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Raldh2 and Epimorphic Regeneration

alternative, we performed morpho-
A B Sver lino antisense repression of raldh2
Vehicle venicle i

EDEAB and analyzed the regeneration

potential of the raldh2 morphants.

35- Our previous larval fin regeneration
studies demonstrated that morpho-

301 linos can be effectively delivered at

2 25 the one-cell stage and efficacy lasts

7 20 for several days (14, 15). Because
3 complete knockdown of raldh2 is
é 151 * detrimental to normal embryonic

g 10+ * development and leads to early
z ] mortality (27), we titrated the
amount of raldh2 morpholino to

0 24-30hpa 48-54hpa only partially repress Raldh2 ex-
pression, and optimized the con-

centration of the raldh2 morpho-

lino to a level that did not affect

D normal fin development (data not
shown). The control morphants

OCon MO completely regenerated their fin

Bradih2 MO tissue after amputation at 3 dpa,

whereas the raldh2 morphants

40. failed to regenerate (Fig. 3, D, E, and

55 Q). As the primary function of
Raldh2 is the synthesis of RA, we

301 next tested whether the inhibitory
= 251 effect on regeneration by DEAB
3 20 could be reversed using exogenous
B 151 * RA. All-trans-RA (0.01 um) was co-

% 10 exposed with DEAB immediately
g z after caudal fin amputation for 24 h.
Z %9 The use of exogenous RA rescued
the inhibition of regeneration b

24-30hpa 48-54hpa DEAB (1 = 32/46) (l§ig. 3R). Sim.

FIGURE 4. Inhibition of RA signaling impacts cell proliferation during larval fin regeneration. A, the ampu-
tated larvae exposed to vehicle or DEAB and Citral were incubated with BrdUrd at 24-30 and 48-54 hpa. The

larly, we successfully rescued the
impaired regeneration of raldh2

bracket represents the area analyzed for quantifying the proliferating cells. B, cell proliferation was quantified morphants by ~50%, using exoge-
between vehicle or DEAB- (n = 7) and Citral (n = 9)-exposed larvae. The respective values represent the  nous RA (data not shown). Of note,
mean * S.E. (one-way ANOVA and Tukey method). The BrdUrd-labeled cells were significantly reduced in

DEAB- and Citral-exposed larvae at 24 -30 and 48 -54 hpa when compared with

the vehicle (p < 0.001). C, the RA (at 0.01 um) itself did not affect

control and raldh2 morphants were amputated and BrdUrd assay was performed as described above. D, quan-  larval fin regeneration (data not
tification of the cell proliferation between control and raldh2 morphants. There was significantreductioninthe ¢ own). These results clearly sug-
number of proliferating cells in the raldh2 morphants at both 24-30 and 48-54 hpa when compared with the ): . Y g

control morphants (p < 0.001). All the parameters were measured using the Image Pro-Plus software (Media ~ g€st that raldh2 expression is re-

Cybernetics, Silver Spring, MD).

Raldh2 Is Required for Larval Fin Regeneration—As raldh?2 is
highly induced in three regeneration systems, we hypothesized
that if Raldh2 is critical for regeneration, inhibition of RA syn-
thesis by specific inhibitors should block regeneration. The lar-
vae at 2 dpf were amputated and exposed continuously to a
specific Raldh2 inhibitor, DEAB (250 um) and a RA synthesis
inhibitor, Citral (25 um). The larvae exposed to DEAB and Cit-
ral were not able to accomplish regeneration, and the measure-
ment studies clearly indicate the inhibitory effect on regenera-
tion (Fig. 3, A—C and P). To further demonstrate the specific
requirement of raldh2 during regeneration, we utilized the
available raldh2/neckless mutant, but the larvae were severely
deformed making regeneration assessments impossible. As an
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quired for fin regeneration.

Inhibition of raldh2 Impairs
Wound Epithelium, Blastema, and Cell Proliferation during
Larval Fin Regeneration—To understand the phase(s) of regen-
eration affected by the inhibition of RA signaling, we performed
in situ analysis with dix5a and msxe, markers that define the
wound epithelium and the blastema, respectively. The expres-
sion of dix5a and msxe was lost in the DEAB- and Citral-ex-
posed larvae at 1 dpa (Fig. 2, F-H and K—M). To confirm the
result that Raldh2 expression is essential for proper formation
of wound epithelium and blastema, we further performed
mRNA localization studies with the same markers in raldh2
morphants. Very similar to the RA synthesis inhibitors, the
expression of both dlx5a and msxe were significantly reduced in
the regenerating fin tissue of the raldh2 morphants when com-
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Wild Type

