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Abstract

Background: Tbx5 deficiency in zebrafish causes several abnormal phenotypes of the heart and pectoral fins. It has
been reported that exogenous human growth hormone can enhance expression of downstream mediators in the
growth hormone and insulin-like growth factor | (IGF-I) pathway and partially restore dysmorphogenesis in tbx5
morphants. This study aimed to further evaluate the effects of IGF-l on cell apoptosis and dysmorphogenesis in
zebrafish embryos deficient for tbx5.

Results: Among the five studied groups of zebrafish embryos (wild-type embryos [WT], tbx5 morphants [MO],

mismatched tbx5 morpholino-treated wild-type embryos [MIS], IGF-I-treated wild-type embryos [WTIGF1], and IGF-I-
treated tbx5 morphants [MOIGF1]), the expression levels of the ifg1, igfi-ra, ifg-rb, erkl, and akt2 genes as well as the
ERK and AKT proteins were significantly reduced in the MO group, but were partially restored in the MOIGF1 group.
These expression levels remained normal in the WT, MIS, and WTIGF1 groups. Exogenous human IGF-I also reduced

the incidence of phenotypic anomalies, decreased the expression levels of apoptotic genes and proteins,
suppressed cell apoptosis, and improved survival of the MOIGF1 group.

Conclusions: These results suggest that IGF-I has an anti-apoptotic protective effect in zebrafish embryos with tbx5

deficiency.
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Background

thbx5 mutations in humans cause autosomal-dominant
Holt-Oram syndrome, which is characterized by con-
genital cardiac and forearm anomalies. Although the
types or locations of mutations cannot predict the sever-
ity of the malformation, a consistent heart or limb/pec-
toral fin phenotype exists in different species with tbx5
deficiency [1-7]. Deficiency in tbx5 alters multiple tran-
scriptional expression patterns, interferes with meso-
derm migration, and causes a wide spectrum of cardiac
defects, along with hypogenesis or complete agenesis of
the pectoral fins and shortened curved trunks in
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zebrafish [8, 9]. The malformations caused by tbx5 defi-
ciency have previously been described as “premature
stops” or “developmental delay” during embryogenesis
[10]. The mechanism of abnormal embryogenesis caused
by thx5 deficiency remains unclear. However, previous
experiments have suggested that aberrant apoptosis is a
key event in TBX5 deficiency-related dysmorphogenesis
[11]. Knockdown of the thx5 gene in zebrafish embryos
induces apoptosis and inhibits cell growth, which con-
tribute to cardiac and forearm defects. Furthermore, ex-
cessive aberrant apoptosis in hearts and pectoral fins
coincides with developmental “stops” on the fail-to-
looping heart and fail-to-outgrowing fins [10, 11]. tbx5
deficiency also diminishes the expression levels of ambc,
vmhe, and cmlc2 as well as disturbs cardiomyogenesis,
contributing to string-heart phenotypes in zebrafish
embryos [12].

The tbxS gene is a TBX5 transcriptional factor and a
member of the T-box gene family located on

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12861-017-0161-1&domain=pdf
mailto:jk.lu@msa.hinet.net
mailto:jenherlu@gmail.com
mailto:mmozart@mail2000.com.tw
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Tsai et al. BMC Developmental Biology (2018) 18:5

chromosome 12q24 in human and chromosome 5 in
zebrafish. The similarity of the amino acid sequences of
TBX5 between human and zebrafish is greater than 95%
[3, 6]. TBX5 is expressed on the pectoral fin bud mesen-
chyme at the 18-somite stage and on ring-like cardiac
precursors at the 20-somite stage and involves migration
of precursor mesenchymes to form the fins and heart
[1, 8, 9]. TBX5 harbors multiple distinct conserved
transcriptional regulatory domains, accounting for its roles
in successful formation of the heart and limbs/fins [6].

