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INTRODUCTION

ABSTRACT

Aims/Introduction: B-Cell dysfunction is a hallmark of type 2 diabetes. In a previous
pilot study, we identified an association between genetic variants within the human
DACHT gene and young-onset type 2 diabetes. Here, we characterized the function of
dachb, the only dach homologue to be expressed in the pancreas, in developing zebrafish
embryos.

Materials and Methods: We injected one-cell stage embryos with a dachb-mor-
pholino (MO) or with the dachb-MO and dachb messenger ribonucleic acid, and deter-
mined the effect on the development of the pancreatic islet. We also carried out
quantitative polymerase chain reaction and ribonucleic acid sequencing on the dachb-MO
group to determine the effect of dachb knockdown on gene expression.

Results: MO-mediated dachb knockdown resulted in impaired islet cell development,
with a significant decrease in both the B-cell and islet cell numbers. This islet develop-
mental defect was rescued when embryos were co-injected with dachb-MO and dachb
messenger ribonucleic acid. Knockdown of dachb was associated with a significant down-
regulation of the B-cell specific marker gene, insa, and the somatostatin cell marker, sst2,
as well as regulators of pancreas development, ptfla, neuroD, paxéa and nkx6.1, and the
cell cycle gene, insm1a. Furthermore, ribonucleic sequencing analysis showed an upregula-
tion of genes enriched in the forkhead box O and mitogen-activated protein kinase sig-
naling pathways in the dachb-MO group, when compared with the control groups.
Conclusions: Together, our results suggest the possible role of dachb in islet develop-
ment in zebrafish.

found to be associated with young-onset type 2 diabetes in

In clinical studies, B-cell dysfunction is one of the main deter-
minants for progression to type 2 diabetes in humans"“* Most
of the genetic loci found to be associated with type 2 diabetes
and gestational diabetes appear to be related to B-cell function,
highlighting the key role of these cells in determining the sus-
ceptibility to type 2 diabetes in the setting of different metabolic
challenges.

In a previous pilot genome-wide association study of dia-
betes, the T allele of rs1408888 in intron 1 of DACHI was
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Chinese iindividuals®. In the dachshund family of proteins, the
N-terminal domain is structurally similar to the winged-
helix/forkhead deoxyribonucleic acid (DNA)-binding motif*.
Indeed, in Drosophila, the dachshund (dac) mutant shows a
lack of eye development and exhibits leg truncations’. In addi-
tion, dac regulates Drosophila insulin-peptide 5 (dilp5) and is
haplo-insufficient with respect to dilp5 levels; however, the dac
overexpression in insulin-producing cells causes a severe reduc-
tion of dilp5 expression®. In mice, knocking out Dachl (or
Dach2) alone, yields no gross abnormalities in eye, imb or
brain development’. However, Dachl mutants show postnatal
lethality’, and although the endocrine cells still cluster into islet
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structures, aggregate size and islet cell proliferation are both
reduced®. Although these previous studies suggest that dachs-
hund might play a role in the development of the B-cells and
pancreatic islets, this has not been studied in detail.

Although the mouse remains the main animal model for
studying metabolic diseases, such as diabetes, zebrafish (Danio
rerio) have also become more popular for investigating the
development of the pancreas’'? as well as the pathologies
associated with diabetes'> '°. Zebrafish adults breed year-round,
and the embryos develop ex utero and are transparent, which
means that they are ideal for imaging'”"’. Furthermore, zebra-
fish embryos develop relatively rapidly, and so the molecular,
genetic and morphological aspects of organogenesis can be
readily investigated®’. In addition, the cellular structure of the
zebrafish pancreas is fundamentally comparable to that of
mammals. It comprises both exocrine and endocrine compart-
ments, and the latter contains insulin-producing [-cells together
with o-, 8-, e- and PP-cells, which produce glucagon, somato-
statin, ghrelin and pancreatic polypeptide, respectively'>***',
Furthermore, transcription factors, such as pax6, pdxl, ptfia,
nkx6.1 and isl1, which are known to be involved in the devel-
opment of the pancreas in the mouse and human®*’, are also
expressed in zebrafish’>**?°, Like mammals, the zebrafish pan-
creas forms from dorsal and ventral pancreatic buds, which
arise from a region of endoderm expressing pdx1>’. The dorsal
bud develops first, with a small islet forming by ~24 h post-fer-
tilization (hpf), whereas the ventral bud forms in a more ante-
rior location by ~32 hpf****, The dorsal bud contains many of
the endocrine cells of the pancreas, whereas the ventral bud
gives rise mainly to the exocrine tissues of the gland and the
pancreatic ducts®>***®, By ~48 hpf, the first islet is organized in
a similar manner as in mammals, such that o- and d-cells sur-
round a core of B-cells™.

Zebrafish also express four dachshund gene homologues,
dacha, dachb, dachc and dachd®®, although only dachb is
expressed in the developing pancreas®. Here, we utilized the
zebrafish to investigate the role of dachb in the development of
the pancreatic islet and B-cells. dachb expression was knocked
down by injecting a splice-blocking morpholino oligonucleotide
(MO) into embryos at the one-cell stage. The effect of dachb
knockdown on pancreas development was investigated through
immunohistochemistry with antibodies to insulin and islet 1
and 2 to label the B-cells and islet cells, respectively, whereas its
effect on gene expression was investigated by quantitative poly-
merase chain reaction (qQPCR) and ribonucleic acid sequencing
(RNA-seq). Our data suggest that dachb plays a role in the
development of the pancreatic islet in zebrafish. These findings
are similar to those reported when Dachl was deleted in mice®.

MATERIALS AND METHODS

Zebrafish husbandry and embryo collection

Wild-type AB zebrafish were obtained from the Zebrafish Inter-
national Resource Center (University of Oregon, Eugene, OR,
USA). The adults were maintained, their eggs collected and the
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embryos incubated in Danieau’s solution at ~28°C, as previ-
ously described®>>. All the procedures used in the present
study were carried out in accordance with the guidelines and
regulations set out by the Animal Ethics Committee of the
HKUST and by the Department of Health, Hong Kong.

