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Abstract
Retinoic acid (RA) is an important developmental signaling molecule responsible for the
patterning of multiple vertebrate tissues. RA is also a potent teratogen, causing multi-organ birth
defects in humans. Endogenous RA levels must therefore be tightly controlled in the developing
embryo. We used a microarray approach to identify genes that function as negative feedback
regulators of retinoic acid signaling. We screened for genes expressed in early somite-stage
embryos that respond oppositely to treatment with RA versus RA antagonists, and validated them
by RNA in situ hybridization. Focusing on genes known to be involved in RA metabolism, we
determined that dhrs3a, which encodes a member of the short-chain dehydrogenase/reductase
protein family, is both RA dependent and strongly RA inducible. Dhrs3a is known to catalyze the
reduction of the RA precursor all-trans retinaldehyde to vitamin A, however a developmental
function has not been demonstrated. Using morpholino knock down and mRNA over-expression,
we demonstrate that Dhrs3a is required to limit RA levels in the embryo, primarily within the
central nervous system. Dhrs3a is thus an RA-induced feedback inhibitor of RA biosynthesis. We
conclude that retinaldehyde availability is an important level at which RA biosynthesis is
regulated in vertebrate embryos.
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Introduction
Retinoic acid, generated from dietary vitamin A, is essential for a wide array of
developmental processes, broadly controlling the patterning and differentiation of tissues
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derived from all three germ layers (Duester 2008). RA functions in the development of the
nervous system, including brain, eye and neural crest (Reviewed by Maden, 2006; Maden,
2007; White and Schilling, 2008); of the heart (Keegan et al., 2005; Waxman et al., 2008),
the kidney (Wingert et al., 2007), the gut (Wang et al., 2006), the pancreas (Stafford et al.,
2004), and the germ line (Luo et al., 2006).

In many developmental contexts, RA works as a fate determinant, directing structures
adjacent to its source to follow different developmental trajectories depending on the level
of RA they receive (Maden, 2007). For example, in zebrafish the anterior lateral plate
mesoderm (APLM) region will give rise to the heart, the blood precursor cells and the future
pectoral fin, and the relative sizes of each precursor pool depends on RA levels
(Schoenebeck and Yelon., 2007; Waxman et al., 2008). Thus it is critical for normal
development that the distribution of RA in embryonic tissues be tightly controlled
(Niederreither and Dolle, 2008).

All-trans RA, the developmentally active form of RA (hereafter referred to simply as RA) is
metabolized from all-trans retinaldehyde, which is the direct derivative of Vitamin A (Fig.
1). RA activates gene expression in target tissues through the activation of DNA-bound
nuclear receptors. In early vertebrate development, the source of RA is the anterior paraxial
mesoderm where its biosynthetic enzyme, Aldh1a2 is expressed, and aldh1a2 mutants have
multi-system defects due to the absence of RA (Grandel et al., 2002;Mic et al.
2002;Niederreither et al., 2002). While localization of aldh1a2 expression is a key level at
which the tissue distribution of RA is controlled, multiple other enzymes in the RA
biosynthetic and degradation pathways function to tightly regulate RA bioavailability. Best
characterized among these are the Cyp26 enzymes, which eliminate RA in a strictly
patterned manner in the hindbrain to set the boundaries of Hox gene expression (Sirbu et al.,
2005;Hernandez et al., 2007). On the biosynthetic side, Rdh10, member of the short-chain
dehydrogenase/reductase (SDR) family, which oxidizes retinol to retinaldehyde, is
expressed in defined domains that overlap with sites of aldh1a2 expression, and RDH10
mutant mice exhibit a spectrum of RA-deficient phenotypes (Cammas et al., 2007;Sandell et
al., 2007;Strate et al., 2009)(Fig. 1). In addition, the non-uniform distribution of RA
receptors in the embryo further refines domains of RA responsiveness (Waxman and Yelon,
2007).

All the major developmental signaling pathways are subject to negative feedback inhibition
(Barolo and Posakony, 2002; Kitano, 2004). This is also a feature of biosynthetic pathways,
where the presence of a downstream metabolite suppresses the expression or function of an
upstream enzyme. Feedback regulation is known to occur at multiple levels in the RA
signaling pathway (Fig. 1). At the biosynthetic level, aldh1a2 transcription is inhibited
directly by activated RA receptors (Dobbs-McAuliffe et al., 2004; Elizondo et al., 2000).
Rdh10 expression is also suppressed by endogenous RA in Xenopus embryos (Strate et al.,
2009). Conversely, mesodermal expression of the degrading enzyme Cyp26a1 is strongly
RA-inducible (Dobbs-McAuliffe et al., 2004; Hu et al., 2008). At the signaling level, even
the relatively simple RA signal transduction cascade is under negative feedback regulation.
For example, the RA receptor corepressor RIP140 is RA-induced, and silencing its induction
enhances RA responsiveness (White et al., 2003). While over 500 other genes have been
reported to be directly or indirectly regulated by RA in some context (Arima et al., 2005;
Bouillet et al., 1995; Freemantle et al., 2002; Ishibashi et al., 2003), the potential functions
of these genes in feedback regulation of RA signaling in the embryo has not been
investigated directly.

Here we used a microarray-based screen in the zebrafish to identify RA target genes that
function in early developmental patterning events. To identify endogenous RA targets, either
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positive or negative, we validated genes that were inversely affected by treatment with RA
and the pan-RAR antagonist AGN193109 compared to untreated controls. Many of these
genes have been previously reported to be regulated by RA, such as cyp26a1, hox genes and
hox co-factors (Freemantle et al., 2002; Hernandez et al., 2004; Kudoh et al., 2002; Maves
and Kimmel, 2005; Simeone et al., 1995; Wada et al., 2006; Wang et al., 2007); nuclear
hormone receptors rxrga, nr2f1a and nr2f6b (Qiu et al., 1996; Tallafuss et al., 2006), hnf1b
(tcf2) (Hernandez et al., 2004), and nrip1b (rip140) (Heim et al., 2007). We also identified a
number of genes not previously known to be RA-responsive.

