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Mutations in the homeobox gene vHnf1 are associated with human diseases MODY5 (maturity-onset diabetes
of the young, type V) and familial GCKD (glomerulocystic kidney disease). In an insertional mutagenesis
screen in zebrafish, we isolated mutant alleles of vhnf1. Phenotypes of these mutants include formation of
kidney cysts, underdevelopment of the pancreas and the liver, and reduction in size of the otic vesicles. We
show that these abnormalities arise from patterning defects during development. We further provide evidence
that vhnf1 regulates the expression of key patterning genes for these organs. vhnf1 is required for the proper
expression of pdx1 and shh (sonic hedgehog) in the gut endoderm, pax2 and wt1 in the pronephric primordial,
and valentino (val) in the hindbrain. Complementary to the loss-of-function phenotypes, overexpression of
vhnf1 induces expansion of the val expression domain in the hindbrain. We propose that vhnf1 controls
development of multiple organs through regulating regional specification of organ primordia. The similarity
between vhnf1-associated fish phenotypes and human symptoms suggests a correlation between
developmental functions of vhnf1 and the molecular etiology of MODY5 and GCKD.
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Organogenesis in vertebrates is not well understood. Ze-
brafish is an excellent model system for studying organo-
genesis. The embryo is transparent and develops ex
utero, enabling easy observation of multiple internal or-
gans during development. The conservation of organo-
genesis between zebrafish and mammals has already
been shown for several organs, including the kidney (for
review, see Drummond 2000). Furthermore, zebrafish is
accessible to genetic screens. In a large insertional mu-
tagenesis screen in the zebrafish with the goal of identi-
fying a significant fraction of the genes required for ver-
tebrate development (G. Golling, A. Amsterdam, Z. Sun,
M. Antonelli, E. Maldonado, W. Chen, S. Burgess, M.
Haldi, K. Artzt, S. Farrington, S.-Y. Lin, R.M. Nissen, M.
Lee, and N. Hopkins, in prep.), we identified mutants
affecting the development of internal organs. Three of
these are alleles of the zebrafish homolog of the ho-
meobox gene vHnf1 (variantHnf1, also known asHnf1�,
LF-B3, or TCF2). Mutations in vHnf1 are associated with

the human diseases MODY5 (maturity-onset diabetes of
the young, type V) and familial GCKD (glomerulocystic
kidney disease) (Horikawa et al. 1997; Nishigori et al.
1998; Lindner et al. 1999; Bingham et al. 2001).
MODY is a form of dominantly inherited type II dia-

betes mellitus characterized by pancreatic �-cell dys-
function with an onset age of 25 years or younger. Dis-
tinctive from other subtypes of MODY, MODY5 is also
associated with nondiabetic, early-onset renal diseases
(Horikawa et al. 1997; Nishigori et al. 1998; Lindner et
al. 1999). GCKD is a kidney disease characterized by
cystic dilatation of the Bowman space and the initial
proximal convoluted tubule. It can occur sporadically or
as an autosomal dominant inheritable disorder. Some
GCKD patients display early-onset diabetes or impaired
glucose tolerance (Rizzoni et al. 1982; Bingham et al.
2001). Genetic heterogeneity and hypoplastic subtypes
account for part of the clinical spectrum of renal and
diabetic symptoms of MODY5 and familial GCKD. Al-
though the molecular etiology of MODY5 and GCKD is
unknown, the association of vHnf1 with the renal and
pancreatic symptoms of these two diseases indicates
that vHnf1 is involved in the development and/or the
functions of the kidney and the pancreas.
vHnf1 is highly homologous toHnf1, which is the cau-
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sal gene for another form of MODY, MODY3 (Yamagata
et al. 1996). Both Hnf1 and vHnf1 are composed of an
N-terminal dimerization domain, a variant homeodo-
main and a C-terminal transactivation domain. They can
form homo- or heterodimers with each other and can
recognize the same binding site (for review, see Tronche
and Yaniv 1992). However, the in vivo targets of vHnf1
remain unidentified. In mouse Hnf1 and vHnf1 are ex-
pressed in overlapping yet distinctive patterns. Hnf1 is
expressed in liver, kidney, intestine, pancreas, and stom-
ach, while vHnf1 is expressed earlier in primitive endo-
derm, visceral endoderm, then in neural tube, gut, pan-
creas, kidney, and liver (Ott et al. 1991; Cereghini et al.
1992; Lazzaro et al. 1992; Barbacci et al. 1999; Coffinier
et al. 1999). In both the liver and the kidney, the expres-
sion of vHnf1 precedes that of Hnf1, indicating that
vHnf1 and Hnf1may play distinct roles in development.
Hnf1-deficient mice are afflicted with type II diabetes,
renal Fanconi syndrome, hepatic dysfunctions, and hy-
percholesterolemia (Pontoglio et al. 1996; Shih et al.
2001). vHnf1-deficient mice die shortly after implanta-
tion with abnormal visceral endoderm (Barbacci et al.
1999; Coffinier et al. 1999), precluding a detailed analysis
of the role of vHnf1 at later stages.
The mutant embryos of all three zebrafish vhnf1 alle-

les isolated in this screen can survive to day 5 of devel-
opment when major organs are well-formed and func-
tional in wild-type embryos. These mutants show under-
development of the liver and the pancreas, cyst
formation in the pronephros, and in two strong alleles,
reduction in size of the otic vesicles. Our data suggest
that these abnormalities arise from patterning defects in
primordia of gut, pronephros, and hindbrain. Our data
also allow us to place vhnf1 in genetic networks that
control the regional specification of these primordia.
Analysis of the vhnf1 mutants may provide insight into
mechanisms underlying vHnf1-associated human dis-
eases.

