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Porcine JAB1 significantly enhances apoptosis
induced by staurosporine

P Jiang1, J Wang1, Z Kang1, D Li1 and D Zhang*,1

c-Jun activation domain-binding protein-1 (JAB1), also known as the subunit 5 of the COP9 signalosome, is a multifunctional
protein that regulates cell proliferation, apoptosis and oncogenesis by interacting with and subsequently degrading a large
number of proteins. Although human JAB1 (hJAB1) has been studied for a long time, studies on porcine JAB1 (pJAB1) have
never been reported. In the present study, we cloned and characterized the pJAB1 gene. The genomic structure of the pJAB1
gene was determined. The open-reading frame of pJAB1 encoded 334 amino acids. The deduced amino acid sequence was
highly similar to homologs in other species. Furthermore, the tertiary structure analysis and phylogenetic analysis indicated that
JAB1 was highly conservative among species. pJAB1 may interact with several proteins according to protein–protein
interactions analysis. In addition, pJAB1 was found to be universally expressed in porcine tissues. Subcellular localization
analysis showed that GFP–pJAB1 fusion protein distributed specifically in the cytoplasm. Flow cytometric analysis proved that
pJAB1 significantly enhanced apoptosis induced by staurosporine, which at least partially depended on the activation of
caspase-9 and caspase-3. This study is useful for understanding the function of pJAB1 and offers a potential molecular model for
the investigation of diseases related to hJAB1.
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c-Jun activation domain-binding protein-1 (JAB1), also known
as the subunit 5 of the COP9 signalosome, was first identified
by Claret et al.1 through a two-hybrid screen using the c-Jun
N-terminal activation domain as a bait. As a critical regulator of
cell survival and proliferation, JAB1 is evolutionarily con-
served among plants, fission yeast, mice and humans.2–4

Previous reports show that JAB1 is a multifunctional protein
that regulates cell proliferation, apoptosis and oncogenesis by
interacting with and subsequently degrading a large number
of proteins such as the Brain-specific kinase 2, the cyclin-
dependent kinase inhibitor p27kip1, p53, Smad4 and the
capsid ofWest Nile virus.5–9 In addition, as a keyCSN subunit,
JAB1 can integrate multiple functions of the CSN complex.10

For instance, JAB1 contains an Mpr1-Pad1-N-terminal (MPN)
domain metalloenzyme motif that is essential for the CSN
isopeptidase activity responsible for the deneddylation of the
cullin-RING ubiquitin ligases by CSN.11–14 Therefore, JAB1
exists not only as a member of the CSN complex but also
as a monomer with a number of different unique protein
interactions and functions outside of the CSN. Recently, JAB1
has been shown to be involved in diverse cancers, such
as pancreatic adenocarcinoma, breast carcinoma and
hepatocellular carcinoma.15–17 However, the specific role of
JAB1 and its cellular mechanism in oncogenic processes still
remain obscure.

Staurosporine (STS), which is an inhibitor of protein kinase C
(PKC) and an activator of the mitochondrion-mediated apoptotic
pathway,18 can induce apoptosis of diverse cell lines, such as
NIH-3T3 cells,19 rat astrocytes,20 HeLa Cells,21 661w cells,22

SH-SY5Y cells,23 SMMC-7721 andBEL-7404 cells.24 Amajority
of these cell lines are cancer cells, which suggests that STSmay
inhibit growth of tumors. Apoptosis induced by STS can be
positively regulated by PKC25 and membrane-associated
guanylate kinase inverted 2,26 and be negatively regulated
by phosphoinositide 3-kinase,25 FK506 binding protein 51
(Daudt and Yorio22) and axin.27 However, there is no report
whether JAB1 is involved in apoptosis induced by STS.
Similar to humans, pigs are also an outbred species,

and they are physiologically, anatomically and immunologically
similar to humans.28–31 Recently, pigswere reported to be used
as medical models for studying several human diseases such
as sepsis,32 abdominal aortic aneurysm,33 severe tension
pneumothorax34 and many kinds of cancers.35 Therefore, pigs
are optimal animals used in scientific research.
Although the function of human JAB1 (hJAB1) has been

studied for a long time, porcine JAB1 (pJAB1) has little been
studied. Does pJAB1 have similar structures and have a role
similar to its homolog in human? Is pJAB1 involved
in apoptosis induced by STS? To answer these questions,
in this study, we cloned the pJAB1 gene, characterized its
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features and investigated its subcellular localization and its
role in apoptosis induced by STS. Our results contribute
useful information on the pJAB1 gene and offer a potential
molecular model for studying diseases related to hJAB1.