hsATCF
B

Wild Type

24-30 and 48 —54 hpa when com-
pared with the vehicle-exposed lar-
vae (Fig. 4, A and B). We also per-
formed BrdUrd incorporation assay
on raldh2 morphants to identify
whether cellular proliferation is
similarly affected using the anti-
sense approach. Similar to the
DEAB-exposed larvae, raldh2 mor-
phants had a significant reduction
in the number of BrdUrd-labeled
cells at 2430 and 48 —54 hpa when
compared with the standard control
morphants (Fig. 4, C and D). It is
noteworthy that the inhibitory effects
on cell proliferation are similar

hsATCF

NG

7,

L raldh2 IR =k 19pa | petween DEAB-exposed larvae and
E raldh2 morphants with a reduction of
0 O Wild Type F 250 O Wild Type BrdUrd-labeled cells at the posterior
B hsATCF B_hsATCF .

. - and ventral side of the notochord (14,
- 200 16). Altogether, these results suggest
S, s 50 that the expression of raldh2 is
§ * E required for cell proliferation at dif-

§ 44 E 100 ferent regenerative stages.
£ % Wnt Signaling Regulates Raldh2
2 - 50 Expression during Fin Regeneration—
* * Because Raldh2 is functionally
0 - 0 —— important for fin regeneration, it is
axin2 dkk1 cyclinD1 3dpa important to begin to identify the
DMSO DEAB Citral factors that control raldh2 expres-

wnt10a wnt10a

wnt10a

1dpa 1dpa

FIGURE 5. Raldh2 expression during fin regeneration is controlled by Wnt Signaling. Two-day-old wild
type or homozygous Tg(hsp70l:tcf3-GFP) larvae were heat shocked at 37 °C for 2 h followed by amputation.
A, the Tg(hsp70l:tcf3-GFP) larvae had impaired regeneration at 3 dpa. The dotted line indicates the plane of
amputation. B and C, the expression of dlx5a in the wound epithelium and msxe in the blastema were not
detectable in the Tg(hsp70l:tcf3-GFP) larvae. D, the expression of raldh2 was completely lost in the Tg(hsp70l:
tcf3-GFP) larvae at 1 dpa. £, Wnt target genes axin2 (p = 0.019), dkk1 (p < 0.001), and cyclin D1 (p < 0.001) were
down-regulated in Tg(hsp70l:tcf3-GFP) larvae. F, by measuring the length of new tissues in heat-shocked
larvae, regenerative growth is significantly inhibited in Tg(hsp70l:tcf3-GFP) larvae (p = 0.002). G, the expression
of wnt10a was comparable between vehicle, DEAB- or Citral-exposed larvae at 1 dpa. DMSO, dimethyl

sulfoxide.

pared with the control morphants at 1 dpa (Fig. 3, 1, J, N, and O).
Together, these results indicate that raldh2 expression is essen-
tial for proper wound epithelium and the blastema formation
during fin regeneration.

Because inhibition of Raldh2 affects wound epithelium and
blastema formation, we next examined the role of Raldh2 spe-
cifically on cell proliferation by performing in vivo BrdUrd
incorporation assays. Cell proliferation assays were conducted
on larvae exposed to vehicle or DEAB at 24 —30 and 48 —54 hpa.
There was significant reduction in the number of BrdUrd-la-
beled cells in the regenerates of DEAB-exposed larvae at both
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sion. The functional importance of
Wnt signaling during zebrafish
adult fin regeneration was recently
reported (7, 10). First, to analyze
whether Wnt signaling has any
functional role during larval fin
regeneration, we used a heat shock-
inducible dominant negative trans-
genic zebrafish line (Tg(hsp70:
ATCF-GFP) that simultaneously
expresses GFP and inhibits Wnt/S-
catenin signaling. Two-day-old lar-
vae were heat shocked for 2 h at
37 °C followed by amputation. The
hsp70:ATCF-GFP transgenic larvae
were unable to regenerate fin tissue
at 3 dpa (Fig. 5, A and F). The ex-
pression of dix5a and msxe was affected in hsp70:ATCF-GFP
transgenic larvae (Fig. 5, B and C), suggesting similar require-
ment for Wnt signaling during both larval and adult fin regen-
eration. To directly test whether Wnt signaling regulates the
expression of raldh2, in situ hybridization was performed on
hsp70:ATCF-GFP transgenic larvae. Raldh2 was completely
absent in hsp70:ATCF-GFP transgenic larvae at 1 dpa, indicat-
ing the regulatory role for Wnt signaling (Fig. 5D). To confirm
that Wnt signaling was inhibited after heat shock in the hsp70:
ATCE-GFP transgenic larvae, we quantitatively measured the
expression of known Wnt target genes. qRT-PCR revealed that