One validated RA target encodes a short-chain dehydrogenase/reductase, Dhrs3a (previously
called retSDR1), which is related to Rdh10 (Pares et al., 2008). Whereas Rdh10 oxidizes all-
trans retinol (vitamin A) to all-trans retinal (Wu et al., 2002) in vivo, Dhrs3 has
retinaldehyde reductase activity on retinoids, principally reducing all-trans retinal to all-trans
retinol (Haeseleer et al., 1998). Zebrafish dhrs3a is expressed in the paraxial and lateral
plate mesoderm in an RA-dependent manner. Using morpholino knockdown and mRNA
over-expression, we demonstrate that Dhrs3a functions to limit RA signaling in the central
nervous system. We conclude that the RA-inducible expression of Dhrs3a, which functions
to remove the immediate precursor of RA, is a new level of RA feedback control active in
the early embryo.

Materials and methods
Fish strains

Our wild-type line for morpholino and mRNA injection experiments is *AB. Other fish lines
used in this paper are cyp26a1rw716/rw716/giraffe mutants (Emoto et al., 2005),
aldh1a2i26/i26/neckless mutants (Begemann et al., 2001), and the transgenic Tg(12XRARE-
ef1a:gfp)sk71 line which functions as a RA-responsive reporter (detailed characterization
will be reported elsewhere: Waxman and Yelon, manuscript submitted). All fish lines were
maintained under standard conditions at 28.5°C and were staged by hours post fertilization
(hpf) as described (Kimmel et al., 1995).

Embryo pharmacological treatments
Embryos were collected from group natural crosses and treated as described (Hernandez et
al., 2004). Embryos used for the microarray analysis were treated with 0.33 M atRA, 10 M
AGN 193109, 1 μM AGN 193109 or 2% DMSO, all diluted 1:50 from stock solutions in
DMSO. Embryos used for in situ hybridization validation were treated with 0.33μM atRA,
10 μM DEAB or 0.1% DMSO, all diluted 1:1000 from stock solutions. The effectiveness of
drug treatments for microarray analysis was confirmed by in situ hybridization with egr2b
(krox20), mafba (val), hoxd4a and erm, whose hindbrain expression patterns change in
stereotyped ways in response to RA addition or depletion (Hernandez et al., 2004).

RNA isolation, Microarray hybridization and data analysis
RNA was extracted using the Qiagen RNeasy RNA Isolation Kit (Qiagen, CA, USA). All
sample labeling and hybridizations, as well as chip processing and imaging were performed
with strict adherence to Affymetrix's standardized protocols in the FHCRC microarray core
facility. A single cycle of target synthesis and labeling was used for all samples. Array
normalization was performed using GCRMA (Wu et. al. 2004). Significant changes in
expression level were identified using CyberT (Baldi and Long, 2001), a Bayesian t-statistic
derived for microarray analysis. Significance was determined by ranking the Bayesian p-
values and using a false discovery rate methodology (FDR) to account for multiple testing
(Reiner et al., 2003). A FDR of 5% was used for the analysis. The complete microarray data
set was deposited in NCBI GEO (Accession: GSM409450, GSM409449, GSM409448,
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GSM409447, GSM409446, GSM409445, GSM409444, GSM409443, GSM409442,
GSM409441, GSM409440, GSM409439, GSM409438, GSM409437, GSM409436 and
GSM409435)

Sequence analysis, cloning and constructs
Each EST sequence was used to search the zebrafish genome in UCSC database
(http://genome.ucsc.edu/) and Zfin (http://zfin.org/) by pair-wise blast analysis to confirm
the nomination. Templates for probe synthesis were produced from previously published
constructs or public ESTs as summarized in Table1. ESTs were selected as probe template
only if their alignments to the Affymetrix target sequence for a given probe are higher than
97%.

Immunohistochemistry
Antibody staining of whole-mounted embryos with RMO-44 was performed essentially as
described (Waskiewicz et al., 2001).

Morpholinos
Three antisense morpholinos were designed to block Dhrs3a function: a translational blocker
MO1 5′cccaacaccttcatctccatcatgg3′, and two splice blockers MO3
5′agatgcagtattcttaccttttccc3′ and MO3+ 5′aagattcattggtttatatacctga3′ (Suppl. Fig 1A). To
determine the efficiency of MO1, we made a dhrs3a-RFP fusion construct by cloning a
fragment of the 5' UTR and 5' coding sequence including the MO target sequence into
pCS2-mRFP (Suppl. Fig 1B). The resulting plasmid was linearized with NotI and mRNA
was prepared for injection with the SP6 mMessage mMachine kit (Ambion, TX, USA).
Embryos injected with 250 pg fusion protein mRNA show strong RFP expression, while co-
injection of 5 ng MO1 blocks the fusion RFP expression (Suppl. Fig 1C, 1D). Live images
were taken using a Leica fluorescent dissection Microscope with the same settings.

We used RT-PCR to determine the efficacy of Dhrs3a MO3 set, which is targeted to the
exon-2ntron-2 splice junction of the pre-mRNA. Primer pair F- 5'-
AAGCAAGGAGCGAGAAAGGTG-3', R- 5'-TCGTGGTCCAGAACTGTCCAAG-3' was
used to check the efficiency of these MOs (Suppl. Fig1A). MO3 alone creates a 21bp
insertion due to the use of a cryptic splice donor in intron 2 (not shown). When combined
with MO3+, which targets this splice donor, the two MOs produce a 60bp deletion due to
the use of another cryptic splice donor in exon 2 (Fig. S1E). The resulting 20 aa deletion is
expected to disrupt the helix/β-sheet/helix sandwich structure shared by all short-chain
dehydrogenase/reductase (Pares et al., 2008 and according to the 3D structure of DHRS1
[PDB 2QQ5]). In all of our assays for Dhrs3a activity, the MO3 set was less effective than
MO1, possibly because of some limited function of the deleted version of the protein. Since
both MO1 and MO3 set caused a degree of toxicity to injected embryos (Suppl. Fig 1F), we
co-injected a tp53 (p53) MO that suppresses cell death at 5ng/emb as described (Robu et al.,
2007) and reduced the toxicity of MOs (Suppl. Fig 1F). The 5ng/emb tp53 MO was also
used in control injections.

dhrs3a mRNA injection
mRNA was synthesized from whole length cDNA clone (GenBank: BC078383.1)
[Openbiosystem, IL, USA], by using the mMessenger Machine kit (Ambion, TX, USA) as
described (Hernandez et al., 2004). mRNA 300pg/emb was injected (Suppl. Fig 1F).
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RNA in situ hybridizations and genotyping
Two-color RNA in situ hybridizations were performed, essentially as described (Prince et
al., 1998), except that NBT/BCIP (Roche, IN, USA) and INT/BCIP stocks (Roche, IN,
USA) premixed stock were used as the Alkaline Phosphatase substrate. Double fluorescent
RNA in situ hybridization was performed as described (Julich et al., 2005), with some
modification (Ma et al., 2008). Embryos were de-yolked and flat-mounted for photo-
microscopy using a Zeiss Axioplan II microscope. After photographing, individual embryos
were un-mounted and genotyped for the cyp26a1 or aldh1a2 mutations as described
(Begemann et al., 2001; Emoto et al., 2005).

