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Abstract:

BACKGROUND: The Endothelial PAS domain-containing
protein 1 (EPSAL1) is the key transcriptional regulator of hypox-
ic response and Vascular Permeability Factor (VPF) is an im-
portant growth factor for vascular development and angiogene-
sis. OBJECTIVES: In the present study, the levels of the EPSA1
coding gene and VPF transcripts were evaluated during Larval
development of Beluga, Huso huso. METHODS: Samples at 12
developmental time-points including 1, 2, 4 days before hatch
(eyed eggs), fresh hatched larvae (0), and larvae 1, 3, 6, 10, 15,
20, 25 and 50 days post-hatching were collected and stored in
a —80 °C freezer until RNA extraction. Changes in EPSA1 and
VPF mRNA expression were studied and differences in nor-
malized mRNA expression levels among the different develop-
mental stages of H. huso were analyzed by one-way analysis of
variance (ANOVA). RESULTS: The transcripts of EPSA1 and
VPF were detected in all developmental time-points of H. huso
from embryos to fingerling fish. Our results revealed that the
mRNA expression of EPSA1 and VPF was low during embry-
onic development and then upregulated significantly at the time
of hatch and early larval time-points, whereas in the late lar-
val development stages they started to decline. CONCLUSIONS:
This study showed that there is an association between the
EPSA1 and VPF mRNA expression during larval development
of H. huso. The up regulation of EPSA1 and VPF transcripts
at the time of hatch and during yolk sac fry development of H.
huso is likely tied to the role of them in vasculogenesis and
angiogenesis.

Introduction

The Endothelial PAS domain-containing
protein 1 is encoded by the EPAS1 gene. This
gene encodes a half of transcription factor in-
volved in the induction of genes regulated by
oxygen, which is induced as oxygen levels fall.
Endothelial PAS domain-containing protein 1
is the key transcriptional regulator of hypoxic
response in both adult and embryonic organ-
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isms (Bracken et al., 2003). The transcription
factors hypoxia-inducible factor-1 (HIF-1 and
EPSA1) is the key regulator responsible for
the induction of genes that facilitate adapta-
tion and survival of cells and the whole organ-
ism from normoxia to hypoxia (Ke and Costa,
2006). In mammals, expression of at least one
hundred genes has been reported to be under
the control of HIF-1a and EPSA1 (Rytkonen
et al., 2007). A close related protein, EPSAT,
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shares 48% amino acid sequence identity with
HIF-1. RNA expression patterns have indi-
cated that both HIF-1 and EPSALI are largely
ubiquitously expressed in human and mouse
tissues in an oxygen-independent manner
(Ke and Costa, 2006). In normoxia, HIF and
EPSA protein is transcriptionally inactive and
rapidly degraded by the ubiquitin/proteasome
pathway. Under hypoxia, however, HIF and
EPSA becomes stabilized, translocates into
the nucleus and heterodimerises with Aryl Hy-
drocarbon Nuclear Translocator (ARNT). This
transcriptionally active complex then associ-
ates with hypoxia response elements (HREs)
in the regulatory regions of target genes, binds
transcriptional co-activators and induces target
gene expression (Bracken et al., 2003).
Vascular Permeability Factor (VPF), a selec-
tive mitogen for endothelial cells, is an import-
ant growth factor for vascular development and
angiogenesis (Liang et al., 2001). It is known
that VPF is synthesized by different cell types,
including aortic vascular smooth muscle cells,
keratinocytes, macrophages and many tumor
cells (Dvorak, 1995). VPFs have been found in
all vertebrate species that have been examined
so far and it has been stated that the sequence
and genomic organization of the vertebrate
VPF genes is highly conserved between tele-
ost fish and mammals. VPF has been observed
in teleost fish (zebrafish, Danio rerio and puft-
erfish, Fugu rubripes), frogs (Xenopuslaevis),
birds (Gallus gallus), and mammals (Holmes
and Zachary, 2005). It has also been noted that
two isoforms of VPF that differ in the presence
of exons 6 and 7, VPF165 and VPF121, are the
dominant forms expressed in zebrafish embryo
(Liang et al., 2001). In zebrafish, it has been
suggested that Vascular Endothelial Growth
Factor (VEGF) plays an important role in the
vascular development and endoderm morpho-
genesis (Ober et al., 2004). Moreover, VPF is
expressed throughout the zebrafish embryon-
ic development (Liang et al., 1998) and it has
been suggested that VPF can not only stimu-
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late endothelial cell differentiation, but also,
hematopoiesis in in zebrafish embryo (Liang
etal., 2001).