Results

Identification and analysis of basic characteristics of
pJAB1. The full-length cDNA of pJAB1 with 1076 bp was
obtained (Figure 1a) and deposited in GenBank under
accession number JX570667. The cDNA encodes a protein
of 334 amino acids, whose molecular weight (Mw) is about
37.57 kDa, with the calculated isoelectric point (pI) being
6.10. To determine the exon–intron structure of the pJAB1
gene, we performed a blast search in the pig reference
genomic sequence database (Sscrofa10.2) using the pJAB1
cDNA sequence. A 17 428-bp sequence covering the entire
pJAB1 gene was retrieved (GenBankID: NW 003610083.1).
The alignment of the genomic sequence with the pJAB1
cDNA sequence revealed that the exonic sequences
matched 100% and there were a total of 8 exons ranging
from 66 to 235 nucleotides, and all the observed splice
acceptor and donor sites were in accordance with the GT-AG
rule. The exon–intron structure is presented in Figure 1b. The
secondary structure analysis showed that pJAB1 contained
three conservative domains: chromo, MPN and DEAD

domains (Figure 1c). The alignment of the protein sequence
with the BLAST program on the NCBI website showed that
pJAB1 gene shares 100, 99, 99, 98, 97, 96, 81 and 75%
identities with homologous genes of human, mouse, cattle,
chicken, African clawed frog, zebrafish, Florida carpenter
ant, and fruit fly, respectively. Because of the 100% similarity
at the amino acid level between pJAB1 and hJAB1, we next
made an alignment of the nucleotide sequences of these two
species. As shown in Figure 1d, the pJAB1 sequence differs
by 47 nucleotides from that of hJAB1. Moreover, as shown in
Figure 2, despite some differences existing at amino acid
level, the tertiary structure of pJAB1 was highly similar to its
counterparts in other species, and the important structural
amino acids were conserved in the same spatial position.
In addition, subcellular localization prediction showed that
pJAB1 may be a cytoplasmic protein.

Analysis of proteins interacting with pJAB1. The result of
a protein–protein interaction analysis showed that pJAB1
could interact with several proteins, including COP9
constitutive photomorphogenic homolog subunit 2 (COPS2),
COPS3, COPS4, COPS7A, tumor protein p53 (TP53),
proteasome 26S subunit non-ATPase 6 (PSMD6), PSMD12,
growth factor augmenter of liver regeneration (GFER), ring
finger protein 139 (RNF139) and a protein with no annotation
(Figure 3a). These identified proteins were sorted by the

Figure 1 Basic characteristics of pJAB1. (a) The PCR result of the pJAB1 gene. M, 5000 bp DNA marker; 1, the pJAB1 gene; 2, blank control. (b) The exon–intron
structure. Eight exons were found in the cDNA sequence. (c) The secondary structure showing chromo, MPN and DEAD domains in the pJAB1 protein. (d) Comparison of the
nucleotide sequences of pJAB1 and hJAB1. Short bars represent the identical nucleotides among the two sequences. Different regions were indicated by lowercase letters
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enrichment of Gene Ontology (GO) categories based on
the UniProt database. These proteins mainly clustered into
functional groups: cellular protein metabolic process, protein
modification process, macromolecule modification, protein
modification by small protein conjugation or removal,
negative regulation of metabolic process, cullin deneddyla-
tion, signal transduction, negative regulation of G1/S transi-
tion of mitotic cell cycle, mitotic G1 DNA damage checkpoint,
positive regulation of cell cycle arrest, cycle phase transition,
regulation of cellular amino acid metabolic process, regula-
tion of ubiquitin–protein ligase activity involved in mitotic cell
cycle, antigen processing and presentation, and so on
(Figure 3b).

JAB1 is highly conserved among different species. To
evaluate the evolutionary relationship of pJAB1 with homo-
logs from other species, we constructed a phylogenetic tree
using the MEGA4 software.36 As shown in Figure 4, these
proteins formed two distinct clusters in this phylogenetic

analysis: the first was the vertebrate cluster that consisted of
the mammalian, he reptilian, the aves, the amphibia and the
pisces, whereas the second was the invertebrate cluster that
contained the arthopoda. The vertebrate cluster was then
divided into two major clades. One clade contained the
mammalian, the reptilia and the aves, and the other included
the amphibia and the pisces. Not surprisingly, the mouse and
the rat JAB1 proteins were sisters in their own clade.
Similarly, the porcine and the human proteins formed a
separate clade, together with the cattle protein. This
suggests that hJAB1 is more closely related to the pJAB1
than to rodent JAB1 proteins. Within the invertebrate cluster,
the fruit fly and the Glossina morsitans morsitans appeared
as a sister group together with the southern house mosquito
in the first clade, whereas the Florida carpenter ant and
the Panamanian leafcutter ant emerged as a sister
group together with the Jerdon’s jumping ant, the Papilio
xuthus and the pea aphid in the second clade of the
phylogenetic tree.