Insulin-like growth factor I (IGF-I) acts in an exocrine,
paracrine and also endocrine manner during embryo-
genesis in zebrafish and other fishes [13]. Binding of
IGF-I to its receptor activates several downstream sig-
naling cascades, including the AKT and MAP kinase
pathways, which are highly conserved in fishes and
mammals [14, 15]. Activation of AKT signaling stimu-
lates a phosphorylation cascade that provokes sequential
translation and protein syntheses [14, 15]. IGF-I plays an
important role during skeletal development by promot-
ing chondrocyte proliferation and maturation as well as
inhibiting apoptosis to achieve appropriate skeletal mass
and strength [16]. IGF-I is also viewed as a cardiac hor-
mone since the IGF-I pathway promotes the develop-
ment of cardiomyocytes and improves cardiac function
by directly acting on cardiomyocytes [17]. Blockade of
IGF-I-related pathways directly influences normal car-
diac development and induces cardiac malformation and
dysfunction [18-20].

We have previously observed that exogenous human
growth hormone (GH) treatment can enhance expres-
sion of downstream mediators in the GH and IGF-I
pathways and partially restore dysmorphogenesis in tbx5
morphants [21]. Therefore, this study aimed to further
evaluate the effects of IGF-I on cell apoptosis and dys-
morphogenesis in tbx5-deficient zebrafish embryos by
microinjecting exogenous recombinant human IGEF-I
into tbx5-deficient zebrafish embryos at an extremely
early embryonic stage.

Methods

Animal ethics

Approval of this experiment was given by the Animal Eth-
ics Review Board of National Taiwan Ocean University
Aquaculture. Since zebrafish embryos are not considered
to be “vertebrate animals” until 7 days (168 h) post-
fertilization, the zebrafish embryos used in this study were
less than 48 h post-fertilization (hpf) and were not subject
to the regulation and review process of the Basic Institu-
tional Review Board.

Maintenance of zebrafish
Zebrafishes were maintained in 45-1 aquaria heated to
28.5 °C with 25 fishes per tank. The water was filtered,
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and approximately half of the water was replaced at least
once per week. Adult zebrafishes were fed once to twice
daily with a variety of food, and young zebrafishes were
fed twice daily [7]. The tank was cleaned daily by si-
phoning off any excess food after the second daily feed-
ing. The day-night cycle was controlled with an
automatic timer (14 h light, and 10 h dark).

Zebrafish breeding and embryo collection

Zebrafishes reach sexual maturity within 10-12 weeks,
but breeding fish should be between 7 and 18 months of
age for maximum embryonic production. The day before
breeding, 1/3 of the water was replaced and the tank
was cleaned after feeding (1-2 h before the end of the
light period). A collection box was placed at the bottom
of the tank, and preparations were made to collect the
embryos the next day. When the light was turned on, we
removed the collection box and placed the collected em-
bryos into an incubator maintained at 28.5 °C.

Construction of zebrafish embryos with different
genotypes and treatment

This study included five groups: wild-type embryos
(WT), tbx5 morphants (MO), mismatched bx5
morpholino-treated wild-type embryos (MIS), IGF-I-
treated wild-type embryos (WTIGF1), and IGEF-I-treated
tbx5 morphants (MOIGF1). Microinjection was used for
the construction and treatments.

MO group (¢tbx5 morphants): A morpholino antisense
oligonucleotide targeting tbx5 (5-GAAAGGTGTCTT
CACTGTCCGCCAT-3) was designed to block the thx5
translational start site (Gene Tools LLC, Philomath, OR,
USA). A 194 ng/4.6 nl stock morpholino diluted in
Danieau’s solution was microinjected into wild-type em-
bryos that were primarily at the 1-cell stage with intact
chorions.

MIS group (mismatched tbx5 morpholino-treated
wild-type embryos): 1-cell stage wild-type embryos (n =
150/group, in triplicate) were microinjected with mis-
matched thx5 morpholino (5-GTCTCTTGACTCT
CCGCGATCTCGG-3') [11, 12].

WTIGF1 group (IGF-I-treated wild-type embryos): 1-
cell stage wild-type embryos (n=150/group, in tripli-
cate) were microinjected with 1 pmol/2.3 nl human IGF-
I (Sigma-Aldrich, St. Louis, MO, USA).

MOIGF1 group (IGF-I-treated tbx5 morphants): 1-cell
stage wild-type embryos (n=150/group, in triplicate)
were microinjected with 1 pmol/2.3 nl human IGF-I and
19.4 ng/2.3 nl of tbx5 morpholino.