Results

Isolation and characterization of the zebrafish vhnf1

In a large-scale insertional mutagenesis screen underway
in our laboratory, we isolated hi548, hi1843, and hi2169,
due to cystic kidney formation in mutant embryos. Se-
quence analysis of junction fragments flanking proviral
insertions associated with each mutant revealed that
these insertions are located in a gene encoding a protein
highly homologous to the human vHnf1, with an overall
similarity of 83.1%, an almost identical homeodomain
and a similarity of 81.1% within the transactivation do-
main (G. Golling, A. Amsterdam, Z. Sun, M. Antonelli,
E. Maldonado, W. Chen, S. Burgess, M. Haldi, K. Artzt, S.
Farrington, S.-Y. Lin, R.M. Nissen, M. Lee, and N. Hop-
kins, in prep.) (GenBank accession number AF430840;
Fig. 1A).
In hi548 a proviral insertion is located in an intron, 6

bp away from the 5�-side exon–intron boundary (Fig. 1B).
Only two truncated vhnf1 transcripts but no detectable

wild-type transcripts are produced in homozygous mu-
tant embryos (Fig. 1C). In one aberrant form, a single
exon immediately preceding the insertion site is skipped
(Fig. 1B, form I). The resulting in-frame deletion (nucleo-
tides 1503–1682 in cDNA) leads to deletion of amino
acids 450 to 509, a region within the transactivation do-
main. In the other aberrant form, an additional 5�-side
exon is skipped (Fig. 1B, form II). The resulting frame-
shift deletion (nucleotides 1376–1682 in cDNA) disrupts
the protein sequence after amino acid 411 and leads to a
premature stop codon. In hi1843 the proviral insertion is
located in an exon (Fig. 1B) between nucleotides 744 and
745 (of the cDNA). In hi2169 the proviral insertion is
located in the first coding exon (Fig. 1B) between nucleo-
tides 361 and 362 (of the cDNA). vhnf1mRNA levels are
drastically reduced in both hi1843 and hi2169 (Fig. 1C).
Both hi1843 and hi2169 failed to complement hi548.

Therefore, we concluded that hi548, hi1843, and hi2169
are alleles of vhnf1. As discussed below, further support
that vhnf1 is the responsible gene comes from partial
rescue of the mutant phenotype of hi2169 by vhnf1
mRNA injection.
In hi1843 and hi2169 mutant embryos, otic vesicles

are reduced in size (see below). In contrast, hi548 mutant
embryos are morphologically indistinguishable from
wild type until around 50 hpf (hour postfertilization),
when kidney cysts start to form. Kidney cysts become
more prominent and severe edemas develop with time in
all three mutants (see below). On day 5 of development,
neither the liver, nor the pancreas can be detected under
a dissecting-scope in all three mutants, whereas both are
visible in wild-type embryos.

vhnf1 expression during development

We next investigated the expression of vhnf1 during em-
bryogenesis. Transcripts of vhnf1 are absent from early
embryos but become detectable at between the 256-cell
and the 1000-cell stage by RT–PCR (Fig. 2A). The ze-
brafish midblastula transition (MBT) begins at the 512-
cell stage (Kimmel et al. 1995). Therefore, vhnf1 is an
early zygotic gene. vhnf1 expression persists through at
least day 5 of development, the last time point analyzed
(Fig. 2A).
In situ hybridization experiments revealed dynamic

expression patterns of vhnf1 during development. Spe-
cific vhnf1 expression domains first emerge at the end of
gastrulation, as two patches in the presumptive hind-
brain (Fig. 2B). During the early segmentation period,
these two patches appear to have fused at the dorsal mid-
line. This expression domain has a sharp anterior border,
extends caudally into the presumptive spinal cord, and
tapers off gradually (Fig. 2C). By the 8-somite stage, the
expression in the hindbrain has already regressed (data
not shown).
At the 4-somite stage, vhnf1 expression also appears in

the intermediate mesoderm (Fig. 2D). This expression
domain similarly has a sharp anterior border and a more
diffuse posterior border. The paired-box-containing gene
pax2 is expressed in the intermediate mesoderm that is
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destined to become the pronephric tubule and ducts
(Drummond et al. 1998; Serluca and Fishman 2001).
Double in situ hybridization with pax2 and vhnf1 probes
indicated that the vhnf1 expression domain in the inter-
mediate mesoderm colocalized with that of pax2 (data
not shown). vhnf1 expression in the kidney field persists
through the pharyngula period. From the early pharyn-
gula period, vhnf1 also starts to be expressed in the pre-
sumptive foregut endoderm and weakly in the hindgut
endoderm (Fig. 2E). At 38 hpf vhnf1 is strongly expressed
in the foregut and the entire length of the pronephric
tubules and ducts (Fig. 2F).

