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The hedgehog signaling pathway is a mechanism that regulates cell growth and differentiation
[4] during embryonic development, called embryogenesis [5], in animals. The hedgehog 
signaling pathway works both between cells and within individual cells. The hedgehog gene (
hh) was observed in fruit flies (Drosophila melanogaster [6]) in 1980, and later in vertebrates in 
1993. Unlike flies, which have one hh gene, vertebrates have several hh genes [7]. The 
hedgehog signaling pathway controls a wide range of developmental processes in the 
vertebrate embryo, and researchers found that dysfunction in the hedgehog signaling pathway 
leads to birth defects [8] including extra digits, cyclopia [9] with one eye and no forebrain [10], and 
cancers in adults and juveniles.

In 1980, Christiane Nüsslein-Volhard [11] and Eric F. Wieschaus in Germany researched how 
genes [7] control fruit fly development, and they named the hedgehog gene. They named the 
gene hedgehog because mutant fruit fly larva demonstrated an abnormal pattern of spiky 
projections, called denticles, on their exoskeletons that resembled the spines of a hedgehog. 
Until the early 1990s, researchers studied the hh gene (the abbreviation for the hedgehog
gene) in the Drosophila [12] hedgehog pathway. They determined that the hh gene encodes a 
family of hh proteins, which mediate both cell-to-cell interactions and has long-range effects in 
developing Drosophila [12] embryos.

In 1992, three research teams published the sequence of the hh gene from Drosophila [12]: 
Jym Mohler and Kodela Vani at Barnard College in New York, New York; Phillip A. Beachy's 
group at Johns Hopkins University School of Medicine [13] in Baltimore, Maryland; and Thomas 
B. Kornberg's group at the University of California San Francisco in San Francisco, California. 
Analyses of the hh DNA sequence data led researchers to discover gene homologs, or 
genetic sequences similar to those in fruit flies but in vertebrates, a result that revealed a high 
degree of genetic conservation between species.

In 1993, Clifford Tabin and Andrew P. McMahon in the US and Philip W. Ingham in England 
published the DNA sequences of related genes [7], or homologs, to the Drosophila [12] hh gene 
in several vertebrate families. Unlike the fly, in which there is only one hh gene, the 
researchers identified different hh genes [7] in vertebrates. There are three classes of 
vertebrate hh genes [7]: Sonic hedgehog, Indian hedgehog, and Desert hedgehog, with most 
vertebrate species possessing one member from each gene family. Mammals, including 
humans [14], and birds [15] have one gene from each family: Sonic hh (Shh), Indian hh (Ihh), 
and Desert hh (Dhh). Zebrafish have at least five hh genes [7]: two Sonic class genes [7], Shh
and Tiggy-Winkle hh (Twhh); two Indian class genes [7], qiqihar hedgehog (Qhh) and echidna 
hedgehog (Ehh); and one Desert class gene, Dhh.

In their 1993 experiment, Tabin's group at the Harvard Medical School in Boston, 
Massachusetts, isolated a vertebrate Sonic hh gene related to the Drosophila [12] hh gene in 
the developing limbs, or limb buds, of chicks (Gallus gallus [16]). The group demonstrated that 
Shh
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gene expression occurs in the area of the margin of the developing limb bud, called the zone 
of polarizing activity (ZPA), and in other regions of the chick [17] embryo. Their research 
demonstrated that the Shh gene controls front to back or anterior to posterior pattering in the 
chick [17] limb, and prompts limbs to develop. When researchers removed the ZPAs from limb 
buds and attached them to other areas of the chicks, new limb buds develop in the presence 
of Shh.

McMahon's group at the Harvard Medical School [18] in Boston, Massachusetts, identified three 
members of mammalian hh gene family in mice (Mus musculus [19]) related to the Drosophila
[12] hh gene: Shh, Dhh, and Ihh. They then compared, across species, the sequences of the 
genes [7] and the proteins made from the genes [7] to determine the evolutionary relatedness of 
each hedgehog gene. The protein sequence of the Dhh protein in mice is the most closely 
related to the hh protein in Drosophila [12], indicating that it is the oldest and most conserved 
between species. Ihh and Shh DNA sequences indicated that those genes [7] more closely 
related to each other than to the Dhh gene, and therefore resulted from a more recent 
evolutionary duplication event.

Ingham's group at the Molecular Embryology Laboratory in Oxford, England, identified three 
members of the hh gene family in five hh genes [7] found in zebrafish (Brachydanio rerio [20]). In 
the zebrafish embryos, Ingham's group identified a Dhh gene and the Shh gene as active in 
the notochord [21], a structure in chordate embryos, in the floor plate, a structure that in 
vertebrate embryos develops into the nervous system. They also found that the genes [7]

functioned in the posterior fin mesoderm [22], the tissues associated with polarizing activities. 
Shh and Twhh genes [7] are expressed in fin bud development, but only Shh is required for 
proper development in zebrafish. The pattern of Shh expression in zebrafish mutants affects 
axial structures consistent with the role for the Shh gene in floor plate induction [23].

