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Abstract
The Hnf1b transcription factor acts during formation of rhombomeres (r) 5 and 6 in the hindbrain. To
determine if hnf1b is absolutely required in r5=r6, we examined the hnf1bhi2169 and hnf1bhi1843 retroviral
insertion alleles. Hnf1bhi2169 shows highly variable residual expression of several genes in r5=r6, but this is
not due to full-length hnf1b transcripts persisting in hnf1bhi2169 embryos, nor to hnf1bl, a novel hnf1 family
member expressed in r5 that we identified. Instead, we find evidence for a virus-hnf1b fusion transcript in
hnf1bhi2169 embryos and demonstrate that morpholino-mediated knockdown of this transcript leads to nearundetectable r5 gene expression. The hnf1bhi1843 allele has a more severe phenotype with near-undetectable
expression of r5=r6 genes. We next examined if hoxb1b, which functions upstream of hnf1b in r5=r6 formation,
can induce expression of r5=r6 genes in hnf1b mutants. We find that microinjected hoxb1b mRNA induces
ectopic gene expression anterior to the hindbrain in hnf1bhi2169 and hnf1bhi1843 embryos, but cannot restore gene
expression in r5=r6 of the mutants. We conclude that hnf1bhi2169 is hypomorphic to hnf1bhi1843 and that, while
hnf1b is required for r5=r6 gene expression in the hindbrain, r5=r6 gene expression can be experimentally
induced independently of hnf1b anterior to the hindbrain.

Introduction

T

he vertebrate hindbrain is transiently
subdivided into rhombomeres during embryonic development. The segmented nature of
the embryonic hindbrain ensures proper spatial
positioning of differentiating neurons (e.g., reticulospinal interneurons and motornuclei of
the cranial nerves) and also patterns neural crest
cells that migrate from the hindbrain and contribute to numerous structures (e.g., peripheral
nervous system and craniofacial structures). Ongoing efforts to understand hindbrain patterning
have identified a number of genes required for
rhombomere formation.1 In particular, several
genes have been implicated in the formation of
rhombomere (r) 5 and=or r6, including the homeodomain transcription factor variable hepatocyte
nuclear factor 1=transcription factor 2=hnf1 homeo-

homeobox b (vhnf1=tcf2=hnf1b), the bZip transcription factor mafB=kreisler=valentino (mafB=Kr=val),
the zinc finger transcription factor krüppel box
20=early growth response 2 (krox20=egr2), and homeodomain transcription factors from hox paralog group 3 (PG3 hox).
Previous work has suggested a pathway
wherein hnf1b is required for activation of val,
which in turn is required for activation of
krox20 and PG3 hox genes. Accordingly, hnf1b
expression precedes val expression, val expression is disrupted in r5-r6 of hnf1b mutants2–4
and the val promoter contains functional hnf1b
binding sites.5 Further, essential val (mafB)
binding sites are present in the hoxa3 and hoxb3
promoter region,6–8 and expression of hoxa3
and hoxb3 is absent from r5-r6 in kreisler mutant
mice and valentino mutant zebrafish.9–12 Lastly,
krox20 expression is disrupted in r5 of both
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hnf1b and val mutant zebrafish,2–4,13 as well as
in kreisler mutant mice.9 However, more recent
work has brought this proposed simple linear
regulatory cascade into question. For instance,
it appears that hnf1b may directly activate
krox20 expression without requiring val.14 In
addition, mafB proteins may feed back to
maintain hnf1b expression,15 suggesting that
these genes may constitute a regulatory network. Further, several aspects of the published
hnf1b mutant phenotype, including val expression in r5=r6, appear to be variable,2 suggesting
that hnf1b may not be absolutely required for
val expression or r5=r6 formation.
Here we characterize the phenotype of the
hnf1bhi2169 retroviral insertion allele in greater
detail. We find highly variable residual expression of several r5=r6 genes in hnf1bhi2169 embryos. This residual gene expression is not the
result of full-length hnf1b transcripts persisting
in hnf1bhi2169 embryos, nor it is due to hnf1bl, a
novel hnf1 family member expressed in r5
whose activity is indistinguishable from that of
hnf1b. Instead, we find evidence for a virushnf1b fusion transcript. Although we lack antibodies to directly detect the presence of a protein
produced from this transcript, we demonstrate
that morpholino-mediated knockdown of this
transcript leads to a stronger phenotype with
near-undetectable gene expression in r5. Turning
next to the hnf1bhi1843 allele, we find that it has a
more severe phenotype with near-undetectable
expression of several r5=r6 genes. We conclude
that hnf1bhi2169 is hypomorphic to hnf1bhi1843 and
that hnf1b is required for gene expression in
r5=r6. Lastly, we find that hoxb1b, which functions upstream of hnf1b in the regulation of r5=r6
formation,16 can induce ectopic expression of
r5=r6 genes anterior to the hindbrain in hnf1bhi2169
and hnf1bhi1843 embryos, but cannot restore r5=r6
gene expression to the hindbrain of these mutants, indicating that hnf1b is required for induction of r5=r6 gene expression in the hindbrain,
but not further anteriorly in the embryo.
Results
Variable gene expression in the caudal
hindbrain of hnf1bhi2169 embryos