vhnf1 regulates the patterning of the gut endoderm

Several digestive organs are affected by vhnf1 inactiva-
tion. On histological sections of wild-type embryos at 72
hpf, the liver is well-formed, with differentiated hepato-
cytes showing typical vacuolar structures of stored sub-
stances (Fig. 3A). The pancreas has formed as well with a
single islet surrounded by exocrine cells (data not

shown). In sections of hi548 mutant embryos, the liver is
underdeveloped and the hepatocytes appear undifferen-
tiated (Fig. 3B). In addition, we were unable to detect a
pancreas. To confirm the underdevelopment of the pan-
creas, we performed whole-mount in situ hybridization
for the insulin gene. In wild-type embryos, a single islet
reacted strongly with the insulin probe, whereas only a
vestigial signal was detected in hi548 mutant embryos
(Fig. 3C,D). The insulin signal was completely absent in
hi2169 mutant embryos (data not shown). These data
suggest that vhnf1 is required for the development of the
liver and the pancreas.
Specific regions of the gut endoderm give rise to gut-

associated digestive organs, including the liver and the
pancreas. The liver derives from the anterior duodenal
endoderm (posterior foregut), whereas the pancreas buds
from the posterior duodenal endoderm. Because vhnf1 is
expressed in the gut endoderm before visible organogen-
esis of the liver and the pancreas, we investigated
whether it is required for the expression of several genes
that mark specific regions of the gut endoderm.

Figure 1. The zebrafish vhnf1 gene. (A) Align-
ment of amino acid sequences of human (hu)
and zebrafish (zf) vHnf1 by the Jotun Hein
method. Black boxes show identical residues.
Human vHnf1 sequence is from NM 00458.
The region C-terminal to the homeodomain is
the transactivation domain. The dimerization
domain, homeodomain, and the ADII region of
the transactivation domain are defined as be-
fore (Rey-Campos et al. 1991; Tronche and
Yaniv 1992). (B) Diagram of proviral insertion
sites in vhnf1. Only relevant exons are shown.
I and II show two transcripts resulted from
exon-skipping events in hi548 mutant em-
bryos. (C) Disruption of vhnf1 expression by
proviral insertions. Day 3 embryos from cross
of wild-type TAB fish (WT) or phenotypic em-

bryos from heterozygous crosses of hi548 (548), hi1843 (1843), and hi2169 (2169) were analyzed by RT–PCR for vhnf1 expression.
RT–PCR for the �-actin gene was performed as loading control. In lane 2 of the upper panel, two bands migrated closely to each other.
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The homeobox gene Hex is a marker for liver develop-
ment. It is expressed in the liver primordium of mouse
and chick embryos and is required for the liver organo-
genesis of mouse (Yatskievych et al. 1999; Martinez Bar-
bera et al. 2000). hhex, the zebrafish homolog of Hex, is
expressed in the liver primordium (Fig. 3E; Liao et al.
2000). In hi548 mutant embryos, this hhex expression is
reduced (Fig. 3E,F). The underdevelopment of the liver in
vhnf1 mutants may indicate that hhex is also required
for the liver development of zebrafish and is downstream
of vhnf1.
The absence of hhex expression could indicate a pat-

terning defect of the gut endoderm. Alternatively, the
formation of the gut endoderm itself could have been
disrupted. To distinguish these two possibilities, we ex-

amined the expression of hnf3�/axl, which encodes a
winged-helix transcription factor. In mouse, Hnf3�/Axl
is expressed in the gut endoderm and is required for fore-
gut morphogenesis (Ang et al. 1993; Krauss et al. 1993;
Weinstein et al. 1994; Strahle et al. 1996). In wild-type
zebrafish embryos at 26 hpf, axl expression in the gut
endoderm is restricted to the anterior foregut (Fig. 3G). In
hi548 mutant embryos, this expression is expanded into
the posterior foregut (duodenum; Fig. 3H). The caudal
expansion of the axl expression is complementary to the
reduction of the hhex expression in the anterior duode-
num. Together, these data indicate that regional specifi-
cation of the foregut endoderm is disrupted in vhnf1mu-
tants.
One important aspect of regional specification of the

Figure 2. vhnf1 expression during embryogenesis. (A) Time course of vhnf1 expression as indicated by RT–PCR. Samples were
collected at indicated stages. (B–F) Whole-mount in situ hybridization shown in dorsal views, except for D. Anterior is to the left. (B)
vhnf1 expression in tailbud-stage embryos. (C,D) vhnf1 (blue) expression in 4-somite-stage embryos. Embryos were double stained with
a krox20 (red) probe. D is in a lateral view to show the intermediate mesoderm (arrow). (E,F) vhnf1 expression in the gut (arrow), the
pronephric tubules, and ducts (arrow head) in embryos at 26 hpf (hour postfertilization; E) and 38 hpf (F).
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foregut endoderm is the restricted expression of Pdx1
and Shh. The ParaHox homeoprotein Pdx1 and the in-
tercellular signal transducer Shh are among the earliest
markers of pancreas development. In amniotes, Pdx1 and
Shh are expressed in complementary domains of the gut
endoderm. Pdx1 is expressed in the duodenal endoderm,
whereas Shh is expressed in the gut endoderm, with the
exception of the pancreatic endoderm (Guz et al. 1995;
Offield et al. 1996). The proper expression of Pdx1 and

Shh is essential for pancreas development. Recent stud-
ies suggest that Shh and Pdx1 can repress each other’s
expression and may form a regulatory loop in the gut
endoderm of chick embryos (Apelqvist et al. 1997; He-
brok et al. 1998; Kim and Melton 1998; Grapin-Botton et
al. 2001). In zebrafish embryos, pdx1 is expressed in the
presumptive duodenal endoderm (Fig. 3I; Argenton et al.
1999), whereas shh is expressed in the rostral tip of the
foregut but is absent from the presumptive duodenal en-

