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Congenital hypertrophy�hyperplasia of the retinal pigmented ep-
ithelium is an ocular lesion found in patients harboring mutations
in the adenomatous polyposis coli (APC) tumor suppressor gene.
We report that Apc-deficient zebrafish display developmental
abnormalities of both the lens and retina. Injection of dominant-
negative Lef reduced Wnt signaling in the lens but did not rescue
retinal differentiation defects. In contrast, treatment of apc mu-
tants with all-trans retinoic acid rescued retinal differentiation
defects but had no apparent effect on the lens. We identified Rdh5
as a retina-specific retinol dehydrogenase controlled by APC. Mor-
pholino knockdown of Rdh5 phenocopied the apc mutant retinal
differentiation defects and was rescued by treatment with exog-
enous all-trans retinoic acid. Microarray analyses of apc mutants
and Rdh5 morphants revealed a profound overlap in the transcrip-
tional profile of these embryos. These findings support a model
wherein Apc serves a dual role in regulating Wnt and retinoic acid
signaling within the eye and suggest retinoic acid deficiency as an
explanation for APC mutation-associated retinal defects such
as congenital hypertrophy�hyperplasia of the retinal pigmented
epithelium.

colon cancer � retina � APC

Heterozygous mutations in the tumor suppressor adenoma-
tous polyposis coli (APC) result in familial adenomatous

polyposis, a syndrome characterized by the presence of hundreds
of adenomatous colonic polyps that can ultimately progress to
frank adenocarcinoma (1). Familial adenomatous polyposis pa-
tients also exhibit extracolonic manifestations of APC mutation,
including congenital hypertrophy�hyperplasia of the retinal pig-
mented epithelium and in some cases a failure of ventral retinal
development known as retinal coloboma (2). Similarly, mice with
targeted Apc gene disruption develop congenital hypertrophy�
hyperplasia of the retinal pigmented epithelium lesions and
retinal coloboma (2, 3). The mechanisms underlying APC
mutation-induced ocular defects in humans and mice remain
undefined.

Extensive research regarding APC function suggests that
aberrant WNT��-catenin signaling accounts for the develop-
ment of colon carcinomas in individuals harboring APC mu-
tations (4, 5). Specifically, truncating mutations in APC are
thought to alleviate blockade of �-catenin�LEF transcrip-
tional activity, thus promoting cell proliferation and inhibiting
cellular differentiation (5). Consistent with a potential role for
APC in abnormal eye development, the WNT��-catenin sig-
naling cascade is critical for specification of lens tissue and
regulation of lens growth and differentiation (6, 7). WNT
signaling also plays a role in various aspects of retinogenesis
(8–10). For example, in zebrafish Wnt11 and Fz5 coordinate
to allow retinogenesis to proceed by suppressing signals that
inhibit eye field specification (11).

An additional APC function includes its recently described
role in regulating the production of retinoic acid (RA) in the
intestine (12, 13). It is well established that RA is required during
eye development (14). Specifically, development and differen-
tiation of the photoreceptor cell layer and the retinal pigmented
epithelium depend on retinoid signaling (15, 16). The ventral
retina, in particular, is highly dependent on RA. For example,
Hyatt et al. (17) demonstrated that zebrafish treated with
exogenous RA displayed an enhancement of ventral retina
characteristics, whereas knockdown of an enzyme involved in
RA biosynthesis (bcox) hindered the establishment of the ventral
retina (18). In addition, recent studies show that targeted
deletion of the retinoid receptor RXR� within the mouse retinal
pigmented epithelium (RPE) caused RPE abnormalities, includ-
ing the appearance of congenital hypertrophy�hyperplasia of the
retinal pigmented epithelium-like lesions similar to those present
in mice bearing mutated APC (19, 20).

Although the above studies establish a role for WNT and RA
in directing ocular development, they do not delineate whether
perturbations in WNT or RA signaling underlie ocular abnor-
malities seen after APC mutation. We report here that Apc
mutant zebrafish harbor ocular abnormalities similar to those
present in mice and humans with APC mutation. Furthermore,
we describe a dual role for Apc in ocular morphogenesis. Apc
regulation of canonical WNT��-catenin signaling appears active
in the developing lens. In contrast, Apc control of RA produc-
tion via retinol dehydrogenase 5 appears confined to the retina
and is required for retinal differentiation.

