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Abstract

Pancreatic organogenesis relies on a complex interplay of cell-autonomous and extracellular signals. We demonstrate that the
morphogen sonic hedgehog (Shh) is required for pancreatic development in zebrafish. Genetic mutants of Shh and its
signaling pathway establish this dependence as specific to endocrine, but not exocrine, pancreas. Using cyclopamine to
inhibit hedgehog signaling, we show that transient Shh signaling is necessary during gastrulation for subsequent differentiation
of endoderm into islet tissue. A second hedgehog-dependent activity occurring later in development was also identified and
may be analogous to the known action of Shhin gut endoderm to direct localization of pancreatic development. The early
action of Shh may be part of a more general process allowing neuroendocrine cells to originate in nonneuroectodermally
derived tissues.

Keywords

pancreas; islet; zebrafish; hedgehog; insulin

Recommended articles  Citing articles (73)

References

REFERENCES

1 U. Ahlgren, J. Jonsson, H. Edlund
The morphogenesis of the pancreatic mesenchyme is uncoupled from that of the pancreatic epithelium in IPF1/PDX1-deficient
mice
Dewelopment, 122 (1996), pp. 1409-1416

2 U. Ahlgren, J. Jonsson, L. Jonsson, K. Simu, H. Edlund
B-Cell-specific inactivation of the mouse Ipf1/Pdx1 gene results in loss of the B-cell phenotype and maturity onset diabetes
Genes Dev., 12 (1998), pp. 1763-1768

3 U. Ahlgren, S.L. Pfaff, T.M. Jessell, T. Edlund, H. Edlund
Independent requirement for ISL1 in formation of pancreatic mesenchyme and islet cells
Nature, 385 (1997), pp. 257-260

| Loading [Contrib]/a11y/accessibility-menu.js



https://www.sciencedirect.com/science/article/pii/S0012160602905737
http://www.sciencedirect.com/
http://www.sciencedirect.com/science/journal/00121606
http://www.sciencedirect.com/science/journal/00121606
http://www.sciencedirect.com/science/journal/00121606/244/1
http://www.sciencedirect.com/science/journal/00121606/244/1
https://doi.org/10.1006/dbio.2002.0573
https://s100.copyright.com/AppDispatchServlet?publisherName=ELS&contentID=S0012160602905737&orderBeanReset=true
http://www.elsevier.com/open-access/userlicense/1.0/

10

1

12

13

14

15

16

17

18

19

AL APCIYISL, L. ALIC T, T CUiung
Sonic hedgehog directs specialised mesoderm differentiation in the intestine and pancreas
Curr. Biol., 7 (1997), pp. 801-804

A. Apelguist, H. Li, L. Sommer, P. Beatus, D.J. Anderson, T. Honjo, M. Hrabe de Angelis, U. Lendahl, H. Edlund
Notch signalling controls pancreatic cell differentiation
Nature, 400 (1999), pp. 877-881

F. Argenton, E. Zecchin, M. Bortolussi
Early appearance of pancreatic hormone-expressing cells in the zebrafish embryo
Mech. Dev., 87 (1999), pp. 217-221

M.J. Barresi, H.L. Stickney, S.H. Dewoto

The zebrafish slow-muscle-omitted gene product is required for Hedgehog signal transduction and the development of slow
muscle identity

Dewelopment, 127 (2000), pp. 2189-2199

K.A. Barth, S.W. Wilson

Expression of zebrafish nk2.2 is influenced by sonic hedgehog/vertebrate hedgehog-1 and demarcates a zone of neuronal
differentiation in the embryonic forebrain

Development, 121 (1995), pp. 1755-1768

F. Biemar, F. Argenton, R. Schmidtke, S. Epperlein, B. Peers, W. Driever

Pancreas development in zebrafish: Early dispersed appearance of endocrine hormone expressing cells and their convergence
to form the definitive islet

Dev. Biol., 230 (2001), pp. 189-203

M.J. Bitgood, A.P. McMahon
Hedgehog and Bmp genes are coexpressed at many diverse sites of cell-cell interaction in the mouse embryo
Dev. Biol., 172 (1995), pp. 126-138