RNA reverse transcription (RT) and Quantitative real-time PCR
An aliquot of each RNA extract was used for spectrophotometry to determine RNA quality
and concentration. RNA with a 260/280 ratio among 1.95–2.2 was considered good quality
and was used for Reverse Transcription. RT with heat-denaturation of RNA was carried out
using the RETRO script kit (Ambion, TX, USA). Random decamers were used according to
the manufacturer's instructions. Tests were taken to make sure there is no genomic DNA
contamination.

Quantitative PCR was carried out on an ABI Prism 7900 HT sequence detection system
(Applied Biosystems, CA, USA) with SYBR green fluorescent label. Samples contained 1×
SYBR green master mix (Applied Biosystems, CA, USA), 3 pmol of each primer and 0.2 μl
RT reaction for a final volume of 10 μl. Each sample was run in triplicate in optically clear
96-well plates (Applied Biosystems, CA, USA) and PCR was performed twice on each
sample. Cycling parameters were as follows: 50°C × 2 min, 95°C × 10 min, then 40 cycles
of the following 95°C × 15 s, 57°C × 50 s and 72°C × 30 s. A dissociation module was
performed at the end of the amplification phase in which the temperature rose from 55°C to
95°C with 1°C a step for 30 s to identify a single, specific melting temperature for each
amplicon.

Eight housekeeping genes were evaluated from commonly used reference genes and a
primer set for gapdh was picked for the control amplicon (Supplementary Table 1). All
oligonucleotide primers were developed using online Primer3 software
(http://frodo.wi.mit.edu/) and further checked by Amplify 3X software and were synthesized
by Operon (AL, USA). Primer sequences are shown in supplementary table 1. Primer sets
were tested for specificity using standard RT-PCR and zebrafish embryo cDNA as template
to verify production of a single band of the predicted size.

Data Analysis was performed as described (McCurley and Callard, 2008). Student's t-tests
were used to test the null hypothesis that there was no significant difference between
treatment samples and the control sample. One-way analysis of variance (ANOVA) was
used to compare gene expression between different treatment groups. Where significant
differences were identified, the Newman-Kuels test was used to determine which groups
differ from each other.

Confocal Microscope imaging of Tg(12XRARE-ef1a:gfp)sk71 transgenic line
Heterozygous Tg(12XRARE-ef1a:gfp)sk71 transgenic fish were crossed to non-transgenic
wild-type fish and injected with control or dhrs3 MOs at the 1-cell stage. Transgene-
expressing embryos were staged at 46 hours based on the emergence of expression in the
retina, which is unaffected in MO-injected embryos. GFP-expressing embryos were
mounted in 0.6% agarose at 48hpf and imaged with a Zeiss Pascal inverted confocal
microscope. Z-stacks included the entire dorsoventral extent of CNS GFP expression plus
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one section on either side. Fluorescent intensity and area were determined using Volocity
software (Improvision, PerkinElmer, MA. USA).

Results
Microarray identification of RA-responsive genes in the embryo

To identify RA-responsive genes, we treated embryos with 0.33μM all-trans (at-RA;
henceforth referred to as simply RA) starting at 6.5 hpf. This concentration is sufficient to
consistently posteriorize zebrafish embryos based on the loss of mafba (val) expression from
rhombomere 5 and 6 and the expansion of hoxd4a expression to the anterior end of the
embryo (Fig. 2). To identify the subset of RA-responsive genes that normally require RA for
their expression or whose expression is normally suppressed by RA in the early embryo, we
treated embryos with 10μM of the pan-RAR antagonist AGN193109 from 5.25 hpf
(Agarwal et al., 1996), which phenocopies a zebrafish RA production mutant aldh1a2i26/i26

(Linville et al., 2004). We also used a lower concentration (1 μM) of AGN193109 to
partially block RA signaling. Microarray analysis and in situ validation were performed on
whole 11 hpf treated embryos and controls.

We compared expression levels of each EST between control (DMSO treated) embryos and
embryos with RA treatment, and between control embryos and embryos with either 10μM or
1μM AGN193109 treatment. Significant changes in expression level were identified using
CyberT (Baldi and Long, 2001), a Bayesian t-statistic derived for microarray analysis.
Significance was determined by ranking the Bayesian p-values and using a false discovery
rate methodology to account for multiple testing (Reiner et al., 2003). A false discovery rate
of 5% was used for the analysis.

We wanted to identify endogenous direct or indirect RA targets that are expressed in the
early somite stage embryo. RA-dependent genes are expected to be found at increased levels
in RA treated embryos and at decreased levels in AGN193109 treated embryos. We
identified 321 ESTs whose expression was significantly increased in RA-treated embryos.
Of these 321 ESTs, only 29 genes exhibited decreased expression with AGN193109
treatment (Table 1). This large difference between the number of RA-induced and
antagonist-suppressed genes was observed in a similar microarray screen in Xenopus (Arima
et al., 2005) and reflects the fact that many RA-inducible genes are not expressed at early
somite stages when we performed our microarray experiment, so they could not be
suppressed by antagonist. In contrast, almost all of the genes whose expression was
significantly decreased in AGN193109 were also up-regulated in RA. We also identified
287 ESTs whose expression decreased significantly in response to RA treatment. The most
strongly down-regulated are genes that are normally expressed in the mid- and forebrain
(e.g. irx7, otx1, eng2a, mab21l2). This is not surprising considering that the concentration of
RA used in this experiment normally expands posterior hindbrain markers throughout the
brain (Fig. 2). Consistent with this, only a small subset of these ESTs (5/287) were
significantly increased in expression as a result of AGN193109 treatment (Table 1). Only
two genes were significantly affected in the same direction by both RA and AGN193109
treatment: cyp26b1 was upregulated by both, and val/mafB was down regulated by both.