Figure 3. Effects of vhnf1 inactivation on gut development. Anterior is to the left. (A,B) Longitudinal sections comparing the liver
(arrow) in embryos at 72 hpf (hour postfertilization). (C–L) Whole-mount in situ hybridization in dorsal views. (C,D) insulin expression
(arrow) in 48-hpf embryos. Insets show islets at higher magnifications. (E,F) hhex expression in the presumptive liver primordium
(arrow) and the pancreatic bud (arrowhead) of 30-hpf embryos. (G,H) axl expression in the anterior foregut (arrow) of embryos at 26-hpf.
axl is also present in more anterior endoderm (pe). (I,J) pdx1 expression in the duodenal endoderm (arrow) and the pancreatic bud
(arrowhead) of 36-hpf embryos. (K,L) shh expression in the foregut (arrow) of 30-hpf embryos. Wild-type embryo, wt; hi548 mutant
embryo, 548; floor plate, fl; pharyngeal endoderm, pe.
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doderm (Fig. 3K; Roy et al. 2001). The pdx1 expression is
greatly reduced in hi548 mutant embryos (Fig. 3J) and is
nearly eliminated in hi2169 mutants (data not shown).
On the contrary, in mutant embryos, shh expression in
the anterior foregut is expanded caudally (Fig. 3L). Our
results suggest that vhnf1 may regulate regional specifi-
cation of the gut endoderm through the shh–pdx1 net-
work.

vhnf1 regulates the patterning of the pronephric
primordia

The most striking phenotype of our insertional alleles is
the formation of kidney cysts. In all three alleles, kidney
cysts start to form at around 50 hpf (data not shown) and
severe edemas develop subsequently (Fig. 4A,B). The pro-
nephros is the functional kidney of the zebrafish embryo
and larva. It contains a pair of fused glomeruli, which lie

ventral to the notochord and dorsal aorta. The glomeruli
are connected laterally via a pair of pronephric tubules to
the pronephric ducts, which run along both sides of the
fish and eventually fuse at the midline and exit the em-
bryo at the anus (Fig. 4C; Kimmel et al. 1995; Drum-
mond et al. 1998). Tissue cross-sections show that at 54
hpf, the fused glomeruli are present in hi548 mutant em-
bryos (Fig. 4D,E). However, the pronephric tubules are
disrupted (Fig. 4D,E). Immuno-staining revealed even
earlier defects. In 38-hpf embryos, the �6F antibody (De-
velopmental Studies Hybridoma Bank), which recog-
nizes a subunit of the chick Na+/K+ ATPase, reacts
strongly with the entire pronephric duct and stains the
forming pronephric tubules at the tip of the ducts. At
this stage, hi548 embryos are morphologically indistin-
guishable from wild-type animals. However, in about a
quarter of the embryos from a heterozygous cross, the
�6F staining in the tubules is absent (Fig. 4F,G). Subse-

Figure 4. Effects of vhnf1 inactivation on pronephros development. Anterior is to the left, except for D and E. (A,B) Embryos raised
in fish water containing PTU (1-phenyl-2-thiourea; Westerfield 1993) on day 4 of development showing kidney cyst (arrow) and
pericardiac edema (arrowhead) in lateral views. (C) Schematic diagram of the zebrafish pronephros in a dorsal view. Posterior parts of
the ducts are not shown. (D,E) Cross-sections comparing the proneprhic tubules (arrowheads) and glomeruli (arrows) in embryos at 54
hpf (hour postfertilization). (F,G) Whole-mount antibody staining with �6F on 38 hpf embryos in dorsal views. Pronephric tubules
(arrowheads) started to form at the tip of pronephric ducts (arrows). (H–K) Whole-mount in situ hybridization on 38-hpf embryos in
dorsal views. (H,I) pax2.1 expression in pronephric tubules (arrows) and ducts. (J,K) wt1 expression in the future glomeruli (arrows).
Wild-type embryo, wt; hi548 mutant embryo, 548; notochord, nc; neural tube, nt.
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quent genotyping experiments verified that these em-
bryos were homozyous for the hi548 proviral insertion.
This result suggests that the pronephric tubules are the
primary sites affected by vhnf1-deficiency prior to cyst
formation in the kidney.
This early defect prompted us to investigate the ex-

pression of genes involved in the patterning of the pro-
nephric primordia. The paired-domain protein Pax2 and
the zinc-finger containing Wt1 are two transcription fac-
tors critical during renal development. In mouse both
Pax2 and Wt1 are expressed in kidney anlagen and are
required for kidney development (Pritchard-Jones et al.
1990; Armstrong et al. 1993; Kreidberg et al. 1993; Rack-
ley et al. 1993; Rothenpieler and Dressler 1993; Torres et
al. 1995). In zebrafish embryos at 38 hpf, pax2.1 is ex-
pressed in the pronephric tubules and the anterior pro-
nephric ducts (Fig. 4H; Krauss et al. 1991; Majumdar et
al. 2000). Meanwhile, wt1 is expressed in the future glo-
merulus (Fig. 4J; Majumdar et al. 2000; Serluca and Fish-
man 2001), complementary to pax2 expression. In hi548
mutant embryos, the pax2 expression in the tubules is
absent (Fig. 4I). Complementarily, the wt1 expression in
the future glomerulus is expanded mediolaterally to re-
gions corresponding to the future pronephric tubules in
wild-type embryos (Fig. 4J,K). These data suggest that
this region has adopted molecular attributes of the future
glomeruli. We also examined pax2.1 and wt1 expression
in hi2169 embryos and observed similar changes (data
not shown). Therefore, inactivation of vhnf1 leads to
transformations at the molecular level in kidney devel-
opment.