Our previous studies used four control groups, including
the 3" end of the thx5 morpholino (2) (5-GCCTGTAC
GATGTCTACCGTGAGGC-3’), mismatched thbx5 mor-
pholino (5-GTCTCTTGACTCTCCGCGATCTCGG-3'),
wild-type embryos that received a blank microinjection,
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and wild-type embryos that did not received a micro-
injection to identify the specific inhibitory effects on
tbx5 mRNA translation by the thx5 morpholino. The
effectiveness and specificity of the thx5 morpholino
has been verified by western blot analysis for green
fluorescent protein [11, 12].

RNA isolation

Total RNA was isolated from 50 embryos using the
guanidine isothiocyanate-based TRIzol solution (Life
Technologies, UK). RNA samples were resuspended in
diethylpyrocarbonate-treated water and quantified spec-
trophotometrically at 260 nm. The RNA quality was
then checked by 1.2% agarose gel electrophoresis after
staining with 1 pg/ml ethidium bromide. The RNA stock
was stored at —80 °C.

Microarray analysis

RNA from WT, MO, and MOIGF1 embryos at 24 hpf,
30 hpf, and 48 hpf were isolated and purified by using a
RNeasy” Mini Kit (QIAGEN, Hilden, Germany), and the
RNA quality was confirmed using an Agilent 2100 Bioa-
nalyzer (Agilent Technologies, Santa Cruz, CA, USA).
Purified RNA was reverse-transcribed into ¢cDNA by
using SuperScript TM III RT (Invitrogen, Carlsbad, CA,
USA). Before purifying and coupling with a fluorescent
dye with indirect ¢cDNA labeling for analysis via a
zebrafish-specific microarray kit of 43,663 transcripts
(Invitrogen, Carlsbad, CA, USA), cDNA was hydrolyzed
and neutralized using NaOH and HCL cDNA was then
pretreated with GEx hybridization buffer HI-PRM (Agi-
lent Technologies, Santa Cruz, CA, USA) before trans-
ferring to hybridization chamber gasket slides for
hybridization. The slides were scanned by a GenePix
4000B Axon Instruments scanner (Molecular Devices,
Silicon Valley, CA, USA), and data were analyzed by
using a Genespring GX 10.0.2, Agilent (Agilent Tech-
nologies, Santa Cruz, CA, USA).

Microarray analyses were performed for the WT, MO,
and MOIGF1 groups under the same conditions to
understand the effects of IGF-1 on tbx5 morphants. The
expression of a certain gene in the WT group was used
as a reference and set to a value of 1. If the expression
levels of the same gene in the MO group and MOIGF1
group were both more than 1.5-fold higher than that in
the WT group, the gene was marked as “up-regulated”.
Conversely, if the expression levels of the same gene in
the MO group and MOIGF1 group were both more than
1.5-fold lower than that in the WT group, the gene was
marked as “down-regulated”. These comparisons were
analyzed at 24 hpf, 30 hpf, and 48 hpf. All gene tran-
scripts (43663) were screened at these three timepoints.
All data were compliant with Minimum Information
about a Microarray Experiment, and the raw data were
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deposited in a Gene Expression Omnibus database
(GSE33965) [NCBI tracking system #16217606].

Semi-quantitative real-time reverse-transcription polymerase
chain reaction (RT-PCR)

Total RNA was prepared from 50 defective or normal
embryos (Invitrogen Corporation, Carlsbad, CA, USA).
Three microliters of 1st-strand ¢cDNA was amplified.
The amplification primers for each specific mRNA were
deduced from published sequences: igfl (P1l: 5-
TCTCATCCTCTTTCTCGC-3’, P2: 5-GATAGTTTCT
GCCCCC-3"), igflra (P1l: 5-CAAGCCTGGATAAA
CAC-3’, P2: 5-GGCAGATTGAAAGAAAG-3'), igfirb
(P1: 5-AAGCATTGAGAGGTG-3', P2: 5'-AGAG
GAAGTGAGGAGAA-3'), akt2 (P1: 5-GAAGAGGAT
GAGCCAATG-3’, P2: 5-CTCCAACGCTGAAACAAT-
3"), erkl (P1: 5-TCTGCCAATGTGCTGC-3’, P2: 5-
TGCCGTCTCCTCAAAG-3’). The PCR conditions
were as follows: denaturation at 95 °C for 3 min,
followed by 50 cycles of amplification (95 °C for 20 s,
59 °C for 15 s, and 72 °C for 20 s). The reference gene
was B-actin. The gene expression levels are presented as
the relative expression, which was defined as gene ex-
pression/p-actin expression.