Results and Discussion
Consistent with reports in humans and mice, we found that
homozygous apc mutant zebrafish harbor retinal coloboma (Fig.
1A). This defect was present in 100% (n � 75) of homozygous
apc mutant embryos but was absent in apc heterozygous siblings
(n � 50) (Fig. 1 A). We also noted the presence of a protruding
lens phenotype (Fig. 1 A). Histologic analysis of apc mutant eyes
exposed a lack of retinal organization, particularly in the ventral
retina, in comparison to wild-type retinas. Specifically, the RPE
was underdeveloped in the ventral retina, as was the ventral
portion of the photoreceptor cell layer (Fig. 6, which is published
as supporting information on the PNAS web site). In addition to
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ventral retina defects, the remaining RPE and photoreceptor cell
populations appeared undifferentiated (Fig. 6). Confirming this
histological analysis, whole-mount in situ hybridization (Fig. 1 A)
for the interphotoreceptor retinoid binding protein (irbp), a
marker of photoreceptor and retinal pigmented epithelial cells,
revealed failed retinal differentiation of these cell layers (21).
Wild-type apc larvae expressed irbp (Fig. 1 A; 100% positive; n �
70) whereas apc mutant retinas lacked irbp expression (0%
positive; n � 39). In addition, other photoreceptor cell markers,
such as zpr1, were lost in apc mutants (Fig. 7, which is published
as supporting information on the PNAS web site). Loss of irbp
and zpr1 expression was in contrast to early markers of retinal
progenitors such as crx, otx2, neurod, pax6.2, and atoh7, all which
were present in apc mutant retinas (Fig. 8, which is published as
supporting information on the PNAS web site). Furthermore,
apc mutant eyes showed no increase in apoptotic cells as assessed
by acridine orange staining (data not shown). These findings
indicate that, although apc mutant zebrafish specify retinal
progenitor cells, terminal differentiation of the retina is not
achieved.

To determine whether the lack of retinal differentiation, as
well as other ocular defects in apc mutant zebrafish, result
from aberrant WNT��-catenin activation, we produced an apc
mutant TOPdGFP transgenic zebrafish line (22, 23) that
permits interrogation of Apc function while simultaneously
analyzing WNT��-catenin signaling. Quantitative RT-PCR
revealed that apc mutant TOPdGFP embryos [72 h postfer-
tilization (hpf)] express 3-fold more GFP than wild-type apc
TOPdGFP siblings (Fig. 1C), thereby confirming that WNT�
�-catenin signaling is hyperactive within whole embryos after
apc mutation. However, whole-mount in situ hybridization
examining GFP expression within the eyes of homozygous apc

mutant TOPdGFP larvae, in comparison to wild-type siblings,
at 72 hpf showed increased GFP levels primarily within the
mutant lens (Fig. 1 A and B). Increased GFP was also noted
within the developing hindbrain (Fig. 1 A). Consistent with
previous reports, GFP levels within the RPE were detectable;
however, these levels did not appear to change significantly
(Fig. 1 A) in the apc mutants (22).

The above observations indicate WNT��-catenin signaling in
lens, but not necessarily retina, of the APC mutant fish. Fur-
thermore, it is possible that the TOPdGFP reporter constructs
does not reflect the activity of all TCF�LEF family members. To
examine the role of WNT signaling in the apc mutant retinas
more closely, we sought to rescue irbp expression by injecting
dominant-negative (DN) LEF, a known inhibitor of WNT��-
catenin signaling (24). Although injection of DN-LEF into apc
mutant TOPdGFP embryos resulted in a dose-dependent de-
crease in GFP expression both globally and within the lens (Fig.
1 B and C), it failed to restore irbp expression (Fig. 1C). These
data indicated that disregulation of WNT signaling may not
underlie retinal differentiation defects resulting from mutation
in apc.