We focused our validation efforts on the genes that were inversely affected by RA and RA
antagonist treatments. Of the 34 genes that were significantly affected in opposite directions
by RA and RA antagonist, 18 were previously reported to be controlled by RA either in
embryos or in cultured cells. cyp26a1 (Emoto et al., 2005), hnf1b (Hernandez et al., 2004),
tbx1 (Roberts et al., 2005; Zhang et al., 2006), tshz1 (Wang et al., 2007), dhrs3a (Waxman
et al., 2008), and several anterior hox genes (Maves and Kimmel, 2005; Morrison et al.,
1997; Waxman et al., 2008) are all RA-regulated in zebrafish or Xenopus embryos (Arima
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et al., 2005). Additionally, meis2 (Mercader et al., 2000; Niederreither et al., 2000), nr2f1,
nr2f6 (ear2) (Jonk et al., 1994) hoxd11 (Bel-Vialar et al., 2000), nrip1 (Freemantle et al.,
2002) and hoxa3a (Mulder et al., 1998) were reported to be RA-induced in mouse embryos
or in cultured cells.

RNA in situ validation of RA-responsive genes
We chose 21 of these 34 genes (18 coding plus 3 non-coding) to test by RNA in situ
hybridization in control, RA-treated and antagonist-treated embryos. For RNA in situ
validation, we used the Aldh1a2 antagonist DEAB, which blocks RA synthesis, in place of
AGN193109. Control experiments demonstrated that the effects of DEAB and AGN193109
are indistinguishable. We chose primarily genes that were not previously identified as RA-
responsive, or genes whose RA responsiveness had not previously been demonstrated in
embryos by RNA in situ hybridization. 17 out of 21 genes were successfully validated as
being affected in both RA- and antagonist-treated embryos (Table 1, Fig. 3, Fig. 4 and
Supplementary Fig. 2). The four genes that failed to validate gave low, ubiquitous signal in
both treated and untreated embryos. In addition, we validated a further 23 novel RA targets
that were significantly affected by RA and conversely affected by AGN193109 in three of
four biological replicates, but where the effect of AGN193109 was below our significance
cut-off (Table 1, Fig. 3, Fig. 4 and Suppl. Fig. 2).

Many of the validated hits showed RA-dependent activation or repression in the anterior
trunk region. This is the region where RA levels are normally highest due to aldh1a2
expression in the anterior paraxial mesoderm (see Fig. 6F for aldh1a2 expression). Fig. 3
and Fig. S1 show genes whose expression is RA-dependent and RA-inducible, while Fig. 4
shows the smaller number of validated genes whose expression is normally RA-suppressed.
Many genes including rxrga, wnt11r, nrip1b, nr2f6b (Fig. 3A-D), hoxb5a and ap1gbp1 (Fig.
S2A, B) are normally expressed in this region in ectoderm and/or lateral mesoderm. In each
case, this expression is reduced or eliminated in inhibitor-treated embryos and expanded
anteriorly in RA-treated embryos. In contrast, RA-dependent expression of pgp and cullin3
in the anterior somitic and adaxial mesoderm is expanded posteriorly within that
compartment in the presence of RA (Fig. 3E and S2L). Other genes/ESTs, (e.g. spsb4,
znf503, znf703, tsc22d3, dact2, cyp24a1l, odz3, meis2.1, tiparp and a non-coding RNA
located 3′ of the nova1 gene) are more broadly expressed in untreated embryos, but their
expression in the anterior trunk region is specifically RA-dependent (Fig. 3F, S2C-K). Other
tissue-specific gene expression was also RA-dependent and RA-inducible, such as meis2.1
expression in the ventral mesoderm (Fig. S2I), hnf1g and claudinC expression in the
pronephric mesoderm (Fig. 3G, S2O), crabp2a expression in the anterior notochord (Fig.
S2M) and a gene fragment with homology to human MYT1, which is expressed in early-
differentiating neurons in the anterior spinal cord in an RA-dependent manner (Fig. 3H).
This requirement for RA for gene expression in multiple tissue types is consistent with the
multi-organ defects in RA-deficient animals.

We also identified genes that are normally repressed by RA. Negative effects on gene
expression by RA are likely to be indirect since RAR transcriptional activity is generally
increased, not suppressed, in the presence of RA. tbx1 expression in pharyngeal endoderm is
repressed by RA (Fig. 4A)(Roberts et al., 2005;Zhang et al., 2006). We also discovered that
her3, a hairy-related gene that functions to suppress neurogenesis in the inter-proneural
domain of the spinal cord (Bae et al., 2005) is normally repressed by RA in the anterior
spinal cord where the earliest neuronal differentiation occurs (Fig. 4B). Similarly, hey2/
gridlock expression is upregulated in the anterior spinal cord of DEAB-treated embryos and
suppressed by RA treatment (Fig. 4C). Expression of genes such as hey2 and cdc42ep4 that
are normally expressed in cephalic mesoderm are expanded posteriorly in DEAB-treated
embryos and eliminated in RA-treated embryos, suggesting that RA normally functions to
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establish their posterior limit in the ventral mesoderm (Fig. 4C,D). Genes normally restricted
to hindbrain rhombomeres anterior to r5, such as dusp2 and cyp26b1 are similarly expanded
in DEAB-treated embryos, consistent with their being indirectly regulated by RA-dependent
hindbrain patterning events (Hernandez et al., 2007)(Fig. 4E,S2N). Cyp26b1 but not dusp2
is induced in cranial mesoderm by RA as described previously (White and Schilling, 2008).

Previous work demonstrated a role for the Rdh10 gene in RA metabolism (Sandell et al.,
2007). Rdh10 encodes a retinol oxidase that metabolizes retinol into retinaldehyde, the
immediate precursor of RA (Wu et al., 2002). Strate et al. (2009) found that Rdh10
expression is suppressed by RA and increased in RA-depleted Xenopus embryos, suggesting
a negative feedback loop in which the presence of sufficient levels of RA would shut off
further retinaldehyde, and thus RA, production. The zebrafish genome contains two rdh10
genes, rdh10a and 10b. We examined expression of both genes and found that rdh10a is
expressed in the paraxial mesoderm in early somite stage embryos. Neither rdh10a or 10b
were represented on the microarray we used in our experiments, so to determine whether
this negative feedback loop was active during zebrafish development we examined rdh10a
expression in RA-treated and RA-depleted embryos at the 3 somite stage. We found that
RA-depleted embryos had significantly increased rdh10a expression, while RA-treated
embryos had reduced rdh10a expression (Fig. 4F). Rdh10a expression was also affected in
aldh1a2 and cyp26a1 mutants, but only very weakly (data not shown). Together with our
findings below, this suggests that the reversible reaction that converts retinol to
retinaldehyde is an important level at which RA biosynthesis is controlled.