Western blot analysis

Embryos at 48 hpf were homogenized on ice in lysis buf-
fer (Sigma-Aldrich, St. Louis, MO, USA). Then, cellular
debris was pelleted by centrifugation at 12,000 rpm for
20 min, and the supernatant was collected and mea-
sured. Proteins were mixed with sample buffer before
separating via 10% sodium dodecylsulfate polyacrylamide
gel electrophoresis and were then transferred onto nitro-
cellulose membranes at 100 V for 1 h. Membranes were
blocked with blocking buffer (5% bovine serum albumin)
at room temperature for 1 h. The AKT and ERK primary
antibodies (Aviva Systems Biology LLC, San Diego, CA,
USA) were incubated overnight at 4 °C using the appro-
priate dilution (1:1000). The nitrocellulose membranes
were washed with phosphate-buffered saline, followed by
incubation with a horseradish peroxidase-conjugated
secondary antibody (1:5000) for 1 h at room temperature
before the images were acquired.

Immunohistochemical analysis

Zebrafish embryos were fixed with 4% paraformaldehyde
in phosphate-buffered saline. Deparaffinized sections
(3 um-thick) of zebrafish embryo tissues were placed on
slides and processed for immunohistochemistry. After
application of a biotin blocking system (Dako, Glostrup,
Denmark) for 30 min, sections were incubated with
target-purified rabbit primary antibodies, including
MF20, Cx43, MEF, BAD, and BCL2 (all from Anaspec,
Fremont, CA, USA); washed in phosphate-buffered
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saline; and then incubated with a rhodamine-conjugated
secondary antibody, goat anti-rabbit immunoglobulin G
(IgGQ). After washing in phosphate-buffered saline, sec-
tions were incubated with mounting medium and kept
at 4 °C.

Terminal deoxynucleotidyl transferase 2'-deoxyuridine
5'-triphosphate nick end labeling assay (TUNEL)

Both whole mount and sectioned TUNEL assays were
performed using an ApopTag kit (Chemicon, Heule,
Belgium). Briefly, zebrafish embryos were fixed with
4% paraformaldehyde in phosphate-buffered saline.
Proteinase K-treated whole embryos or deparaffinized
sections (5 pm-thick) of embryos were incubated
with the terminal deoxynucleotidyl transferase en-
zyme followed by anti-digoxigenin. Finally, embryos
or slides were stained with diaminobenzidine for
5 min.

Survival rate assessment

Zebrafish embryos after injection were incubated in 6-
well plates for observation at 12- to 18-h intervals. The
survival rate was evaluated every 12 h until 84 hpf.

Statistical analysis

The results are presented as the means + standard devi-
ation. Duncan’s new multiple range testing was used to
compare every pair of test groups. Statistical significance
was accepted at p < 0.05.

Results

Microarray analysis of the tbx5 morphants

Using a microarray approach, we compared the RNA ex-
pression levels in whole embryos between the WT, MO,
and MOIGE-1 groups at 24, 30 and 48 hpf. The results
are presented in Table 1. After screening all of the genes,
it was noted that most of the IGF-I-related genes were
down-regulated during the three stages of organogenesis
(24 hpf, 30 hpf, and 48 hpf). The majority of up-
regulated genes were ribosomal protein genes. Several
apoptosis-related genes and phosphorylation-related
genes in the IGF-I pathway were also either up-
regulated or down-regulated during the process of or-
ganogenesis (Table 1).