P. Blader, N. Fischer, G. Gradwohl, F. Guillemont, U. Strahle
The activity of neurogenin1 is controlled by local cues in the zebrafish embryo
Dewelopment, 124 (1997), pp. 4557-4569

J. Briscoe, J. Ericson
Specification of neuronal fates in the ventral neural tube
Curr. Opin. Neurobial., 11 (2001), pp. 4349

M.K. Cooper, J.A. Porter, K.E. Young, P.A. Beachy
Teratogen-mediated inhibition of target tissue response to Shh signaling
Science, 280 (1998), pp. 1603-1607

H. Edlund
Developmental biology of the pancreas
Diabetes, 50 (2001), pp. S5-S9

S.C. Ekker, L.L. McGrew, C.J. Lai, J.J. Lee, D.P. von Kessler, R.T. Moon, P.A. Beachy
Distinct expression and shared activities of members of the hedgehog gene family of Xenopus laevis
Dewelopment, 121 (1995), pp. 2337-2347

G. Gradwohl, A. Dierich, M. LeMeur, F. Guillemot
neurogenin3 is required for the development of the four endocrine cell lineages of the pancreas
Proc. Natl. Acad. Sci. USA, 97 (2000), pp. 1607-1611

A. Grapin-Botton, A.R. Majithia, D.A. Melton
Key events of pancreas formation are triggered in gut endoderm by ectopic expression of pancreatic regulatory genes
Genes Dev., 15 (2001), pp. 444-454

L. Gunhaga, T.M. Jessell, T. Edlund
Sonic hedgehog signaling at gastrula stages specifies ventral telencephalic cells in the chick embryo
Dewelopment, 127 (2000), pp. 3283-3293

K.A. Harrison, J. Thaler, S.L. Pfaff, H. Gu, J.H. Kehrl



20

21

23

24

25

26

27

28

29

30

31

32

33

Pancreas dorsal lobe agenesis and abnormal islets of Langerhans in Hixb9-deficient mice
Nat. Genet., 23 (1999), pp. 71-75

M. Hebrok, S.K. Kim, D.A. Melton
Notochord repression of endodermal Sonic hedgehog permits pancreas development
Genes Dev., 12 (1998), pp. 1705-1713

M. Hebrok, S.K. Kim, B. St. Jacques, A.P. McMahon, D.A. Melton
Regulation of pancreas development by hedgehog signaling
Development, 127 (2000), pp. 49054913

J.P. Incardona, W. Gaffield, R.P. Kapur, H. Roelink
The teratogenic Veratrum alkaloid cyclopamine inhibits sonic hedgehog signal transduction
Dewelopment, 125 (1998), pp. 3553-3562

J. Jensen, E.E. Pedersen, P. Galante, J. Hald, R.S. Heller, M. Ishibashi, R. Kageyama, F. Guillemot, P. Serup, O.D. Madsen
Control of endodermal endocrine development by Hes-1
Nat. Genet., 24 (2000), pp. 3644

R.O. Karlstrom, W.S. Talbot, A.F. Schier
Comparative synteny cloning of zebrafish you-too: Mutations in the Hedgehog target gli2 affect ventral forebrain patterning
Genes Dev., 13 (1999), pp. 388-393

S.K. Kim, M. Hebrok
Intercellular signals regulating pancreas development and function
Genes Dev., 15 (2001), pp. 111-127

S.K. Kim, M. Hebrok, D.A. Melton
Notochord to endoderm signaling is required for pancreas development
Dewelopment, 124 (1997), pp. 4243-4252

S.K. Kim, M. Hebrok, D.A. Melton
Pancreas development in the chick embryo
Cold Spring Harbor. Symp. Quant. Biol., 62 (1997), pp. 377-383

S.K. Kim, D.A. Melton
Pancreas development is promoted by cyclopamine, a hedgehog signaling inhibitor
Proc. Natl. Acad. Sci. USA, 95 (1998), pp. 13036-13041

