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Abstract: SG2NA is a member of the striatin protein family. In human and mouse, the SG2NA gene encodes two major protein 
isoforms: SG2NAα and SG2NAβ. The functions of these proteins, except for acting as the regulatory subunits for PP-2A, remain 
largely unknown. To explore the possible functions of SG2NA in lower vertebrates, we have isolated two SG2NA cDNAs from goldfish, 
Carassius auratus. Our results reveal that the first cDNA contains an ORF of 2118 bp encoding a deduced protein with 705 amino acids, 
and the second one 2148 bp coding for a deduced protein of 715 amino acids. Comparative analysis reveals that both isoforms belong 
to the α-type, and are named SG2NAα and SG2NAα+. RT-PCR and western blot analysis reveal that the SG2NA gene is differentially 
expressed in 9 tissues examined. During goldfish development, while the SG2NA mRNAs remain relatively constant in the first 3 stages 
and then become decreased and fluctuated from gastrula to larval hatching, the SG2NA proteins are fluctuated, displaying a peak every 
3 to 4 stages. Each later peak is higher than the earlier one and the protein expression level becomes maximal at hatching stage. Together, 
our results reveal that SG2NA may play an important role during goldfish development and also in homeostasis of most adult tissues.
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Introduction
Protein serine/threonine phosphatase 2A (PP-2A) 
is a major eukaryotic phosphatase, regulating many 
different physiological functions including 
metabolic homeostasis, DNA replication, gene 
transcription, RNA splicing and maturation, protein 
translation, cell cycle progression, cell senescence 
and apoptosis, morphogenesis, development, and cell 
transformation.1–7

PP-2A exists either in a core enzyme or in a 
holoenzyme.5,8 The core enzyme consists of a 65 kDa 
scaffolding protein known as A subunit tethering a 
36 kDa catalytic C subunit.8 Both A and C subunits 
exist in α and β isoforms encoded by different genes.5 
The full specific activity towards a certain substrate of 
PP-2A core enzyme is achieved through binding of a 
variable regulatory subunit to form the heterotrimeric 
holoenzyme.5 Early studies have established that 
members in 3 subfamilies, B, B’, and B”, can 
contribute to the regulatory subunit for PP-2A.4,5 
More recently, a new subfamily of proteins including 
striatin, SG2NA and zinedin have been shown to 
directly interact with PP-2A.9 These proteins bind to 
PP-2A in the absence of the regulatory subunits from 
the B, B’, or B” subfamilies and can act as substrates 
for PP-2A.10,11 Thus, it is suggested that the striatin 
family members may become the fourth subfamily of 
regulatory subunits for PP-2A.10,11

While both striatin and zinedin are predominantly 
expressed in the brain, SG2NA is expressed in many 
different tissues including heart, skeleton muscle, 
brain and lung.13 Thus, besides the role in directing 
specific PP-2A activity, SG2NA is suggested to have 
other functions.9 Indeed, yeast two hybrid-selection 
has revealed that SG2NA can interact with another 
protein named phocein, which is found functioning in 
membrane traffic within dentritic spines.14 In addition, 
it is found that SG2NA can act as a molecular scaffold 
to promote localization of the estrogen receptor (ER)α 
to the plasma membrane and organize the ER-eNOS 
membrane signaling complex in endothelial cells.15

To explore the possible functions of SG2NA in 
animal development, we have isolated two SG2NA 
cDNAs from goldfish, a model organism widely used 
for in vivo studies.16–18 Our results demonstrate that 
the goldfish SG2NA cDNAs encode two deduced 
proteins, which belong to the α-Type isoform 
and are named SG2NAα and SG2NAα+. RT-PCR 

reveals that the SG2NA mRNAs appear relatively 
constant from cleavage to larval hatching stages 
during goldfish development. However, the SG2NA 
proteins as revealed by western blot analysis, show 
distinct fluctuations, displaying a peak every 3 to 
4 stages. Each later peak is higher than the earlier 
one and the protein expression level becomes 
maximal at hatching stage. Such distinct patterns of 
expression not only suggest possible translational 
and posttranslational control of the SG2NA gene 
expression during goldfish development but also 
indicate their important roles in controlling goldfish 
development. Our demonstration that SG2NA 
forms complex with JNK1 also supports its role in 
regulating goldfish development.