We have noted significant variations in the
expression of several genes in r5 and r6 of
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hnf1bhi2169 mutant embryos. The phenotype
ranges from near-complete loss of krox20 gene
expression in r5 (Fig. 1E) to relatively robust
expression (Fig. 1B). Similarly, hoxa3 expression, which is normally observed in r5 and r6,
appears completely lost in the hindbrain of some
hnf1bhi2169 embryos (Fig. 1J), but is readily detectable in other hnf1bhi2169 embryos (Fig. 1G,
H). In a representative experiment we find that
only 5% (6=120) of embryos from an hnf1bhi2169
incross lack r5=r6 gene expression. This is significantly less than 25%, indicating that most
homozygous hnf1bhi2169 mutant embryos retain
r5=r6 gene expression.

FIG. 1. Variable gene expression in the hindbrain of
hnf1bhi2169 mutant embryos. Wild-type (A, F, K) and
hnf1bhi2169 (B–E, G–J, L–O) embryos were assayed for
expression of krox20 (A–E), hoxa3 (F–J), and hoxb1a (K–O)
by in situ hybridization. All panels are dorsal views of
flat-mounted hindbrains with anterior to the top. Rhombomere numbering is indicated in panels (A), (F), and (K).
White bars in panels (N) and (O) indicate regions of reduced hoxb1a expression.
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It has been reported that hoxb1a expression
expands from r4 into the caudal hindbrain of
hnf1bhi2169 embryos.4 We observe variations also
in hoxb1a expression among hnf1bhi2169 embryos.
In particular, while most hnf1bhi2169 embryos
show uniform hoxb1a expression throughout the
caudal hindbrain (Fig. 1L, M), some embryos
display reduced hoxb1a expression in the r5=r6
region (Fig. 1N, O). We hypothesize that embryos with reduced hoxb1a expression in r5=r6
correspond to the ones with higher expression of
r5=r6 genes, since several r5=r6 genes are reported to repress hoxb1 expression.17–19
We conclude that hnf1bhi2169 embryos retain
variable r5=r6 gene expression. These findings
do not distinguish whether residual r5=r6 gene
expression in hnf1bhi2169 embryos is due to this
allele retaining some hnf1b activity, or whether
hnf1b is not absolutely required for r5=r6 gene
expression.
Hnf1bl expression in r5 does not compensate
for hnf1b activity in hnf1bhi2169 mutants