Ihh proteins function in developing bones, and they regulate the proliferation and differentiation
[4] of cartilage cells, called chondrocytes. Dhh proteins also function in the development of 
sperm [24] cells during a process called spermatogenesis. Dhh proteins are necessary for the 
development of the glia [25] cells that insulate the peripheral nerves, called Schwann cells after 
Theodor Schwann who obseved them in nineteenth century Germany. Shh proteins function 
in the development of the central nervous system, and they establish lateral asymmetry, and 
function to establish the front-to-back (anterior-posterior) limb axis.

The Shh gene became one of the most studied of the hh genes [7]. Researchers experimented 
with vertebrate sonic hedgehog [26] proteins (N-Shh), and their results indicated that those 
proteins traveled outside of cells. Once in the extracellular environment, and with help from 
other molecules, N-Shh proteins can move at least twelve cell diameters to form a distribution 
gradient to target cells. For all hh signaling between cells, small differences in the 
concentration of the proteins can alter cellular functions and processes.

A flexible rod-shaped structure found in vertebrate embryos, called the notochord [21], defines 
the primary axis of the embryo. The notochord [21], located under the neural tube [27] of the 
developing vertebrate's central nervous system [28], secretes the N-Shh protein to form a 
gradient. The gradient of N-Shh protein specifies five distinct types of neuron [29] cells, called 
V0, V1, V2, and V3 interneurons, or motor neurons. In addition, the cells of the floor plate, 
which develop into the nervous system, respond to the highest concentration of N-Shh 
secreted by the notochord [21] and become non-neuron [29] supporting cells of the nervous 
system, called glial cells. The floor plate glia [25] cells begin to secrete N-Shh protein 
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themselves. The remaining neural tube [27] cells develop into various types of neural cells, 
specified by different concentrations of N-Shh proteins. Notochord cells develop into V3 cells 
in response to the second highest concentration of N-Shh protein after the floor plate. The 
third and fourth highest concentrations yield the motor neurons, V2, V1, and V0 neurons 
respond to the lowest concentration of N-Shh protein.

The hh family of proteins regulates multiple developmental processes in the vertebrate 
embryo, and can cause cancer or birth defects. Hedgehog family proteins are involved in 
cancers, for example, a human skin cancer called basal cell carcinoma, and a childhood brain 
cancer called medulloblastoma. Mutations and improper expression of Shh proteins lead to 
various embryonic defects and birth defects [8], especially those affecting the brain, head, and 
limbs. Shh protein functions for multiple events during embryogenesis [5], including craniofacial 
development. Mice lacking the Shh gene (Shh null) are born without their forebrains or mid-
faces, a disorder called holoprosencephaly, and they have only one eye, a phenomenon 
called cyclopia [9]. If the Shh gene fails to produce Shh proteins in vertebrates, birth defects [8]

result, especially in heads and faces.

Sources

1. Ahlgren, Sara C., and Marianne Bonner-Fraser. "Inhibition of Sonic Hedgehog Signaling 
In Vivo Results in Craniofacial Neural Crest Cell Death." Current Biology 9 (1999): 
1304?14. http://ac.els-cdn.com/S0960982200800524/1-s2.0-S0960982200800524-
main.pdf?_tid=acb60648-963a-11e5-9659-
00000aab0f26&acdnat=1448761625_027419e12adc87b549309333fd0b1149 [30]

(Accessed November 30, 2015).
2. Ahlgren, Sara C., Vijaya Thakur, and Marianne Bonner-Fraser. "Sonic Hedgehog 

Rescues Cranial Neural Crest from Cell Death Induced by Ethanol Exposure." 
Proceedings of the National Academy of Science 99 (2002): 10476?81. 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC124946/ [31] (Accessed November 30, 
2015).

3. Avaron, Fabien, Amanda Smith, and Marie-Andrée Akimenko. "Sonic Hedgehog 
Signaling in the Developing and Regeneration [32] Fins of Zebrafish." In Shh and Gli 
Signalling and Development, ed. Fisher, Carolyn E. and Sarah E. M. Howie. Austin: 
Landas Bioscience, 2000. http://www.ncbi.nlm.nih.gov/books/NBK6368/ [33] (Accessed 
November 30, 2015).