Results
Molecular cloning of the two  
SG2nA cDnAs
Using 3’- and 5’-RACE, we isolated two full 
length goldfish SG2NA cDNAs, named SG2NAα 
and SG2NAα+ (Fig. 1). The difference between 
the two cDNAs is the absence or presence of a 
30-nucleotide fragment (GTACATCCTCCACATTGGT-
TCTAAAACAAA) coding for 10 amino acids 
(GTSSTLVLKQT) located right before the 4th WD 
repeat. (Fig. 1). The full length SG2NAα cDNA contains 
2565 bp with an open reading frame of  2118 nucleotides 
encode a deduced protein of 705 amino acids. The 
full length SG2NAα+ cDNA consists of 2595 bp 
with an open reading frame of 2148 nucleotides code 
for a deduced protein of 715 amino acids. The two 
proteins encoded by the two cDNAs were confirmed 
by Western blot analysis (Figs. 3 to 6). The amino acid 
sequence alignment analysis through ExPASy and 
other sequence analysis program revealed that both 
proteins comprise four protein-protein interaction 
motifs. From N- to C-terminus, the four motifs are the 
caveolin binding motif, the coiled-coil structure, the 
calmodulin-binding domain and 6 WD tandem repeats 
(Fig. 2). In addition, similarity comparison suggests 
that the conserved Ser-216 residue would undergo 
phosphorylation modulation (circled amino acid in 
Fig. 1). Alternative splicing variants from exon 8 and 
exon 9 of SG2NA mRNAs have been detected in human 
and mouse,9,10,13 and the two goldfish SG2NA cDNAs 
reported here belong to α type isoform. The amino 
acid sequence alignment analysis also shows that the 
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Figure 1. The two full length SG2NA cDNAs and the deduced protein sequences. The SG2nAα cDnA sequence is composed of 2,565 bp including 
a 5’ UTR of 191 bp, a 3’ UTR of 256 bp and a CDS of 2118 bp. The SG2nAα+ cDnA contains 2,595 bp including a 5’ UTR of 191 bp, a 3’ UTR of 256 bp 
and a CDS of 2148 bp (including the nucleotides high-lighted by dash line). The two cDnAs encode two deduced proteins with 705 and 715 amino acids, 
respectively which are detected in western blot analysis (Figs. 3 to 6). The four conserved domains were high-lighted: the caveolin-binding domain by 
light grey box, the coiled-coil domain by solid underline, the calmodulin-binding domain by dark-shadowed box, and the six WD-40 repeats in the carbonyl 
terminus by open box. The conserved phosphorylation residue is circled.
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Figure 2. Alignment of the deduced Goldfish SG2NA amino acid 
sequences with known human, bovine, mouse, rat and zebrafish 
SG2NA amino acid sequences. homo1, homo sapiens SG2nβ-isoform 
(nM_001083893); homo2, homo sapiens SG2nα-isoform (nM_014574); 
Bos taurus, bovine SG2nAβ (BC140553); Mus1, mouse SG2nAβ 
(nM_052973); Mus2, mouse SG2nAα (BC138055); Rattus, rat SG2nAβ 
(NM_001029897); Carassius 1, goldfish SG2NAα+; Carassius 2, goldfish 
SG2nAα; Danio, zebrafish SG2NAα (BC155853). The four conserved 
domains were high-lighted: the caveolin-binding domain by red line box, 
the coiled-coil domain by red underline, the calmodulin-binding domain 
by blue box, and the six WD-40 repeats in the carbonyl terminus by blue 
lines. The unique 10 amino acids in SG2nAα+ is high-lighted by purple 
box. The yellow box highlights the conserved phosphorylation serine 
residue and the green box points out the variation region among different 
SG2nAhomologues.

goldfish SG2NA protein (SG2NAα) share high levels 
of homogeneity with that from zebrafish, human and 
mouse with amino acid identity of 94.3%, 79.5% and 
79.8, respectively (Fig. 2).

Tissue-specific expression of SG2NA 
in liver, testis, ovary, brain, kidney, heart, 
muscle, gill and fin
To explore the possible functions of SG2NA in various 
tissues of the lower vertebrates, we first examined the 
mRNA expression of the SG2NA gene in 9 tissues 
from the goldfish using reverse transcription-linked 
polymerase chain reaction (RT-PCR) analysis. 
As shown in Figure 3A, a strong band of 426 bp 
from goldfish SG2NA specific primers was detected 
in the ovary and brain. A quantitative analysis of the 
RT-PCR results from three independent experiments 
revealed that the goldfish liver and muscle displayed 
the highest expression levels of SG2NA mRNAs 
(Fig. 3B). A reduced level of the same band was 
detected in the ovary, brain, heart and spermary. 
A further reduced level of the same band was found 
in the kidney, gills and fins (Fig. 3B). The ubiquitous 
SG2NA mRNA expression pattern in adult goldfish 
tissues is consistent with the previous report about 
the SG2NA expression in mouse.13 However, the 
demonstration of the SG2NA mRNA in genital glands 
in Figures 3A and 3B is the first report.

To explore the tissue-specific protein expression 
patterns of the SG2NA gene, we conducted western 
blot analysis. As shown in Figures 3C and 3D, most 
tissues expressing SG2NA proteins contain both 
SG2NAα and SG2NAα+ two forms. The kidney 
only expresses SG2NAα but neither in the gill 
and fin tissues as revealed from three independent 
experiments. Among the tissues expressing SG2NA, 
the highest expression levels of the SG2NA proteins 
were detected in the liver, spermary and heart 
(Figs. 3C and 3D). A reduced level of this protein 
was detected in ovary, brain and skeletal muscle 
(Figs. 3C and 3D). A much reduced SG2NA protein 
expression was found in kidney. The obvious 
difference in the expression levels between mRNAs 
and proteins of SG2NA in various tissues of 
goldfish, especially in kidney, gill and fin, indicated 
presence of differential translation of SG2NA 
mRNAs or differential stability of the SG2NA 
proteins (Figs. 3A and 3C).
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Figure 3. Tissue-specific differential expression of SG2NAα and SG2NAα+ mRNAs and proteins in adult goldfish. A) RT-PCR to detect the total 
mRnA levels of SG2nAα and SG2nAα+ in 9 tissues of adult goldfish as indicated. The primers and the amplification conditions used in the present study 
are described in Table 1 and 2. Both the SG2nA primers and the β-actin primers were added to the same reaction at the begining of PCR. The specific 
SG2nA primers amplify the same 426 bp DnA band of both SG2nAα and SG2nAα+ cDnAs. As the internal control, a 276 bp β-actin DnA band was also 
amplified. B) Quantitative analysis of the RT-PCR results presented in A and those not shown (averaged from three experiments). The relative level of 
expression (fold) was calculated by dividing the total pixel from each SG2nA RnA band with the total pixel from the corresponding β-actin mRnA band. c) 
Western blot analysis to detect the protein levels of SG2nAα (bottom band) and SG2nAα+ (top band) in 9 tissues of adult goldfish as indicated. Fifty  µg 
of total proteins extracted from 9 tissues of the adult goldfish were separated by 10% SDS-PAGE, transferred to nitrocellulose membranes, and probed 
with an antibody against SG2nA (top panel) or an antibody recognizing β-actin (bottom panel) at 1:500 dilution at 4 °C overnight. After three washes 
with TBS-T (10 mM Tris, pH 8.0; 150 mM NaCl, 0.05% Tween 20), the blots were incubated for 45 min with anti-goat IgG (1:1000 dilution), which was 
linked to peroxidase. At the end of the incubation, the blots were washed twice with TBS-T followed by another two washes with TBS (10 mM Tris, ph 
8.0; 150 mM NaCl) and finally visualized with the Amersham ECL kit. Molecular weight was determined according to the protein markers obtained from 
Fermentas (CAT #0671) D) Quantitative results of the two protein isoforms: SG2nAα (yellow bar for bottom band) and SG2nAα+ (red bar for top band) 
from three independent experiments. After exposure, the bands shown in C were processed with the automated digitizing system from the Silver Scientific 
Corporation. The relative level of expression (fold) was calculated by dividing the total pixel for each SG2nA band with the total pixel from the corresponding 
β-actin band. The grey bar represents the total SG2nA level (SG2nAα + SG2nAα+).
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As shown in Figures 3C and 3D, SG2NAα and 
SG2NAα+ display differential expression in different 
tissues. In liver, spermary and heart, the two isoforms 
displayed similar levels of expression. In ovary and 
skeletal muscle, however, expression of the SG2NAα+ 
isoform was much higher than that of the SG2NAα 
isoform. As mentioned above, in kidney, we only 
detected the SG2NAα isoform.