Whole-mount dual-immunolabeling of the pancreatic islet and
B-cells

Embryos at ~24, ~30 and ~ 48 hpf were dechorionated either
manually’® or with pronase’’. They were then anesthetized on
ice and fixed overnight at ~4°C in phosphate-buffered saline
containing 4% paraformaldehyde and 4% sucrose, after which
they were washed with phosphate-buffered saline. The pigmen-
tation of the ~30 and ~48 hpf embryos was bleached by incu-
bation with phosphate-buffered saline containing 0.5% KOH
and 1% H,0, for ~15 min. All the embryos were then manu-
ally de-yolked using a 21-G needle (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA) and a pair of watch-
maker’s forceps, after which the pancreatic B-cells and islet
were whole-mount double-immunolabeled with a guinea pig
anti-insulin antibody (A0564, Dako; diluted 1:500), and the
39.4D5 mouse anti-islet-1 and —2 homeobox antibody (Devel-
opmental Studies Hybridoma Bank; diluted 1:20), respectively,
using methods described previously’”. The secondary antibodies
were AlexaFluor® 488-conjugated goat anti-guinea pig
immunoglobulin G (A-11073;  ThermoFisher  Scientific,
Waltham, MA, USA; at 1:1000); and AlexaFluor® 546-conju-
gated goat anti-mouse immunoglobulin G (A-11030; Thermo-
Fisher; at 1:200). Finally, embryos were mounted under
ProLong® Gold mountant containing 4',6-diamidino-2-
phenylindole 4’,6-diamidino-2-phenylindole (ThermoFisher).

Imaging the fluorescently labeled embryos

Confocal microscopy was carried out using a Leica TCS SP5 1I
(Leica Microsystems, Wetzlar, Germany) confocal module
mounted on a Leica DMI6000 microscope equipped with mul-
ti-photon excitation capability. Images were obtained using HC
PL APO/20x and HCX PL APO/63x objective lenses. AlexaFlu-
or® 488 and AlexaFluor® 546 fluorescence was observed using
488 nm excitation/500-550 nm emission, and 561 nm excita-
tion/>570 nm emission, respectively, whereas 4',6-diamidino-2-
phenylindole was visualized using 780 nm excitation/432—
482 nm detection through a BP 460/50 filter cube and a
Hamamatsu/Leica non-descanned detector.

Design and injection of MOs

MOs (Gene Tools, LLC, Philomath, OR, USA) were prepared
at a stock concentration of 1 mmol/L in Milli-Q water and
kept at room temperature. The expression of dachb was attenu-
ated using a splice-blocking MO (dachb-MO-S)® or a transla-
tion-blocking MO (dachb-MO-T). The dachb-MO-S blocked
the dachb pre-messenger RNA (mRNA) splice site at the inter-
section of exon2 and intron2 (Figure Slai), whereas the dachb-
MO-T targeted the translational start-site of the dachb mRNA
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(Figure S1 aii). To alleviate off-target effects, each dachb-MO
was co-injected with a p53-MO at a ratio of ~1:1°***. In addi-
tion, p53-MO alone was injected into embryos as a p53-control,
and the standard control MO supplied by Gene Tools was used
as a specificity control®®. Embryos at the one- to two-cell stage
were microinjected with ~1.5 nL to 2 nL of the stock MO to
reach a final dose of ~1 ng to ~8 ng. Details regarding the
microinjection methods used are described previously’’. The
oligo sequences for the two dachb-MOs, the p53-MO and the
standard control MO, are below:
dachb-MO-S: 5-CTCAATGAGGGTTTACCTGTGGGTG-3’.
dachb-MO-T: 5-GCCATAGTGGTCATTGAACTTAAAG-3.
P53-MO: 5-GCGCCATTGCTTTGCAAGAATTG-3.
Standard control MO: 5-CCTCTTACCTCAGTTACAATT-
TATA-3.

In vitro transcription and purification of dachb mRNA

The dachb fragments were cloned from the complementary
DNA (cDNA) library of zebrafish embryos at ~30 hpf by PCR,
using the High Fidelity Platinum® Taq DNA Polymerase
(ThermoFisher Scientific) with the following primers:

Forward primer: 5-CCGGAATTCGCCACCATGGCCGT
TCCCGCGACTCTT-3.

Reverse primer: 5-CGCGGATCCTTAGTATATGATTGG
ATTTTTCGTATATGT-3.

The sequence was then cloned into the pBlueScriptll KS (+)
vector with a T3 promoter and an EcoRV cutting site sequence
at the 5-end, and a T7 promoter and a BamHI cutting site
sequence at the 3’-end (Figure S1b). This allowed the genera-
tion of a linear template whether by PCR or by digestion, and
gave the correct template for subsequent in vitro transcription
(when using mMESSAGE mMACHINE®T3 Transcription Kit;
ThermoFisher Scientific) of dachb mRNA. The mRNA tran-
script was purified by phenol-chloroform extraction and iso-
propanol  precipitation ~ following  the  manufacturer’s
instructions. The mRNA product generated was then dissolved
in RNase-free water to a concentration of 200 ng/uL and stored
at —80°C in 2 pL aliquots. During rescue experiments, a mix-
ture of dachb-MO-S and p53-MO was first injected into the
yolk of embryos at the one-cell stage, then ~50 pg dachb
mRNA was immediately injected into the blastodisc.

Primer design and qPCR

Total RNA samples were prepared from pools of 30 embryos
at ~30 hpf using TRIzol Reagent (10296010, ThermoFisher Sci-
entific). In brief, embryos were immersed in TRIzol Reagent
and then triturated several times with a 200-puL tip until the
embryonic tissues were disrupted. cDNA was then prepared
using the High Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Foster City, CA, USA). The FastStart
SYBR Green Master mix (Roche, Basel, Switzerland) was used
for qPCR reactions run with a LightCycler 480 II Real-Time
System and a LightCycler® 480 Multiwell plate 384 (both
Roche). All reactions were carried out on three biological
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samples, each with three technical replicates. The primers were
designed using the “Serial Cloner” software (Serial Basics) and
were all of Danio rerio origin (Table 1).

RNA isolation and mRNA-seq

Total RNA was extracted and processed with DNase I (New
England Biolabs, Ipswich, MA, USA), and an RNA integrity
number of >9.7 was achieved. Ribosomal RNA depleted sam-
ples were sequenced by Macrogen Inc. (Seoul, Korea) using the
Nlumina TruSeq directional RNA-seq library protocol and
HiSeq 2500 (Illumina, San Diego, CA, USA), generating ~62—
80 million 101 bp paired-end reads per sample.