Dhrs3a is an RA-dependent retinal dehydrogenase
One of the RA-responsive genes with most significant changes on our microarray was
dhrs3a. dhrs3a expression was induced 15-fold by RA and repressed 11-fold by
AGN193109 (Table 1). Similar RA-responsiveness for dhrs3a was observed in a separate
microarray experiment in zebrafish (Waxman et al. 2008). We validated this by in situ
hybridization in RA- and antagonist- treated embryos as well as in mutant embryos
aldh1a2i26/i26/neckless (which have reduced RA levels) and cyp26a1rw716/rw716/giraffe
(which have increased endogenous RA levels)(Fig. 5). At early somite stages, dhrs3 is
expressed in the lateral plate mesoderm posterior to the heart fields, in tissue that is fated to
contribute to the anterior (pectoral) limbs (Waxman et al., 2008), as well as more medially,
in mesoderm immediately anterior to the somites. This expression is entirely RA-dependent,
since it is lost in embryos where RA is depleted chemically (Fig. 5B) or genetically (Fig.
5E). The expression is also sensitive to endogenous RA levels, since it is expanded in
cyp26a1 mutants (Fig. 5F). dhrs3a expression is expanded throughout the embryo after
treatment with RA (Fig. 5C).

dhrs3a expression is first detected in the mesoderm at 6.5 hpf, expanding to include the
paraxial and lateral mesoderm by the end of gastrulation (Fig. 6A-C). This early expression
overlaps fully with that of aldh1a2 (Fig. 6G). However, during early somite stages dhrs3a
and aldh1a2 expression diverges, with dhrs3a expression becoming restricted to mesoderm
lateral and anterior to the aldh1a2-expressing anterior somites (Fig. 6D-I). A closely related
duplicate gene, dhrs3b, has non-overlapping expression in the yolk syncytial layer during
gastrulation and later in the spinal cord and tailbud (Thisse and Thisse, 2004).

Dhrs3a regulates RA signaling
Dhrs3 has been identified in multiple microarray experiments as a strongly RA-inducible
gene, however its function has not been assessed in vivo (Arima et al., 2005; Cerignoli et al.,
2002; Waxman et al., 2008). dhrs3 encodes a short-chain dehydrogenase/reductase that
catalyses the reduction of all-trans retinal to all-trans retinol, lowering the bioavailability of
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RA precursor (Haeseleer et al., 1998; Jornvall, 2008). Since we found that dhrs3a is
expressed in an RA-dependent manner, we hypothesized that Dhrs3a may function as a
feedback inhibitor of RA biosynthesis, by eliminating the immediate RA precursor. We thus
tested Dhrs3a function with antisense morpholinos and mRNA over-expression (see
materials and methods and suppl. Fig. 1).

If Dhrs3a functions to control RA biosynthesis by reducing retinaldehyde bioavailability, we
predicted that the expression of known RA target genes would be increased in Dhrs3a
morphants and decreased in embryos over-expressing dhrs3a. cyp26a1 expression is a
sensitive read-out of RA levels in the zebrafish (Abu-Abed et al., 2001; Loudig et al., 2005;
Reijntjes et al., 2005). In early somite stage embryos (12 hpf), cyp26a1 is expressed weakly
in a domain that overlaps with dhrs3a expression in mesoderm anterior and lateral to the
RA-producing anterior somites (Fig. 7A). We found that the level of cyp26a1 expression is
increased and this domain is expanded in early somite-stage embryos injected with two
different dhrs3a morpholinos (Fig. 7D,E). Quantitative PCR for cyp26a1 expression in
control and MO-injected embryos confirmed this result: cyp26a1 expression in dhrs3a MO-
injected samples is at least 2-fold higher than both the uninjected or control MO-injected
samples, when normalized with gapdh (Fig. 7G). In contrast, when dhrs3a is over-expressed
by mRNA injection at the 1-cell stage, cyp26a1 expression is reduced at 12hpf (Fig. 7F,
compare to 7C).

A more direct way to visualize RA signaling is through the expression of a reporter driven
by a RA-response element (RARE). We used a RA-responsive transgenic line
Tg(12XRARE-ef1a:gfp)sk71 (Waxman and Yelon Manuscript submitted). RA-responsive
GFP is expressed in the anterior spinal cord up to a sharp anterior limit at the rhombomere
6/7 boundary (Fig. 7I). This expression is entirely RA-dependent, as it is eliminated in
DEAB-treated embryos and induced throughout the CNS in RA-treated embryos (data not
shown). We found that injection of dhrs3a MOs results in an increase both in the length of
the RARE-eGFP expression domain and in the overall level of GFP expression at 48 hpf
(Fig. 7K, L compare to Fig.7J and 7I). In contrast, when dhrs3a is over-expressed by mRNA
injection, both the RARE-eGFP expression domain and the overall of GFP expression are
reduced at 48 hpf (Fig.7H, compare to 7I). Quantitative analysis of RARE-eGFP expression
in control, mRNA-injected and MO-injected embryos further confirmed this result (Fig.7M).
The increase in both cyp26a1 expression and in RARE-eGFP reporter expression in dhrs3a-
depleted embryos is consistent with a model in which Dhrs3a functions to reduce the
bioavailability of RA precursor.