Differential expression of SG2nA 
in major ocular tissue of goldfish
Early studies have shown that certain regulatory 
subunits of PP-2A may have important functions in 
eye development and pathology.19,20 To explore the 
possible functions of SG2NA in vertebrate eye, we 
examined its expression in 4 major ocular tissues of 
goldfish: retina, lens epithelium, lens fiber and cornea. 
As shown in Figures 4A and 4B, RT-PCR revealed that 
the highest levels of SG2NA mRNAs were found in 
goldfish lens epithelium and retina. A reduced levels 
of SG2NA mRNAs were detected in the lens fiber and 
cornea. For the proteins, the highest levels of SG2NAs 
were found in retina (Figs. 4C and 4D). The expression 
levels of SG2NA proteins were much reduced in the 
lens epithelium (Figs. 4C and 4D). In contrast to both 
retina and lens epithelium, goldfish lens fibers and 
cornea contained hardly detectable SG2NA proteins 
(Figs. 4C and 4D). In both retina and lens epithelium, 
more SG2NAα+ than SG2NAα was found (Fig. 4D).

Differential expression of SG2nA 
in major ocular tissue of mouse eye
To further explore the differential expression patterns 
of SG2NA mRNAs and proteins in vertebrate eye, we 
examined their expressions in the same four tissues 
of mouse eye.

As shown in Figures 5A and 5B, an approximately 
equal levels of SG2NA mRNAs were observed in 
mouse retina and lens epithelium. A reduced level of 
SG2NA mRNAs were detected in mouse lens fiber 
and a further reduced level of SG2NA mRNAs were 
found in mouse cornea (Figs. 5A and 5B). At the 
protein level, however, the SG2NA protein expression 
patterns were very similar to that in goldfish. As shown 
in Figures 5C and 5D, the highest expression levels of 
SG2NA proteins were found in mouse retina. A reduced 
level of SG2NA protein (SG2NAα) was detected in 
mouse lens epithelium (Figs. 5C and 5D). A much 

reduced level of SG2NA protein (SG2NAα+) was 
observed in mouse cornea but no detectable SG2NA 
protein was found in lens fibers (Figs. 5C and 5D).

Expression of SG2NA during goldfish 
development
Although some orthologue members of the striatin 
family have been shown to play important role in 
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Figure 4. Differential expression of SG2NA in the four major ocular 
tissues of adult goldfish. A) RT-PCR to detect the mRnA levels of 
SG2NAs in four ocular tissues of the adult goldfish as indicated. The 
primers and the reaction conditions are the same as described in 
Figure 3. B) Quantitative results of the SG2nA mRnA expression. The 
quantification method used was the same as described in Figure 3. Note 
that retina and lens epithelium have relatively higher levels of SG2nA 
mRnAs. c) Western blot analysis to detect the SG2nA protein levels in 
four ocular tissues of the adult goldfish as indicated. D) Quantitative results 
of the SG2nA protein expression from 3 independent experiments. The 
quantification method was the same as described in Figure 3. Note that 
the SG2nA proteins are strongly expressed in retina, but much reduced 
in lens epithelium, and just barely detectable in lens fiber and cornea.
Grey bar: total SG2nA; Red bar: SG2nAα+; Yellow bar: SG2nAα.
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development of invertebrates,21,22 it remains to be 
elucidated if SG2NA plays a role during vertebrate 
development. For this reason, we investigated the 
expression patterns of SG2NA at twelve different 
developmental stages: the two-cell, multiple-cell, 
blastula, gastrula, neurula, optic vesicle, brain vesicle, 
muscle movement, heart beat, eye pigmentation, 
body pigmentation and hatching larval stages. As 
shown in Figures 6A and 6B, SG2NA mRNA was 
maintained at relatively high level from two-cell 
to blastula, indicating the maternal source of the 
SG2NA mRNAs. Then, the SG2NA mRNA level was 
reduced to about 60% at the gastrula stage; and further 
reduced to approximately 56% at the neurula stage 
when compared with that at the first three embryonic 
stages. This mRNA level was transiently increased 
at the optical vesicle stage, and then dropped down 
slightly at the brain differentiation stage and then 
became slightly increased at the body pigmentation 
stage and further increased at the muscle movement 
stage and thereafter it was maintained at the similar 
level from heart beat to hatch stages, a status reflecting 
new mRNA synthesis.