Oxygen tension is a key physiological reg-
ulator of VPF-A gene expression. Transcrip-
tional regulation of the VPF gene by hypoxia
is mediated by the binding of the transcription
factor HIF-1 to the hypoxia responsive en-
hancer elements (HREs) in its 5" and 3" UTRs
(Holmes and Zachary, 2005). In mammals,
HIF and EPSA signal an increase in VPF,
which in turn stimulates the growth of blood
vessels (Nikinmaa and Rees, 2005). According
to a study on developmental defects in Baltic
salmon (Salmo salar), it has been suggest-
ed that HIF regulates vascular development
during normal development, presumably by
modulating VPF levels, as in mammals (Vuori
et al., 2004; Nikinmaa and Rees, 2005). In lake
trout Salvelinus namaycush, the yolk sac fry
has been shown to have an increasing expres-
sion pattern of HIF-1a protein and HIF-1 DNA
binding after hatch, however, VPF protein ex-
pression was variable between different bio-
logical variations (Vouri et al., 2009).

Although the role of VPF in blood vessel for-
mation is well known, it is presently not known
how the VPF gene is transcribed during early
development of any fish species, especially af-
ter hatching. It is also not known whether the
transcription of HIFs is associated with VPF
transcript during normal development of fish.
We addressed these questions in early devel-
opment of Beluga sturgeon, Huso huso, using
quantitative real-time PCR (qPCR).

Materials and Methods

Animals and sampling protocol: All fer-
tilized eggs were obtained from an artificial-
ly spawned sturgeon broodstock from Shahid
Marjani Artificial Sturgeon Propagation and
Rearing Center located in Aghalla, Iran. The
Beluga Sturgeon larvae hatched seven days
after fertilization (Water temperature 18°C),
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were reared in ferroconcrete and fiberglass
tanks and fed with newly hatched Artemia.
The Beluga Larvae started exogenous feed-
ing at day 20. Samples were collected at 12
developmental time-points including 4 days
before hatch, 2 days before hatch (eyed eggs),
1 day before hatch, newly hatched larvae (0),
and larvae 1, 3, 6, 10, 15, 20, 25 and 50 days
post-hatching. All individuals were killed by
an overdose of tricaine methanesulfonate
(MS-222) and deep-frozen in liquid nitrogen
as soon as they were collected and stored in a
—80°C freezer until RNA extraction.

Total RNA extraction and cDNA synthe-
sis: The procedure of RNA extraction, control
of RNA quality, measuring of RNA concentra-
tion and cDNA synthesis have been described
by Akbarzadeh et al. (2011). Briefly, whole
larvae or eggs were placed in the recommend-
ed proportions of Tri Reagent and homoge-
nized using a Qiagen Tissue Lyser. Total RNA
was isolated from six individuals at each stage
described above (n = 6) using a Tri Reagent
(Molecular Research Center, Inc., Cincinnati,
OH, USA), treated with Invitrogen DNase I
(Invitrogen, CA, USA) and cleaned up using
the Nucleospin RNA 1I kit (Macherey-Nagel,
Diiren, Germany) in accordance with the man-
ufacturer’s instructions. The quality of RNA
samples was evaluated by electrophoresis on a
1.5 % agarose gel and their concentration was
determined by a NanoDrop ND-1000 Spec-
trophotometer (Thermo Scientific, Wilming-
ton, DE, USA) reading at 260/280 nm. Every
sample was measured in duplicate and a mean
value was used. 1 pg of total RNA was used
to synthesize First-strand cDNAs using a Dy-
NAmoTM cDNA Synthesis Kit (Finnzyme,
Espoo, Finland) for RT-PCR, following the
manufacturer’s instructions and a mixture of
oligo-dT as primer.

Primer design: The qPCR primers for
ESPA1 and VPF (Kolangi et al., 2013) were
designed based on the conserved regions of the
sequences in GenBank. Multiple qPCR prim-
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er combinations were designed for each gene
using Primer3 and tested (Table 1). The speci-
ficity and size of the amplicons obtained with
primer pairs were checked on a 1.5 % aga-
rose gel. For each gene, qPCR efficiency was
also taken into account for choosing the best
qPCR primer pair with specific and correct
size. Primers for ribosomal protein L6 (RPL6)
(used as reference gene for standardization of
expression levels) were referenced from Ak-
barzadeh et al. (2011). The method of PCR ef-
ficiency determination has been described in
section 2.4.