Dhrs3a controls nervous system organization—The region of the embryo
immediately anterior to the anterior-most somites experiences highest RA signaling in the
early somite stage zebrafish embryo, as reflected by RARE-GFP reporter expression and by
multiple in situ-validated RA targets identified in our microarray screen, all of which exhibit
RA-responsiveness in this domain. The length of this domain is determined by RA levels, as
reflected by its shortening in aldh1a2i26/i26/neckless mutants (Begemann et al., 2001) and its
lengthening in cyp26a1rw716/rw716/giraffe mutants (Emoto et al., 2005). Focusing on the
central nervous system, we defined the distance from the second somite (defined
morphologically and by the anterior limit of pax2a expression in pronephric mesoderm) up
to the r6/7 boundary as the “high RA” domain, which corresponds to the domain of hoxd4a
(Fig. 8A) and rxrga expression (Fig. 2A), both of which are RA targets (Maves and Kimmel,
2005; Waxman and Yelon, 2007). We compared this distance, which is normally
approximately 250μm, between aldh1a2i26/i26/neckless mutants, cyp26a1rw716/rw716/giraffe
mutants, dhrs3a MO-injected embryos and their control siblings (Fig. 8A-C). The length of
this region is increased by 26% in cyp26a1/gir mutants and decreased by over 60% in
aldh1a2/nls mutants (data not shown). Compared to this, the effects of dhrs3a knockdown
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were mild. Nevertheless, we observed a subtle (~6%) but statistically significant increase in
the length of the “high RA” domain in Dhrs3a morphants (dotted arrows in Fig. 8A-C). A
similar increase in the distance from the second somite to r3 was also observed (solid arrows
in Fig. 8A-C). This phenotype is consistent with a role for Dhrs3a in regulating RA levels in
the embryo.

Neuroanatomically, the “high RA” region includes anterior-most spinal cord and hindbrain
rhombomere 7/8. No clear boundary separates r7 from r8, however there are
neuroanatomical differences: in zebrafish r7 contains CaD and CaV interneurons as well as
the nucleus of the glossopharyngeal nerve, while r8 contains the large vagus motor nucleus
(Chandrasekhar et al., 1997; Kimmel, 1982; Kimmel et al., 1982). Additionally, a set of
contralaterally projecting T-reticular interneurons differentiate dorsally in r7 and r8
(Kimmel et al., 1985) and can be detected with the RMO44 antibody (Waskiewicz et al.,
2001). In cyp26a1/gir mutants, anterior spinal cord fates are shifted anteriorly and the vagal
region is correspondingly reduced (Emoto et al., 2005) while in aldh1a2/nls mutants, more
anterior hindbrain fates are shifted posteriorly, also resulting in a reduced vagal region
(Begemann et al., 2004). Similarly, we found that the number of RMO44-positive T-
interneurons was reduced in both aldh1a2i26/i26/neckless and cyp26a1rw716/rw716/giraffe
mutants (Fig. 9 and data not shown). We found that the length of the vagus motor nucleus is
quite variable even in control embryos, and we did not observe consistent effects on its
length in Dhrs3a morphants. However the number of T-interneurons is affected. Control
embryos contain an average of 4.7 RMO44-positive T-interneurons while dhrs3a MO
embryos contain an average of 4 such neurons. Moreover, whereas only 5% of control
embryos contained 3 or fewer T-interneurons, between 25 and 35% of dhrs3a MO embryos
did (Fig. 9F).

Interactions with other RA-regulating genes
If Dhrs3a normally functions as a feedback inhibitor of RA biosynthesis, we predicted that
depleting it would enhance the phenotype of cyp26a1rw716/rw716/giraffe mutants in which
RA levels are also increased due to reduced degradation. On the other hand, we did not
expect dhrs3a knockdown to suppress the phenotype of aldh1a2/nls mutants, since Aldh1a2
is epistatic to Dhrs3a in the RA biosynthesis pathway (Fig. 1). We injected embryos from
cyp26a1+/rw716 or aldh1a2+/i26 incrosses with dhrs3a MOs, and sorted the resulting embryos
based on the known morphological aldh1a2 and cyp26a1 mutant phenotypes (Begemann et
al., 2001;Emoto et al., 2005) and examined them for changes in hindbrain patterning and
neuroanatomical phenotypes caused by dhrs3a depletion.

cyp26a1 mutants have a subtle hindbrain patterning phenotype whereby r4 is elongated and
r7 is reduced in length (Fig. 8E). Dhrs3a morphants have no detectable hindbrain patterning
defect aside from the subtle lengthening of the posterior hindbrain described above (Fig. 8B,
C). However cyp26a1rw716/rw716 embryos injected with Dhrs3a MOs exhibited an enhanced
phenotype in which the entire hindbrain was shortened and r3 was strongly reduced or
absent (Fig. 8F, G). This is similar to the phenotype of cyp26a1 mutants in which RA
degradation is further inhibited by depletion of the partially redundant Cyp26c1 enzyme
(Hernandez et al., 2007). We also observed an enhancement of the posterior hindbrain
neuroanatomical defects described above. cyp26a1 mutants have a reduced number of T-
reticular interneurons compared to controls (Fig. 9C, E) and this number is further reduced
by Dhrs3a depletion (Fig. 9E). Together, these additive phenotypes are consistent with a
model in which Dhrs3a and Cyp26a1 function to deplete RA levels in the zebrafish embryo
through independent pathways (Fig. 1). As predicted, we saw no suppression of the aldh1a2
mutant phenotype as a result of Dhrs3a depletion (data not shown).
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Discussion
In this study, we have used microarray analysis to identify genes that are directly or
indirectly regulated by RA in the early somite stage zebrafish embryo. Our approach, which
was to compare both RA-treated and antagonist treated expression profiles to untreated
controls and to focus on genes that behave oppositely in the two treatments, allowed us to
identify the small subset of RA-inducible and RA-suppressible genes on our microarray that
are bona fide RA targets in the early somite stage embryo. Previous screens for RA-
regulated genes in cultured cells, Ciona or Xenopus embryos compared RA-treated to
controls or RA-treated directly to antagonist-treated embryos and thereby identified
hundreds of potential RA targets (Bouillet et al., 1995, Freemantle et al., 2002, Ishibashi et
al., 2003, 2005, Arima et al., 2005). These included orthologs of some of the genes we
validated as endogenous RA targets in our zebrafish microarray such as nrip1(RIP140),
DHRS3, CYP26A1, TCF2, HOX and MEIS genes, however without the corresponding RA
depletion expression profile the in vivo significance of many of these hits has remained
unclear.

We identified RA target genes expressed in all three germ layers. The majority of validated
hits are expressed in an RA-dependent manner in the anterior trunk, while a smaller subset
of validated hits are normally repressed by RA in this region. RA is synthesized by Aldh1a2
in the anterior somitic mesoderm, and has its strongest effects on neural patterning and
organogenesis in this region. For example, RA specifies the position of the pectoral fin,
pancreas and proximal segments of the pronephros at the level of the anterior-most somites,
and limits the posterior extent of the heart fields (Begemann et al., 2001; Grandel et al.,
2002; Keegan et al. 2005; Stafford and Prince, 2002; Waxman et al., 2008). Consistent with
this, we saw the most dramatic effects on gene expression in RA-treated and antagonist-
treated embryos in this region. It remains to be determined whether the RA targets we have
identified mediate the effects of RA on these developmental processes.