In contrast to the relatively steady levels of SG2NA 
mRNAs at different stages of goldfish embryos, 
the SG2NA protein levels varied from one stage to 
another during goldfish development. As shown in 
Figures 6C and 6D, western blot analysis revealed 
that only a trace of SG2NAα+ protein was detected at 
2-cell stage. As development proceeded, the SG2NA 
proteins were gradually up-regulated from multiple-
cell embryo to blastula, but were briefly decreased 
at gastrula stage. Then, the SG2NA proteins were 
up-regulated to the new level at the neurula stage and 
this level was maintained through optic vesicle and 
brain differentiation stages. At the muscle contraction 
stage, the SG2NA proteins became downregulated 
again and were then further up-regulated from the 
heart beating to eye pigmentation stage. After a brief 
dropping down at the body pigmentation stage, the 
SG2NA proteins were further up-regulated to the 
maximal level.

SG2nA interacts with JnK
Previous studies have shown that the Drosophila 
CKA protein, an orthologue member of the 
striatin family can act as scaffold to mediate JNK 
signaling pathway during embryonic development.21 

To explore if SG2NA has similar functions, 
we conducted co-immunoprecipitation with total 
proteins extracted from goldfish embryos of neurula 
stage. As shown in Figure 7, SG2NA and JNK1 could 
be co-immunoprecipitated, indicating that they can 
form in vivo interacting complex. Thus, it is possible 
that SG2NA may not only modulate PP-2A functions 
but also regulating JNK signaling pathway.
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Figure 5. Differential expression of SG2NA in the four major ocular 
tissues of adult mouse. A) RT-PCR to detect the mRnA levels of SG2nAs 
in four ocular tissues of the adult mouse as indicated. The primers and the 
reaction conditions are described in Table 1 and Table 2. B) Quantitative 
results of the SG2nA mRnA expression from three experiments. 
The quantification method used was the same as described in Figure 3. Note 
that both retina and lens epithelium of mouse eye display similar levels of 
SG2nA mRnAs. c) Western blot analysis to detect the SG2nA protein levels 
in four ocular tissues of the adult mouse as indicated. D) Quantitative results 
of the SG2nA protein expression from three independent experiments. The 
quantification method was the same as described in Figure 3. Note that the 
SG2nA proteins are also strongly expressed in retina, but much reduced in 
lens epithelium and cornea, and just barely detectable in lens fiber.
Grey bar: total SG2nA; Red bar: SG2nAα+; Yellow bar: SG2nAα.
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Figure 6. Temporal expression patterns of SG2NA gene during embryonic development of goldfish. A) RT-PCR to detect the mRnA levels of 
SG2nA during 12 different developmental stages. The primers used and the reaction conditions are the same as described in Figure 3. B) Quantitative 
results of the SG2NA mRNA expression from three independent experiments. The Quantification method is the same as described in Figure 3. Note that 
the SG2NA mRNA levels are maintained in relatively constant from two-cell stage to blastula, then decreased to 60% at the gastrula and neurula stages 
and become fluctuated from optic vesicle to hatching larvae. c) Western blot analysis to detect the protein expression levels SG2nAα and SG2nAα+ 
during 12 development stages of goldfish shown in A. The experimental procedures are the same as described in Figure 3. D) Quantitative results of the 
two protein isoforms: SG2nAα (yellow bar for bottom band) and SG2nAα+ (red bar for top band) from three independent experiments. The quantification 
method used was described in Figure 3. note that the SG2nA proteins are low at 2-cell stage, clearly increased in multiple cell and blastula stages, and 
then decreased at gastrula stage, this is the first low-high-low cycle. The SG2NA proteins are significantly increased at neurula stage and peaked at optic 
vesicle stage, then gradually decreased at brain differentiation stage and then at the muscle movement stage, they dropped to the levels of gastrula 
stage, this is the 2nd cycle. The second peak at optic vesicle stage is much higher than the first peak at multiple cell-blastula stages. After dropping down 
at muscle contraction, the SG2nA proteins are increased at heart beat stage and peaked at eye pigmentation stage, then drop down again at the body 
pigmentation stage. This is the 3rd cycle. The peak at the eye pigmentation is higher than that at the optic vesicle stage. From the decreased levels at the 
body pigmentation, the SG2nA proteins reach maximal expression levels at the hatching larvae. This distinct protein expression pattern is greatly contrast 
to the relatively steady SG2nA mRnA expression pattern, clearly indicating either differential translation of the SG2nA mRnAs at different stages, or 
differential stability of the SG2nA proteins at different stages.
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Discussion
In the present study, we have shown that 1) the 
goldfish SG2NA gene generates two cDNAs with 
ORFs of 2118 bp and 2148 bp, coding for the deduced 
proteins of 705 and 715 amino acids, respectively; 
2) the deduced goldfish SG2NA proteins share 
an amino acid homologue of 94.3%, 79.5% and 
79.8% to that from zebrafish, human and mouse, 
respectively; 3) the SG2NA mRNAs are present in 
all nine tissues examined but the SG2NA proteins are 
only expressed in 7 tissues; 4) In the ocular tissues, 
the SG2NA proteins are highly expressed in retina, 
intermediately in lens epithelium and much lower 
in cornea and lens fiber cells; 5) During Goldfish 
development, while the mRNAs are maintained at a 
relatively steady level at different stages, the SG2NA 
proteins fluctuate 3 times. Together, our results reveal 
that expression of the SG2NA gene displays distinct 
tissue-specificity and also unique developmental 
patterns which indicate that they may have important 
functions controlling animal development and 
maintaining adult tissue homeostasis of goldfish.

