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Introduction

Japanese flounder (Paralichthys olivaceus), a genus of the Paralichthyidae family, is the
most economically cultured flatfish in East Asia. In the early larval stages, Japanese flounder
grows bilateral symmetrically as other teleosts. However, during the metamorphosis, flounder
forms the asymmetrical body shape, which involving blind-side eye migration and ocular-
side pigmentation, making itself an interesting model for asymmetry.

As an important commercial fish, aquaculture industries of Japanese flounder were
blossoming in the past three decades. Most cultured flounders are released to the marine
environment, aiming at maintaining wild resources, and the others grow to edible size for
selling on fish markets. In flounder aquaculture, the frequent occurrence of
hyperpigmentation at the blind-side skin always causes a reducing commercial value in
markets and low survival rate for release. Thus, many studies were taken by researchers
worldwide, focusing on the pigmentation of the Japanese flounder. In these studies,
researchers traced the progenitor of pigment cells and established critical genetic markers for
different pigment cell types. All of these data provided fruitful knowledge for our researches
today.

Vitamin A (VA) is an essential nutrient for flounder development. Retinoic acid (RA),
a derivate of VA, functioning as a morphogen that regulates tissue development. The RA is
synthesized from retinal by the Aldehyde dehydrogenase 1 family member A1 (Aldhla) and
binds to RA receptors (Rars) to exert function in specific tissues. The redundant RA can be
catabolized to 4-hydroxy-RA by cytochrome P450 26 (Cyp26) family in the local tissue. In
the previous study, we incubate metamorphosing flounders in all-trans RA for 3 days and
observed the hyperpigmentation and fused vertebral column in these flounders after they
grew to juveniles. Thus, we suppose the RA plays a critical role in asymmetrical
pigmentation and bone formation during metamorphosis. To understand the RA’s role in
metamorphosing flounder larvae, we examined the expression profile of genes related to RA
metabolism (Chapter 1); screened out the developmental-related genes induced by RA
(Chapter 2); and investigated the RA’s role in regulatory system of asymmetrical

pigmentation (Chapter 3).

Chapter 1. Expression profile of RA synthases, catabolic enzymes and receptors in
Japanese flounder
In Japanese flounder, transient RA-exposure at metamorphosis causes fusion of centra

due to the loss of intervertebral ligament and notochord tissues of the vertebral joints, and



destruction of bilateral asymmetry of body color by ectopic pigmentation of blind-side skin,
suggesting that RA plays critical roles in metamorphic development in this teleost (Fig. 1).
Elucidation of the expression profile of RA-related genes during metamorphosis, including
RA-synthases, catabolic enzymes and receptors, at post-embryonic development is essential
for understanding the functions of RA in metamorphosis. At present, however, the
expression profile of RA-related genes is largely unclear in the Japanese flounder as in other
model fish species.

This chapter elucidates the expression profile of RA-synthases (aldhlal, aldhla2, and
aldhla3), catabolic enzymes (cyp26al, cyp26bl and cyp26¢l) and receptors (raraa, rarab,
rarba, rarbb, rarga and rargb) during metamorphosis to better elucidate RA signaling and
functions in the development of flounders (Fig. 2). Among the above twelve RA-related
genes, clear mRNA expression signals were detected by in situ hybridization (ISH) for
aldhlal, aldhla2, aldhla3, cyp26al, cyp26bl, cyp26¢l, raraa, rarab, rarba, rarbb, rarga
and rargb in embryos (Table 1), suggesting the perfect specificity of RNA probes prepared
here. Of note, during embryogenesis, aldhlas, cyp26s and rars were detected together in
tissues including tectum, dorsal somite, eye, pectoral fin bud and pharyngeal arch, indicating
the critical role of RA signaling in these tissues’ development. In metamorphosing
flounders, RA metabolism was particularly active in the central nervous system. The cells
that expressed aldhlas along the margin of the tectum are likely radial glia cells and
ependymal cells (Fig. 3). RA supplied by these cells can be transported via cerebrospinal
fluid (CSF). With the cyp26s that were expressed near ventricles and central canal, RA may
be responsible for brain growth and maintenance (Fig. 3). Throughout metamorphic
development, aldhla? is strongly expressed in the intestine and liver, which may function as
the main sources of RA during metamorphic development (Fig. 4). aldhla3 is expressed in
the larval pituitary, giving interesting implications for endocrine function (Fig. 3). cyp26al
is detected in the pyloric region in the intestine. As the pyloric caecum is formed during
metamorphosis, RA may function in the outgrowth of the pyloric caecum (Fig.4; Table 2).
No ISH signal was detected for aldhlas or cyp26s from the skin and vertebral column
susceptible to the teratogenic effects by RA (Table 2). Since flounder skin and vertebra
transcriptome included these genes, the ISH result could be related to both low expression
level of gene and sensitivity of ISH. Additionally, genes encoding RARs were detected in
the vertebra and both sides of skins by RT-PCR at G-stage, suggesting the RA supplied from
other places can be taken by these tissues (Table 3). Obtained data suggest the