RNA-Seq quality control and processing

To ensure reliable results, raw sequencing reads were inspected
using FastQC (v0.11.5)*. After trimming the adapters and low-
quality bases (Q < 20 in 4 bp sliding window) using Trimmo-
matic (v0.33)’°, RNA-Seq reads were mapped to the zebrafish
genome from the Genome Reference Consortium (GRCz10)
using STAR aligner in 2-pass mode (v2.4.2a)*. The HTseq-

Table 1 | Primer pairs used to amplify the target genes in zebrafish

Gene Forward primer Reverse primer

1 Zaxa acaaccgaagtcacctccaa cttgaggcgcttggctga

2 zfcdknla  catattgtcacaatggcgge ctagtggtttctcagacgca

3 Z-cdknlbb  gtgcccggtttctacage acgatgagtcgagacagga
4 Z-cyclinD1  actgaagatatggagcacca cttcacagacctcgagcat

5 z-dacha gtgaaccggtgcaaactcat tgtcagtectgtiggtgaca
6 zf-dachb ccaggacgcccacctaageg tgtaccggcgttagagttca

7 Zf-dachc gcgattcagectggagtca ctgttaggccagtgtgagac
8 zt-dachd gtcaaccgctgcaaactca tgcagctgtgaggcectgt

9 zfgcga acctggagaccagaagagca actctggtttgggttgtccg
10 Zf-insa ctcatctggtcgatgecctt gtggcagcactgctctacaa
11 Z-insbl actcttcacagactctgctc acagatgctgggatggagaa
12 Zf-insb2 catgtcctcagtctgtgtec gagcaaagccagcaaggtct
13 Zf-insmla  cgactgaagtgcctttcagc acatagcccggtagactgte
14 Zf-insmlb  ccagtcagcaaggatcatga cttttggctccggtctggat
15 ZfislT aagcccattacatccggega ctgctctttcatgagggegt
16 z-mnx1 tgatgctaacagagacgcaggtg  tactgcgcticcatttcatgeg
17 Zf-neuroD  ctttcaacacaccctagagttccg gcatcatgctttectegetgtatg
18 zf-ngn3 Caagcagacagcgtggaaat Caaagtttctgacaacgccca
19 Zf-nkx6.1 agcccgactagectactcett ttcatcgtccgagtttgggt
20 Znkx6.2 ccgtttctagataccccaaac tctccagtgcgaaaatctge
21 Zf-paxéa cacccgagatcagttggaaa gttcactccactgtgactgt
22 Zf-pax6b cagcgcaagggcttgaaac cgtgggttggttatggtattc
23 Z-pdxl Cgcatggaaaggacagtgga gtcggttctgaaaccagatc
24 Zf-ptfia gaactggtgcagtcggacat ccagactttcgctgtccgaa
25 Zf-p53 gaggtcggcaaaatcaattc atggctgaggctgttette
26 Z-rad51 actcctgcagggaggaat agaccataccgttcageca
27 Zf-ripply3 gcagtgtggatgatgctg atctgggcagaaacagcc
28 Zf-sst2 gcacttctgcggatgaagagatac  tgtagcgatcccagagatgage
29 Zf-trysin accagctgtctgatctctggatgg  cagacggcttgggtaattgctte
Zf, zebrafish.
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count software (v0.6.0)*' was used to count reads overlapping
with gene annotations in Ensembl release 84. Ambiguous reads
that could be mapped to multiple genomic locations were dis-
carded. Differential gene expression analysis was carried out
using the DESeq2 R/Bioconductor package (v1.6.3)*, which is
based on the negative binomial distribution model of read
counts. The fragments per kilobase of transcript per million
mapped reads for each gene was also calculated by the DESeq2
package. In addition, using regularized-logarithm-transformed
count data, a principal component analysis was carried out for
the 500 most variable genes.

Gene ontology and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis

The enrichment of gene ontology terms and KEGG* pathways
were carried out using DAVID 6.8**. Significantly enriched
gene ontology terms and pathways were defined as P < 0.05
and false discovery rate <0.2%.

Bioinformatics analysis for functional predictions

AnimalTFDB 3.0 was used to explore potential binding
between dachb and the promoter regions of other key genes for
endocrine differentiation of pancreatic progenitors including pt-
fla, neuroD, pax6a or nkxe.

Statistical analysis

Imaging data were analyzed using Image] (National Institutes
of Health, Bethesda, MD, USA; https://imagej.net/) and Imaris
(Bitplane AG, Zurich, Switzerland). Image] was used to count
the numbers of B-cells and islet cells, as well as to quantify the
shape and the area of the pancreatic islets. Imaris was used to
calculate the B-cell and islet cell volumes. To count the cell
numbers, a z-stack of optical sections was acquired through
each islet, individual cells in each optical section were then
marked in their center, and the number of cells was quantified
from the number of marks. Graphs were prepared using
GraphPad Prism 5 (GraphPad Prism, La Jolla, CA, USA) and
data were presented as mean + standard error of the mean.
Statistical analyses were carried out with Minitab v19 (Minitab
LLC,, State College, PA, USA). When the data followed a Nor-
mal distribution, one-way ANOVA followed by the Tukey’s test
or the Student’s t-test was carried out depending on whether
multiple groups or just two groups were being compared,
respectively. When the data did not follow a normal distribu-
tion, then the Mann—Whitney U-test was used to compare dif-
ferent groups. P < 0.05 was considered to be statistically
significant.

Data archiving

The RNA-seq data for the eight samples were deposited in the
Sequence Read Archive of the National Center for Biotechnol-
ogy Information. The project accession number for the
sequences is PRINA527366.
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RESULTS
Development of the pancreatic islet and p-cells in zebrafish
during embryonic development
Zebrafish were dual-immunolabeled at ~24, ~30 and ~48 hpf
with antibodies to islet 1 and 2 and insulin (Figure 1). At each
time point, the expression of islet 1 and 2 and insulin was
found in the developing pancreas. The immunolabeling data
also provided information regarding the changing shape/volume
of the developing pancreas. For example, at ~24 hpf, the early
pancreas was a long and narrow structure, located ventral to
somites (S) 2—4 (Figure la-i—lc-iii). At ~30 hpf, the cells began
aggregating to form a nascent islet, which was ellipsoid in
shape and ventral to S4 and S5 (Figure 1d-i—1f-iii). By ~48 hpf,
the B-cells and islet cells had clustered into a more spherical
shape, and were located adjacent to S5 (Figure 1g-i—1i-iii).
Various parameters about the B-cells and islet cells were
quantified from the immunolabeling data (Figure 2). The data
showed that there was a significant increase in the number of
B-cells from ~24 to 30 hpf and from ~30 to 48 hpf (both
P < 0.01; Figure 2a). There was also a significant increase in
the number of islet cells between ~24 and ~30 hpf (P < 0.05;
Figure 2b). Furthermore, at each time point, there were approx-
imately threefold more islet cells than there were B-cells (com-
pare Figure 2ab). As expected, with the increase in the
numbers of these two cell populations, there was a correspond-
ing increase in the B-cell and islet volume especially between
~24 and ~30 hpf (Figure 2c,d). Quantification of the shape of
the pancreatic islet (Figure 2e) showed that it was significantly
more circular by ~30 hpf (P < 0.001) when compared with its
more elongated appearance at ~24 hpf (Figure 2f).