Given these findings, we considered the possibility of an
additional function for apc in the zebrafish retina. The presence
of severe ventral retinal defects and the absence of cellular
differentiation in apc mutant embryos were highly reminiscent
of retinoid deficiency (14, 15, 17, 18, 25). This finding, coupled
with our previous findings that apc regulates RA production in
the intestine, led us to hypothesize that retinoid deficiency
underlies the defects present in apc mutant retinas. To test this
hypothesis, we attempted to restore differentiation of the RPE
and photoreceptor cell layers in apc mutants by treatment with
vehicle (DMSO) or all-transretinoic acid (ATRA). Histologic
analysis showed that ATRA treatment rescued photoreceptor
and RPE morphology but did not appear to rescue lens protru-
sion in the apc mutants (Figs. 2A and 6). This same treatment
restored the expression of the photoreceptor cell differentiation
marker irbp in 45% of mutant embryos (n � 42) (Fig. 2B). In
contrast, only 2% (n � 45) of mutant embryos treated with
vehicle expressed irbp. Similar rescue was seen with zpr1 (Fig. 7).
In addition to irbp, RT-PCR also showed that the RPE-specific

Fig. 1. Coloboma and retinal differentiation are not rescued by DN-LEF. (A)
Light microscopic (LM) analysis of wild-type or apc mutant larvae at 72 hpf
revealed the presence of retinal coloboma (arrow) in apc mutants. Whole-
mount in situ hybridization indicates that IRBP expression is present in wild-
type but not in apc mutant larvae at 72 hpf. At 72 hpf, wild-type TOPdGFP
larvae have little GFP expression in the eye, whereas apc mutant larvae display
robust GFP expression in the lens (arrowhead). (B) Injection of DN-LEF reduces
expression of TOPdGFP in the apc mutant lens in comparison to control-
injected mutants. (C) Quantitative RT-PCR for GFP (white bars) or IRBP (black
bars) using total RNA from 72-hpf wild-type (wt), apc mutant (mt), apc
mutants injected with 8 pg of DN-LEF (bars marked with ‘‘8’’), or APC mutants
injected with 40 pg of DN-LEF (bars marked with ‘‘40’’). Error bars represent
standard deviation.

Fig. 2. RA rescues APC mutants. (A) Toluidine blue staining of wild-type or
APC mutant eyes treated with vehicle (V) or ATRA (RA) at 72 hpf. Arrows
indicate the dorsal retina; double arrows indicate ventral retina. (B) The
percent of apc mutants treated with vehicle (white bar) or ATRA (black bar)
that stained positively for IRBP by whole-mount in situ hybridization. (C)
Quantitative RT-PCR for IRBP (white bars) and TRP2 (black bars) using total
RNA from 72-hpf wild type (WT), APC mutant (MT), and APC mutants treated
with ATRA.

13410 � www.pnas.org�cgi�doi�10.1073�pnas.0601634103 Nadauld et al.



marker trp2 was reduced in APC mutants and restored by RA
treatment (Fig. 2C).

Because Apc appears to control RA biosynthesis in the intestine
through transcriptional induction of intestinal specific retinol de-
hydrogenases (rdhs) (12, 26), we performed RT-PCR using a panel
of zebrafish adult tissue RNAs with primers specific for several
candidate, eye-specific rdhs, including rdh5 (GenBank accession
no. DQ000308), prrdh1 (GenBank accession no. AY306006),
prrdh2 (GenBank accession no. AY306007), rdh10 (GenBank
accession no. NM�201331), and rdh12 (GenBank accession no.
BC076473) (Fig. 9, which is published as supporting information on
the PNAS web site). According to this analysis, all of the rdhs we
surveyed demonstrated some expression in the adult eye, with rdh5
being the most highly expressed in the eye. Whole-mount in situ
hybridization for rdh5, prrdh1, prrdh2, rdh10, and rdh12 in wild-
type and apc mutant larvae at 72 hpf revealed expression of each
of these rdhs in various regions of the eye in wild-type larvae (Fig.
3A). In addition, the expression of several rdhs was decreased in apc
mutants (Fig. 3A). Most notably, rdh5 was robustly expressed in the
RPE of wild-type larvae yet undetectable in apc mutants (Fig. 3A).
The RPE-specific expression of rdh5 was confirmed by histologic
sectioning after whole-mount in situ hybridization (Fig. 3B).