The hnf1 family contains two members (hnf1a
and hnf1b) with only hnf1b being expressed in
r5=r6. However, in a microarray screen for
hoxb1b-regulated genes (manuscript in preparation), we identified a third hnf1 gene identical to
NCBI entry AF250352. While this gene has been
previously named hnf1g, we think it is unlikely
to represent a third hnf1 family member since
other vertebrates do not appear to have a third
hnf1 gene. Instead, this gene may represent a duplicated copy of hnf1b. Indeed, sequence alignment reveals it to be more similar to hnf1b than
to hnf1a, and it clusters with hnf1b in a phylogenetic tree (Fig. 2A). Further, this gene is on
zebrafish LG21 and hnf1b is on LG15. We find
that at least three adjacent genes (aldoc, sfrs1, and
dnl2) are duplicated between LG21 and LG15 in
zebrafish. In contrast, hnf1b, aldoc, and sfrs1 map
to a single chromosome in human (Hs17) and in
mouse (Mm11). Lastly, the expression pattern of
the novel gene is similar to that of hnf1b (Fig.
2B–F). We conclude that this hnf1 gene likely
resulted from the genome duplication reported
to have occurred in the teleost lineage20 and
have named it hnf1b-like (hnf1bl).
We do not detect hnf1bl expression until 10
hpf, at which point it is expressed in the inter-
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mediate mesoderm (Fig. 2B). This is in contrast
to hnf1b, which is expressed in both intermediate mesoderm and the caudal hindbrain (including r5=r6) at this stage (Fig. 2C; Sun and
Hopkins4). Hnf1bl expression appears in r5 by
14 hpf (Fig. 2D, E), a stage when hnf1b expression
has already regressed caudally (Fig. 2F), suggesting that hnf1bl might take over the role of
hnf1b in r5=r6 after hnf1b is lost in this region.
Hnf1bl expression then diminishes by 18 hpf.
Misexpression of hnf1bl by mRNA injection
produced a phenotype where hoxb1a expression in r4 is reduced or lost and gene expression from r3 and r5 expands into r4 (Fig. 2L–N).
This phenotype is indistinguishable from that
observed upon injection of hnf1b mRNA,2–4,16
demonstrating that hnf1bl has similar activity to
hnf1b and raising the possibility that hnf1bl may
compensate for the loss of hnf1b activity in
hnf1bhi2169 embryos.
To test whether hnf1bl might act redundantly
with hnf1b, we designed antisense morpholino
oligonucleotides (MOs) to hnf1bl (see Materials
and Methods). Hnf1bl MOs efficiently blocked
expression of an Hnf1bl-GFP fusion protein
in vivo (Supplemental Fig. 1, available online
at www.liebertpub.com=fpd), demonstrating
the efficacy of these MOs. We do not observe
any effect on r5 gene expression upon injecting
hnf1bl MOs into wild-type embryos (at concentrations up to 1 mM; not shown), indicating
that hnf1bl is either not required for r5 gene
expression or functions redundantly with hnf1b.
To test the latter possibility, we examined the
effect of injecting hnf1bl MOs into hnf1bhi2169
embryos. We find that injecting hnf1bl MOs
results in 26% (13=50) of hnf1bhi2169 homozygous embryos lacking r5 gene expression. This
is only slightly higher than the 19% (6=32) of
uninjected hnf1bhi2169 homozygous embryos
that lack r5 gene expression. Further, coinjecting hnf1bl MOs with hnf1b MOs into wild-type
embryos did not produce a more severe effect
than injecting hnf1b MOs alone (47% of embryos with little or no r5 staining after coinjection
of hnf1bl and hnf1b MOs vs. 57% after injection
of hnf1b MOs alone in a representative experiment). Lastly, we examined hnf1bl expression
in hnf1bhi2169 and valb337 mutant embryos. We
find that hnf1bl is lost in both mutants (Fig.
2G, H), demonstrating that hnf1bl expression
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FIG. 2. A novel hnf1bl gene expressed in r5. (A)
Phylogenetic tree demonstrating that hnf1bl
clusters with hnf1b genes rather than hnf1a genes.
(B–H) Wild-type (B–F), hnf1bhi2169 (G), and
valb337 (H) embryos were assayed for expression
of hnf1bl (B, D), hnf1b (C), hnf1bl þ krox20
(E, G, H), or hnf1b þ krox20 (F) by in situ hybridization. Note that hnf1b and hnf1bl are detected in blue, while krox20 is detected in red.
(B), (C), (G), and (H) are whole mounts while
(D), (E), and (F) are flat mounts. Anterior is to
the top in all panels. (I–N) Uninjected (I–K) and
hnf1bl-injected (L–N) wild-type embryos were
assayed for expression of hoxb1a þ krox20 (I, L),
hoxa3 þ krox20 (J, M), or val þ krox20 (K, N). Note
that hoxb1a, hoxa3, and val are detected in blue,
while krox20 is detected in red. All embryos are
whole mounts in dorsal view with anterior to the
top.