Knockdown of dachb resulted in impaired islet cell
development

To explore the potential role of dachb in islet development,
MOs targeting dachb were utilized. The function of dachb in
the development of the zebrafish pancreas was initially studied
with an anti-sense MO targeting the exon 2—-intron 2 splice
boundary of dachb (dachb-MO-S). This splice-blocking dachb-
MO has previously been reported to knockdown dachb expres-
sion in zebrafish embryos®, and we confirmed its efficacy in
knocking down the expression of dachb by both reverse tran-
scription PCR and quantitative reverse transcription PCR (Fig-
ure 3a,b).

Some MOs are known to cause off-targeting effects, such as
cell death in the eyes, brain ventricles and somites*. This is
believed to be due to the ectopic upregulation of the p53 apop-
tosis pathway”". However, co-injection of the p53-MO with the
MO under investigation has been shown to reduce these non-
specific apoptosis effects®. Indeed, zebrafish embryos injected
with 4 ng dachb-MO-S alone developed with severe morpho-
logical defects and a high level of apoptosis throughout the
embryo; however, both were alleviated when embryos were co-
injected with dachb-MO-S and p53-MO (Figure S2). These
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results suggest that dachb-MO-S has several off-target effects on
zebrafish embryos, but these can be ameliorated by co-injection
with p53-MO.

Effect of knockdown of dachb on the pancreatic p-cells and
islet cells

Embryos were either kept uninjected (Figure 4a), or else they
were injected at the one-cell stage with standard control mor-
pholino (Std-MO; Figure 4b), 4 ng p53-MO (Figure 4c) or with
the dachb-MO-S + p53-MO at 1 + 1 ng (Figure 4d), 2 + 2 ng
(Figure 4e) or 4 + 4 ng (Figure 4f). The embryos were then
fixed at ~30 hpf and immunolabeled with the insulin and islet 1
and 2 antibodies. Quantification of Imaris-rendered images of
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the immunolabeled regions showed that the development of the
pancreatic B-cells and islet cells was significantly affected after
co-injection of embryos with the dachb-MO-S + p53-MO,
when compared with the uninjected, Std-MO-injected or p53-
MO-injected control embryos (compare Figure 4dii-fii with
Figure 4aii—cii). In some instances, there was a dose-dependent
effect as the amount of dachb-MO-S + p53-MO was increased
from 1 + 1 ngto 4 + 4 ng. Such an effect was observed for the
volume of B-cells and islet cells (Figure 4i,j), as both decreased
significantly in a dose-dependent manner with the increase in
the amount of MOs injected. When comparing the numbers of
B-cells and islet cells, however, such a dose-dependent effect
was not obvious, although there was a significant decrease

Imaris rendered

Figure 1 | Morphology of the pancreatic islet and B-cells at 24, 30 and 48 h post-fertilization (hpf). Embryos were fixed at (a—) 24 hpf (n = 37),
(d—f) 30 hpf (n = 55) and (g—i) 48 hpf (n = 23). They were then de-yolked and whole-mount double-immunolabeled with antibodies against
insulin (green) and islet 1 and 2 (red) to show the localization of the B-cells and islet cells in the endocrine pancreas, respectively. All images were
acquired with the Leica TCS SP5 Il laser scanning confocal system. The images shown in panels a-i to i- were acquired at low magnification (ie,
with a x20 HC PL APO objective lens), whereas those shown in panels a-ii to i-ii were acquired at a higher magnification (e, with a x63 HCX PL
APO water-dipping objective lens). These are all single optical sections taken through the middle of the pancreatic islet. The images shown in
panels a-iii to i-iii are stacks of optical images rendered as 3-D images by the image analysis software, Imaris. (a,d,g) The localization of insulin-
positive B-cells (in green). (beh) The localization of the islet cells (in red). (c-ifii-) The co-localization of insulin, islet 1 and 2 and bright-field image.
(cHiif-ii,iii) The co-localization of insulin and islet 1 and 2. D, dorsal; Ant, anterior; Pos, posterior; S, somite; V, ventral.
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Figure 2 | Quantification of the immunolabeling results. Embryos were fixed at 24, 30 and 48 h post-fertilization (hpf), after which the B-cells and
islet cells were dual-immunolabeled with an insulin antibody and islet 1 and 2 antibody, respectively. These bar graphs show the number of (a)
B-cells and (b) islet cells; the volume of cells expressing () insulin and (d) islet 1 and 2; and (e/f) the circularity of the islet, such that a more
rounded islet has a circularity value approaching 1, whereas a more elongated islet has a circularity value near to 0. The data are shown as the
mean + standard error of n = 37, n = 55 and n = 23, at 24 hpf, 30 hpf and 48 hpf, respectively, as shown in the bars in (a). The asterisks indicate
the significance difference at P < 0.05%, P < 001** or P < 0001*** using the Mann-Whitney U-test.

(P <0.01) in the B-cell number when comparing dachb-MO-
S + p53-MO at 1 ng with the p-53-MO control (Figure 4g),
and there was a significant decrease (P < 0.001) in the islet cell
number when comparing dachb-MO-S + p53-MO at 1 ng with
that at 2 ng (Figure 4h). The effect of dachb-MO-S + p53-MO
on the shape of the pancreatic islet was also shown (Figure 4ki),
such that there was a significant (P < 0.01) reduction in the
‘circularity value’ when comparing dachb-MO-S + p53-MO at
1 ng with the p-53-MO control (Figure 4kii). Injection of
dachb-MO-S + p53-MO also significantly reduced the numbers
of B-cells and islet cells at 24 hpf (Figure 4li, lii). A terminal
deoxynucleotidyl transferase dUTP nick end labeling assay con-
firmed that the changes in the pancreatic islet observed on
injection of dachb-MO-S + p53-MO was not due to apoptosis
in the pancreas (Figure S3).

Comparison of dachb knockdown with splice-blocking and
translation-blocking MOs

To verify the effects observed by the dachb-MO-S, a second
MO, designed to target the translational start site of dachb

(dachb-MO-T), was utilized (Figure 5). Embryos were either
kept uninjected (Figure 5a), or else they were injected at the
one-cell stage with 6 ng p53-MO (Figure 5b), 6 ng dachb-MO-
T + 6 ng p53-MO (Figure 5¢) or 4 ng dachb-MO-S + 4 ng
P53-MO (as a positive control; Figure 5d). The embryos were
then fixed at ~30 hpf and immunolabeled with the antibodies
described earlier. We showed that co-injection of dachb-MO-
T + p53-MO had no gross morphological effect on embryos,
although the pancreas was more elongated than the controls
(compare Figure 5ci with Figure 5aibi, and Figure 5cii with
Figure 5aii,bii). However, it was not as extended as the pan-
creas in the embryos co-injected with 4 ng dachb-MO-
S + 4 ng p53-MO (compare Figure 5cii with Figure 5dii). In
addition, the pancreatic islet of dachb-MO-T-injected embryos
developed with somewhat similar B-cell numbers (Figure 5e)
and f-cell and islet cell volumes (Figure 5gh) as the controls,
although there was a significant (P < 0.01) reduction in the
number of islet cells (Figure 5f). In addition, the shape of the
pancreatic islet was significantly different (P < 0.01) in the
dachb-MO-T group, when compared with the controls
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Figure 3 | Confirming the knockdown ability of the splice-blocking
dachb-morpholino (dachb-MO-S). (a) Reverse transcription polymerase
chain reaction and (b) quantitative reverse transcription polymerase
chain reaction showing the expression of dachb relative to efle in
embryos at 30 h post-fertilization, after injection at the single-cell stage
with either the p53-MO or the dachb-MO-S. eflo. was used as an
internal control. (b) The data are shown as the mean % standard error
of n = ~30 embryos (acquired on four different occasions) for each of
the three experimental conditions used. The asterisks indicate that after
injection with the dachb-MO-S, the level of dachb express+ion was
significantly reduced (at P < 0.001***, ANOVA Tukey's test) when
compared with that in the p53-MO-injected group.