Quantitative real-time PCR (qRT-PCR):
Quantitative PCRs were run on a 7900 HT Fast
Real-Time PCR System (Applied Biosystems)
with Fermentas Maxima SYBR Green qPCR
Master Mix (2x) (Fermentas) and all primers
at [100 nM], using standard protocol [initial
denaturation at 95°C for 10 min, 40 cycles of
denaturation at 95°C for 15 s and annealing/
extension at 60 °C for 1 min]. All reactions
were run in triplicate. The mRNA expression
levels of genes were recorded as Ct values that
corresponded to the number of cycles at which
the fluorescence signal can be detected above
a threshold value. Baseline and threshold for
Ct calculation were set manually using the
SDS RQ manager v 1.2 (Applied Biosystems).
Standard curves were constructed from dilu-
tion series of pooled cDNA (including seven
dilutions from 1/10 to 1/2000), and the PCR
efficiency was calculated using the equation
E% = (10 "slre -1) x 100 (Radonic et al. 2004).

The fold change in relative mRNA expres-
sion of EPSA1 and VPF was calculated by the
244 method of Livak and Schmittgen (2001).
The difference between Ct values of the refer-
ence genes and the target genes was calculated
for each mRNA by taking the mean Ct of trip-
licate reactions and subtracting the mean Ct of
triplicate reactions for the reference RNA mea-
sured on an aliquot from the same RT reaction
(ACt=Ct —Ct ). All samples were

target gene reference gene

then normalized to the ACt value of a calibrator
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sample to obtain a AACt value (ACt, . ~ACt
brato)- Among the developmental time-points,
the sample with the lowest Ct value was cho-
sen as the calibrator sample in order to evalu-
ate the putative differential mRNA expression
of target gene.

Differences in normalized mRNA expres-
sion levels of EPSA1 and VPF among the dif-
ferent developmental stages of H. huso were
analyzed by one-way analysis of variance
(ANOVA), followed by a Tukey’s HSD post
hoc analysis for multiple comparisons. Differ-
ences were considered statistically significant
at p<0.05. SPSS (version 18.0) software was
used for statistical analysis.

Results

Relative transcription pattern of EPSA1:
The transcript of EPSA1 was detected in all de-
velopmental time-points of H. huso from em-
bryos to fingerling fish (Fig. | A&B). Changes
in normalized EPSAT1 transcription by using
the RPL6 over development were statistically
significant over time (p<0.05). Both EPSA1
(Fig. 1) relative mRNA levels were signifi-
cantly upregulated from hatching time to late
larval stages (p<0.05). The transcript levels of
EPSA1 displayed a significant decrease from
feeding time (20dph) to fingerling fish.

Relative transcription pattern of VPF:
Figure 2 shows the result for the quantification
of the developmental expression of VPF in H.
huso. Similar to EPSA1, the mRNA of VPF
could be detected as early as embryonic time
(d-4). Changes in normalized VPF expression
over embryonic and larval development of
Beluga were statistically significant over time
(p<0.05). After low expression during the em-
bryonic stage (4, 2 and 1 days before hatch) the
transcript levels of VPF displayed an increas-
ing trend from hatching time (Fig. 2).

The relationship between the transcrip-
tion patterns of EPSA1 and VPF: To show
the relationship between the transcription of
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EPSA1 and VEGF, maximal mRNA values
were adjusted to 1, and other values were frac-
tioned to indicate the proportion of the tran-
scription levels compared to maximum. The
results show a similar pattern was observed for
EPSA1 and VPF transcripts in embryonic and
larval development. The mRNA expression of
both genes was low during embryonic devel-
opment and then upregulated during hatching
and early larval stages, whereas in the late lar-
val and juvenile stages it remained fairly con-
stant.

Discussion

In this study, we have found a direct rela-
tionship between the EPSA1 and VPF mRNA
expression during normal development of H.
huso. This is the first report of the association
of HIFs and VPF mRNA expression during
larval development of fish in a normal oxygen
environment. The levels of EPSA1 and VPF
transcripts were elevated significantly during
and after hatching time and remained fairly
constant in the late larval and juvenile stages.