requires both hnf1b and val. We conclude that
hnf1bl acts downstream of hnf1b and val, and
that hnf1bl activity cannot account for the
residual r5=r6 gene expression in hnf1bhi2169
embryos.
The hnf1bhi1843 allele displays a more severe
phenotype than the hnf1bhi2169 allele

Our analysis of the hnf1bhi2169 allele suggests
that either hnf1b is not absolutely required for
r5=r6 formation, or residual hnf1b activity persists in hnf1b2169 embryos. To address this
question, we turned to additional hnf1b alleles.
Of the three hnf1b alleles identified in the original insertion screen, hnf1bhi548 was reported

as the weakest, while hnf1bhi2169 and hnf1bhi1843
gave similar phenotypes that were more severe
than the hnf1bhi548 phenotype.4 We therefore
focused on the hnf1bhi1843 allele and find that it
has a more severe hindbrain phenotype than
hnf1bhi2169. In particular, hnf1bhi1843 embryos
appear to completely lack krox20 expression in
r5 (Fig. 3B–E) and hoxa3 expression in r5=r6
(Fig. 3G–J) compared to hnf1bhi2169 embryos
that showed variable residual expression (Fig. 1).
However, we have also noted that some outcrosses of hnf1bhi1843 fish occasionally reveal
detectable r5=r6 gene expression, suggesting
that the hnf1bhi1843 phenotype may be modified
on some genetic backgrounds (e.g., Tupfel
longfin; not shown). Hnf1bhi1843 embryos also

ZEBRAFISH hnf1b GENES

183

FIG. 3. (A–O) Wild-type (A, F, K) and hnf1b1843 (B–E, G–J, L–O) embryos were assayed for expression of krox20
(A–E), hoxa3 (F–J), and hoxb1a (K–O) by in situ hybridization. All panels are dorsal views of flat-mounted hindbrains
with anterior to the top. Rhombomere numbering is indicated in panels (A), (F), and (K). (P) Wild-type (þ=þ),
heterozygous (þ=), and homozygous hnf1bhi2169 mutant (=) embryos were assayed for presence of hnf1b transcripts
by RT-PCR. Virus integration site and locations of primers used for RT-PCR analysis are indicated in diagram at top.
RT-PCR products were resolved by gel electrophoresis, and the resulting gel is shown at the bottom. (Q) Primer
extension analysis of virus-hnf1b transcript. Top panel shows structure of wild-type hnf1b mRNA and indicates retroviral insertion site (triangle) in the hnf1bhi2169 allele. Bottom panel shows putative viral-mRNA fusion transcript and
indicates sequence obtained from primer extension analysis. (R–V) hnf1bhi2169 embryos injected with an hnf1b spliceblocking morpholino (SPMO) show near-complete loss of krox20 expression in r5 compared to Figure 1B–E.

display robust uniform expression of hoxb1a
throughout the caudal hindbrain (Fig. 3L–O),
in contrast to hnf1bhi2169 embryos that sometimes showed reduced expression of hoxb1a in
the r5=r6 region (Fig. 1). Our results indicate