Phenotypes of the tbx5 morphants

To confirm the effects of the thx5 morpholino, we
observed the phenotypes and their related gene ex-
pression in the MO group. By RT-PCR analysis, the
MO group had significantly decreased expression
levels of myocardium-related genes (mef2c, ndrg4,
cx43) compared to the WT group during the embry-
onic development stages of 24 hpf (Fig. 1A), 30 hpf
(Fig. 1B), and 48 hpf (Fig. 1C). Compared with the
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WT group, immunohistochemistry analysis also
showed that the MO group had decreased expression
levels of cardiomyocyte proteins of MF20 (Fig. 1D),
Cx43 (Fig. 1E), and MEF2 (Fig. 1F).

Expression of human IGF-I-related genes in tbx5
morphants

As shown in Fig. 2, RT-PCR analysis revealed that the
MO group had significantly reduced expression levels of
igfl (Fig. 2A), igfira (Fig. 2B) and igfirb (Fig. 2C)
throughout development at 24 hpf, 30 hpf, and 48 hpf.
Expression of igfl in the MOIGF1 group was partially
restored and significantly higher than that in the MO
group at 24 hpf. The MIS group and WTIGF1 group
had similar expression levels of igfl, igflra, and igflrb as
the WT group throughout the examined developmental
stages (Fig. 2).

Supplementation of human IGF-1 partially improves em-
bryonic defects in the tbx5 morphants

The changes in the cardiac structure of zebrafish em-
bryos were observed via a lateral view. The WT group
had an overlapped atrium and ventricle due to cardiac
looping formation (Fig. 3A). However, tbx5 deficiency
caused cardiac looping defects in zebrafish embryos
and induced characteristic “string-like” heart morph-
ologies, which were frequently accompanied by
massive pericardial effusion (Fig. 3D). By contrast, the
WT group rarely had pericardial effusion (<1%) (Fig. 3A
and B). Minimal pericardial effusion was identified in
the IGF-I-treated groups (WTIGF1 and MOIGFI)
(Fig. 3C and E). None of the WTIGF1 and MOIGF1
groups had string-like heart phenotypes (Fig. 3P).
Thus, the possibility that the string-like heart anomal-
ies were induced by microinjection could be excluded.
The MOIGF1 group had a significantly higher per-
centage of normal cardiac morphology (5% vs. 40% at
48 hpf, n=100 embryos/stage, in triplicate, P <0.05)
(Fig. 3P). The normal curvature of somites in the WT
group was “V-shaped” (Fig. 3F). Seventy-five percent
of the MO group had an abnormal curvature of so-
mites, changing from a sharp “V shape” to a round
“U shape” (96 hpf, n=100, in triplicate) (Fig. 3H, Q).
Compared with the MO group, the MOIGF1 group
had a significantly higher percentage of normal trunk
morphology (20% vs. 30% at 96 hpf, n =100, in triplicate,
P <0.05) (Fig. 3Q). The anterior pectoral fins of the WT
group were bilaterally symmetric and developed normally
at 96 hpf (Fig. 3K). The MIS group and WTIGF1 group
did not have any abnormalities of the pectoral fins
(Fig. 3L, N, R). The MO group had a higher percent-
age of hypogenesis or complete agenesis of the anter-
ior pectoral fins (Fig. 3M, R). Compared with the
MO group, the MOIGF1 group had a significantly
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Fig. 1 Expression levels of myocardium-related genes and cardiomyocyte proteins in wild-type embryos and tbx5 morphants. The MO group had
significantly decreased expression of myocardium-related genes (mef2c, ndrg4, cx43) during the embryonic development stages (24 hpf (a), 30 hpf
(b), and 48 hpf (c)) compared with the WT group. Zebrafish embryos at 30 hpf were stained with the myosin heavy chain antibody MF20 (green),
connexin-43 antibody Cx43 (green), myocyte enhancer factor-2 antibody MEF2 (green) and counterstained with DAPI (blue) for nucleus identification.
The MO group had decreased expression of MF20 (d), Cx43 (e), and MEF2 (f) compared to the WT group. Data are presented as the means + standard
deviations. P < 0.05 vs. WT. WT, wild-type embryos; MO, tbx5 morphants. Hpf: hours post-fertilization. The number of specimens was 50, and the

number of independent experiments was 3 in each group
A\

higher percentage of normal fin morphology (10% vs.
38% at 96 hpf, n =100 embryos/stage, in triplicate, P
<0.05) (Fig. 3R).