comprehensive function of RA signaling during embryogenesis and metamorphosis, rars



expressed in both sides of skins may be the key point why the hyperpigmentation can be

induced on the blind-side skin.

Chapter 2. Comparative transcriptomic analysis between DMSO and RA-treated
metamorphosing flounders

Retinoic acid (RA) regulates the expression of various genes critical for vertebrate
development. To characterize the molecular mechanism(s) underlying the malformation
induced by RA (Fig. 1), we used RNA-seq to identify genes that were up- and down-
regulated by RA.

Comparison of expression profiles between RA-treated and control animals revealed
that among 21,071 annotated genes, 251 genes were significantly up-regulated and 188 genes
were significantly down-regulated by RA (Fig.5). By Gene Ontology (GO) analysis, the
differential expressed genes are most enriched in retinoid metabolic process, extracellular
matrix organization and complement and coagulation cascades (Fig. 6). We found that
negative feedback works in response to RA to decrease the RA level by up-regulating genes
encoding RA degradation enzymes (cyp26al, cyp26bl, cyp26¢l) and enzymes that convert
vitamin A (VA) to retinyl ester (/rata) and retinal to VA (dhrs3a and dhrs3b), and also by
down-regulating genes encoding retinal synthase (bcol and bcoll) (Fig. 7). RNA-seq data
also indicated that RA down-regulates co/2ala, and up-regulates pth3r, mmp9 and mmp13b,
the products of which presumably are related to the vertebral anomaly (Table 4). As for
pigmentation, RA did not affect the expression of sox/0a and sox10b, but did up-regulate
gch2 twice, suggesting that RA stimulates differentiation of chromatophore precursors to
gch2-positive chromatoblasts (Table 5). Thus, our RNA-seq analysis provided data that
clarify the molecular basis of the RA-induced abnormalities and the functions of endogenous

RA in flounder metamorphosis.

Chapter 3. RA and its role in the asymmetrical pigmentation in flounder

Japanese flounder has its unique asymmetric body color, with a pigmented ocular-side
and a white blind-side. This body color asymmetry develops by restricted differentiation of
chromatophores on the ocular-side during metamorphosis. In this study, we found that in
flounder, Sox10-positive chromatophore progenitors, which firstly appeared in the spinal
cord migrated to both sides of skins in metamorphosing larvae, then become Sox10-negative
when the metamorphosis happened (Fig. 8). Transient exposure of metamorphosing larvae to

retinoic acid (RA) induced progenitors on the blind-side to differentiate into gch2-positive



chromatoblasts with no changes in the numbers of larval-type melanophores (Fig. 9). On the
other hand, exposure to an RA receptor antagonist, BMS493, suppressed the differentiation
of gch2-positive chromatoblasts on the ocular-side (Fig. 10). Thus, we demonstrated that RA
signaling is essential for flounder chromatophore progenitors to differentiate into
chromatoblasts. At the time of chromatoblast differentiation on the ocular-side, cyp26b1,
which inactivates RA, was upregulated on the blind-side skin compared to the ocular-side
(Fig. 11). Therefore, we surmise that ocular-side specific pigmentation is regulated by the

inhibition of RA-signaling by cyp26b1 on the blind-side (Fig. 12).