1dpa
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DMSO  SU5402

3

S1 and S3 and Fig. 6G). To identify
whether FGF signaling controls
raldh?2 expression, in situ hybridiza-
tion was conducted on SU5402 (a
chemical inhibitor of FGFR1) (5)
exposed larvae at 1 dpa. The raldh2
expression was completely absent in
the SU5402-exposed animals, sug-

1dpa raldh?2

gesting that FGF signaling regulates
its expression (Fig. 6A). Further-
more, because FGF signaling is
mediated through the phosphoryla-
tion of ERK1/2, we used an ERK1/2
inhibitor (U0126) to determine
whether activation of ERK1/2 is
required for the expression of
raldh2. As the role of ERK1/2 sig-
naling on fin regeneration has not
been previously reported, 2 dpf lar-
vae were amputated and exposed to
vehicle or U0126 (100 wm) continu-
ously for 3 days. The U0126-ex-
posed larvae failed to regenerate the
amputated fin tissue and results in a

U0126

raldh2 1dpa mvp 1dpa =~ MVp 1dpa
G H O DMSO
250
" fgf20a W U0126
*
200
8 m
° 5
8’6 & 150
he E
o £
Ty = 100
2 N
2 50 *
0 0
Odpa 1dpa 3dpa

complete loss of dix5a and msxe
expression in the regenerates at 1
dpa (Fig. 6, B-D and H). Similar to
SU5402, inhibition of ERK1/2 acti-
vation completely abolished the
expression of raldh2 (Fig. 6E). The
inhibition of ERK1/2 signaling by
U0126 was validated by analyzing
the expression of mvp, an ERK tar-
get gene (Fig. 6F) (28). These results
suggest that the FGF signaling path-
way, possibly through the phosphor-

FIGURE 6. Expression of raldh2 is dependent on FGF and ERK1/2 signaling during fin regeneration. A, the
expression of raldh2 was not present in the SU5402-exposed larval regenerating fin tissue at 1 dpa. B, vehicle-
exposed larvae were completely regenerated by 3 dpa, whereas, U0126-exposed larvae failed to regenerate.
C and D, the wound epithelium marker dix5a and blastema marker msxe are not expressed in the U0126-
exposed larvae. E, Raldh2 is not expressed in the regenerating fin of U0126-exposed larvae. F, the expression of
mvp, an ERK1/2 target gene, was completely lost in U0126 larvae. G, analysis of fgf20a in the regenerating fin
tissue by qRT-PCR. H, by measuring the length of new fin tissue, it is clear that regeneration is significantly

inhibited in U0126-exposed larvae (p < 0.001). DMSO, dimethyl sulfoxide.

axin2, dkkl, and cyclin D1 were significantly down-regulated in
hsp70:ATCF-GFP transgenic larvae (Fig. 5E). Because Wnt sig-
naling is considered to be upstream of all known molecular
signaling pathways identified during fin regeneration, we pro-
posed that wnt10a expression should not be affected by Raldh2
inhibition. In situ analysis revealed comparable wnt10a expres-
sion between vehicle, DEAB- and Citral-exposed larvae, indi-
cating that wntI0a is unaffected by the inhibition of RA signal-
ing (Fig. 5G).

FGF and ERK1/2 Signaling Is Required for the Expression of
Raldh2—One of the most well studied pathways in zebrafish
regeneration is FGF signaling (5, 8, 15, 16). Similar expression
of fgf20a was identified in the larval regenerating fin, under-
scoring the commonality at the molecular level between the
adult and larval fin regeneration systems (supplemental Tables
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ylation of ERK1/2 is required for the
expression of raldh2 during larval
fin regeneration in zebrafish.