Supplementation of human IGF-I normalized expression
of phosphorylation-related genes in the IGF-I pathway
According to RT-PCR analysis, the MO group had
significantly reduced expression levels of erkI (Fig. 4A)
and akt2 (Fig. 4B) compared to the WT group
throughout the developmental stages. The expression
levels of akt2 and erkl in the MOIGF1 group were

restored and were significantly higher than those in
the MO group. Both the MIS group and WTIGF1
group had similar expression levels of akt2 and erkl
as the WT group (Fig. 4A, B). As shown in Fig. 4C,
western blot analysis showed that the MO group had
significantly reduced ERK1 and AKT2 protein levels
at 48 hpf, whereas the MOIGF1 group had partially
normalized expression of ERK1 and AKT2. The ex-
pression levels of ERK1 and AKT2 in the MIS group
and WTIGF1 group were not different from those in
the WT group (Fig. 4C).
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Supplementation of human IGF-I normalized the expression
levels of apoptotic genes

The expression levels of bad and bcl2 in whole embryos
were measured by RT-PCR (Fig. 5A, B). The expression
levels of bad and bcl2 in the MO group were elevated
significantly at 24 hpf and 30 hpf, but expression of bad
was within normal limits at 48 hpf (n =50 embryos/
stage, in triplicate) (Fig. 5A, B). In the control groups,
both the MIS group and WTIGF1 group had similar ex-
pression levels of bad and bcl2 as the WT group.

Immunohistochemical analysis at 30 hpf of sagittal
sections of hearts is shown in Figure 5C1-3 and 5E1-3.
Transverse sections of the pectoral fins are shown in
Figure 5D1-3 and 5F1-3. The WT group had very low
expression of the BAD apoptotic protein (Figure 5C1,
5D1) and BCL2 pro-apoptotic protein (Figure 5E1, 5F1).
The expression levels of the BAD apoptotic protein
(Figure 5C2, 5D2) and BCL2 pro-apoptotic protein
(Figure 5E2, 5F2) were significantly induced in the
hearts and pectoral fins in the MO group, whereas
the expression levels of BAD (Figure 5C3, 5D3) and
BCL2 (Figure 5E3, 5F3) were significantly reduced in
the MOIGF1 group.

The TUNEL assay revealed no TUNEL-positive cells
in the WT (Fig. 6A), MIS (Fig. 6B), and WTIGF1
(Fig. 6C) groups. However, massive numbers of
TUNEL-positive cells were visible in the MO group
(Fig. 6D). In the MOIGF1 group, the amount of
TUNEL-positive cells was reduced (Fig. 6E). Most of
the TUNEL-positive cells were clustered at the tail
and trunk, although there were several at the yolk sac
and head (Fig. 6F).

Figure 7 shows the results of survival analysis. The
MO group had the lowest survival rate (35% at 96 hpf),
whereas the survival of the MOIGF1 group was signifi-
cantly improved (65% at 96 hpf). Both the MIS group
and WTIGF group had similar survival rates as the WT
group (Fig. 7).