4. Bitgood, Mark J, and Andrew P. McMahon. "Hedgehog and Bmp Genes Are 
Coexpressed at Many Diverse Sites of Cell-Cell Interaction in the Mouse Embryo." 
Developmental Biology [34] 172 (1995): 126?38. 
http://ac.els-cdn.com/S0012160685700103/1-s2.0-S0012160685700103-
main.pdf?_tid=e8c1584c-97d7-11e5-bd17-
00000aab0f02&acdnat=1448939108_4e35299d18d0dca53452a74494f2305f [35]

(Accessed November 30, 2015).
5. Bürglin, Thomas R. "Evolution of Hedgehog and Hedgehog-Related Genes, Their Origin 

from Hog Proteins in Ancestral Eukaryotes and Discovery of a Novel Hint Motif." 
BioMed Central Genomics 9 (2008): 127. http://www.biomedcentral.com/1471-
2164/9/127 [36] (Accessed November 30, 2015).

6. Chamberlain, Chester E., Juhee Jeong, Chaoshe Guo, Benjamin L. Allen, and Andrew 
P. McMahon. "Notochord-Derived Shh Concentrates in Close Association with the 

https://embryo.asu.edu/search?text=neural tube
https://embryo.asu.edu/search?text=birth defects
https://embryo.asu.edu/search?text=embryogenesis
https://embryo.asu.edu/search?text=cyclopia
https://embryo.asu.edu/search?text=birth defects
http://ac.els-cdn.com/S0960982200800524/1-s2.0-S0960982200800524-main.pdf?_tid=acb60648-963a-11e5-9659-00000aab0f26&acdnat=1448761625_027419e12adc87b549309333fd0b1149
http://ac.els-cdn.com/S0960982200800524/1-s2.0-S0960982200800524-main.pdf?_tid=acb60648-963a-11e5-9659-00000aab0f26&acdnat=1448761625_027419e12adc87b549309333fd0b1149
http://ac.els-cdn.com/S0960982200800524/1-s2.0-S0960982200800524-main.pdf?_tid=acb60648-963a-11e5-9659-00000aab0f26&acdnat=1448761625_027419e12adc87b549309333fd0b1149
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC124946/
https://embryo.asu.edu/search?text=Regeneration
http://www.ncbi.nlm.nih.gov/books/NBK6368/
https://embryo.asu.edu/search?text=Developmental Biology
http://ac.els-cdn.com/S0012160685700103/1-s2.0-S0012160685700103-main.pdf?_tid=e8c1584c-97d7-11e5-bd17-00000aab0f02&acdnat=1448939108_4e35299d18d0dca53452a74494f2305f
http://ac.els-cdn.com/S0012160685700103/1-s2.0-S0012160685700103-main.pdf?_tid=e8c1584c-97d7-11e5-bd17-00000aab0f02&acdnat=1448939108_4e35299d18d0dca53452a74494f2305f
http://ac.els-cdn.com/S0012160685700103/1-s2.0-S0012160685700103-main.pdf?_tid=e8c1584c-97d7-11e5-bd17-00000aab0f02&acdnat=1448939108_4e35299d18d0dca53452a74494f2305f
http://www.biomedcentral.com/1471-2164/9/127
http://www.biomedcentral.com/1471-2164/9/127


Apically Positioned Basal Body in Neural Target Cells and Forms a Dynamic Gradient 
during Neural Patterning." Development 135 (2008): 1097?106. 
http://dev.biologists.org/content/135/6/1097.long [37] (Accessed November 30, 2015).

7. Cohen, Jr., M. Michael. "The Hedgehog Signaling Network." American Journal of 
Medical Genetics 123A (2003): 5?28.

8. Echelard, Yann, Douglas J. Epstein, Benoit St-Jacques, Liya Shen, Jym Mohler, Jill A. 
McMahon, and Andrew P. McMahon. "Sonic Hedgehog, a Member of a Family of 
Putative Signaling Molecules, Is Implicated in the Regulation of CNS Polarity." Cell 75 
(1993): 1417?30.

9. Hao, Limin, Robert Johnsen, Gilbert Lauter, David Baillie, and Thomas R. Bürglin. 
"Comprehensive Analysis of Gene Expression Patterns of Hedgehog-related genes [7]." 
BioMed Central Genomics 7 (1006): 280?300.

10. Hooper, Joan E., and Matthew P. Scott. "Communicating with Hedgehogs." Nature 
Reviews Molecular Cell Biology 6 (2005): 306?17.

11. Ingham, Philip W. "Transducing Hedgehog: The Story So Far." The European Molecular 
Biology Organization Journal 17 (1998): 3505?11. 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1170687/ [38] (Accessed November 30, 
2015).

12. Ingham, Philip W. "Zebrafish Genetics Gets the Scube on Hedgehog Secretion." 
Genes and Development 26 (2012): 2468?70. 
http://genesdev.cshlp.org/content/26/22/2468.full [39] (Accessed November 30, 2015).