vhnf1 regulates the patterning of the hindbrain

The strong alleles hi1843 and hi2169 revealed additional
functions of vhnf1. In mutant embryos of these two al-
leles, otic vesicles are reduced in size (Fig. 5A,B). During
development, vhnf1 expression is detected in the hind-
brain but not in the otic vesicles (Fig. 2C). The hindbrain
is involved in the induction of the otic vesicles (Phillips
et al. 2001); thus the reduction in size of the otic vesicles
may result from patterning defects in the hindbrain. To
test this hypothesis, we first investigated the hindbrain
expression of vhnf1 in detail. The hindbrain is subdi-
vided transiently into a series of rhombomeres along the
anterior–posterior (AP) axis. The presumptive rhombo-
meres 3 and 5 (r3 and r5) are marked by the expression of
krox20, which encodes a zinc-finger transcription factor
(Gilardi et al. 1991; Oxtoby and Jowett 1993). Double in
situ hybridization with krox20 and vhnf1 probes re-
vealed that the anterior border of vhnf1 expression coin-
cided with that of r5 (Fig. 2C). We next tested whether
the r5 expression of krox20 was affected by vhnf1 inac-
tivation. In hi2169 mutant embryos, the r5 krox20 ex-
pression is diminished, whereas the r3 expression re-
mains (Fig. 5C,D). Immediately anterior to r5, r4 is
marked by hoxb1 expression (Prince et al. 1998).
Complementary to the loss of the r5 krox20 expression,
the r4 expression of hoxb1 expands caudally in hi2169
mutant embryos (Fig. 5E,F), suggesting that r5 takes on
molecular attributes of r4 as a result of vhnf1 inactiva-
tion.
vhnf1 could regulate the expression of krox20 and

Figure 5. Hindbrain patterning is affected by vhnf1 inactivation. Anterior is to the left. (A,B) Otic vesicles (arrows) in embryos at the
25-somite stage in lateral views. (C–H) Whole-mount in situ hybridization in dorsal views. In C, D, G, and H embryos were double
stained with a pax2.1 probe (blue) to show relative positions. (C, D) krox20 (red) expression in 8-somite stage embryos. (E,F) hoxb1
expression in 4-somite stage embryos. (G,H) valentino expression (red) in embryos at the 4-somite stage. Wild-type embryo, wt; hi2169
mutant embryo, 2169.

vhnf1 in zebrafish development

GENES & DEVELOPMENT 3223

 Cold Spring Harbor Laboratory Press on March 28, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


hoxb1 directly, or it could do so through other factors.
valentino (val) is the zebrafish homolog of the mouse
bZIP transcription factor Kreisler (Kr) and is expressed in
r5 and r6 (Moens et al. 1998). In val mutants, the otic
vesicles are reduced in size, the expression of the hoxb1
gene is expanded posteriorly, and the r5 krox20 expres-
sion is diminished (Prince et al. 1998), reminiscent of
what is observed in hi2169 mutants. We, therefore, in-
vestigated the hindbrain expression of val in hi2169 em-
bryos. In mutant embryos, the val expression in both r5
and r6 is nearly eliminated (Fig. 5G,H). In addition, we
observed touch insensitivity and an ectopic cluster of
cells that resemble the interhyal cartilage at the tip of
the first ceratobranchial (data not shown), just as in val
mutants (Moens et al. 1998). The similarity between the
phenotypes of hi2169 and val mutants and the require-
ment of vhnf1 for val expression support the hypothesis
that vhnf1 acts upstream of val to regulate hindbrain
patterning.

Partial rescue of hi2169 phenotype

The early requirement of vhnf1 activity for the hindbrain
val expression provided us an avenue to test whether
vhnf1 can rescue our mutants. We injected vhnf1
mRNA into hi2169 embryos and performed in situ hy-
bridization for the val gene. All vhnf1-injected embryos
were positive for val expression, including embryos ho-
mozygous for the hi2169 insertion (14 out of 42 and 7 out
of 27 tested embryos were homozygous for hi2169 in
two independent experiments). As controls, all vhnf1−/−

embryos were negative for val expression when in-
jected with LacZ mRNA, verifying that mutations in
vhnf1 cause the phenotypes observed in our mutants.
The restoration of val expression by vhnf1 mRNA
also supports the hypothesis that vhnf1 is upstream of
val.

Effects of vhnf1 overexpression

All the above data support the hypothesis that vhnf1
regulates the regional specification of multiple-organ pri-
mordia. We tested this hypothesis further in the hind-
brain. If vhnf1 is a key regional specification factor of the
hindbrain, overexpression of it may be able to confer
attributes of rhombomeres that normally express vhnf1
to other regions. We overexpressed vhnf1 by injecting
mRNA into embryos at the 1- to 4-cell stage. In vhnf1
mRNA injected embryos, val expression is expanded an-
teriorly with a diffuse border (Fig. 6A,B). Complementa-
rily, the r4 hoxb1 expression is regressed rostrally, with
only a residual signal left in the most anterior part of r4
(Fig. 6C,D). In some embryos, the entire r4 hoxb1 expres-
sion is eliminated (data not shown). Consistent with the
expansion of the val expression, the r5 krox20 expression
is expanded, whereas the r3 krox20 is not affected (Fig.
6E,F). As a control, LacZ mRNA injection did not change
the expression of val, hoxb1, or krox20 (Fig. 6A,C,E).
Interestingly, ectopic val and krox20 expression can only
be detected in regions neighboring their normal expres-
sion domains, suggesting combinatorial regulation of val
and krox20 expression by vhnf1 and other factors. In
summary, as indicated by the expansion of val and
krox20 expression and the absence of hoxb1 expression,
r4 takes on molecular attributes of r5 as a result of vhnf1
overexpression.