Discussion

thx5 is a regulator of apoptosis and cell growth, and
thbx5 deficiency can induce cell apoptosis and alter
cell cycling [22-24]. Although the role of IGF-I is not
well-characterized in zebrafish embryogenesis, previ-
ous studies have found that thx5 morphants have
down-regulated gh and GH-related genes, including
igfl [21]. In this study, we found that exogenous re-
combinant human IGF-I administration ameliorated
dysmorphogenesis, increased akt2 and erkl expres-
sion, normalized bcl2 and bad expression, suppressed
cell apoptosis, and improved survival rates in tbx5
morphants. These results suggest an anti-apoptotic
protective effect of IGF-I in zebrafish embryos with
tbx5 deficiency.
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Maternal GH and local IGF-I, which are involved in
the regulation of embryonic and fetal development in an
autocrine or paracrine manner, are produced in extrapi-
tuitary tissues and are present before their formation in
the pituitary gland. Though both IGF-I and GH are re-
lated to embryonic growth and development, they are
thought to play different roles in embryogenesis. This
study showed that exogenous IGF-I induced positive ef-
fects on embryogenesis in wild-type zebrafish embryos
(Fig. 3C and I), whereas a previous study reported that
exogenous GH had little effect [21]. Additionally, it has
been reported that the embryogenic effect of GH prob-
ably occurs via an IGF-I-independent mechanism [25].
This phenomenon is consistent with the observation
that IGF-dependent growth in prenatal life appears to be
largely independent of GH [26]. In postnatal mature in-
dividuals, particularly at puberty, IGF-I is produced by
the liver and extrahepatic tissues and is related to GH
[27]. However, IGF-I plays an independent role in
growth, differentiation, regeneration, and metabolism
during embryogenesis of vertebrates [28]. Though IGF-I
has similar effects as GH in mature individuals, IGF-I
can be considered to mediate “insulin-like” and mito-
genic effects in cells and embryos.

The in vivo effects of recombinant human and fish
IGE-I are mostly conserved throughout vertebrate evolu-
tion; however, there are functional differences between

mammalian and teleostean IGF, particularly in the inter-
actions and affinities with the different IGF-binding pro-
teins in various species [29]. This study found that
exogenous human IGF-I provoked the AKT signaling
pathway and subsequent phosphorylation cascades in
wild-type zebrafish embryos. Delivery of IGF-I into wild-
type zebrafish embryos did not increase the mortality
and incidence of embryonic anomalies and also did not
affect the expression levels of genes related to phosphor-
ylation, apoptosis, cell cycling, and even cardiomyogen-
esis. Additionally, supplementation of recombinant
human IGF-I in tbx5 morphants ameliorated mortality,
restored dysmorphogenesis, induced expression of igfI
at the mRNA and protein levels as well as expression of
erkl and akt2, provoked the IGF signaling pathway, and
activated the phosphorylation pathway, which is highly
conserved across species and plays a central role in or-
ganogenesis, including in cellular differentiation, cell
proliferation, apoptosis, and somatic growth [30]. It is
well-known that IGF binds to insulin receptors, activates
the PI3K signaling pathway, and subsequently activates
the AKT and ERK pathways. The AKT family of serine-
threonine kinases, including aktl, akt2, and akt3, has
been demonstrated to be involved in promoting cell sur-
vival, glucose metabolism, and cellular protein synthesis
[31, 32]. Although it remains unclear how human IGF-I
functions in zebrafish, our results suggested that the in
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vivo effects of recombinant human IGF-I were preserved
in zebrafish embryos. IGF-I from higher vertebrates still
functions in lower vertebrates such as zebrafish. Further
investigation is warranted to characterize the complete
c¢DNA sequences and gene structures of zebrafish igfra
and igfrb as well as to identify the origins of both tran-
scripts from human and zebrafish, similar to a recent
study for maternal GH and embryonic receptors [33].
The functions of tbx5 involve many biological pro-
cesses, such as embryonic limb morphogenesis, heart de-
velopment, and lung development. Most biological
processes can be influenced by IGF-I. Our microarray
analysis found that IGF-I up-regulated or down-
regulated expression of many RNAs (Table 1). In this
study, we only evaluated the effects of IGF-1 on these
representative RNAs quantitatively, as well as proteins
related to apoptosis (BAD, BCL2 and DAPI) and cardio-
myogenesis (MF20, Cx43 and MEF2), and we did not
further evaluate the rescue effect of IGF-1 on the other
RNAs listed in Table 1. This issue deserves further in-
vestigation in future studies. IGF-I can influence most of
the tbxS-related biological processes in cardiac looping