that hnf1bhi2169 is hypomorphic to hnf1bhi1843
and suggest that residual hnf1b activity persists
in the hnf1bhi2169 allele. Notably, the differences
between these alleles also rule out the possibility that the residual r5=r6 gene expression
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in hnf1bhi2169 embryos is due to maternal hnf1b
mRNA.
To explore the basis of the weaker phenotype
of the hnf1bhi2169 allele, we next examined hnf1b
transcripts in this mutant. PCR amplification
with primers spanning the entire hnf1b open
reading frame (ORF) did not detect a full-length
hnf1b transcript in homozygous hnf1bhi2169 embryos (Fig. 3P), in agreement with previous
reports.4 Primers amplifying the 50 end of the
ORF (upstream of the viral integration site including the dimerization domain; ‘‘DD only’’ in
Fig. 3P) also did not yield a product in homozygous hnf1bhi2169 embryos, suggesting that
transcripts originating at the endogenous hnf1b
promoter may not be stable in hnf1bhi2169 mutants. In contrast, a series of primer pairs amplifying regions of the hnf1b transcript
downstream of the integration site yielded
fragments encoding the POU domain, the
homeodomain, and the activation domain
(‘‘POU to end’’ and ‘‘AtH to end’’ in Fig. 3P).
Hence, a partial hnf1b transcript is present in
hnf1bhi2169 embryos. Using primer-extension
analysis we found that this partial transcript
extends at least 43 bp into the viral long terminal repeat (LTR) sequence (Fig. 3Q). Since
retroviral LTRs contain promoter activity, it is
possible that the transcript originates in the 30
LTR of the integrated retrovirus. Although we
cannot rule out the possibility that the transcript originates at the endogenous hnf1b promoter and uses a splice site within the virus to
create a fusion transcript, this appears unlikely
since the transcript appears to lack the 50 end of
hnf1b (Fig. 3P). Since we lack antibodies to
zebrafish Hnf1b, we cannot test directly whether this fusion transcript produces a protein.
Instead, we generated a splice MO (sMO) that
targets the intron 1=exon 2 junction, which is
located downstream of the virus integration
site in exon 1. The intron 1=exon 2 boundary
corresponds to the N-terminal end of the POU
domain, and the sMO is therefore expected to
interfere with splicing of the fusion transcript and to disrupt translation of any protein produced from the fusion transcript.
Accordingly, the sMO reduces the level of the
properly spliced transcript by approximately
six- to sevenfold (Supplemental Fig. 2, available online at www.liebertpub.com=fpd). We
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find that the hnf1b sMO reduces residual
krox20 expression in r5 of hnf1bhi2169 embryos
(Fig. 3R–V, compare to Fig. 1B–E). We conclude that a fusion transcript in hnf1bhi2169
embryos is responsible for residual gene expression in r5.
Hoxb1b induces ectopic r5-r6 gene
expression in hnf1bhi2169 and hnf1bhi1843,
but not in valb337 embryos

We have reported that hoxb1b (acting together
with its meis and pbx cofactors) is required for
r5=r6 gene expression16,21,22 and can induce ectopic expression of r5=r6 genes in zebrafish embryos.23 To determine if hnf1b is absolutely
required for induction of r5=r6 gene expression,
we tested whether hoxb1b can induce r5=r6 gene
expression in hnf1bhi2169 or hnf1bhi1843 embryos.
As expected, coinjection of hoxb1b and meis3
mRNA ( pbx mRNA need not be injected as pbx2
and pbx4 are ubiquitously expressed up to 24
hpf24–26) induces ectopic expression of r5=r6
genes anterior to the hindbrain in wild-type
embryos (Fig. 4A, E). Hoxb1b=meis3 injection also
induces ectopic hoxa3 expression in homozygous
hnf1bhi2169 (19=19) and homozygous hnf1bhi1843
(8=9) mutant embryos (Fig. 4B, C), but not in
homozygous valb337 mutant embryos (0=7; Fig.
4D). Similarly, hoxb1b=meis3 induces ectopic expression of both val (Fig. 4E–G) and krox20 (not
shown) in both hnf1bhi2169 (13=13 for val and
10=10 for krox20) and hnf1bhi1843 (11=12 for val)
mutant embryos. Notably, while hoxb1b=meis3
can induce ectopic r5=r6 gene expression, it
cannot restore normal gene expression to r5=r6
of hnf1b mutant embryos. This result indicates
that hnf1b is required for induction of r5=r6 gene
expression in the hindbrain, but not further anteriorly in the embryo. In contrast, val is required
for induction of r5=r6 gene expression throughout the embryo.
Discussion