The best-described role for rdh5 in mammals is the conversion of
11-cis-retinol to 11-cis-retinal during regeneration of visual chro-
mophores (27). However, rdh5 is also capable of producing retin-
oids suitable for RA signaling (27). Consistent with this latter
activity, we found that HCT116 cells transfected with rdh5 pro-
duced �3-fold more RA after retinol addition than vector-only
control cells (Fig. 3C). Given these results, we focused on rdh5 as
a candidate rdh downstream of apc in the RPE.

We sought to knock down rdh5 function in vivo by injection of
antisense morpholino oligonucleotides. RT-PCR with primers
specific for rdh5 confirmed that splicing of the rdh5 transcript
was blocked by morpholino injection (Fig. 10, which is published
as supporting information on the PNAS web site). Consistent
with rdh5 as an in vivo RDH, analysis of rdh5 morphant embryos
revealed the presence of retinal coloboma (Fig. 4A) and ventral
retinal abnormalities, including the abnormal development of

RPE and photoreceptor cells (Fig. 4A and Fig. 11, which is
published as supporting information on the PNAS web site). A
translation-blocking morpholino against rdh5 gave a similar
phenotype (data not shown). Similar to that seen in apc mutants,
whole-mount in situ hybridization demonstrated an absence of
irbp in 92% of rdh5 morphants (n � 61) (Fig. 4B). irbp
expression was restored in 35% of rdh5 morphants (n � 40) after
treatment with ATRA (Fig. 4B). In contrast, only 6% (n � 49)
of rdh5 morphant embryos treated with vehicle expressed irbp
(Fig. 4B). Furthermore, histologic analysis of the RPE and
photoreceptor layer suggested that these cell layers were partially
rescued in response to ATRA treatment (Figs. 4A and 11). Rdh5
knockdown, therefore, recapitulated the differentiation defects
present in apc mutants. However, the morphological defects,
such as disruption of laminar patterning that occurred in the apc
mutant, were more severe than those present in rdh5 morphants.
This difference fits with the specific expression domain of rdh5,
which appears restricted to the RPE. Defects within the apc
mutant retinas in other specific retinal cell layers may be due to
apc control of additional rdhs such as rdh12, which appeared
limited to the retinal ganglion cell layer.

The absence of rdh5 expression from apc mutant retinas
combined with the similarities between rdh5 morphant and apc
mutant retinas supports a model wherein apc controls retinal
differentiation via regulation of rdh5 expression. Consistent with
this idea, we found that injection of a plasmid encoding rdh5 into
apc mutants restored irbp expression in 27% of embryos (n �
44), whereas 0% of control-injected apc mutant embryos ex-
pressed this marker (n � 32) (Fig. 4C). We also noted two
domains of irbp expression in the ventronasal region of the retina
and area thought to harbor early, differentiating photoreceptor
cells (Fig. 4C).

In an effort to understand the overall contribution of apc and
rdh5 to eye development, we next determined the transcriptional
profiles of the apc mutant and the rdh5 morphant by performing

Fig. 3. Rdh5 expression is decreased in apc mutants. (A) Whole-mount in situ
hybridization on wild-type or apc mutant larvae at 72 hpf for rdh5, prrdh1,
prrdh2, rdh10, or rdh12. rdh5 and rdh12 expression are absent in apc mutants.
(B) After whole-mount in situ hybridization on 96-hpf larvae with an antisense
probe for rdh5 we performed histologic sectioning, which revealed the RPE-
specific expression of rdh5. (C) HCT116 human colon cancer cells were trans-
fected with empty vector or rdh5 and treated with retinol, and then RA was
extracted and quantified by comparison with the internal extraction standard,
TTNPB. Error bars represent standard deviation.