Structural features of goldfish SG2NA
The SG2NA belongs to the striatin family,9 which 
consists of Striatin, SG2NA, Zinedin and Drosophila 
CKA four members. The gene coding for SG2NA 
has been cloned from human (NM_001083 
893 and NM_014574), bovine (BC140553), mouse 
(NM_052973 and BC 138055), rat (NM_001029897), 
and zebrafish (BC155853). Two major isoforms, 
SG2NAα and SG2NAβ have been identified for 
SG2NA in human and mouse.13 The SG2NAα. 
short form containing 713 amino acids in human 
and 712 amino acids in mouse; and SG2NAβ is the 
longer form containing 797 amino acids in human 
and 796 amino acids in mouse.13 The two isoforms 
are derived from alternative splicing with the 
SG2NAβ form containing exons 8 and 9 but missed 
in the SG2NAα form.13 Compared with SG2NAα and 
SG2NAβ two isoforms in human and mouse, the two 
isoforms we isolated from goldfish contain 705 and 
715 amino acids, both close to the SG2NAα. Thus, 
we named the 705-amino acid SG2NA as SG2NAα, 
and the 715-amino acid SG2NA as SG2NAα+. The 
SG2NAα+ has a 10 amino acid insertion at a position 
just before the 4th WD-repeat, which is not found 
in other species (Fig. 8). Both forms are expressed 

in most tissues including liver, heart, brain, muscle, 
spermary and ovary though kidney only expresses 
SG2NAα (Fig. 3C). During goldfish development, 
both SG2NAα and SG2NAα+ are present in all stages 
except for the two-cell stage (Fig. 6C), indicating 
both isoforms are functional. Since SG2NAα and 
SG2NAα+ lack exons 8 and 9, we predict that they 
come from a different alternative splicing beyond 
exon 9. Alternative splicing of SG2NA in other exon 
has been recently identified in mouse where five 
novel splice variants have been reported. Of the five 
variants, two are devoid of the carboxyl terminal WD-
40 repeats. These variants of SG2NA are generated 
by alternative splicing at exon 7–9 regions and differ 
in their expression profiles in various tissues tested.23 
In goldfish, where the alternative splicing may occur 
remains to be determined.

The SG2NA protein contains 4 major domains. 
From N-terminal to C-terminal, they are caveolin 
binding domain, coiled-coil structure, calmodulin 
binding domain, and a large WD-repeat domain.9 The 
caveolin binding domain and the calmodulin binding 
domain are completely conserved among goldfish 
and other vertebrates (human, bovine, mouse, rat and 
zebrafish), but less than 80% conservations are found 
when compared with the orthologues in Drosophila 
and C. elegans (the red and blue boxes in Figs. 2 and 8). 
The coiled-coil structure is completely conserved 
between goldfish and zebrafish (high-lighted by red 
line in Figs. 2 and 8). However, there is one amino acid 
difference between fish and other higher vertebrates 
(human, mouse, rat and bovine; marked by red line 
in Figs. 2 and 8). Distinct difference exists in this 
domain among goldfish SG2NAs, Drosophila CKA 
and C. elegans SG2NA (high-lighted sequence by red 
line in Fig. 8). The SG2NA proteins from different 
vertebrates contain six WD repeat domains in the 
C-terminal. In WD repeat 1, one amino acid difference 
is found between goldfish and zebrafish, and also 
between goldfish and other higher vertebrates (human, 
mouse, rat and bovine; high-lighted by blue line). 
In all other WD repeats, more than one amino acid 
difference has been detected (blue line high-lighted 
segments in Figs. 2 and 8). The conservation of these 
structural domains or motif between goldfish and other 
vertebrates suggest that the basic functions of SG2NA 
are well conserved. According Moreno et al10,11 striatin 
and SG2NA may target the catalytic subunit C of 
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PP-2A to components of Ca2+-dependent signaling 
pathways. This interesting suggestion is based upon 
the fact that striatin, SG2NA, and PP2A subunit C 
were found to co-immunoprecipitate within detergent 
complexes from lysed NIH-3T3 cells. Indeed, in 
goldfish, SG2NA and the catalytic subunit C of 
PP-2A can be co-immunoprecipitated (data not 
shown). On the other hand, the catalytic subunit of 
PP-2A undergoes two types of post-translational 
modification: phosphorylation and methylation, which 
are important regulatory processes for the binding of 
the B type subunits.24 Methylation of the carboxyl-
terminus of the C subunit is critical for the association 
with B type subunits.24 Although striatin and SG2NA 
directly interact with PP-2A holoenzyme in the 
absence of the B, B’ or B” regulatory subunits,10 
they bind to both methylated and unmethylated 
C subunits and mutations in the binding domain for 
B on the C subunit do not prevent striatin and SG2NA 
binding.24 When PP-2A is inhibited by okadaic acid, 
phosphorylation of striatin and SG2NA becomes 
dramatically increased, suggesting the two proteins 
are substrates of PP-2A holoenzyme.11 Together, 
these results suggest that striatin and SG2NA may 
modulate PP-2A activity by sequestering PP-2A 
holoenzyme in specific subcellular compartments 
or specific signaling pathways. Besides its role 
through the association with PP-2A, SG2NA may 
also provide scaffold for other signal complex. In the 
present study, we demonstrated that SG2NA can be 
co-immunopreciptated with JNK1 kinase (Fig. 7). 
This result is consistent with early studies where 
it has been shown that the Drosophila orthologue 
member, CKA of the striatin family which shares 
56% homology with striatin or SG2NA at the protein 
level, forms a physical complex with several kinases 
including HEP and BSK, and also the components of 
AP-1 family including JUN and FOS.21,25

SG2nA may play an important role 
in goldfish development
In the present study, we have shown that the two 
mRNAs for SG2NAα and SG2NAα+ are maintained 
at relatively steady levels (Figs.  6A and 6B). 
In contrasting, expression of the SG2NA proteins 
appeared in several waves with each wave covering 
3 to 4 different stages (Figs. 6C and 6D). The relative 
constant in the goldfish SG2NA mRNA levels but 

the distinct fluctuations in the protein levels suggest 
the presence of either differential translation of the 
SG2NA mRNAs, or differential stability of SG2NA 
proteins, or both. More importantly, the presence 
of different waves of SG2NA protein expression 
indicates that the SG2NA proteins are strictly 
regulated at each developmental stage and presumably 
their functions can be finely tuned up through their 
differential expression.