Previous work led to the suggestion that
hnf1b is required for activation of r5=r6 gene
expression in the zebrafish hindbrain. However, the hnf1bhi2169 retroviral insertion allele
used in most studies shows residual r5=r6 gene
expression (Fig. 1), indicating that this may not
represent a null allele, or alternatively, that
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FIG. 4. hoxb1b activates r5=r6 gene expression
independently of hnf1b in the anterior embryo,
but not in the hindbrain. Wild-type (A, E),
hnf1bhi2169 (B, F), hnf1bhi1843 (C, G), and valb337
(D) embryos were injected with hoxb1b and
meis3 mRNA and assayed for expression of
hoxa3 (A–D) and val (E–G). Ectopic gene expression anterior to the hindbrain is indicated
by asterisks. All panels are flat-mounted dorsal
views of the anterior embryo with anterior to
the top.

hnf1b is not absolutely required for r5=r6 gene
expression. We detect a virus-hnf1b fusion
transcript in hnf1bhi2169 embryos and demonstrate that MO-mediated knockdown of this
transcript produces a more severe phenotype
with almost complete loss of r5=r6 gene expression (Fig. 3). While we have not detected a
protein produced from this transcript, we note
that translation would likely be initiated at one
of two methionines (positions 120 and 131) at
the N-terminal end of the POU domain. In
addition, a second retroviral insertion allele
(hnf1bhi1843) also displays almost complete loss
of r5=r6 gene expression (Fig. 3). We conclude
that hnf1b2169 is not a null allele and that residual r5=r6 gene expression in hnf1bhi2169 embryos is likely mediated by a virus-hnf1b fusion
transcript. Hence, our results are consistent
with hnf1b being required for r5=r6 gene expression. Surprisingly, we detect a virus-hnf1b
fusion transcript also in hnf1b1843 embryos (not
shown), but this transcript may not be fully
active since the retrovirus integrated into exon
2 (which encodes the POU homeodomain) in
the hnf1bhi1843 allele.
Using hoxb1b-mediated induction of r5=r6 gene
expression as an assay, we also demonstrate that
hnf1b is not required for ectopic expression of
r5=r6 genes in the anterior embryo (Fig. 4). In
contrast, hnf1b appears to be required for restoration r5=r6 gene expression in the hindbrain
(Fig. 4). This result indicates that hnf1b plays a
unique role in the hindbrain. While it is not

completely clear what this role might be, it has
been demonstrated that hnf1b is required to repress hoxb1a expression in the caudal hindbrain.2–4,16 Since hoxb1a is not expressed in the
anterior central nervous system (CNS), such a
repressive hnf1b activity might not be needed
outside the hindbrain. An interesting corollary to
this hypothesis is that the primary role for hnf1b
in r5=r6 may not be to activate r5=r6 genes, but to
repress expression of genes such as hoxb1a that
promote competing rhombomere fates. Indeed,
there are reports of hnf1b proteins acting as repressors.27
Val is thought to act downstream of hnf1b in
the induction of r5=r6 gene expression, and we
therefore used the same assay to examine the
requirement for val in hoxb1b-mediated induction of r5=r6 gene expression. In contrast to the
situation for hnf1b, val function is absolutely
required for induction of ectopic r5=r6 gene
expression (Fig. 4). This finding is consistent
with a role for val in activation of r5=r6 gene
expression and underscores the fact that vhnf1
and val may act by distinct mechanisms to promote r5=r6 gene expression.
Materials and Methods
Zebrafish lines

Hnf1bhi2169 and hnf1bhi1843 fish were obtained
from N. Hopkins and the Zebrafish Resource
Center. Valb337 fish were obtained from
C. Moens.
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Plasmid morpholinos
and oligonucleotide primers