RA Signaling Is Sufficient to Res-
cue the Inhibitory Effect of FGFRI
and ERK1/2 Inhibitor on Larval Fin
Regeneration—Our raldh2 expres-
sion analysis following Wnt and FGF signaling inhibition sug-
gests that RA signaling is downstream to the Wnt and FGF
pathways. It has been reported that Wnt is upstream to FGF
signaling (7). To directly determine whether RA signaling is
downstream to FGF signaling, we asked whether the inhibitory
effect of SU5402 could be overcome by exogenous RA. Ampu-
tated larvae at 2 dpf were co-exposed with SU5402 and exoge-
nous RA continuously for 3 days. Exogenous administration of
RA rescued SU5402-mediated impairment of regeneration
suggesting that RA signaling is downstream to FGF pathway
(Fig. 7, A and C). Because ERK1/2 signaling is downstream to
FGF singaling, we analyzed whether RA could rescue the
inhibitory effect of ERK1/2 inhibitor. U0126-exposed larvae
did not elicit inhibition of regeneration in the presence of
exogenous RA, suggesting that RA signaling is downstream
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DMSO SU5402

——— oy —
T —

SU5402 +RA

The physiological progression of
fin regeneration in larvae and adults
| is similar, as both initiate with the
| formation of a wound epithelium,
blastema formation, and the distal
to proximal propagation of cell pro-
liferation (16, 29). Furthermore,
there is also growing evidence to
I suggest that heart regeneration in

3dpa zebrafish has a high degree of com-

monality with fin regeneration with

U0126+RA

respect to the order of events that
occur after a surgical wound. Both
tissues regenerate through the
blastema formation followed by
proliferation of cells to complete
outgrowth (2, 18, 25, 30). Gene
expression of msxB and msxC
encoding homeo-domain contain-
ing transcription factors are re-
induced in regenerating zebrafish

hearts as early as 3 dpa, and also in

C 0 DMSO D

0 SuU5402
W SU5402+RA

250 250

regenerating fin blastema (2, 18, 25,
30). Additionally, the expression
pattern of notchlb and deltaC,
members of the Notch signaling
# pathway, are induced very early

0 DMSO
O uo0126
B U0126+RA

= 200 T

)
N
o
o

150 #

-
a
o

100

Y
o
o

Length (micron
Length (microns

50 *

a
o

after heart amputation and in the
regenerating fin blastema (30).
None of the four genes described
above were detected in the non-am-
putated fin or heart tissue, indicat-
ing that the re-induction of these
genes was specific to the regenerat-
ing tissue. Together, the current lit-

3dpa

erature supports the existence of

3dpa conserved molecular mechanisms

FIGURE 7. RA is sufficient to rescue SU5402- and U0126-mediated inhibition of regeneration. A, the 2 dpf
larvae were amputated and exposed to vehicle, SU5402, SU5402 + RA. Co-exposure of SU5402 and RA rescued
the impairment of regeneration (n = 31/48). B, co-exposure of 2 dpf amputated larvae with U0126 and RA
rescued the U0126-mediated inhibition of regeneration (n = 36/46). C and D, both SU5402 and U0126 medi-
ated impairment of regeneration was rescued with RA (one-way ANOVA; #, p < 0.001). DMSO, dimethyl

across the three different regenera-
tive platforms.

Recent studies illustrate that a
proper balance of Wnt/B-catenin

sulfoxide.

to ERK1/2 signaling (Fig. 7, B and D). This is a significant
finding as it demonstrates a necessary role for RA signaling
for larval fin regeneration.

DISCUSSION

Because the early life stages of zebrafish are amenable to
molecular and genetic techniques, the development of the
larval fin regeneration model provides a unique platform to
rapidly identify the genes required for regeneration (11,
13-16). Comparative gene expression analysis revealed sig-
nificant common gene expression changes in larval fin, adult
caudal fin, and heart regenerating tissues, suggesting com-
mon molecular pathways choreographing the regeneration
process.

NOVEMBER 27, 2009+VOLUME 284+-NUMBER 48

signaling is also critical for the for-
mation and proliferation of blast-
emal cells (7, 10). This is consistent
with our result observed in the larval model: when canonical
Wnt signaling is blocked, the formation of wound epithelium
and blastema are blocked (Fig. 5, A—C). Moreover, Wifl, a feed-
back regulator of the Wnt signaling pathway was one of the
repressed transcripts in both adult and larval fin regeneration
models suggesting that the Wnt signaling pathway is well reg-
ulated during regeneration. Moreover, a significant number of
Wnt target genes were identified in both the larval and adult fin
regeneration gene expression list (supplemental Table S3).
FGF signaling is one of the well studied signaling pathways
during zebrafish regeneration. The necessity of FGF signaling
during adult zebrafish fin and heart regeneration was demon-
strated with the use of the FGFRI1 inhibitor (SU5402) and the
transgenic line (hsp70:dn-fgfrl) that expresses the dominant
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negative FGFR1 protein upon heat shock (5, 25, 31). Predict-
ably, the larval fin regeneration system also requires FGF sig-
naling because SU5402 also blocked the early life stage regen-
eration (15, 16). Moreover, fgf20a, that was identified as an
initiator of blastema formation in adult regenerating fin (8), is
also highly induced in the larval fin tissue (Table S1). Even
though fgf20a was detected by microarray analysis and qRT-
PCR, the expression was too low to detect by in situ hybridiza-
tion in the larval fin tissue. During zebrafish heart regeneration,
among the several FGF ligands tested, only fgfl7b was strongly
expressed in the cardiomyocytes at the apical edge of the regen-
erating heart tissue (25). The expression of different FGF
ligands in these tissues is not unexpected considering the diver-
sity of the regenerating tissues. But the data strongly indicates
that epimorphic tissue regeneration requires functional FGF
signaling in the early stages of the regenerative process.