formation (e.g., pattern specific processes, cardiac
muscle cell differentiation, cell-cell signaling, negative
regulation of the epithelial to mesenchymal transition,
positive regulation of cell proliferation). However, ex-
ogenous IGF-I only partially rescued these processes and
did not completely restore their function. This study
found that the MO group had massive pericardial effu-
sion (Fig. 3C). Although the MOIGF1 group (Fig. 3E)
had only minimal pericardial effusion, the phenotype
was still more abnormal than that of the WT group
(Fig. 3A). Similar results were also observed in the
phenotypes of the trunk, length of trunk, curvature of
the tail, and shape of somites. The MO group had
shorter trunk lengths (Fig. 3H) than the WT group
(Fig. 3F), and the MOIGF1 (Fig. 3]J) had longer trunk
lengths than the MO group. Additionally, both the
MOIGF1 (Fig. 3]) and WTIGF1 groups (Fig. 3I) had
longer trunk lengths than the WT group (Fig. 3F).
Therefore, exogenous IGF-I rescued the effects of
tbx5 deficiency regarding the length of the trunk and
also stimulated the growth of the embryonic trunk.
Although the MOIGF1 group (Fig. 3]) had straighter
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tails than the MO group (Fig. 3H), the tail was not as
straight as that of the WT group (Fig. 3F). Exogenous
IGF-I only partially rescued the effect of tbx5 defi-
ciency regarding the curvature of the tail. The normal
shape of somites was a “V shape” (Fig. 3F), and the

MO group had “U-shaped” somites (Fig. 3H). As both
the MOIGF1 (Fig. 3J) and WTIGF1 groups (Fig. 3I)
had normal “V-shaped” somites, exogenous IGF-I res-
cued the effect of thx5 deficiency regarding the shape
of somites. Regarding the biological processes that
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could not be rescued by IGF-I, we listed these genes
in Table 1. Moreover, this study only evaluated the ef-
fects of IGF-I on expression of RNA in thx5 mor-
phants. Whether the function of thx5 on DNA (e.g.,
DNA binding) and RNA (e.g., transcriptional activator
activity) could be rescued by IGF-I was beyond the
scope of this study. As shown in Table 1, the results
of microarray analysis revealed that IGF-1 may also
act on several biological processes, including the cell
cycle, phosphorylation, cardiac myogenesis, and car-
diac morphogenesis, in addition to reducing cell
death.

One study of the immunoreactivity of IGF-I in fishes
reported that the distribution of IGF-I-IR in this species
was tissue-specific and age-dependent [34, 35]. The IGF-
I tissue-specific distribution, in which the igfI expression
level and IGF-I pathway were down-regulated in tbx5
morphants, was coincident with “premature stops” or
“developmental delay” at specific sites (i.e., heart, trunk,
and pectoral fins) caused by tbx5 deficiency in the
proper time window, which are also the counterparts of
specific areas with aberrant apoptosis and decreased cell
cycling [11].

Several reports have suggested that IGF acts as a sur-
vival factor for early-stage human follicles, activating the
mitotic cell cycle of both the MAPK and PI3 kinase-
signaling pathways and regulating cell cycle progression
in progenitor cells by multiple growth factors [36-—38].
Supplementation of IGF-I to culture media has a

facilitating effect on in vitro embryo development, and
preimplantation embryos and blastocysts cultured in
vitro via decreased apoptosis and increased cell prolifer-
ation in mice, rabbits, bovines and humans [22-24, 39].
Our study revealed a similar survival effect of IGF-I on
defective zebrafish embryos. The findings that exogen-
ous IGF-I significantly improved the survival of tbx5
morphants provided further evidence of the effects of
exogenous human IGF-I administration.

Currently, anti-sense morpholino administration re-
sults in thx5 deficiency, but cannot completely abrogate
TBX5. Therefore, we were unable to determine whether
the positive effects of IGF-I on zebrafish embryos with
tbx5 deficiency depends on the level of TBX5 decrease
or on the residual TBX5 function. Though the TBX5
levels increased in the MOIGF1 group compared to the
MO group (data not shown), this result is still insuffi-
cient to definitively conclude that IGF-I is capable of
rescuing anomalies caused by specific gene defects.

Conclusion

This study found that exogenous recombinant human
IGF-I ameliorated dysmorphogenesis, activated the IGF-
I pathway, normalized apoptotic gene expression, sup-
pressed cell apoptosis, and improved the survival rate in
tbx5 morphants. The results suggested the potential
anti-apoptotic effects of human IGF-I in zebrafish em-
bryos with tbx5 deficiency.
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