Discussion

Zebrafish vhnf1 gene is the causal gene for hi548,
hi1843, and hi2169

Zebrafish mutants hi548, hi1843, and hi2169 belong to a
single complementation group and are each linked to a
proviral insertion located in a gene that is highly ho-
mologous to the human and mouse vHnf1 gene. The

Figure 6. Effects of vhnf1 overexpression
on hindbrain patterning. All show whole-
mount in situ hybridization on embryos at
the 4-somite stage in dorsal views. Ante-
rior is to the left. (A,B) val expression.
(C,D) hoxb1 expression. (E,F) krox20 ex-
pression. LacZ,embryo injected with LacZ
mRNA; vhnf1, embryo injected with
vhnf1 mRNA.
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homology between the fish protein and the human
vHnf1 encompasses the entire sequence, including the
transactivation domain, which defines the difference be-
tween Hnf1 and vHnf1. In addition, the fish gene is ex-
pressed in a similar spatial and temporal pattern as the
mouse vHnf1 gene, indicating that it is the fish vHnf1
homolog. Injection of vhnf1 mRNA can rescue val ex-
pression in hi2169 mutant embryos, providing further
evidence that mutations in vhnf1 are responsible for all
three mutants.
In hi1843 and hi2169 mutant embryos, vhnf1 expres-

sion is below the level of detection, suggesting that they
are null or strong hypomorphic alleles. In hi548 mutant
embryos, altered messages are produced. Hi548 mutant
embryos display similar kidney, liver, and pancreas phe-
notypes as hi1843 and hi2169 mutants but lack the hind-
brain phenotype. In addition, the hi548 mutation has
milder effects on the expression of several downstream
genes, such as pdx1 and the insulin gene. Together, these
data suggest that hi548 is hypomorphic to hi1843 and
hi2169.

vhnf1 regulates regional specification of the gut,
kidney, and hindbrain primordia

In this study, we showed that vhnf1 plays similar roles in
the development of multiple organs. Mutations in vhnf1
lead to transformation of the gene expression profile
along the AP axis in the gut endoderm and the hindbrain
primordium and mediolaterally in the pronephric pri-
mordium. In addition, misexpression of vhnf1 can confer
molecular characteristics of regions that normally ex-
press vhnf1 to regions more rostral in the hindbrain.
These data suggest that vhnf1 is a key regulator of re-
gional specification during the development of these or-
gans (Fig. 7).
In all vertebrates, gut-associated organs start to form

by swelling and budding of specific regions of the gut
endoderm. Before the onset of visible organogenesis, the
expression of several genes is already restricted (for re-
view, see Grapin-Botton and Melton 2000). The expres-
sion of Shh and Pdx1 in the gut endoderm is under strict
temporal and spatial control and this regulation is essen-
tial for pancreas development in amniotes (Offield et al.
1996; Apelqvist et al. 1997; Hebrok et al. 1998; Grapin-

Botton et al. 2001). How regional specification is
achieved for the seemingly uniform sheet of endoderm
cells is a long-standing question. Our results show that
vhnf1 is required for the expression of pdx1 in the duo-
denal endoderm and the repression of shh expression in
the same region. Intriguingly, Hnf1/vHnf1-consensus-
binding sites can be found within the conserved region of
the mammalian Pdx1 enhancer (Ben-Shushan et al.
2001), suggesting that Hnf1 or vHnf1 may regulate Pdx1
expression directly. We propose that inactivation of
vhnf1 causes imbalance of the pdx1–shh network, which
in turn leads to underdevelopment of the liver and the
pancreas (Fig. 7A). The expression domain of vhnf1 ex-
tends beyond that of pdx1, indicating that other factors
are involved as well. Multiple approaches will provide
insight to the complex regulation of regional specifica-
tion of the gut endoderm, including cloning of respon-
sible genes for additional zebrafish gut mutants.
Results from this study indicate a high level of con-

servation between pancreatic development in zebrafish
and higher vertebrates. shh expression is repressed in the
pancreatic endoderm of wild-type zebrafish embryos,
just as in amniotes (Fig. 3K; Roy et al. 2001). In addition,
we observed expansion of shh expression into the pan-
creatic endoderm, reduction of pdx1 expression in this
region, and underdevelopment of the pancreas in vhnf1
mutants. Together, these data suggest that the repres-
sion of shh in the duodenal endoderm is important for
the pancreas specification of zebrafish as well. A recent
study showed that the specification of the zebrafish
pancreas requires the activities of hedgehog (Hh) pro-
teins and that overexpression of shh can induce ectopic
pdx1 expression (Roy et al. 2001). These results seem to
indicate a contrasting role of shh in pancreas develop-
ment of zebrafish to that in amniotes (Roy et al. 2001),
and seem to contradict our hypothesis. However, it is
possible that shh plays different roles in distinct steps
during regional specification of the gut endoderm and
that different stages of gut specification may be targeted
in different experiments. Targeted expression of shh in
the pancreatic endoderm of zebrafish embryos at later
stages may help to clarify the degree of conservation be-
tween the pancreatic development in zebrafish and am-
niotes.
Glomeruli, tubules, and ducts arises de novo from the