13. Ingham, Philip W., Yoshiro Nakano, and Claudia Seger. "Mechanisms and Functions of 
Hedgehog Signalling across the Metazoa." Nature Reviews Genetics 12 (2011): 
393?406.

14. Krauss, Stefan, John-Paul Concordet, and Philip W. Ingham. "A Functionally Conserved 
Homolog of the Drosophila [12] Segment Polarity Gene hh Is Expressed in Tissues with 
Polarizing Activity in Zebrafish Embryos." Cell 75 (1993): 1431?44.

15. Lee, John J., Doris P. von Kessler, Suki Parks, and Phillip A. Beachy. "Secretion and 
Localized Transcription Suggest a Role in Positional Signaling for Products of the 
Segmentation Gene Hedgehog." Cell 71 (1992): 33?50.

16. Lum, Lawrence, and Philip A. Beachy. "The Hedgehog Response Network: Sensors, 
Switches, and Routers." Science 304 (2004): 1755?9.

17. Ma, Gang, Yue Xiao, and Lin He. "Recent Progress in the Study of Hedgehog 
Signaling." Journal of Genetics and Genomics 35 (2008): 129?37.

18. McCarthy, Neil, and Johanna K. Eberhart. "Gene-Ethanol Interactions Underlying Fetal 
Alcohol Spectrum Disorders." Cellular and Molecular Life Science 71 (2014): 2699?706.

19. McCready, Elizabeth, and Dennis E. Bulman. "The Genetics of Indian Hedgehog." In 
Hedgehog-Gli Signaling in Human Disease, ed. Ariel Ruiz i Altaba, 146?52. New York: 
Springer, 2006.

20. Mirsky, Ronda, Eric Parmantier, Andrew P. McMahon, and Kristjan R. Jessen. 
"Schwann Cell-Derived Desert Hedgehog Signals Nerve Sheath Formation." Annals of 
the New York Academy of Sciences 833 (1999): 196?202. 
http://dx.doi.org/10.1016/S0896-6273(01)80030-1 [40] (Accessed November 30, 2015).

21. Mohler, Jym and Kodela Vani. "Molecular Organization and Embryonic Expression of 
the Hedgehog Gene involved in Cell-Cell Communication in Segmental Patterning of 
Drosophila [12]." Development 115 (1992): 957?71. 
http://dev.biologists.org/content/115/4/957.long [41] (Accessed November 30, 2015).

22. Nüsslein-Volhard, Christiane, and Eric Wieschaus [42]. "Mutations Affecting Segment 
Number and Polarity in Drosophila [12]." Nature 287 (1980): 795?801.

http://dev.biologists.org/content/135/6/1097.long
https://embryo.asu.edu/search?text=genes
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1170687/
http://genesdev.cshlp.org/content/26/22/2468.full
https://embryo.asu.edu/search?text=Drosophila
http://dx.doi.org/10.1016/S0896-6273(01)80030-1
https://embryo.asu.edu/search?text=Drosophila
http://dev.biologists.org/content/115/4/957.long
https://embryo.asu.edu/search?text=Eric Wieschaus
https://embryo.asu.edu/search?text=Drosophila


23. O'Hara, William A., Walid J. Azar, Richard R. Behringer, Marilyn B. Renfree, and 
Andrew J. Pask. "Desert Hedgehog Is a Mammal-Specific Gene Expressed during 
Testicular and Ovarian Development in a Marsupial." BioMed Central Developmental 
Biology 11 (2011): 72. http://www.biomedcentral.com/1471-213X/11/72 [43] (Accessed 
November 30, 2015).

24. Riddle, Robert D., Randy L. Johnson, Ed Laufer, and Clifford J. Tabin. "Sonic Hedgehog 
Mediates the Polarizing Activity of the ZPA." Cell 75 (1993): 1401?16.

25. Tabata, Tetsuya, Suzanne Eaton, and Thomas B. Kornberg. "The Drosophila [12]

Hedgehog Gene Is Expressed Specifically in Posterior Compartment Cells and is a 
Target of Engrailed Regulation." Genetics and Development 6 (1992): 2635?45. 
http://genesdev.cshlp.org/content/6/12b/2635.full.pdf+html [44] (Accessed November 30, 
2015).

26. Yamada, Yoko, Takashi Nagase, Miki Nagase, and Isao Koshima. "Gene Expression 
Changes of Sonic Hedgehog Signaling Cascade in a Mouse Embryonic Model of 
Fetal Alcohol Syndrome [45]." The Journal of Craniofacial Surgery 16 (2005): 1055?61.

The hedgehog signaling pathway is a mechanism that regulates cell growth and differentiation 
during embryonic development, called embryogenesis, in animals. The hedgehog signaling 
pathway works both between cells and within individual cells.
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