(Figure 5i). Injecting dachb-MO-T at 4 ng (ie., the amount of
dachb-MO-S injected) had no effect on the development of the
pancreatic islet, whereas increasing the dose above 6 ng was
associated with reduced survival of embryos to 30 hpf (data
not shown).

Co-injection with dachb mRNA restores normal development
of the islet and pancreatic f-cells

To investigate if the effects of dachb-MO-S were specific,
embryos were co-injected with dachb-MO-S and wild-type
dachb mRNA (cloned from the cDNA library of wild-type AB
zebrafish embryos at 24 hpf), in an attempt to rescue the mor-
phant phenotype (Figure 6). Thus, embryos were either kept
uninjected (Figure 6a) or they were injected with 4 ng p53-MO
(Figure 6b); 2 ng dachb-MO-S + 2 ng p53-MO (Figure 6¢) or
2 ng dachb-MO-S + 2 ng p53-MO + 50 pg dachb mRNA
(Figure 6d). The MOs were injected into the yolk and the
mRNA was injected into the blastodisc of embryos at the one-
cell stage. The bright-field images show that the embryos
injected with dachb mRNA exhibited a similar phenotype as

http://wileyonlinelibrary.com/journal/jdi

the controls (compare Figure 6di with Figure 6aibi). In addi-
tion, as demonstrated in the previous results (Figures 4,5),
embryos injected with dachb-MO-S + p53-MO showed incom-
plete tail straightening (Figure 6ci). The immunolabeling results
showed that the embryos injected with dachb-MO-S + p53-MO
developed a longer and narrower pancreatic islet (Figure 6cii).
However, after co-injection of dachb-MO-S + p53-MO with
dachb mRNA, ~60% of embryos showed complete tail straight-
ening (Figure 6di), and the immunolabeling results showed that
the normal pancreatic B-cell and islet morphology was pre-
served (Figure 6dii).

When the cell numbers and islet volume and shape were
quantified, the B-cell number (Figure 6e) and islet cell volume
(Figure 6h) were both reduced slightly, but not significantly in
the dachb-MO-S + p53-MO group, when compared with the
Pp53-MO controls, whereas the islet cell number (Figure 6f) and
B-cell volume (Figure 6g) were significantly decreased. In
addition, the circularity value was significantly lower in the
dachb-MO-S + p53-MO group, indicating a more elongated
morphology (Figure 6i). Co-injection of dachb-MO-S + p53-
MO with dachb mRNA resulted in the pancreatic B-cell num-
ber and volume, and the islet cell number increasing signifi-
cantly, when compared with the dachb-MO-S + p53-MO-
injected group (Figure 6e—g). However, although the pancreatic
islet cell volume appeared to be greater in the dachb mRNA
injected group, the data were not significantly different from
the MO-alone-injected embryos (Figure 6h). The circularity
value of the pancreatic islet in the dachb mRNA injected group
was significantly increased (P < 0.001) such that it was almost
the same as that in the control groups, showing a more
rounded (mature) morphology (Figure 6i).

Effect of dachb knockdown on expression of dachb and other
dach genes

The expression of the various dach family genes after knock-
down of dachb was examined (Figure 7). mRNA was collected
at 30 hpf from uninjected embryos (controls) and embryos
injected with 4 ng dachb-MO-S alone or with 4 ng dachb-MO-
S+ 4 ng p53-MO. As expected, injection of embryos with
dachb-MO-S + p53-MO was associated with a significant
(P <0.001) downregulation of dachb. In addition, dacha
expression was also significantly decreased (P < 0.01), but
dachc and dachd were not significantly affected (Figure 7).

Knockdown of dachb resulted in the downregulation of a
number of genes implicated in islet development

The expression of various genes reported to play a role in islet
development was also examined after dachb knockdown (Fig-
ure 8). In line with our observation that dachb gene knock-
down resulted in a reduction in the number of B-cells and islet
cells, we also showed that this was associated with a downregu-
lation of the B-cell specific marker gene insa, but not insbl and
insb2 (Figure 8a). There was also significant downregulation of
the expression of the somatostatin cell marker gene, sst2.
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Figure 4 | Splice-blocking dachb-morpholino (dachb-MO-S) knockdown inhibits the development of the pancreatic islet- and B-cells. Embryos were
(@) uninjected (control) or injected at the one-cell stage with (b) 4 ng standard MO (Std. MO; control), (©) 4 ng p53-MO (control) or (def) a
combination of p53-MO and dachb-MO-S at (d) 1 ng + Tng, (€) 2 ng + 2 ng or (f) 4 ng + 4 ng. (ai-fi) Brightfield images were acquired at 30 h
post-fertilization (hpf), after which the embryos were whole-mount double-immunolabeled with antibodies to insulin (green) and islet 1 and 2 (red)
to show the localization of the B-cells and islet cells in the endocrine pancreas, respectively. (aiifii) These are all single optical sections taken
through the middle of the pancreatic islet. (g—h) The number of (g) B-cells and (h) islet cells, and (i) the volume of (i) B-cells and () islet cells. (k)
The circularity of the pancreatic islet. () Bar charts showing the numbers of (li) B-cells and (lii) islet cells in embryos at 24 hpf and 30 hpf after they
were injected at the one-cell stage with either p53-MO (controls) or p53-MO and dachb-MO-S (at the amounts described above). The data are
presented as the mean £ standard error of the mean of n = 7 to 41 embryos, such that the number is shown in the respective bars in panel (g).
The asterisks indicate significant differences at P < 0.05%, P < 001** or P < 0001*** using the Mann-Whitney U-test. Ant, anterior; D, dorsal; NS,

not significant; Pos. posterior; V, ventral.

However, there was no significant change in the expression of
the exocrine acinar cell marker gene, trypsin (Figure 8a).