Conclusion

Chapter 1. RA synthases, catabolic enzymes and receptors were detected in both
embryogenic and metamorphosing stages. Obtained data suggest that RA-signaling is
particularly active in the central nervous system and gut development, including the
differentiation of pyloric caeccum. Throughout metamorphic development, aldhla? is strongly
expressed in the intestine and liver, which may function as the main sources of RA during
metamorphosis. The detection of rars at both sides of skins at G-stage suggests the critical

role of RA signaling in pigmentation.

Chapter 2. Comparative transcriptomic analysis reveals that perturbations of RA signaling
induced the negative feedback of RA metabolism and activation of the extracellular matrix
organization. The expression of mmps and downregulated col family genes may cause the
loss of intervertebral ligaments between centra. gch2 was up-regulated 2-folds, indicates the
ectopic pigmentation on the blind-side of the skin during RA treatment could be related to the

increase of gch2 positive chromatoblast at blind-side skin.

Chapter 3. Chemical exposure experiment reveals a critical role of RA in asymmetrical
pigmentation of flounder during metamorphosis. RA functions as the initiator of the gch?2,
which is a marker for chromatoblasts. Depletion of RA signaling at mid-metamorphosis
suppressed the gch2 expression. Since the cyp26b1, the main RA catabolic enzyme was up-
regulated on the blind-side skin during mid-metamorphosis, we assume the up-regulated
cyp26b1 on the blind-skin leads to the decrease of RA level and then the asymmetrical

pigmentation.
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Figure 1. Three days exposure in RA during metamorphosis caused
hyperpigmentation on blind-side of skin and fused centra in 122 dpf flounder.
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Genes encoding RA synthases:

aldhlal, aldhla2, aldhla3

Genes encoding RA-catabolic enzymes:
cyp26al, cyp26b1, cyp26¢c1

Genes encoding RA receptors:
raraa, rarab, rarba, rarbb, rarga, rargb

P Transcription
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Figure 2. Scheme of RA metabolism pathway. Twelve genes on the list encode
important enzymes for RA metabolism.



Table 1. Conclusion of whole mount in situ hybridization results of all genes encoding RA synthases, catabolic
enzymes and receptors at hatching stage

Telencephalon Tectum Hindbrain v:)sliicclc Sf;:_‘;' 3 2::[11 sizo(:ts'z:ye sit\ileel(:?:;e l:.f:f;zl Pha:izlhgeal Proctodeum Tail bud
aldhlal + +
aldhia2 + + + + - + +-
aldhla3 + +
cyp26al + + + + +
cyp26bl + + - + +
cyp6el + + + +
raraa + + +
rarab + + + +
rarba + +
rarbb +
rarga + + - - + +
rargh + - + + +

Table 2. Conclusion of section in situ hybridization results of all genes encoding RA synthases, catabolic
enzymes during metamorphosing stages

Tectum Cerebellum myelencephalon Sp:::l Neurohypophysis Eye Intestine :zel:l::]c‘ Liver Kidney Heart Skin Vertebra
aldhlal  + +
aldhla2 + + + + + + + +
aldhla3 +
cyp26al + +
cyp26bl  + + +
cyp26el

Table 3. Conclusion of RT-PCR results of all genes encoding RA receptors at G-stage

Eye Brain  Gill Heart  Intestine Liver  Leftskin Right skin Scpol::l Vertebra muscle
raraa + + + + + + + + + + +
rarab + + + + + + + + + + +
rarba +
rarbb + + + + - + + + + +
rarga + + + + + + + + + + +
rargh + + + + + + + + + + +
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Figure 3. mRNA expression of aldhlas and cyp26s that
near brain ventricles and spinal cord canals.