Although the exact functions of SG2NA in 
development remain to be elucidated, the crucial 
role of striatin in development has been explored in 
cultured cells from rat. Bartoli and collaborators26,27 
have shown that a reduction of around 80% of the 
striatin by anti-sense oligonucleotides in cultured 
spinal cord motoneurons dramatically impairs rat 
dendritic outgrowth. In Drosophila, as mentioned 
above, Chen et al21 have shown that the orthologue 
member of the striatin family, CKA, is an important 
scaffold protein, organizing a molecular complex 
of kinases and transcription factors. The absence of 
CKA induces a dorsal-open cuticle phenotype and 
cell death. The embryos display head defects and 
lack the dorsal epidermis. Such a phenotype is totally 
rescued by C. elegans or mammalian orthologues 
of CKA.21 Another non-vertebrate orthologue of the 
striatin family is the PRO11 protein isolated from 
filamentous fungi, Sordaria macrospora.22 This protein 
has 17% homology with mammalian members and 
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Figure 7. Demonstration that SG2NAs interact with JNK1. Total protein 
were extracted from goldfish embryos at neurula stage and then used for 
immunoprecipitation using anti-SG2nA antibody, or anti-JnK1 antibody 
as indicated. normal igG was used as control. The immunoprecipitated 
proteins were used for western blot analysis using anti-JnK1/2 antibody 
or antibody against SG2nA as indicated.
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27% homology with Drosophila CKA. Mutation of 
pro11 causes sterility, which can be rescued by mouse 
striatin complementation.22 Whether the SG2NAs in 
goldfish have similar functions in regulating animal 
development is currently under investigation.

SG2nA may have important functions 
in vertebrate eye
In the present study, we have demonstrated high 
levels of SG2NA proteins are present in retina from 
both goldfish and mouse. Such a strong expression 
suggests that SG2NA may play an important role in 
this ocular tissue. How might SG2NAs exert functions 
in retina? One possibility is that the SG2NA may 
regulate the visual cycle in photoreceptor. It has been 
shown that the opsin-mediated phototransduction 
in photoreceptors requires the function of PP-2A,28 
SG2NA may act as a regulatory subunit of PP-2A in 
retina to modulate the phototransduction cycle.

SG2NAs may be also involved in regulation of 
other signaling pathways in the retina. For example, 
Rorick et al19 have shown that one of the B family 
subunits for PP-2A is required for the IGF/PI3K/
Akt pathway and that interfering with the PI3K/Akt 
pathway inhibits eye induction. Moreover, during 
eye field separation, this subunit is also implicated in 
regulating the hedgehog-signaling pathway. Whether 
goldfish SG2NAs could regulate these signaling 
pathways remains to be determined.

In summary, the goldfish SG2NA gene encodes 
two cDNAs which may be derived from the 
alternative splicing in a new exon. Our demonstration 
that SG2NA fluctuates during goldfish development 
indicates its important role in regulating the 
developmental process. The strong expression of 
SG2NAs in retina also suggests their critical role 
in this ocular tissue. The presence of the interaction 
between SG2NA and JNK1 suggests that SG2NA not 
only modulates functions of PP-2A and also other 
signaling complexes.

Experimental Procedures
Chemicals
The RNA extraction kit was purchased from Omega. 
The reverse transcription kit was obtained from 
Invitrogen, Inc. The protein size marker was obtained 
from Fermentas. The 5’ and 3’ RACE cloning kit was 
purchased from Clontech, Inc. PCR Taq polymerase 

and the PMD18-T vector were obtained from Takara 
Inc. Anti-SG2NA antibody and anti-goat IgG antibody 
were purchased from Santa Cruz Biotechnology. 
Anti-beta-actin antibody was obtained from Sigma, 
Inc. Gel purification kit and all the oligo primers were 
obtained from Sangon, Inc.

Animals
The goldfish of 6 months to one year in age were 
collected from the Experimental Fish Culture Facility 
of the Key Laboratory of the Educational Ministry of 
China in Hunan Normal University and fertilization 
was conducted in the laboratory. Mice of 4 weeks 
were obtained from Hunan Normal University animal 
facility.

Collection of tissues and embryos
Goldfish were sacrificed through removal of gill tissues. 
Various tissues including liver, spermary, ovary, brain, 
kidney, heart, muscle, gill and fin were quickly dissected 
out on ice and then frozen under liquid nitrogen for 
homogenization first with a mortar and then with 1 ml 
syringe (18.5G and 23.5 needles passed).

Artificial fertilization was conducted in Hoff’s 
solution (0.1 g CaCl2, 0.05 g KCl, 3.5 g NaCl 
dissolved in 1000 ml distilled H2O). The fertilized 
egg membranes were removed with 0.4% pancreatic 
protease and the de-membraned eggs were allowed 
to develop at 22 °C in Hoff’s solution. Under 
microscopic examination, the developing embryos 
at stages of 2-cell, multiple-cell, blastula, gastrula, 
neurula, optical vesicle, brain differentiation, muscle 
movement, heart beat, eye pigmentation, body 
pigmentation and hatch were collected and frozen 
under liquid nitrogen. The frozen embryos were 
homogenized for extraction of RNA  and proteins as 
described below.