The expression level of genes related to pancreas develop-
ment was also evaluated after dachb knockdown (Figure 8b,c).
The expression of ptfla, a marker of exocrine pancreas devel-
opment, and neuroD, a marker of early pancreas development
(similar to ptfla), were both significantly downregulated when
dachb was knocked down (Figure 8b). The expression of the a-
cell differentiation marker pax6a was also significantly
decreased, but pax6b and arxa were not affected (Figure 8c).
Furthermore, the expression of nkx6.1, a gene thought to be
required for specifying the endocrine o-cells and P-cells, was
significantly decreased, but the level of expression of nkx6.2
and mnx1 were not affected (Figure 8c).

The expression level of genes involved in the cell cycle were
also investigated (Figure 8d). The expression of insmla was sig-
nificantly decreased, when compared with the control group,
but insmlb was not affected. In addition, the expression levels
of cdknlbb, cyclinD1 and red51 were also not affected.

Taken together, dachb knockdown in zebrafish embryos
appeared to reduce the expression of several genes related to
endocrine pancreas development, endocrine cell proliferation
and endocrine hormone production.

AnimalTFDB 3.0 was used to explore binding between dachb
and the promoter regions of ptfla, neuroD, pax6a or nkx6.
Although dachb was not among the transcription factors pre-
dicted to bind to the promoter regions of the four genes,
another related gene on the list, pdxI, has been shown to co-lo-
calize with dachl protein in the mouse model®. Like dachb in
zebrafish, dachl is the main dach variant found in the pancreas
in mice. In addition, in human studies, the transcriptional acti-
vation of DACH1 was reported to involve CREB-binding pro-
tein®®, which is another transcription factor predicted to bind
to the promoter region of the four genes. Taken together, dachb
might act on ptfla, neuroD, pax6a or nkx6.1 through the
actions of pdxl and/or crebbp.

Transcriptome profiling and identification of novel targets of
dachb through RNA-seq

Three zebrafish embryos that had been injected with dachb-
MO-S + p53-MO, two embryos that had been injected with
p53-MO alone (control), and three embryos that were kept

uninjected (control) were subjected to RNA-seq (Figure 9). On
average ~94% of the reads remained after quality trimming.
The trimmed reads were mapped to the zebrafish reference
genome (GRCz10), and 87-88% of these reads were shown to
be uniquely mapped. Additional RNA-seq alignment statistics
are presented in (Table 2). Gene expression quantification
showed that 18,446-18,951 out of 27,957 genes (65.98-67.79%)
in the Ensembl gene annotations release 84 were detected with
a mean fragments per kilobase of transcript per million value
>0.5 (Table 2). A principal component analysis of the gene
expression levels showed clear segregation of the dachb-MO-
S + p53-MO samples from the two control groups along the
first principal component; this might explain 80.1% of the vari-
ance (Figure 9a).

A comparison of the dachb-MO-S + p53-MO group versus
the p53-MO alone control group showed 1,385 and 1,757 sig-
nificantly up- and downregulated genes, respectively (P < 0.01;
false discovery rate <0.05; Figure 9b). In addition, 2,434 and
2,968 genes were significantly up- and downregulated when
comparing the dachb-MO-S + p53-MO group with the
untreated control group (Figure 9¢c). The two control groups
showed much less expression difference, as just 21 genes were
detected as being significant differentially expressed genes
(DEGs; Figure 9¢). For this reason, we compared the dachb-
MO-S + p53-MO and the p53-MO alone control groups for
the rest of the RNA-seq analysis.

The top 10 most significant DEGs in terms of P-value were
cbx7a, fosab, ppp2r5cb, cdknla, mdm2, isgl5, junbb, rbl2, phlda3
and zgc:66313 (Figure 9d). Among these, isgl5 and cbx7a
showed the largest absolute change in expression levels, with
4.23- and 3.86-log,-fold upregulation, respectively, after dachb
knockdown. Furthermore, ppp2r5ch was identified as the most
significantly downregulated gene, showing 2.33-log,-fold lower
expression after dachb knockdown (Figure 9d, Table S1 *).
RNA-seq analysis confirmed the expression changes in key
genes observed initially by qPCR. These included the downreg-
ulation of pax6, as well as the ~3-fold increase in cdknla
expression after dachb knockdown (Table S1 *).

A KEGG pathway and gene ontology enrichment analysis
in the dachb-MO-S + p53-MO group versus the uninjected
control group are provided in Table S2 *°, and a heat-map of
expression profile highlighting the altered expression of genes
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related to pancreas development is shown in Figure 9e. A
KEGG pathway enrichment analysis was independently carried
out for the significantly up- or downregulated genes (P < 0.05;
false discovery rate <0.2; Figure 9f, Table S2 *°). After dachb
knockdown, the upregulated genes were found to be enriched
in the p53, forkhead box O (FoxO), and mitogen-activated
protein kinase signaling pathways (Figure 9fi), whereas the
downregulated genes were enriched in eight pathways, includ-
ing the notch signaling, carbon metabolism, and porphyrin

ORIGINAL ARTICLE
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and chlorophyll metabolism pathways (Figure 9fii). The upreg-
ulation of the p53 signaling pathway is not surprising, as
although the co-injection of p53-MO can largely ameliorate
the induction of the p53 pathway after dachb-MO injection, it
might not eliminate this effect completely*. In line with our
qPCR results, the FoxO signaling pathway was identified as
one of the most significantly enriched pathways among the
upregulated genes (Figure 9fi). Indeed, among the top 10 most
significant DEGs, cdknla, mdm2 and rbl2 belong to the FoxO
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Figure 5 | Comparison of dachb knockdown with translation-blocking morpholino (dachb-MO-T) and splice-blocking dachb-MO (dachb-MO-S) on
the development of the pancreatic islet. Embryos were (a) uninjected (control) or they were injected at the one-cell stage with (b) 6 ng p53-MO
(control), (¢) 6 ng dachb-MO-T + 6 ng p53-MO or (d) 4 ng dachb-MO-S + 4 ng p53-MO. (ai—di) Bright-field images were acquired at 30 hpf, after
which the embryos were whole-mount double-immunolabeled with antibodies to insulin (green) and islet 1 and 2 (red) to show the localization
of the B-cells and islet cells in the endocrine pancreas, respectively. (aii—dii) These are all single optical sections taken through the middle of
pancreatic islet. (ef) The number of (e) B-cells and (f) islet cells, and (g,h) the volume of (g) B-cells and (h) islet cells. (i) The circularity of the
pancreatic islet. The data are presented as the mean + standard error of n = 10 to 54 embryos, such that the number is shown in the respective
bars in panel (e). The asterisks indicate significant differences at P < 0.01** or P < 0.001*** using the Mann—-Whitney U-test. Ant, anterior; D,

dorsal; NS, not significant; Pos. posterior; V, ventral.
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Figure 6 | Injection of dachb messenger ribonucleic acid (MRNA) rescues the effect of splice-blocking dachb-morpholino (dachb-MO-S) on the
development of the pancreatic islet in embryos at 30 h post-fertilization (hpf). Embryos were (a) uninjected (control) or they were injected at the
one-cell stage with (b) p53-MO (control), (c) 2 ng dachb-MO-S + 2 ng p53-MO or (d) 2 ng dachb-MO-S + 2 ng p53-MO + 50 pg dachb mRNA.
(ai—di) Bright-field images were acquired at 30 hpf, after which the embryos were whole-mount double-immunolabeled with antibodies to insulin
(green) and islet 1 and 2 (red) to show the localization of the B-cells and islet cells in the endocrine pancreas, respectively. (aii-dii) These are all
single optical sections taken through the middle of pancreatic islet. (ef) The number of (e) B-cells and (f) islet cells, and (g,h) the volume of