H-stage

T N "”:.1'{; (‘5\\ 'm\f:;m g: j/’
"“’,;'-(’;.'\"‘“‘- N o /@

B
TR
. *L' I\ R
Bt
b L R
<. ’(; .
——— o wip ) ¢
S 4 S 5o L t‘.‘:
G-stage cyp26at aldh 52 R

Figure 4. mRNA expression of aldhla2 and cyp26al in internal organs.
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Figure 5. Statistics for the number of differential expressed genes
(DEGs) affected by RA-exposure.

| |GO:0001523: retinoid metabolic process
| G0:0030198: extracellular matrix organization

] hsa04610: Complement and coagulation cascades

| G0:0006898: receptor-mediated endocytosis
| G0:0006892: post-Golgi vesicle-mediated transport

] G0:0072329: monocarboxylic acid catabolic process

] G0:0032760: positive regulation of tumor necrosis factor production
| R-HSA-9613829: Chaperone Mediated Autophagy

] GO0:0042110: T cell activation

] R-HSA-6806667: Metabolism of fat-soluble vitamins

] (G0:0038127: ERBB signaling pathway

] G0:0097435: supramolecular fiber organization

| GO0:0048872: homeostasis of number of cells

] G0:0021953: central nervous system neuron differentiation

| R-HSA-1247673: Erythrocytes take up oxygen and release carbon dioxide

] GO:0001501: skeletal system development

] G0:0035973: aggrephagy

] G0:0006909: phagocytosis

] G0:0097530: granulocyte migration

| GO0:0072657: protein localization to membrane

-log10(P)

Figure 6. Summary of pathway and process enrichment.
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Figure 7. Scheme of the negative feedback in the RA metabolism
pathway induced by RA-exposure.

Table 4. DEGs between control and RA groups, of genes encoding components that
function in skeletal formation.

Gene name Symbol (;,;l:é:;l FII}I?M log2FC
runt-related transcription factor 2 runx2 0.09 0.49 2.15
collagen, type I, alpha la col2ala 11.4 3.88 -1.77
matrix metallopeptidase 9 mmp9 3.93 32.66 2.84
matrix metallopeptidase 13b mmp13b 22 19.11 29
parathyroid hormone 3 receptor pth3r 0 1.19 3.85

Table 5. DEGs between control and RA groups, of genes encoding components that
function in pigmentation.

Control RA

Gene name Symbol FPKM FPKM Fold change
%  GTP cyclohydrolase 2 gch2 15.20 29.07 1.91
melanocyte inducing transcription factor a mitfa 1.46 227 1.55
melanocyte inducing transcription factor b mitfb 2.58 2.67 1.03
tyrosinase tyr 2.74 2.99 1.09
tyrosinase-like tyrl 0.60 0.83 1.37
L-Dopachrome tautomerase det 11.62 14.12 1.21
transcription factor Sox-10a sox10a 4.34 3.79 0.87
transcription factor Sox-10b sox10b 0.35 0.34 0.96
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Migrates to both
sides of skins

Sox10-negative | Skin

Figure 8. Sox10-positive cells in larval stages. The Sox10-posive cells
is firstly detected in spinal cord and migrates to both sides of skins.
From G-stage, the Sox10-positive progenitors on both sides of skins
gradually become Sox10-negative. Blue arrowhead, Sox10-positive cell.
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melanophore gch2

Blind-side

Figure 9. Larval-type melanophores and gch2 mRNA expressions in both
sides of skins in control and RA-treated flounders after 3 days treatment.
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gch2 whole mount ISH
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Figure 10. Suppression of gch2-positive chromatoblast
differentiation at ocular-side skin by an RAR antagonist (BMS493).
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Relative quantification

cyp26al expression in wildtype flounder cyp26b1 expression in wildtype flounder
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Figure 11. cyp26al and cy26b1 expression in metamorphosing larvae. Blue
column, ocular-skin. Red column, blind-skin EM, early metamorphosis; ISH, in
situ hybridization; MM, mid-metamorphosis; LM, late metamorphosis, PM, post-
metamorphosis.