In the neurectoderm, we identified genes like wnt11r, rxrga, and nr2f6b, which exhibit RA-
dependent expression throughout the anterior spinal cord, up to the rhombomere 6/7
boundary which is a common anterior limit of RA-dependent gene expression. The anterior
spinal cord is the earliest site of neuronal differentiation within the CNS, but how this
localization of neurogenesis along the anterior-posterior axis is achieved is not fully
understood. We found that markers of early differentiating neurons such as myt1 exhibited
RA-dependent expression in the anterior spinal cord. Other neurogenic genes such as
neurogenin1 and deltaB behaved similarly on our microarray (not shown). Recent work has
demonstrated that early neuronal differentiation in the mouse spinal cord depends on the
direct positive regulation of neurogenic genes by RA (Ribes et al., 2008), while work in the
zebrafish has shown that neurogenesis is suppressed in the inter-proneural domains of the
spinal cord by the hairy-related gene her3 (Bae et al., 2005). Our finding that her3 is itself
normally suppressed by RA in the anterior spinal cord adds a new level at which RA
controls neurogenesis, by simultaneously activating neurogenic genes and suppressing
expression of a suppressor of neurogenesis.

Microarray analysis identifies regulators of RA metabolism
A number of the genes identified in our microarray screen and validated by RNA in situ
hybridization encode proteins that regulate retinoid metabolism (e.g. the RA degrading
enzymes cyp26a1 and cyp26b1) or retinoic acid receptor function (e.g. nrip1/rip140, nr2f6
and nr2f1). The identification of these genes as RA targets underscores the multiple levels at
which RA signaling is regulated by feedback control mechanisms in the embryo (Beland and
Lohnes, 2005; Dobbs-McAuliffe et al., 2004; Hernandez et al., 2007; White et al., 2003).
We found that the short-chain dehydrogenase/reductase family member dhrs3a was among
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the most strongly RA-regulated gene, being 15-fold up-regulated in RA and 11-fold down-
regulated in AGN193109, a result we confirmed by in situ hybridization in RA-treated and
RA-depleted embryos and mutants. Whether RA functions directly or indirectly in Dhrs3a
regulation remains to be determined, however we note that there are multiple canonical
retinoic acid response elements near the dhrs3a genes of multiple vertebrate species (see
also Waxman and Yelon, 2008).

Dhrs3a is a member of a large family of short chain dehydrogenase/reductases, many of
which have been demonstrated to be active on retinoids (Pares et al., 2008). Dhrs3 has been
demonstrated to preferentially catalyze the reduction of retinaldehyde to retinol in vitro
(Haeseleer et al., 1998). We hypothesized that RA-dependent activation of dhrs3a could
result in the removal of retinaldehyde, thereby acting as a negative feedback regulator of RA
production. Indeed, we found that in dhrs3a knock-down embryos, RA levels are increased
as judged by increases in RA-dependent cyp26a1 expression and RARE-GFP reporter
expression in the spinal cord. Depletion of Dhrs3a enhanced the posteriorized hindbrain
phenotype of cyp26a1 mutants, in which RA levels are increased due to decreased
degradation. We note that depletion of Dhrs3a did not rescue the RA-depleted phenotype of
aldh1a2 mutants, consistent with Aldh1a2 being epistatic to Dhrs3a in the RA biosynthesis
pathway (Fig. 1).