(g) B-cells and (h) islet cells. (i) The circularity of the pancreatic islet. The data are presented as the mean + standard error of n = 10 to 28
embryos, such that the number is shown in the respective bars in panel (e). The asterisks indicate significant differences at P < 0.05%, P < 001**
or P < 0001*** using the Mann—Whitney U-test. Ant, anterior; D, dorsal; NS, not significant; Pos. posterior; V, ventral.

signaling pathway. In zebrafish, foxo3b plays a central role in A gene ontology enrichment analysis was also carried out for
this pathway, and foxo3b expression was increased 1.64 log,-  the DEGs to determine the biological processes involved. We
fold after dachb knockdown. Other FoxO signaling pathway  showed that the significantly upregulated genes were involved
members, including bcl2l11, cdknlba, gadd45aa, gadd45ba, in several developmental processes, including cilium movement,
gadd45bb, gadddsga, irsl, map2kl, pik3r3a, plk2a, plk2b,  determination of left/right symmetry and notochord develop-
prkaal and stat3 also showed 0.70-2.94 log,-fold upregulation  ment. In addition, the downregulated genes were shown to be
(see Table S1*). involved in processes, such as nucleosome assembly, membrane
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Figure 7 | Effect of dachb knockdown on the expression of dach
genes. Embryos were either uninjected or they were injected with

4 ng p53-MO or with 4 ng splice-blocking dachb-morpholino (dachb-
MO-S) + 4 ng p53-MO and then the reverse transcription polymerase
chain reaction was carried out to determine any changes in the
expression of dacha, dachb, dachc and dachd. As expected, the
expression of dachb was downregulated significantly in the p53-

MO + dachb-MO group when compared with the two control groups.
There was also a significant reduction of dacha expression compared
with the control groups. The data are presented as the

mean + standard error of four experiments per treatment. The asterisks
indicate p53-MO + dachb-MO data that are significantly different from
the p53-MO alone injected controls for each of the four genes at

P < 001** or P < 0001*** using the Student’s t-test. NS, not
significant.

disruption (in other organisms) and DNA-templated regulation
of transcription (see Table S2 50y,

DISCUSSION

In the present study, we explored the role of dachb in the
development of the zebrafish pancreatic islet and its B-cells. We
concentrated our efforts on dachb alone, because it has previ-
ously been reported that in zebrafish, dacha, dachc and dachd
are not expressed in the developing pancreas®. The present data
showed that dachb knockdown with the dachb-MO-S signifi-
cantly decreased the number and volume of both pancreatic B-
cells and islet cells (Figure 4g-4j). This effect of the dachb-MO-
S was observed at 24 hpf (Figure 41), when a small islet is
known to form in the dorsal bud, as well as at 30 hpf when
the ventral bud is forming”**®. There was also reduced pancre-
atic islet circularity, which might indicate a more immature islet
(Figure 4kii). Indeed, we showed that between ~24 and 30 hpf
during normal pancreatic development, the islet changed from
a more elongated to a more spherical shape (Figure 3f). Such a
change in shape during normal islet development has also been
reported previously’'. However, we showed that knockdown of
dachb generated pancreatic islets at ~30 hpf that were elongated
to a somewhat similar level as the untreated ~24 hpf islets
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(compare Figure 4kii with Figure 3f). To a certain extent, these
effects were also observed by the injection of dachb-MO-T. The
knockdown effects caused by dachb-MO-S were partially res-
cued by the co-injection of wild-type dachb mRNA, which sug-
gests a high degree of specificity with respect to the action of
the dachb-MO-S. In addition, the terminal deoxynucleotidyl
transferase dUTP nick end labeling assay did not show
increased apoptosis after dachb knockdown (Figure S2), which
suggests that there is likely to be impaired growth with reduced
cell proliferation in the pancreas of these morphants. Our
reverse transcription PCR data (Figure 7) showed that in
addition to knocking down the expression of dachb, the dachb-
MO-S also attenuated the expression of dacha. However,
previous studies showed that dacha is expressed in the brain,
spinal cord, eye and otic vesicle of developing zebrafish
embryos™, but it is not expressed in the pancreatic islet®. Thus,
taken together, the present data suggest that in zebrafish, dachb
might play a role in the development of the B-cells and that of
the pancreatic islet as a whole.

It has been previously reported that in zebrafish, dachb
expression peaks at ~24 hpf, and it persists until ~30 hpf
(which is coincident with the formation of the dorsal pancreatic
bud), after which it is dramatically reduced®. The present data
showed that at ~30 hpf after dachb knockdown there was a sig-
nificant decrease in the number of B-cells when compared with
the controls. A similar effect was observed with the pancreatic
islet cell number. These results suggest a possible link between
dachb expression and B-cell and islet development. Interest-
ingly, we also showed that the expression level of some endo-
crine hormone genes (insa and sst2), were also significantly
downregulated in the dachb-MO-S injected group, when com-
pared with the control groups, whereas the expression of the
exocrine pancreas marker, trypsin, remained unchanged.

Our new data suggest that dachb expression in the develop-
ing zebrafish pancreas might represent part of an evolutionarily
conserved genetic network governing the formation of insulin-
producing cells, and other hormone secreting cells, through the
regulation of the cell cycle®>**. Our gene expression data sup-
port this view in that insmla, which encodes a protein to pro-
mote the transition of ductal progenitor cells to committed
endocrine cells through the activation of cellular proliferation
control genes, was downregulated significantly in the dachb-
MO-S injected groups. Furthermore, it has been reported that
insmla can bind to the neuroD/f2 promoter, resulting in the
recruitment of cyclin D17, a key regulator of cell cycle progres-
sion.