Preparation of total RnAs from various 
tissues of mouse eye
For collection of mouse eye tissues, mice were 
euthanatized by CO2 inhalation. The eyeballs were 
removed and various components of eye tissues 
were carefully dissected by a posterior approach.29,30 
The retina, lens capsule/epithelial cells, lens fiber 
cells and cornea were removed immediately and 
transferred into Eppendorf tubes containing 500 µl 
RNA extraction buffer (Trizol, Gibco BRL CAT# 
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15596–026) and were homogenized on ice with an 
Eppendorf tube micropestle (Brinkmann Instruments, 
Inc.). The remaining procedures of RNA extraction 
were the same as previously described.29,30

Reverse transcription-linked polymerase 
chain reaction (RT-PCR)
Reverse transcription was conducted using a kit from 
Invitrogen (Invitrogen #18085–019) as previously 
described.29 Briefly, 2 µg of total RNA were used in a 
total reaction volume of  20 µl. For PCR amplification, 
all the primers used were listed in Table 1. Two µl 
of the reverse transcription reaction mixture were 
used for PCR reaction. For detection of  SG2NA 
expression, Gexp primer pairs (for goldfish) and Mexp 
primer pairs (for mouse) were used. And goldfish β-
actin and mouse β-actin primers were used as control 
for goldfish and mouse SG2NAs, respectively. Both 
Gexp primers and goldfish β-Actin primers, or Mexp 
primers and mouse β-Actin primers were added at the 
begining of PCR into the same reaction tube and the 
PCR reaction was continued 30 cycles. Each cycle 
was run with the program listed in Table 2. At the end 
of each reaction, the PCR products were separated by 
agarose gel (1.5%) electrophoresis and photographed 
under UV illumination.

Molecular Cloning of the Full Length 
SG2NA cDNA
RT-PCR cloning strategy used to clone the full length 
SG2NA cDNA from goldfish was described before.31 
Two ‘rad’ oligo primers (see Table 1 for DNA sequences) 
were designed to amplify a conserved fragment 
of 300 bp goldfish cDNA near the 3’ end of the 
SG2NA coding region using zebrafish SG2NA gene 
(XM_686488) as reference. Reverse transcription 
was conducted with a kit from Invitrogen with 2 µg 
total RNA from goldfish. Two µl of  the RT reaction 
mixture was used for PCR reaction containing 1 µl of 
10 µM rad primers, 10 µl 2X PCR mixture and 7 µl 
H2O. PCR reaction was run 30 cycles in the following 
conditions: 94 °C, 5 min; 94 °C, 30 seconds; 58 °C, 
30 seconds; 72 °C, 60 seconds for 30 cycles. The 
amplified products were gel-purified and cloned into 
PMD18-T vector (TAKARA) for sequencing.

3 ’ R a c e  w a s  p e r f o r m e d  u s i n g  U P M  m i x 
solution (longer primer): 0.4 µM 5’-CTAATAC 
G A C T C A C TATA G G G C A A G C A G T G G T 

Figure 8. Alignment of the deduced Goldfish SG2NA amino acid 
sequences with vertebrates SG2NA and invertebrate SG2NA orthologue 
sequences. Carassius 1, goldfish SG2NAα+; Carassius 2, goldfish SG2NAα; 
Danio, zebrafish SG2NAα (BC155853); homo1, homo sapiens SG2nβ-isoform 
(nM_001083893); homo2, homo sapiens SG2nα-isoform (nM_014574); 
Bos, bovine SG2nAβ (BC140553); Mus 1, mouse SG2nAβ (nM_052973); 
Mus2, mouse SG2nAα (BC138055); Rat, rat SG2nAβ (nM_001029897); 
Dros-Cka, Drosophila Cka (nM_164781); elegans, C. elegans SG2nA 
(nM_073263). The four conserved domains were high-lighted: the caveolin-
binding domain by red line box, the coiled-coil domain by red underline, 
the calmodulin-binding domain by blue box, and the six WD-40 repeats 
in the carbonyl terminus by blue lines. The yellow box highlights the 
conserved phosphorylation serine residue and the green box points out 
the variation region among different SG2nA homologues. The unique 10 
amino acids in SG2nAα+ is high-lighted by purple box.
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Table 1. Oligo primers used for GS2nA cloning and RT-PCR analysis.

 Forward primer Reverse primer
Goldfish 
b-β-actin

5’-CCGTGACCTGACTGACTACCTC-3’ 5’-      ATACCGCAAGATTCCATACCC-3’

Rad 5’-GGCTCAGAGCAGAATGGTTC-3’ 5’-   TTGAGTGCGTCCTCTGTGTC-3’
3gsip 5’-AATCAAGGTCGGAAATGAAGGTTTG-3’ nup 5’             - AAGCAGTGGTATCAACGCAGAGT 3’
3gsop 5’-GGAGGATGTGCCTGACAGGAGCGATAA-3’ Upm short 5’-CTAATACGACTCACTATAGGGC-3’
5gsip 5’-ATATCGCCCTCATCATCTTCCTCTT-3’ Upm long 5’-CTAATACGACTCACTATAGGGCA-
5gsop 5’-TCGCTCCTGTCAGGCACATCCTCCA-3’   AGCAGTGGTATCAACGCAGAGT-3’
Gexp 5’-CTGCTCACGAGGATAGACA-3’ 5’- AGTTTGATAGCGTAGGTGG-3’
Mouse 
β-actin

5’-CACTGCCGCATCCTCTTCCT-3’ 5’- ATGCCTGGGTACATGGTGGT-3’

Mexp 5’-AAGAGGGTCAACAGGACAAAC-3’ 5’-CACAGGCTCTACAGGATGAAA-3’
*Oligo nup, Upm long and Upm short were provided by Clonetech SMART RACe kit. Other oligos in the table were designed and synthesized.

ATCAACGCAGAGT-3’, shorter primer: 2 µM 
5’-CTAATACGACTCACTATAGGGC-3’) and 
3gsop primer (see DNA sequence in Table 1). PCR 
was performed in a 20 µl reaction mix containing 1 µl 
of the 3’ cDNA library (Smart Race cDNA reverse 
transcriptase kit was purchased from Clontech Inc.), 
1 µl of mixed UPM short primer and the synthesized 
3gsop primer, and 10 µl 2X PCR mix solution. 
Amplification conditions were: 94 °C 5 min; 94 °C 
30 sec, 72 °C 2 min for 5 cycles; 94 °C 30 sec, 65 °C 
30 sec, 72 °C 2 min for 30 cycles. The PCR products 
were re-amplified using 1 µl of 10 µM primer 3gsip 
(see DNA sequence in Table 1) and NUP (5’AAGC 
AGTGGTATCAACGCAGAGT-3’). The amplified 
products were gel-purified and cloned into PMD18-T 
vector (TAKARA) for sequencing. A DNA fragment 
of 1600 bp corresponding to 3’ end partial cDNA of 
SG2NA was obtained.

