained with alizarin red. (B) An hx (hemimelic extra-toes) mutant mouse paw, showing the extra digits
associated with the anterior (“thumb”) region. (The small extra nodule of posterior bone is peculiar to the hx phenotype on
the genetic background used and is not seen on other genetic backgrounds.) (C) Reporter constructs from wild-type Shh
limb enhancer direct transcription solely to the posterior part of each mouse limb bud (i.e., in the ZPA). (D) Reporter
constructs from the hx mutant direct transcription to both the anterior and posterior regions of each mouse limb bud. The
wild-type and mutant Shh limb-specific enhancer-region DNA sequences are shown below and highlight the single G-to-A
nucleotide substitution that differentiates the two. (E) A similar mutation in the human long-range enhancer for SHH causes
similar mirror-image hand duplications. (F) Descendants of Ernest Hemingway’s polydactylous pet cats still inhabit the
Hemingway home in Key West, Florida, and display a mutation in this long-range enhancer. (A-D from Maas and Fallon
2005, courtesy of B. Robert, Y. Lallemand, S. A. Maas, and J. F. Fallon; E from Yang and Kozin 2009, courtesy of S. Kozin;
F, photograph by S. Gilbert.)
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