Our RNA-sequencing analysis was carried out with whole
embryos rather than with isolated pancreatic islets and so, as
such, we cannot identify the specific cell types that account for
the altered gene expression found. We propose that future
RNA-sequencing analysis after FACS-based cell separation
could be carried out to identify the specific cell types involved.
However, our data identified FoxO signaling as one the main
pathways affected by the pan-embryonic knockdown of dachb.
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Figure 8 | Zebrafish embryos that were co-injected with 4 ng splice-blocking dachb-morpholino (dachb-MO-S) + 4 ng p53-MO showed an altered
expression of a number of other genes at 30 h post-fertilization. Embryos were either uninjected or else they were injected with 4 ng p53-MO or
with 4 ng dachb-MO-S + 4 ng p53-MO and then the reverse transcription polymerase chain reaction was carried out to determine any changes in
the expression of various (a) pancreas hormone-related genes; (b,c) regulators of pancreas development; and (c) cell cycle genes. The data are
presented as the mean * standard error of four experiments conducted per treatment. The asterisks indicate p53-MO + dachb-MO data that are
significantly different from the p53-MO alone injected controls at P < 0.05* using the Mann—=Whitney U-test.
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Figure 9 | dachb knockdown changed the messenger ribonucleic acid (RNA) transcriptome profile of zebrafish embryos at 30 h post-fertilization.
(@) Principal components analysis of the RNA sequencing (RNA-Seq) datasets. Each data point represents a zebrafish RNA-Seq sample and the color
represents the sample group: splice-blocking dachb-morpholino (dachb-MO-S) + p53-MO (red), p53-MO alone (light cyan) and uninjected control
(dark cyan). (b) Density distribution plots of log expression level (fragments per kilobase of transcript per million) for all genes in the dachb-MO-S

+ p53-MO (red), p53-MO alone (light cyan) and uninjected control (dark cyan) groups. (c) Number of differentially expressed genes (P < 001, false
discovery rate <0.05) in the three comparison groups. (d) Volcano plot of log,(Fold Change) versus —log;q(P-value) for all 27,957 genes in the
dachb-MO-S + p53-MO versus p53-MO alone groups. Differentially expressed genes are in red (P < 001, false discovery rate <0.05). The 10 most
significant differentially expressed genes in terms of P-value are labeled. (€) Comparison of the level of expression of genes known to be involved
in pancreas development after injection with dachb-MO-S + p53-MO, compared with uninjected controls. (f) Significantly enriched KEGG pathways
(P < 005, false discovery rate <0.2) of (fi) up- and (fii) downregulated genes in the dachb-MO-S + p53-MO versus p53-MO alone groups.

Table 2 | Summary statistics of ribonucleic acid sequencing alignment

Sample  No. raw/trimmed Trimmed  Uniquely ~ Multiple-  Unmapped ~ mRNA Intronic  Intergenic  Ribosomal  FPKM

name read pairs reads (%) mapped  mapped  reads (%) bases (%)  bases bases (%)  bases (%)  value
reads (%)  reads (%) (%) >05 (%)

1 31,953,308/29688353 9291 8794 731 475 51.29 19.71 9.89 19.16 67.17

2 39,224,318/37,169,741  94.76 8796 581 6.24 65.13 14.35 7.72 12.88 6646

3 35482,230/33,083450 9324 87.71 6.64 564 5356 17.58 932 1961 66.88

4 38,272,230/36,277063  94.79 88.17 539 644 61.79 14.70 7.71 15.89 6598

5 31,033904/28950940  93.29 8874 597 529 5194 1983 893 1935 6702

6 37,381,919/35302991 9444 8744 534 722 5762 1543 838 1837 66.87

7 39,875,759/37609218 9432 8864 553 583 60.88 1666 835 14.18 6694

8 38/469,136/35834990  93.15 87.25 7.28 545 4507 2341 12.14 1943 67.79

FPKM, fragments per kilobase of transcript per million; mRNA, messenger ribonucleic acid.

DACHI is reported to attenuate forkhead-dependent transcrip-  hypoplasia and permanent neonatal diabetes®*’. We also

tional activity in human embryonic kidney 293T cells, including
a FoxO family member, FOXOI*. In addition, Dachl knock-
down in a [-cell-derived rat insulinoma cell line resulted in
reduced levels of insulin®**, whereas insulin activated phospho-
inositide dependent kinase 1 and protein kinase B through
insulin receptor substrate, inhibiting FoxO transcriptional activ-
ity as a result’. We report that in zebrafish, there was no sig-
nificant change in the expression level of ins and insr after
dachb knockdown (data not shown). Thus, as has previously
been suggested™, dachb might regulate FoxO signaling in an
insulin-independent manner. Of note, the FoxO pathway is also
known to be a key pathway regulating B-cell dedifferentiation
and B-cell mass™.

The endocrine cell marker gene, neuroD, and the exocrine
cell maker gene ptfla were both downregulated in the dachb-
MO-S-injected group. NeuroD is a downstream effector of
Ngn3 and has been found to be essential for pancreatic islet
development, especially the development of PB-cells’”®. As
reported from previous studies, the inability of ptfla to bind
the vertebrate suppressor of hairless prevents the secondary
transition (early pancreatic development requires the vertebrate
suppressor of hairless in the ptfl bHLH complex), although
early endocrine cells can be found in the p#fla-null mouse.
Nevertheless, ptfla knockout mice develop pancreatic

showed that pax6a and nkx6.1, which are associated with the
maturation of B-cells and a-cells, respectively, were significantly
downregulated as a result of dachb knockdown. Interestingly,
the downregulated genes identified are all downstream targets
of neuroD. Taken together, these results suggest that dachb
might also downregulate the expression of genes (neuroD, ptfia,
pax6a and nkx6.1) involved in pancreatic islet development. It
should be noted that a key role of PAX6 in -cell development,
B-cell identity, glucose sensing and insulin secretion has also
been shown in mice®".

In conclusion, in the present study, we suggest a role for
dachb in the development of islet- and B-cells in zebrafish. The
findings of these animal-based studies might also support the
possible causal nature of the risk association of DACH1 with
type 2 diabetes in humans, which was first discovered in Asian
individuals®. Strategies that modulate the expression and activity
of dachb in zebrafish might therefore provide a novel approach
for the future design and development of new treatments for
diabetes in humans.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Figure S1 | p53 knock-down ameliorated the neural cell death induced by the off target effect of MO in zebrafish embryos at 30
hpf.

Figure S2 | Dachb knock-down does not induce apoptosis in the pancreas.

Figure S3 | Schematics showing the (ai) splice-blocking (MO-S) and (aii) translation-blocking (MO-T) MOs used, and (b) the
structure of the pBlueScriptIl KS (+) vector containing the zebrafish dachb gene.

Table S1 | Changes in gene expression in dachb knock-down strain.
Table S2 | Results of Gene ontology and KEGG pathway enrichment analysis.
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