C.B. Kimmel, W.W. Ballard, S.R. Kimmel, B. Ullmann, T.F. Schilling
Stages of embryonic development of the zebrafish
Dev. Dyn., 203 (1995), pp. 253-310

S. Krauss, J.P. Concordet, P.W. Ingham

A functionally conserved homolog of the Drosophila segment polarity gene hh is expressed in tissues with polarizing activity in
zebrafish embryos

Cell, 75 (1993), pp. 1431-1444

N. Le Douarin
On the origin of pancreatic endocrine cells
Cell, 53 (1988), pp. 169-171

H. Li, S. Arber, T.M. Jessell, H. Edlund
Selective agenesis of the dorsal pancreas in mice lacking homeobox gene Hixb9
Nat. Genet., 23 (1999), pp. 67-70

J. Liao, J. He, T. Yan, V. Korzh, Z Gong
A class of neuroD-related basic helix-loop-helix transcription factors expressed in developing central nervous system in zebrafish
DNA Cell Biol., 18 (1999), pp. 333-344

W.M. Milewski, S.J. Duguay, S.J. Chan, D.F. Steiner
Conservation of PDX-1 structure, function, and expression in zebrafish
Endocrinology, 139 (1998), pp. 1440-1449



35

36

37

38

39

40

41

42

43

45

46

47

48

49

50

C.P. Miller, R.E. McGehee Jr., J.F. Habener

IDX-1: A new homeodomain transcription factor expressed in rat pancreatic islets and duodenum that transactivates the
somatostatin gene

EMBO J., 13 (1994), pp. 1145-1156

F.J. Naya, H.P. Huang, Y. Qiu, H. Mutoh, F.J. DeMayo, A.B. Leiter, M.J. Tsai
Diabetes, defective pancreatic morphogenesis, and abnormal enteroendocrine differentiation in BETA2/neuroD-deficient mice
Genes Dev., 11 (1997), pp. 2323-2334

W. Norris, C. Neyt, P.W. Ingham, P.D. Currie
Slow muscle induction by Hedgehog signalling in vitro
J. Cell Sci., 113 (2000), pp. 2695-2703

M.F. Offield, T.L. Jetton, P.A. Labosky, M. Ray, RW. Stein, M.A. Magnuson, B.L. Hogan, C.V. Wright
PDX-1 is required for pancreatic outgrowth and differentiation of the rostral duodenum
Development, 122 (1996), pp. 983-995

H. Ohlsson, K. Karlsson, T. Edlund
IPF1, a homeodomain-containing transactivator of the insulin gene
EMBO J., 12 (1993), pp. 4251-4259

E. Oxtoby, T. Jowett
Cloning of the zebrafish krox-20 gene (krx-20) and its expression during hindbrain development
Nucleic Acids Res., 21 (1993), pp. 1087-1095

A.C. Percival, J.M. Slack
Analysis of pancreatic development using a cell lineage label
Exp. Cell Res., 247 (1999), pp. 123-132

E. Raz, H.G. van Luenen, B. Schaerringer, R.H. Plasterk, W. Driever
Transposition of the nematode Caenorhabditis elegans Tc3 element in the zebrafish Danio rerio
Curr. Biol., 8 (1998), pp. 82-88

D.H. Rowitch, B. S-Jacques, S.M. Lee, J.D. Flax, E.Y. Snyder, A.P. McMahon
Sonic hedgehog regulates proliferation and inhibits differentiation of CNS precursor cells
J. Neurosci., 19 (1999), pp. 8954-8965

M. Sander, A. Neubuser, J. Kalamaras, H.C. Ee, G.R. Martin, M.S. German
Genetic analysis reveals that PAX6 is required for normal transcription of pancreatic hormone genes and islet development
Genes Dev., 11 (1997), pp. 1662-1673