A full-length hnf1bl cDNA clone was purchased from Open Biosystems (Huntsville, AL).
For mRNA synthesis, cDNAs were cloned into
the pCS2MT vector and mRNA prepared using
the mMessage mMachine kit (Ambion, Austin,
TX). Translation start site MOs to hnf1b
(50 -CTAGAGAGGGAAATGCGGTATTGTG-30 )
and hnf1bl (50 -CTTGGACACCATGTCAGTA
AA-30 ) as well as an sMO to hnf1b (50 -TCCTC
CCTGAAAAGATCGGAAACAT-30 ) were purchased from Genetools (Philomath, OR)=Open
Biosystems. PCR primers for the amplification
of hnf1b cDNA sequences were as follows: Full
length forward 50 -CACAATACCGCATTTCCC
TCTCTAG-30 ; Full length reverse 50 -GTCACT
AAATTGGGCGCCATGTTGATCA-30 ; DD reverse 50 -CTTCATCTCCGGATAACTTCCCTTT
AC-30 ; POU forward 50 -CATGATCAAAGGC
TACATGCAGCAGCAC-30 ; AtH forward 50 -G
CGCCACCATGTTAGACAAAGGAAATCAG30 . The 50 RACE was carried out using the
SMART RACE kit (Clonetech, Mountain View,
CA), primed with oligo 50 -CATCATCACCTGG
CTGGACCATACCTT-30 , and amplified with
nested primer 50 -GATCTCCCGCTGTTTCCTC
ACATACCA-30 . Hnf1bhi2169 and hnf1bhi1843 were
genotyped by detection of the retroviral insertion in the hnf1b gene using primers 50 -CACAATACCGCATTTCCCTCTCTAG-30 , 50 -TCC
GGATAACTTCCCTTTACTGTG-30 , and 50 CTGTTCCATCTGTTCCTGAC-30 for hnf1bhi2169
and primers 50 -TTCCTATGTAATTGTGTCCG
ATGATAG-30 , 50 -CAAGCAGGCTCAATGGCA
GC-30 , and 50 -GCTAGCTTGCCAAACCTACA
GGT-30 for hnf1bhi1843. Valb337 fish were genotyped using primers 50 -CCCGCAGACGTTAAG
CCTCAC-30 and 50 -GATCGCGCCGTACTGG
TGTT-30 for PCR amplification followed by digestion with Pvu II. The efficacy of the hnf1b
sMO was tested with primers PCR1 50 -ACCGCCAATTCTCAAAGAGCTC-30 , PCR2 50 -GC
GACAGGTGCGACTGATTCAG-30 , and PCR3
50 -CAATTGACCGCACTTGCAAAAT-30 .
Microinjections and in situ hybridizations

mRNA injections were carried out as reported16 using 140 ng=mL hnf1bl, 166 ng=mL hoxb1b,
166 ng=mL meis3, 0.1–1 mM hnf1bl translation
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MO, 1 mM hnf1b translation MO, and 2 mM
hnf1b sMO. In situ hybridizations were carried
out as reported previously.22
Acknowledgments

We gratefully acknowledge Nancy Hopkins
and Cecilia Moens for providing zebrafish lines
and Letitiah Etheridge for expert assistance
with in situ hybridizations and genotyping.
Disclosure Statement