The upregulation of EPSA 1 and VPF tran-
scripts at the time of hatch and during yolk
sac fry development of H. huso observed in
the present study is likely to be tied to the role
of EPSA1 and VPF in organogenesis, vascu-
logenesis and angiogenesis. It is well known
that regulation of EPSA1, VPF and VPF re-
ceptor in the embryo is crucial to angiogenesis
and, therefore, to organogenesis and survival
(Bonventre et al., 2011). The role of EPSA on
the regulation of the VPF gene and vascular
development in hypoxia condition has been
well studied (e.g. Levy et al., 1995; Forsythe
et al. 1996; Miquerol et al., 2000; Holmes and
Zachary, 2005; Kallergi et al., 2009). EPSA is
an important regulator of hypoxia responses,
including vascularization and erythropoie-
sis, and is required for normal development,
including angiogenetic, hematopoietic, and
neural development in mammalian embryos
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Table 1. qPCR primer used in this study.

Iranian Journal of Veterinary Medicine

Primer name Seq Amplicon size Accession number/Ref.
ESPAI For GAAGGTCCTGCACTGCACT JQ027715.1
ESPA1 Rev CTTGGTGCACAAGTTCTGGT JQ027715.1
RPL6 For GTGGTCAAACTCCGCAAGA Akbarzadeh et al. (2011).
RPL6 Rev GCCAGTAAGGAGGATGAGGA Akbarzadeh et al. (2011).
VPF For GCCTTCATGTGTACCACTCATG Kolangi et al. (2013)
VPF Rev GGTCTGCATTCACATGTACTGTG Kolangi et al. (2013)

700

P!

mRNA Gene

s1 s2 s3 sa ss $6 s7 s8 s9 s10  s11 s12

Development Time point

Figure 1. Relative expression levels of EPSA1 mRNA nor-
malized using RPL6 during early development of Beluga. S1:
4 days before hatch; S2: 2 days before hatch; S3: 1 day be-
fore hatch; S4: newly hatched (day 0); S5: 1 day post-hatch
(1 dph), S6:3 dph; S7: 6 dph; S8: 10 dph; S9:15 dph; S10: 20
dph; S11: 25 dph; S12: 50 dph. The values are represented as
mean + S.D. (n = 6). Statistical significance of differences of
the normalized EPSA 1 data between groups was analyzed us-
ing one-way ANOVA and Tukey’s multiple-comparison test.
Bars with different letters are significantly different. p<0.05
was taken to show significant differences.

(Vuori et al., 2004). In mammals, abnormal
blood vessel development and vascularization
are observed when embryos lacking a single
VPF allele or HIFs are disturbed (Carmeliet et
al., 1996; Ryan et al., 1998). In Baltic salmon,
Vuori et al. (2004) found that both HIF-1 and
VPF down-regulated in Baltic salmon suffer
from abnormally high yolk-sac fry mortality
(M74-syndrome). They suggested that HIF-1
regulates vascular development during normal
development by modulating VPF levels. In
lake trout, the expression of HIFs protein and
HIF-1 DNA binding showed an increasing pat-
tern after hatch and during yolk sac fry (Vouri
et al., 2009).
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Figure 2. Relative expression levels of VPF mRNA normal-
ized using RPL6 during early development of Beluga. S1: 4
days before hatch; S2: 2 days before hatch; S3: 1 day before
hatch; S4: newly hatched (day 0); S5: 1 day post-hatch (1
dph), S6:3 dph; S7: 6 dph; S8: 10 dph; S9:15 dph; S10: 20
dph; S11: 25 dph; S12: 50 dph. The values are represented as
mean + S.D. (n = 6). Statistical significance of differences of
the normalized VPF data between groups was analyzed using
one-way ANOVA and Tukey’s multiple-comparison test. Bars
with different letters are significantly different. p<0.05 was
taken to show significant differences.