5’-RACE was performed using the 5-RACE kit. 
PCR procedures were the same as described using 

1 µl of mixed UPM long primer and the synthesized 
5gsop primer (see DNA sequence in Table 1) and 
UPM mix solution. Re-amplification of the PCR 
products were conducted using 1 µl of 10 µM primer 
5gsip (see DNA sequence in Table 1) and UPM long 
primer. A DNA fragment of 950 bp corresponding to 
5’ end partial cDNA of SG2NA was obtained.

Preparation of total proteins from various 
ocular tissues of mouse eye
After dissection of various components of mouse 
eye, they were transferred into an Eppendorf tube 
containing 200 µl extraction buffer (50 mM Tris-HCl, 
pH 7.0; 0.1% β-mercaptoethanol; 0.1 mM EDTA, 
0.1 mM EGTA, 2 mM leupeptin, 1 mM PMSF, 1 mM 
benzamidine-HCl, 2 mM DTT, 0.5% Triton X-100) 
and were homogenized on ice with an Eppendorf 
tube micropestle (Brinkmann Instruments, Inc.). The 
remaining procedures were the same as previously 
described.29

Table 2. PCR temperature and cycle conditions.

Oligos Temperature and cycle conditions
Rad 94 °C 5 min; 94 °C 30”, 58 °C 30”, 72 °C 1 min, 30 cycles; 72 °C 10 min, 4 °C hold.
3gsop 94 °C 5 min; 72 °C 2 min, 5 cycles; 94 °C 30”, 65 °C 30”, 72 °C 2 min, 30 cycles; 72 °C 10 min, 4 °C hold.
3gsip 94 °C 5 min; 94 °C 30”, 58 °C 30”, 72 °C 1 min, 30 cycles; 72 °C 10 min, 4 °C hold.
5gsop 94 °C 5 min; 72 °C 2 min, 5 cycles; 94 °C 30”, 63 °C 30”, 72 °C 2 min, 30 cycles; 72 °C 10 min, 4 °C hold.
5gsip 94 °C 5 min; 94 °C 30”, 55 °C 30”, 72 °C 1 min, 30 cycles; 72 °C 10 min, 4 °C hold.
Gexp 94 °C 5 min; 94 °C 30”, 56 °C 30”, 72 °C 1 min, 30 cycles; 72 °C 10 min, 4 °C hold.
Mexp 94 °C 5 min; 94 °C 30”, 58 °C 30”, 72 °C 1 min, 30 cycles; 72 °C 10 min, 4 °C hold.
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Western blot analysis
Western blot analysis was conducted as previously 
described.32,33 Briefly, 50 to 100 µg of total 
proteins from various ocular tissues of mouse eye 
were separated by 10% SDS-polyacrylamide gel 
electrophoresis and transferred into supported 
nitrocellulose membranes (Gibco BRL). The protein 
blots were blocked with 5% milk in TBS (10 mM 
Tris, pH 8.0; 150 mM NaCl) overnight at 4 °C. Then, 
each blot was incubated with an anti-SG2NA antibody 
(from Santa Cruz Biotechnology) at a dilution of 
1:500 in 5% milk prepared in TBS for 60 minutes at 
4 °C with mild shaking. After 3 washes with TBS-T 
(TBS with 0.05% Tween-20), 15 minutes each, each 
blot was incubated with a secondary antibody 
(anti-goat IgG from Santa Cruz Biotechnology) at 
a dilution of 1 to 1000 for 45 minutes. After two 
washes with TBS-T followed by another two washes 
with TBS (15 minutes each), the SG2NA protein 
was detected with an enhanced chemiluminescence 
detection kit according to the instruction manual 
from Amersham.

As reference, after stripping the previous antibody, 
the blot was re-hybridized with the anti-β-actin 
primary antibody (1:2000 from Sigma, Inc.). After 
washing with TBST 3 times, the blot was incubated 
with the anti-mouse IgG (secondary antibody from GE 
Health Care, Inc. diluted in 1:1000). After washing 
with TBST 2 times and TBS one time, the β-actin 
level was detected as described above.

immunoprecipitation
Immunoprecipitation was conducted as described 
before.33 Total proteins extracted from goldfish 
embryos were used for immunopreciptation. The 
anti-SG2NA or anti-JNK antibodies (Santa Cruz 
Technology) were used to precipitate JNKs or 
SG2NA, respectively. The mixtures were incubated 
at 4 °C for 1 h with gentle shaking, and then 50 µl of 
protein A/G plus agarose (Santa Cruz Biotechnology) 
was added into the initial reaction mixture and 
incubated overnight under the same condition. After 
the incubation, the mixture was centrifuged for 15 min 
at 12,000 rpm at 4 °C. The supernatant for each 
sample was saved, and the pellet was washed three 
times with RIPA. Following the final wash, the pellet 
was processed for western blot described above. For 
negative control, the normal IgG was used as primary 

antibody for the immunoprecipitation. Total protein 
imput was also included for Western blot analysis.

Quantitation of western blot results
After exposure, the x-ray films were analyzed with the 
Automated Digitizing System from the Silk Scientific 
Corporation as previously described.32 The relative 
expression levels (fold) were calculated by dividing 
the total pixel from each band under investigation 
by the total pixel from the corresponding β-actin 
band. The quantitative data were averaged from three 
independent experiments.
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