Figure 7. Models for vhnf1 functions in
the development of the gut endoderm, the
pronephros, and the hindbrain. (A) vhnf1
activates the pdx1 expression and subse-
quently regulates the regional specifica-
tion of the foregut endoderm via the shh-
pdx1 network. (B) vhnf1 regulates regional
specification of the pronephric primordia
through the pax2–wt1 network. (C) vhnf1,
during hindbrain development, establishes
the anterior border of the val expression,
subsequently activates the r5 krox20 ex-
pression, and maintains the posterior bor-
der of the r4 hoxb1 expression.
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intermediate mesoderm to form the pronephos of ze-
brafish (Drummond et al. 1998; Serluca and Fishman
2001). Proper regional specification has to be achieved
for the cells in the intermediate mesoderm to adopt dis-
tinct fates. Our results show that in vhnf1 mutants, �6f
signal in the future tubules is lost while wt1 expression
is expanded into the same region, indicating a molecular
transformation from the tubular to the glomerular char-
acteristics. pax2 seems to contribute to cell fate choices
between tubular and glomerular cells (Majumdar et al.
2000). We show that the vhnf1 expression and the pax2
expression in the intermediate mesoderm colocalize and
that vhnf1 is required for the pax2 expression in the fu-
ture tubules. Furthermore, a consensus site for vHnf1
can be found in the upstream region of mammalian
Pax2, although the significance of this site is unknown.
We propose that vhnf1 activates the expression of pax2,
which in turn regulates regional specification of the
pronephric primordia (Fig. 7B). It has been shown that
pax2 and wt1 can repress each other’s expression un-
der certain conditions (for review, see Dressler 1995).
Thus vhnf1 may inhibit wt1 expression indirectly
through pax2 (Fig. 7B). In noi, a zebrafish pax2 mu-
tant, �6F staining in both the pronephric tubules and the
anterior ducts is lost (Majumdar et al. 2000). In contrast,
in vhnf1mutants, only staining in the tubules is affected
(Fig. 4F,G). That vhnf1 inactivation only affects pax2
expression in the tubules (Fig. 4H,I) may explain this
difference and may indicate that other factors are in-
volved in establishing the posterior border of pax2 ex-
pression.
Similarly, the vertebrate hindbrain is specified

through multiple steps. Although Val/Kr is one of the
earliest factors known to regulate hindbrain patterning,
the restricted pattern of val expression indicates that the
onset of the regional specification of the hindbrain pri-
mordium is an earlier event. We found that the anterior
expression border of vhnf1 overlaps with that of val. In-
activation of vhnf1 leads to strikingly similar molecular
consequences, as well as morphological phenotypes in
the hindbrain, the otic vesicle, and the head skeleton as
inactivation of val. Furthermore, val expression is lost in
vhnf1 mutants and conversely vhnf1 overexpression can
induce the expression of val. Taken together, these data
suggest that vhnf1 regulates hindbrain patterning by ac-
tivating val expression (Fig. 7C). val is probably a direct
target of vhnf1, because consensus binding sites for
vHnf1 can be found within the upstream region of mam-
malian Val/Kr, although whether these sites are devel-
opmentally relevant is unknown. The vhnf1 expression
domain extends more posteriorly than that of val, sug-
gesting that vhnf1 is involved in setting the anterior
boundary and that other factors are involved in specify-
ing the posterior border of val expression. The vhnf1-
induced anterior expansion of val expression is consis-
tent with this hypothesis. The spatially restricted ex-
pression of vhnf1 in the hindbrain arises almost
simultaneously with val. What establishes the expres-
sion domain of vhnf1 is a question that requires further
investigation.

Probable association of the developmental functions
of vhnf1 with human diseases

In both human and zebrafish, the kidney and the pan-
creas are two of the main organs affected by mutations in
vhnf1. In addition, retarded motor development was
noted for one MODY5 patient (Lindner et al. 1999).
Therefore, there is a correlation between vhnf1-associ-
ated fish phenotypes and human symptoms. Our mu-
tants could serve as model systems to studyMODY5 and
GCKD.
Mutations in Pdx1 are associated with MODY4 (Stof-

fers et al. 1997). Our results suggest that vhnf1 functions
upstream of pdx1 to regulate pancreatic development,
raising the possibility that other components of this
pathway might contribute to pancreatic diseases as well.
We also show that vhnf1 functions in the same genetic
network as pax2 and wt1 to regulate patterning of the
pronephros. Mutations in both Pax2 and Wt1 are associ-
ated with human syndromes that have renal symptoms
(Burgin et al. 1990; Pelletier et al. 1991; Eccles and
Schimmenti 1999; Patek et al. 1999). Therefore multiple
genes in this pathway are associated with human kidney
diseases. Dissecting this network may provide new av-
enues for identifying novel genetic components of renal
diseases.
In transfection experiments, vHnf1 can regulate the

expression of several genes directly involved in adult or-
gan functions, such as the insulin gene in the pancreas
(Okita et al. 1999) and the albumin gene in the liver
(Rey-Campos et al. 1991). It is possible that MODY5 and
GCKD arise from defects in vHnf1 functions that are
unrelated to its role in organogenesis. However, pancre-
atic tissue and kidney tissue undergo constant renewal,
presumably from stem cells or progenitor cells. It is tan-
talizing to postulate that the replenishing processes of
adult tissues might utilize similar pathways as the de-
velopmental processes. Furthermore, the onset of both
GCKD and MODY5 is early in life. The majority of fa-
milial GCKD cases are observed in infants. The earliest
detection of renal defects in MODY5 patients is at 27 wk
of gestation (Nishigori et al. 1998). The early-onset ages
raise the possibility that MODY5 and familial GCKD are
developmental diseases. Studying vhnf1 functions in
early development may provide insight for mechanisms
of MODY and GCKD.