Raldh2, a rate-limiting enzyme for RA synthesis was one of
the most highly induced genes in all three regeneration models.
A profound induction of raldh2 in the epicardium after
zebrafish heart amputation has been reported (18, 25). This is
significant as the caudal fin and heart are morphologically dif-
ferent, yet at the level of gene expression, common genomic
responses to amputation were observed. RALDH2 enzyme
activity is also highly induced in NG-2 cells after spinal cord
injury in rats (32). raldh2 is also expressed in the skin and peri-
chondrium and in perivascular cells in cartilage during deer
antler regeneration (33). Whole body regeneration from a
miniscule blood vessel fragment has been illustrated in the
colonial urochordate Botrylloides leachi, and the homologue of
the RA receptor and raldh-related gene were exclusively
expressed in blood cells in the regeneration niches, suggesting
the ancestral conservation of RA signaling during regeneration
and body restoration events (34).

The functional role of RA signaling during amphibian and
zebrafish regeneration has been studied for decades and RA is
even referred to as a regeneration-inducing molecule (26,
35-40). RA is mainly characterized as a signaling molecule that
is required for the vertebrate pattern formation both in devel-
oping and regenerating tissues. Amphibian regeneration stud-
ies revealed that exposure of regenerating axolotl and urodele
limbs to RA results in the modification of positional memory in
the proximodistal axis and caused patterning defects such as
duplication of the stump (41, 42). Similarly, exposure of
zebrafish with RA during fin regeneration resulted in remarka-
ble morphological effects suggesting that exogenous RA can
re-specify patterns in the regenerating fin tissue (26). Most of
the regeneration studies with RA signaling are related with the
patterning of the structures during regeneration. Our chemical
inhibition studies suggest that RA signaling is indeed required
for the complete formation of wound epithelium and blastema.
Moreover, we also illustrated the sufficient role of RA signaling
during larval fin regeneration. The complete understanding of
the RA signaling requirement for wound epithelium and blas-
tema formation requires further studies.

Because the expression of raldh2 was continuously present
from 4 hpa to 3 dpa, we presume that the requirement of RA
signaling is continuous from the initiation of regeneration
through pattern formation and regenerative outgrowth (Fig. 2).

33652 JOURNAL OF BIOLOGICAL CHEMISTRY

However, the increased expression of raldh2 at 2 dpa raises the
possibility for a distinct flux of RA signaling (Fig. 2 and supple-
mental Fig. S2), and suggests a dual phase of RA signaling dur-
ing regeneration. In support of our proposal, vertebrate limb
developmental studies in mice have illustrated the existence of
an early phase of RA signaling to initiate forelimb development,
followed by a late phase of RA signaling required to develop the
apical ectodermal ridge fully along the distal ectoderm to com-
plete the limb outgrowth (43). Moreover, studies with the
raldh2/neckless zebrafish mutant revealed that RA signaling is
required for the induction of the pectoral fin field and also to
establish a prepattern of anteroposterior fates in the condens-
ing fin mesenchyme (44). Therefore, in addition to the well
established functional role of RA signaling during the regener-
ative outgrowth, it is also essential in the early stages of regen-
eration, suggesting the existence of two phases of RA signaling
during regeneration.

Finally, we illustrated that the expression of raldh2 is regu-
lated by Wnt and FGF/ERK signaling and that RA signaling is
downstream of FGF/ERK signaling during zebrafish fin regen-
eration (Fig. 7). Even though multiple signaling pathways are
active during regeneration, the functional interactions required
to accomplish epimorphic regeneration are still not completely
understood. Collectively, these studies reveal that the regener-
ative response choreographing epimorphic tissue regeneration
is conserved, which offers opportunities to use multiple models
to unravel the regenerative program.
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