Dhrs3a is related to mammalian Rdh10 (Dalfo et al., 2007), which oxidizes retinol to
retinaldehyde, thereby controlling the availability of RA precursor (Wu et al., 2002). Rdh10
mutant mice have a RA-deficiency phenotype similar to (but milder than) that of Aldh1a2
mutants, and this phenotype can be suppressed by supplementing maternal RA (Sandell et
al., 2007). We observed that zebrafish rdh10a is expressed in the RA-producing paraxial
mesoderm, and that this expression is suppressed by endogenous RA and is increased in the
absence of RA, as shown previously in Xenopus (Fig. 4F; Strate et al., 2009). This sets up a
negative feedback loop whereby RA inhibits further synthesis of its own precursor (Fig. 1).
In contrast, Dhrs3, which requires NADPH rather than NAD as a cofactor, preferentially
catalyzes the reverse reaction, reducing retinaldehyde to retinol in vitro (Haeseleer et al.,
1998), and its expression in anterior trunk mesoderm is strongly induced by endogenous RA.
This sets up an alternative negative feedback loop whereby RA synthesis is inhibited by the
active elimination of its precursor (Fig. 1). Taken together, our work and that of Sandell et
al. and Strate et al. suggest that two key enzymes, one functioning as a retinaldehyde
reductase and the other functioning in retinol oxidation, play complementary roles in
controlling the availability of the RA precursor retinaldehyde. In this model, in the presence
of RA, Dhrs3a-dependent retinaldehyde reduction is activated and Rdh10-dependent retinol
oxidation is suppressed. This is predicted to result in a rapid drop in retinaldehyde levels. In
the absence of RA, retinaldehyde is able to accumulate. This feedback regulation of
retinaldehyde levels functions in parallel to the more direct negative feedback regulation on
RA itself by suppression of aldh1a2 and activation of cyp26 exrpession (Fig. 1). The relative
importance of these negative feedback mechanisms is likely to vary in different organisms
and stages of development where the composition of maternally provided retinoids is
different. Furthermore, the various feedback mechanisms may be differentially employed in
different cell types. In this regard it is notable that in the early somite stage embryo the two
enzymes that work positively in the biosynthesis of RA, Rdh10 and Aldh1a2, are expressed
within the anterior somitic mesoderm while the two enzymes that serve to remove
retinaldehyde and RA, respectively, Dhrs3a and Cyp26, are primarily expressed in the
ventral and lateral mesoderm surrounding the anterior somites. Understanding the spatial
and temporal requirements for these various feedback mechanisms will require higher
resolution characterization of rdh10a and dhrs3a expression and of the effects of their
knock-down in specific RA-dependent developmental processes.
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Fig. 1. Schematic of retinoic acid metabolism
Blue arrows indicate levels of feedback control.
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Fig. 2. Strategy for microarray identification of RA-regulated genes
Wild-type embryos were treated with RA, RA signaling antagonist (AGN193109) or DMSO
(control) as shown. Treated embryos were collected at the 2-4 somite stage (about 11 hpf). A
subset of treated embryos were fixed for in situ hybridization with mafBa, erm, or hoxd4, to
confirm the drug treatment effect, and the remainder was used for RNA harvest. Four
separate treatments were performed. After a single cycle of cRNA synthesis, the
hybridization was carried out on Affymetrix Zebrafish Genome Expression chips. Selected
hits were validated by in situ hybridization.
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Fig. 3. In situ validation of microarray hits whose expression is increased in RA-treated embryos
and reduced in antagonist-treated embryos
Dorsal views of 8 selected microarray hits (blue) and egr2b (red) in situs at 11hpf. Anterior
is to the left in all panels. Column i: control (DMSO) treated; ii: 10 μM DEAB (RA
synthesis antagonist) treated; iii: 0.33μM RA-treated. The numbers in the upper right corners
refer to the fold-change in expression level identified on the microarray under the
corresponding conditions.
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Fig. 4. In situ validation of microarray hits whose expression is decreased in RA-treated embryos
and increased in antagonist-treated embryos
A-E: Dorsal views of 5 selected microarray hits (blue) and egr2b (red) at 11hpf. Anterior is
to the left in all panels. Column i: control (DMSO) treated; ii: 10 μM DEAB (RA synthesis
antagonist) treated; iii: 0.33μM RA-treated. The numbers in the upper right corners refer to
the fold-change in expression level identified on the microarray. F: Although not represented
on the microarray, zebrafish rdh10a is increased in RA-depleted embryos and suppressed in
RA-treated embryos.
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Fig. 5. dhrs3a is expressed in an RA-dependent manner
RNA in situ hybridization of of dhrs3a (blue) and egr2b (red in A-C). (A) DMSO-treated;
(B) 10 μM DEAB-treated, (C) 0.33μM RA-treated. (D) wild-type untreated, (E)
aldh1a2i26/i26/neckless mutant, (F) cyp26a1rw716/rw716/giraffe mutant. Anterior is to the left
in all panels.
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Fig. 6. dhrs3a expression is dynamic and correlated with aldh1a2 expression
Chromogenic (A-F) and fluorescent (G-I) in situ hybridization of dhrs3a (A-E, G-I),
aldh1a2 (F, G′-I′) and both (G″, H″ and I″). The red color in E- F shows the expression of
egr2b.
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Figure 7. Dhrs3a functions as a regulator of RA signaling
(A-F) RNA in situ hybridizations on 5 somite stage embryos in dorsal view with anterior to
the left, showing cyp26a1 expression (blue) in the anterior trunk. Red staining is erg2b in
rhombomere 5 and aldh1a2 in the anterior paraxial mesoderm. (A) uninjected control
embryo; (B) control embryo injected with 5ng tp53MO; (C) control embryo injected with
300pg GFP mRNA; (D) embryo injected with 5ng dhrs3a MO1 and 5ng tp53 MO; (E)
embryo injected with 5ng dhrs3a MO3 and 5ng tp53 MO; (F) embryo injected with 300pg
dhrs3a mRNA. (G) quantification of cyp26a1 expression by qPCR. (H-L) projections of
confocal images through the spinal cord of live Tg(12XRARE-ef1a:gfp)sk71 transgenic
embryos at 48hpf. The anterior limit of GFP expression corresponds to the rhombomere 6/7
boundary. ; (H) dhrs3a mRNA-injected embryo, (I) uninjected control, (J) control tp53 MO-
injected embryo; (K) dhrs3a MO3 plus tp53 MO-injected embryo; (L) dhrs3a MO1 plus
tp53 MO-injected embryo. (M) quantification of live Tg(12XRARE-ef1a:gfp)sk71 signal in
n=6 injected with 300pg dhrs3a mRNA, n=6 uninjected, n=6 tp53MO (5ng/emb) injected,
n=6 tp53 + dhrs3a MO3 (5ng/emb each) injected and n=6 tp53 + dhrs3a MO1 (5ng/emb
each) injected embryos. “Overall GFP expression” is the sum of pixel intensities above
background threshold; “GFP expression volume” is the total number of pixels in the
confocal stack above background threshold. Values are normalized to the uninjected control.
** (ANOVA; The Newman-Kuels Test) p<0.005.
* (ANOVA; The Newman-Kuels Test) p<0.05. There is no significant difference on the
GFP expression volume or overall signal between wt and tp53. + (Student T-test) p<0.05.
dhrs3a mRNA injected embryos were normalized to control mRNA injected embryos.
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Fig 8. Dhrs3a knock-down effects nervous system patterning
(A-C), in situ hybridization of hoxd4a (blue), pax2a (red in mid-hindbrain boundary, otic
vesicles and somites) and egr2b (red in rhombomere 3 and 5) in wt (A), dhrs3a MO1 (B)
and MO3 (C)-injected embryos. Dotted arrows indicate the distance from the r6/7 boundary,
marked by the anterior limit of hoxd4a expression, to the second somite (indicated by the
anterior limit of pax2a expression). Solid arrows indicate the distance from the r3/4
boundary to the second somite. Both distances are longer in dhrs3a knock-down embryos.
(DG) knock-down of Dhrs3 enhances the posteriorized hindbrain phenotype of cyp26a1-

mutant embryos. (D) wt; (E); cyp26a1-/gir mutant; (F, G) cyp26a1-/gir mutant injected with
dhrs3a MO3 (F) or MO1 (G).
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Figure 9. Dhrs3 knock-down effects hindbrain neuronal organization
(A-D) RMO44 immunostaining of hindbrain reticulospinal neurons. (A) control wt embryo
with 5ng tp53 MO; (B) dhrs3a MO1+tp53 MO-injected embryo; (C) cyp26a1 mutant
embryo injected with 5ng control tp53 MO; (D) cyp26a1 mutant embryo injected with
dhrs3a MO1+tp53 MO. Arrows indicate the Mauthner neuron in r4, which is unaffected
under all conditions; arrowheads indicate the distinctive T-interneurons which lie in r7 and
anterior r8. (E) Quantification of the number of T-interneurons in each condition. N refers to
the number of embryos counted.
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