Fig. 4. Rdh5 controls RA production in the RPE and rescues apc mutants. (A)
Light microscopic analysis of rdh5 morphants reveals the presence of retinal
coloboma (arrow). Toluidine blue staining of vehicle-treated or ATRA-treated
rdh5 morphant eyes reveals rescue of ventral retinal morphology by ATRA
treatment (arrows indicate the ventral retina). (B) Irbp (arrowheads) expres-
sion is present at 72 hpf in wild-type larvae, absent in rdh5 morphants, and
partially rescued after ATRA treatment, as determined by whole-mount in situ
hybridization. (C) Irbp expression (arrowheads) is present at 72 hpf in wild-
type larvae, absent in APC mutants, and partially restored in apc mutants
injected with rdh5.
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oligo-based microarray analysis using total RNA harvested from
whole embryos at 72 hpf compared with wild type at 72 hpf. Our
analysis initially surveyed 17,433 independent zebrafish genes.
The resulting data confirmed the presence of numerous statis-
tically significant gene expression changes of 2-fold or greater in
apc mutants (651 genes total) and rdh5 morphants (379 genes
total). More importantly, a comparison of the two gene sets
revealed a profound overlap in the expression patterns of apc
mutants and rdh5 morphants. Remarkably, 64% of the genes
showing expression changes in rdh5 morphants were also dif-
ferentially expressed in apc mutants (Fig. 5A). A similar control
analysis comparing 1,000 genes that were randomly selected for
each group showed no significant overlap (Fig. 5A). Consistent
with data presented above, irbp expression was lost in both apc
mutant and rdh5 morphant embryos (Table 1, which is published
as supporting information on the PNAS web site). In addition,
a number of opsins, which mark photoreceptor cell differentia-
tion, were absent in both apc mutants and rdh5 morphants. This
overlap indicates that the apc�rdh5 pathway represents a prom-
inent effector pathway controlled by apc in the developing
embryo. However, 63% of the expression changes in apc mutants
were not accounted for by knockdown of rdh5. The apc mutant-
specific changes fit with the additional functions of apc in
regulating signal pathways such as WNT within the eye. How-
ever, because these analyses were performed by using whole
embryos, some of the apc mutant-specific changes likely reflect
the roles of apc in non-eye tissues. For example, we reported
previously intestinal differentiation defects in apc morphant and
mutant zebrafish (16, 28). Extraocular gene expression changes
within the apc mutant would not be expected in rdh5 morphants
in that rdh5 expression is specific to the retina. Consistent with
these findings, intestinal rdhs rdh1 and rdh1l were absent in apc
mutant embryos but not rdh5 morphant embryos (data not
shown).

A number of studies suggest diverse roles for APC in regu-
lating cell physiology. For example, early studies of APC func-
tion identified APC as binding to microtubule tips, where it is
reported to promote and stabilize microtubule polymerization
both in vitro and in vivo (28–30). In this manner APC is proposed
to contribute to microtubule attachment to chromosomes,

thereby participating in chromosomal segregation during mitosis
(31, 32). These findings suggest that mutations in APC may
contribute to the chromosomal instability frequently observed in
colorectal tumorigenesis (33, 34).

Our findings support a model wherein Apc executes dual roles
in regulating developmental signaling pathways in the eye. Apc
control of RA production is critical for retinal development and
differentiation, whereas Apc regulation of the WNT��-catenin
pathway appears active in the lens (Fig. 5B). These findings fit
well with the established roles for RA in the development of the
retina (14, 16, 25) and in RPE abnormalities found in Apc and
Rxr� knockout mice (19, 20). Loss of RA production in the
developing retina offers an explanation for the presence of
retinal defects, such as congenital hypertrophy�hyperplasia of
the retinal pigmented epithelium, commonly present in familial
adenomatous polyposis patients. In addition, our data indicate
that Apc regulation of RPE differentiation occurs independent
of Apc control of WNT��-catenin signaling. In this respect,
other studies support �-catenin-independent functions of APC
in cellular differentiation. For example, recent studies using mice
show that loss of Apc impairs T cell differentiation during
thymus development. These defects were not fully recapitulated
by introduction of stabilized �-catenin (35). In addition, Dang et
al. (36) demonstrated that APC and cdx2 regulate Kruppel-like
factor 4, which suppresses proliferation in a �-catenin-
independent manner. Interestingly, Samowitz et al. (37) reported
that, in contrast to APC mutations, �-catenin mutations appear
in smaller adenomas and are rarely seen in invasive carcinomas.
Taken together the current data suggest that activation of
WNT��-catenin signaling alone does not fully recapitulate the
consequences of APC mutation.