M. Sander, L. Sussel, J. Conners, D. Scheel, J. Kalamaras, F. Dela Cruz, V. Schwitzgebel, A. Hayes-Jordan, M. German
Homeobox gene Nkx6.1 lies downstream of Nkx2.2 in the major pathway of beta-cell formation in the pancreas
Dewelopment, 127 (2000), pp. 5533-5540

H.E. Schauerte, F.J. van Eeden, C. Fricke, J. Odenthal, U. Strahle, P. Haffter
Sonic hedgehog is not required for the induction of medial floor plate cells in the zebrafish
Dewelopment, 125 (1998), pp. 2983-2993

L. St-Onge, B. Sosa-Pineda, K. Chowdhury, A. Mansouri, P. Gruss
Pax6 is required for differentiation of glucagon-producing alpha-cells in mouse pancreas
Nature, 387 (1997), pp. 406-409

L. Sussel, J. Kalamaras, D.J. Hartigan—O'Connor, J.J. Meneses, R.A. Pedersen, J.L. Rubenstein, M.S. German
Mice lacking the homeodomain transcription factor Nkx2.2 have diabetes due to arrested differentiation of pancreatic beta cells
Dewelopment, 125 (1998), pp. 2213-2221

J. Taipale, J.K. Chen, M.K. Cooper, B. Wang, RK. Mann, L. Milenkovic, M.P. Scott, P.A. Beachy
Effects of oncogenic mutations in Smoothened and Patched can be reversed by cyclopamine
Nature, 406 (2000), pp. 1005-1009

M. Thomas, J. Lee, N. Rastalsky, J. Habener
Hedgehog signaling regulation of homeodomain protein islet duodenum homeobox-1 expression in pancreatic -cells

—_ R 4 AR IAAAAN . AAAA AnAn



51

52

53

ENCAOCNNOIOgY, 144 (ZUUT1), PP. 1USS-1U4U

ZM. Varga, A. Amores, K.E. Lewis, Y.L. Yan, J.H. Postlethwait, J.S. Eisen, M. Westerfield
Zebrafish smoothened functions in ventral neural tube specification and axon tract formation
Dewelopment, 128 (2001), pp. 3497-3509

R.M. Warga, C. Nusslein-Volhard
Origin and development of the zebrafish endoderm
Dewelopment, 126 (1999), pp. 827-838

J.M. Wells, D.A. Melton
Early mouse endoderm is patterned by soluble factors from adjacent germ layers
Dewelopment, 127 (2000), pp. 1563-1572

M. Westerfield
The Zebrafish Book: Guide for the Laboratory Use of Zebrafish (Danio rerio), Univ. of Oregon Press, Eugene (1995)

These authors contributed equally to this work.
Present address: Diabetes Division, University of Massachusetts Medical School, Worcester, MA 01605.

To whom correspondence should be addressed at Department of Physiology, Tufts University School of Medicine, 136 Harrison Avenue,
Boston, MA 02111. Fax: (617) 636-4719. E-mail: larry.moss@tufts.edu.

Copyright © 2002 Elsevier Science (USA). Al rights resened.

ELSEVIER

About ScienceDirect Remote access Shopping cart Contact and support  Terms and conditions  Privacy policy

Cookies are used by this site. For more information, visit the cookies page.
Copyright © 2017 Elsevier B.V. or its licensors or contributors. ScienceDirect ® is a registered trademark of Elsevier B.V.

& _RELX Group™


https://www.elsevier.com/
https://www.elsevier.com/solutions/sciencedirect
http://www.sciencedirect.com/science/activateaccess
http://www.sciencedirect.com/science?_ob=ShoppingCartURL&_method=display&md5=3ff44acb300f01481824c54a2973d019
https://service.elsevier.com/app/contact/supporthub/sciencedirect/
https://www.elsevier.com/legal/elsevier-website-terms-and-conditions
https://www.elsevier.com/legal/privacy-policy
https://www.elsevier.com/solutions/sciencedirect/support/cookies
https://www.relx.com/

	Developmental Biology
	Regular Article Sonic hedgehog Is Required Early in Pancreatic Islet Development
	Abstract
	Keywords
	References
	REFERENCES