Interestingly, the upregulation of VPF gene
was observed at time of hatch and during yolk
sac fry of H. huso. VPF has emerged as the sin-
gle most important regulator of blood vessel
formation (Holmes and Zachary, 2005). Var-
ious processes of early stage vascular devel-
opment including vasculogenesis, large vessel
formation (e.g. of the dorsal aorta), capillary
sprouting, and the remodeling of the yolk sac
vasculature are affected by VPF (Breier, 2000).
Indeed, the expression of the VPF has been
thoroughly studied during embryonic develop-
ment. However, little is known about the role
of VPF on vascular development at the time of
hatching and during larval development of fish.
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In zebrafish, overexpression of VPF in the em-
bryo indicates a stimulation of both endotheli-
al and hematopoietic lineages. It has also been
demonstrated that VPF can stimulate hemato-
poiesis in zebrafish by promoting the formation
of terminally differentiated red blood cells (Li-
ang et al., 2001). Hendon et al. (2008) studied
the effects of exposure to pyrene in the early
life-stages of ship head minnow, Cyprinodon
variegatus, and observed that the VPF gene is
transcribed under conditions where the exter-
nal environment is normoxic, and suggested
that the oxygen tension in developing tissues is
reduced to a level that prevents HIF degrada-
tion resulting in VPF transcription. In mouse,
VPF was detected from embryonic day 7 in the
extra-embryonic and embryonic endoderm,
and by day 8 it is present at high levels in the
trophoblast surrounding the embryo and in the
embryonic myocardium, gut endoderm, em-
bryonic mesenchyme and amniotic ectoderm.
VPF expression declines in most tissues in the
weeks after birth and is relatively low in most
adult organs, except in a few vascular beds, in-
cluding those of the brain choroid plexus, lung
alveoli, kidney glomeruli and heart (Holmes
and Zachary, 2005). VPF gene expression is
also upregulated by a variety of growth factors
and cytokines, including PDGF-BB, TGF-B,
basic fibroblast growth factor (FGF-2), inter-
leukin-18 and interleukin-6, some of which
can act synergistically with hypoxia (Holmes
and Zachary, 2005).

Our results indicate that VPF is involved
in development of the vascular system of H.
huso larvae in normoxic condition. It has been
suggested that organogenesis is closely linked
to vascular development and formation of the
vertebrate closed circulatory system which
involves both vasculogenesis and angiogene-
sis (Bonventre et al., 2011). During yolk sac
fry development of fish, new capillaries are
formed and larval-type red blood cells and he-
moglobins are replaced by adult types (Iuchi
and Yamamoto 1983; Wells and Pinder 1996).
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The upregulation of VPF can therefore be con-
sidered a major factor by which the formation
of blood vessels and cells is regulated.

The results of the present study also showed
a marked upregulation of EPSA1 transcript at
the time of hatch and larval development of
H. huso. EPSA1 is a closely related protein
complex which is regulated by cellular oxygen
concentrations in a similar fashion. These hy-
poxia inducible factors activate transcription
of target genes in response to hypoxia (Blanch-
er etal., 2000; Losso and Bawadi, 2005). It has
been demonstrated that EPSA1 is largely ubiq-
uitously expressed in an oxygen-independent
manner (Bracken et al., 2003). In normoxia,
HIF protein is transcriptionally inactive and
rapidly degraded by the ubiquitin/proteasome
pathway (Bracken et al., 2003). However,
Hypoxic conditions inhibit this degradation,
which allows HIFs to accumulate in the cell
(Kajimura et al., 2006). Interestingly, how-
ever, there are several reports of HIF protein
expression at normoxia in which imply more
diverse roles for HIF than solely regulating
a hypoxic response (Bracken et al., 2003).
EPSAL1 is required for normal embryogenesis
because it is central to oxygen homeostasis.
HIF-1 and EPSA1 knockout mice died early
or had syndromes of multiple organ pathology
that included retinopathy, cardiac hypertrophy,
mitochondrial abnormalities, hypoglycemia,
altered Krebs cycle, and several biochemical
abnormalities (Losso and Bawadi, 2005). The
up-regulation of EPSA1 gene, especially at the
time of hatch during development of H. huso
in normoxic condition reveals the possible im-
portance of HIF signaling during this period.

Conclusion: In conclusion, this is the first
report of the association of EPSA1 and VPF
mRNA expression during larval development
of fish in a normal oxygen environment. Our
data revealed that the levels of EPSA1 and
VPF transcripts were elevated significantly
during and after hatching time and remained
fairly constant in the late larval and fingerling
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stages. The upregulation of EPSA1 and VPF
transcripts at the time of hatch and during yolk
sac fry development of H. huso observed in the
present study is most likely tied to the role of
EPSA1 and VPF in organogenesis, vasculo-
genesis and angiogenesis.
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