Materials and Methods
Zebrafish Stocks and Embryo Culture. Wild-type and apc mutant
Danio rerio (zebrafish) were maintained on a 14-h:10-h light:
dark cycle. Fertilized embryos were collected after natural
spawnings and allowed to develop at 28.5°C. Control and
experimental embryos were raised in 0.003% phenylthiourea to
inhibit pigment formation (38). Homozygous apc mutants were
identified by PCR using genomic DNA isolated from clipped
tails (23). PCR primers used were as follows: forward, 5�-
atccactaataatgttgcagctgat-3�; reverse, 5�-ctgatgaaaactccaccgtttt-
atg-3�.

Whole-Mount in Situ Hybridizations and Immunofluorescence. Ze-
brafish embryos were fixed in sucrose-buffered 4% paraformal-
dehyde, rinsed in PBS, dehydrated in methanol, and stored at
�20°C. Digoxigenin-labeled riboprobes for irbp, rdh5, prrdh1,
prrdh2, rdh10, and rdh12 were generated by linearization of
pCRII (Invitrogen, Carlsbad, CA) containing the corresponding
cDNA followed by in vitro transcription with T7 or Sp6 RNA
polymerase (Roche, Indianapolis, IN). The riboprobe for GFP
was a generous gift from R. Dorsky (University of Utah).
Whole-mount in situ hybridizations were carried out as described
(26). Embryos were cleared in 70% glycerol in PBS and photo-
graphed by using an Olympus DP12 digital camera. Whole-
mount immunofluorescence was carried out on 72-hpf zebrafish
embryos. Embryos were fixed in 4% paraformaldehyde in PBS
overnight at 4°C and then rinsed briefly and washed for 1 h in
distilled water to permeabilize. Embryos were dehydrated to
100% methanol and stored at �20°C. After rehydration to 1�
PBS, embryos were permeabilized with 0.1% collagenase
(Sigma, St. Louis, MO) in PBS for 30 min at room temperature.
The embryos were washed three times for 15 min in PBST (PBS
with 0.1% Tween 20) followed by fixation in 4% paraformalde-
hyde in PBS for 10 min. After washing three times for 15 min in
PBST, blocking was carried out by incubating the embryos in
FBS-PBST (10% heat-inactivated FBS�0.1% Tween 20�1%

Fig. 5. Microarray analysis delineates the apc–RA pathway. (A) The extent of
overlap of gene sets showing at least 2-fold, statistically significant (P � 0.05)
expression changes in apc mutants (blue circle) and rdh5 morphants (red
circle) was determined by using the microarray analysis software GeneSpring.
The ‘‘APCmt v. rdh5MO’’ diagram represents the number of statistically sig-
nificantly disregulated genes in each mutant or morphant. A control analysis
conducted by using 1,000 randomly selected genes for each condition showed
little overlap between the two groups. (B) The schematic diagram shows the
proposed genetic relationship between apc and rdh5 in the retina.

13412 � www.pnas.org�cgi�doi�10.1073�pnas.0601634103 Nadauld et al.



DMSO in PBS) for 2 h at room temperature. Primary antibody
(zpr1, 1:50; Zebrafish International Resource Center, University
of Oregon, Eugene, OR) diluted in FBS-PBST was applied
overnight at 4°C and then rinsed extensively in PBST. Embryos
were incubated in secondary antibody (goat anti-mouse Alexa
Fluor 488, 1:200; Molecular Probes, Eugene, OR) and
TO-PRO-3 nuclear stain (1:500; Invitrogen) for 4 h at room
temperature followed by extensive rinses in PBST. After dehy-
dration to 100% ethanol, embryos were infiltrated and embed-
ded by using an Immuno-Bed kit (Polysciences, Warrington,
PA). Sectioning was carried out by using a 2055 microtome
(Leica), and confocal images were acquired by using an IX81
FV300 Confocal Microscope (Olympus).