Materials and methods

Cloning of vhnf1

The cloning procedures for our insertional mutants will be de-
scribed elsewhere (G. Golling, A. Amsterdam, Z. Sun, M.
Antonelli, E. Maldonado, W. Chen, S. Burgess, M. Haldi, K.
Artzt, S. Farrington, S.-Y. Lin, R.M. Nissen, M. Lee, and N.
Hopkins, in prep.). For pcs2(+)–vhnf1, the coding region of
vhnf1 was amplified with primers 5�-TGGAATTCATTTAG
ATGTTTGCAACCATGG-3� and 5�-AGCTCGAGGTTGCCA
TGGATATAGGTGCGATGAAG-3� from cDNA, digested
with EcoRI and XhoI, and subcloned into the same sites of
pcs2(+).
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RT–PCR

Embryos were collected according to the staging method de-
scribed by Kimmel et al. (1995). RNA was extracted with the
trizol reagent (GIBCO BRL) following the manufacturer’s in-
structions. First-strand cDNA was generated with the super-
script II RT–PCR system (GIBCO BRL) and subsequently am-
plified with PCR. The primers used for vhnf1 in Figure 1 were
5�-CACAATACCGCATTTCCCTCTCTAG-3� and 5�-GTCAC
TAAATTGGGCGCCATGTTGATCA-3�. The primers used for
vhnf1 in Figure 2 were 5�-AGGTCTTCCTCCAGTAAGCAC
CCTGACC-3� and 5�-GGCTGTTGGCGTCTGTCACCAC
CAT-3�. The primers used for �-actin controls were 5�-CAT
CAGCATGGCTTCTGCTCTGTATGG-3� and 5�-GACTTGT
CAGTGTACAGAGACACCCTG-3�.

In situ hybridization and histological analysis

Whole-mount in situ hybridization was performed as described
with minor modifications (Westerfield 1993). For double in situ,
RNA probes were labeled with digoxygenin and fluorescein, re-
spectively, and incubated with embryos together. Embryos were
then incubated with one of the alkaline phosphatase-coupled
antibodies (anti-digoxygenin or anti-fluorescein). Blue color was
first developed with NBT/BCIP as the chromogenic substrate.
Alkaline phosphatase activity was removed by incubation with
0.1 M glycine/HCl at pH2.2 (Hauptmann and Gerster 1994) at
room temperature for 30 min before incubation with the second
antibody. Red color was developed with INT/BCIP (Roche Mo-
lecular Biochemicals). Embryos older than 24 hpf were bleached
with 10% hydrogen peroxide in methanol at room temperature
overnight, cleared with benzyl benzoate, and flattened with cov-
erslips for photography.
Antibody staining and histological sections were carried out

as described by Drummond et al. (1998). Briefly, �6F fromDSHB
was used at a concentration of 1:5. Horseradish-peroxidase
coupled anti-mouse IgG (Vector Laboratories) was used at 1:500,
and DAB was used as the chromogenic substrate (Vector Labo-
ratories). For sections, embryos were fixed in formalin and em-
bedded in JB-4 resin (Polysciences) following manufacturer’s in-
structions and cut at 4 µm. Slides were then stained with meth-
ylene blue/azureII/basic fuchsin (Humphrey and Pittman 1974).

Genotyping

Individual embryo was digested in 25 µL lysis buffer (50 mM
KCl, 10 mM Tris, 0.01% Gelatin, NP-40, 0.45% Tween-20, 5
mM EDTA, 200 µg/mL Proteinase K) at 55°C for 2 h. Proteinase
K was deactivated by incubation at 94°C for 15 min; 1 µL lysate
was used for each PCR reaction. Three primers were used in a
single reaction. One was a viral-specific primer, the other two
were a pair of genomic-specific primers flanking the proviral
insertion. The presence of a proviral insertion would disrupt the
amplification between the genomic pair. A fragment between
the viral primer and one of the genomic primers would amplify
instead. For hi548, the genomic-specific primer pair were 5�-
GGCTGTTGGCGTCTGTCACCACCAT-3� and 5�-CATCAC
AAGCACAGACGGTGCCTGTC-3�. The viral primer was 5�-
GCTAGCTTGCCAAACCTACAGGT-3�. For hi2169 the geno-
mic primers were 5�-CACAATACCGCATTTCCCTCTCTAG
3� and 5�-TCCGGATAACTTCCCTTTACTGTG-3�. The viral
primer was 5�-CTGTTCCATCTGTTCCTGAC-3�.

Embryo injections

Full-length, capped mRNA was generated in vitro with the SP6
RNA polymerase from pcs2-vhnf1 and pcs2-LacZ DNA tem-

plate and purified with G-50 spin columns for RNA (Roche
Molecular Biochemicals). mRNA was injected into 1- to 4-cell-
stage embryos at 25 ng/µL. For the rescuing experiment, mRNA
was injected into hi2169 embryos. In situ hybridization for val
was performed and embryos were subsequently genotyped by
PCR. For the overexpression experiment, mRNA was injected
into wild-type embryos instead. In situ hybridization for val,
hoxb1, and krox20 was performed on injected embryos at the
4-somite stage.
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