Inhibition by Cyp26b1

Diffusion of RA
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RA-dependent

® O  — *—

Sox10-positive Sox10-negative gch2-positive
progenitor progenitor melanoblast

Figure 12. Scheme of the metamorphic chromatophore differentiation
process and the developmental regulatory system for
ocular-side-specific pigmentation in flounders during metamorphosis.

13



i LR RO ROEE M O S

K

Iy

B Hk

IR

B MEEER P WL
BIFE B AR Edx KR B BUEE A

i

# A £ F

V.

Study on developmental roles of retinoic acid and its regulation in
2N E SC 8 B | metamorphosing Japanese flounder larvae (ZRE#i b 7 A {FAIZBIT 5 LT
J A g e E OB ORAFHIBREIZ BT D 0FE)

w3 A o M R o0 HF

ETAFHT PTICBOTHEENICR LB IN TS RAEFE CH D, o, HFaHlicks T
I OIE L FRRICAEAXHRTH D OO, EREMICIBER OB E-CA IRAIR R e E b7
LI R0 LIRS OEEI & 72 D72 FERPREIZEE T 2 M PR OET L &
L CHEBREN, BT A ORI I3 THEIRA R O S Ao ks S ISR UL TG
2B T DD FTHECERIRHED 12D OIRICB W TAEFROK TORK E/eoTnND, EX
YAIXE T AOREICBITDMAERERTHIN, ZO R EOBENER I TE 7, A
ZeX, EX I ADHFEERTHDL VT /A VERNBE T AEREIZE T 2 AERME0E I D
EENZ DWW THEMICIRT 21T o Te b D TH D,

AR TITES, VF /A U BORBB IO VP eEICEES 28 ICER L, LF
A VRO EEEES Aldhla, DfiFf#ETH D Cyp26. ZRIEKE LTV 7/ %5z D Rar OFHL
TN, HEMZ @ LT aldhla2 BIHPHFEIC B W TS BB L TWA Z sl enc L, &
BICBUTD VT /A VEBBOET-DFEAICEE L TS AR Z R L, /2, VF /A4 VY
T FIARENOFEI LB W CEEREE 25 2 L2/ T5HLE LT, ZREIIICBWTAHIR
M, ERBOESL5OREICY rar S b Z 2R L,

DWTAIFETIE, VF /A VIBREICL D N T VA7 ) 7 s — AT &4T0, LF /A
VR TS K D HIH SN S BT A MRICHEBE L., LT A VBRI OARD T 4 — KA
v 7 RSN~ N v I ASDRBEEZHLNI L, R, mmps OFBLE col 77 ) —BI5T
DRBPD N LT ) A VBRETCELLIFEHEMEE0 SR T ELER L., Eblc, U
T A ERAVER U 7o BEARAR B R o0 B BAIX, MR E T D geh2 Wt R O BN BY
LTV D ATREMEZFER L7,

BICABE CIE, L FWERBZEERICLY . W LF A VBB ERAIC W CaE b
EILEL, VF /A VRV 7TV OREICL Y AIRAOBE MO /ML Shd 2 &% A
HL., AFERSICEBNTLF /A VY VT ARIERICHEETH DL Z LR L, &5IT,
VT A VBED SRR Th D cyp26b] OIENRMILZE TORBL EFHN, LF /A VL~V EIK
T&H, EAEMFAFERMEE AT STV D ATREMEZ R L7z,

PLED X D ITARIFGEE, & T AMFRDOERBICBWN T LT/ A VEENAHER MBI -
TVWAEENZOWTHIT L, VF ) A VRS 7 T IAGRE & FEAFEFR 72 B REICBIfR 9~ DAk~ 7ol
57 & ORNTRWVBIEMENGFET A2 Z L2 /R L7, ZNHOMAIR, v 7 A2 5L RKEO A
RO, FRa R ORI T D IRERT | BIERRE 2T 2720 OEMBRREICRE < F
HG5asboEEZHND,

PUbkozZ thoBFER R, Bt (B%) OPNER5THI0ET2H0 E08E L,