RT-PCR. Single-stranded cDNA was synthesized from 1 �g of total
RNA using SuperScript III (Invitrogen). PCR primers used were as
follows: rdh5 forward, 5�-GACCGGTTGTGACTCTGGTT-3�;
rdh5 reverse, 5�-TGCTTTCGAAGTCCTCGATT-3�; prrdh1 for-
ward, 5�-CAGCGTCAAAGACCGACATA-3�; prrdh1 reverse, 5�-
ATCGACATGGTGACGTTGAA-3�; prrdh2 forward, 5�-ACTC-
TGCTGCCTCTGGACAT-3�; prrdh2 reverse, 5�-GACGC-
TGCTCATGACGATAA-3�; rdh10 forward, 5�-GAATATCGC-
CACCGAGTTGT-3�; rdh10 reverse, 5�-GGGCTTCAATT-
GTCGGTAGA-3�; rdh12 forward, 5�-GCTGGTGTCATGATGT-
GTCC-3�; rdh12 reverse, 5�-CTCTGGCAGTAGGCAAGTCC-3�.
�-Actin primers were as described previously (26).

Quantitative RT-PCR. Single-stranded cDNA was synthesized from
1 �g of total RNA using SuperScript III (Invitrogen). PCR was
performed by using a LightCycler instrument and software,
version 3.5 (Roche Diagnostics). Primers were as follows: irbp
forward, 5�- ACATGTTTGGGGACTTCGAG-3�; irbp reverse,
5�-ATCTCCTGCCTGTGAGCTGT-3�, GFP forward, 5�-
CCAGATCCGCCACAACATCG-3�; GFP reverse, 5�-GTC-
CATGCCGAGAGTGATCC-3�. PCRs were performed in du-
plicate by using the LightCycler FastStart DNA Master SYBR
Green I kit (Roche). PCR conditions were as follows: 35 cycles
of amplification with 10 s of denaturation at 95°C, 5 s of
annealing at 58°C, and 10 s of extension at 72°C. A template-free
negative control was included in each experiment.

Morpholino and Microinjection Experiments. Antisense morpholino
oligos were obtained from Gene Tools (Philomath, OR). The
rdh5 MO splicing-blocking morpholino (5�-ACTTAAGCT-
CACCTTTATCTCCAAC-3�), rdh5 MO2 translation-blocking
morpholino (5�-ACTCATACATCGCTTCTACCTCCTG-3�),

and control morpholino (5�-CCTCTTACCTCAGTTACAATT-
TATA-3�) were solubilized to 1 mM in 1� Danieau buffer. For
microinjections, 0.5 nl of 0.5–1.0 mM morpholino was injected
into zebrafish embryos at the one- to two-cell stages.

For microinjection experiments, 8–50 pg of plasmid DNA
containing DN-LEF (a kind gift from D. Ayer, University of
Utah) or full-length rdh5 were injected at the one-cell stage.

RA Rescue Experiments. To rescue rdh5 morphants and APC
mutants by application of RA, embryos were incubated in 500
nM ATRA in DMSO at 30 hpf and 50 hpf for 1 h. Embryos were
then washed in embryo water. Control embryos were treated
over these periods with an equal volume of DMSO.

ATRA Extraction and HPLC Analysis. HCT116 cells were transfected
with a vector (pDEST40) containing rdh5 cDNA. Cells were
then treated with retinol, and ATRA production was quantified
as previously described (26).

Histological Analyses. Embryos were fixed in 10% neutral buffered
formalin, rinsed in PBS, and embedded in glycol methacrylate
(Polysciences). Five-micrometer sections were cut by using a
Leica microtome and stained with toluidine blue. Sections
were analyzed by using an Axiovert100 microscope (Zeiss),
and pictures were taken by using a Magnafire color camera
(Olympus).

Microarray Analysis. Microarray analyses were performed by
using total RNA harvested by TRIzol reagent (Invitrogen)
from apc mutants or rdh5 morphants and compared with total
RNA from wild-type embryos at 72 hpf. Zebrafish microarrays
were obtained from Agilent, and data analysis was performed
by using GeneSpring software. The generation of cRNA
probes and hybridization to slides were performed according
to the manufacturer’s protocol (Agilent, Palo Alto, CA) and as
described previously (12).
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