No competing financial interests exist.
References
1. Moens CB, Prince VE. Constructing the hindbrain:
insights from the zebrafish. Dev Dyn 2002;224:1–17.
2. Hernandez RE, Rikhof HA, Bachmann R, Moens CB.
Vhnf1 integrates global ra patterning and local fgf
signals to direct posterior hindbrain development in
zebrafish. Development 2004;131:4511–4520.
3. Wiellette EL, Sive H. Vhnf1 and fgf signals synergize
to specify rhombomere identity in the zebrafish
hindbrain. Development 2003;130:3821–3829.
4. Sun Z, Hopkins N. Vhnf1, the mody5 and familial
gckd-associated gene, regulates regional specification
of the zebrafish gut, pronephros, and hindbrain. Genes
Dev 2001;15:3217–3229.
5. Kim FA, Sing A, Kaneko T, Bieman M, Stallwood N,
Sadl VS, et al. The vhnf1 homeodomain protein establishes early rhombomere identity by direct regulation
of kreisler expression. Mech Dev 2005;122:1300–1309.
6. Manzanares M, Cordes S, Ariza-McNaughton L, Sadl V,
Maruthainar K, Barsh G, et al. Conserved and distinct
roles of kreisler in regulation of the paralogous hoxa3
and hoxb3 genes. Development 1999;126:759–769.
7. Manzanares M, Cordes S, Kwan C-T, Sham MH,
Barsh GS, Krumlauf R. Segmental regulation of hoxb3 by kreisler. Nature 1997;387:191–195.
8. Manzanares M, Nardelli J, Gilardi-Hebenstreit P,
Marshall H, Giudicelli F, Martinez-Pastor MT, et al.
Krox20 and kreisler co-operate in the transcriptional
control of segmental expression of hoxb3 in the developing hindbrain. EMBO J 2002;21:365–376.
9. McKay IJ, Muchamore I, Krumlauf R, Maden M,
Lumsden A, Lewis J. The kreisler mouse: a hindbrain
segmentation mutant that lacks two rhombomeres.
Development 1994;120:2199–2211.
10. Frohman MA, Martin GR, Cordes SP, Halamek LP,
Barsh GS. Altered rhombomere-specific gene expression and hyoid bone differentiation in the mouse segmentation mutant kreisler (Kr). Development 1993;
117:925–936.
11. Manzanares M, Trainor PA, Nonchev S, ArizaMcNaughton L, Brodie J, Gould A, et al. The role of
kreisler in segmentation during hindbrain development. Dev Biol 1999;211:220–237.

ZEBRAFISH hnf1b GENES
12. Prince VE, Moens CB, Kimmel CB, Ho RK. Zebrafish
hox genes: expression in the hindbrain region of wildtype and mutants of the segmentation gene valentino.
Development 1998;125:393–406.
13. Moens CB, Yan Y-L, Appel B, Force AG, Kimmel CB.
Valentino: a zebrafish gene required for normal
hindbrain segmentation. Development 1996;122:
3981–3990.
14. Chomette D, Frain M, Cereghini S, Charnay P, Ghislain J. Krox20 hindbrain cis-regulatory landscape:
interplay between multiple long-range initiation and
autoregulatory elements. Development 2006;133:
1253–1262.
15. Pouilhe M, Gilardi-Hebenstreit P, Desmarquet-Trin
Dinh C, Charnay P. Direct regulation of vhnf1 by
retinoic acid signaling and maf-related factors in the
neural tube. Dev Biol 2007;309:344–357.
16. Choe S-K, Sagerstrom CG. Paralog group 1 hox genes
regulate rhombomere 5=6 expression of vnhf1, a repressor of rostral hindbrain fates, in a meis-dependent
manner. Dev Biol 2004;271:350–361.
17. Theil T, Ariza-McNaughton L, Manzanares M, Brodie
J, Krumlauf R, Wilkinson DG. Requirement for downregulation of kreisler during late patterning of the
hindbrain. Development 2002;129:1477–1485.
18. Giudicelli F, Gilardi-Hebenstreit P, Mechta-Grigoriou
F, Poquet C, Charnay P. Novel activities of mafb
underlie its dual role in hindbrain segmentation and
regional specification. Dev Biol 2003;253:150–162.
19. Giudicelli F, Taillebourg E, Charnay P, GilardiHebenstreit P. Krox-20 patterns the hindbrain through
both cell-autonomous and non cell-autonomous mechanisms. Genes Dev 2001;15:567–580.
20. Amores A, Force A, Yan YL, Joly L, Amemiya C, Fritz
A, et al. Zebrafish hox clusters and vertebrate genome
evolution. Science 1998;282:1711–1714.

187
21. Choe S-K, Sagerstrom CG. Variable meis-dependence
among paralog group-1 hox proteins. Biochem Biophys Res Commun 2005;331:1384–1391.
22. Choe S-K, Vlachakis N, Sagerström CG. Meis family
proteins are required for hindbrain development in
the zebrafish. Development 2002;129:585–595.
23. Vlachakis N, Choe S-K, Sagerström CG. Meis3 synergizes with pbx4 and hoxb1b in promoting hindbrain fates in the zebrafish. Development 2001;128:
1299–1312.
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