Figure 2 The tertiary structures of pJAB1 and other JAB1 proteins. Different colors represent different motifs or domains
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pJAB1 is universally expressed in porcine tissues. The
spatial expression of the pJAB1 mRNA was examined by
quantitative real-time RT-PCR in RNA samples isolated from
different porcine tissues. The obtained results revealed
differential expression of pJAB1 mRNA in different porcine
tissues. As shown in Figure 5, pJAB1 transcripts were
detected in all examined organs and tissues, with the highest
levels in the heart and the lowest levels in the lung.
The difference in the level of pJAB1 transcripts between
these two tissues exhibited more than 16-fold. A medium
expression level was observed in the liver, tonsil and kidney
tissues, whereas most other porcine tissues exhibited a low
pJAB1 transcript level.

GFP–pJAB1 fusion protein distributes specifically in the
cytoplasm. For convenient detection of the pJAB1 protein
expression, the recombinant expressing vector pEGFP-
pJAB1 was generated by subcloning the pJAB1 cDNA into
the pEGFP-C1 vector (BD Biosciences Clontech, San Jose,
CA, USA). The expression of GFP–pJAB1 or GFP proteins in
the established swine umbilical vein endothelial cell line
(SUVEC) and porcine kidney-15 cell line (PK15) transfected
with pEGFP-pJAB1 or pEGFP-C1 vectors was analyzed by
inverted fluorescence microscopy (Figure 6a) and western
blot analysis (Figure 6b). Fluorescence signals from

SUVEC/PK15 cells transiently expressing GFP–pJAB1
proteins were examined by confocal fluorescence micro-
scopy. GFP–pJAB1 fusion proteins were found to be
distributed specifically in the cytoplasm, whereas GFP
proteins were detected throughout control cells (Figure 6c).

pJAB1 enhances apoptosis induced by STS. JAB1
activities positively and negatively affect a number of
pathways, including integrin signaling, cell cycle control and
apoptosis.5–8,37,38 To explore the role of pJAB1 in apoptosis
induced by STS, we applied annexin V–PE/7-AAD staining in
combination with flow cytometry (FCM) to differentiate
between apoptosis and necrotic cell death. After incubation
of SUVEC cells transiently expressing GFP–pJAB1 or GFP
with 10–1000 nM STS for 24 h, we co-incubated the cells with
annexin V–PE as an early marker for phosphatidylserine
externalization at the cell membrane. Early apoptotic events
are located in the lower right quadrant of the FCM diagrams,
whereas late apoptosis is found in the upper right quadrant
(Figure 7a). Early apoptotic events revealed a significant
increase in apoptosis when cells transiently expressing
GFP–pJAB1 were compared with cells expressing
GFP control over a broad range of STS doses (Figure 7b;
P¼ 0.009 for 10 nM STS; P¼ 0.02 for 100 nM STS;
P¼ 0.001 for 1000 nM STS).

Figure 3 The network of proteins interacting with pJAB1 and functional classification of these proteins. (a) Proteins interacting with pJAB1 were identified using the
STRING 9.1 software. Core protein pJAB1 was presented as red circle and its interactors were presented as circle of other colors. Stronger associations were represented by
thicker lines. (b) Functional classification of these identified proteins was performed according to GO biological processes. These proteins were sorted by the enrichment of GO
categories. The vertical axis is the GO category and the horizontal axis is the enrichment of GO
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Activation of caspase-9 and caspase-3, but not caspase-8,
is involved in apoptosis induced by STS. In the
present study, we explored the possible mechanisms of
apoptosis induced by STS in SUVEC cells. As caspases are
known to have pivotal roles in various apoptotic signaling
pathways, we measured activities of initiator caspases
(caspase-8 and caspase-9) and effector caspase (caspase-3)
in STS-treated cells using the colorimetric assay kits.
As shown in Figure 7c, exposure of SUVEC cells transiently
expressing GFP–pJAB1 proteins to 100 nM STS significantly
increased the activities of caspases-9 and caspase-3 in a
time-dependent manner but had no effects on the activity of
caspase-8 during the treated period. We also investigated
the effect of pJAB1 on the activation of caspase-9 and
caspase-3. As shown in Figure 7d, exposure of SUVEC cells
transiently expressing GFP–pJAB1 proteins to 100 nM STS
for 6 h significantly increased the activation of caspase-9 and
caspase-3 compared with cells transiently expressing GFP

proteins with the same treatment. The activation of caspases
induced by STS was further confirmed by western blot
analysis. As shown in Figure 7e, treatment of SUVEC cells
transiently expressing GFP–pJAB1 proteins with 100 nMSTS
led to increased levels of cleaved caspase-9 and caspase-3.
In contrast, the cleavage of procaspase-8 was not observed
in this study.

Discussion

In the present study, we cloned and characterized the pJAB1
gene. Sequence analysis showed that the pJAB1 protein
consisted of 334 amino acids, which was absolutely consis-
tent with the hJAB1 protein,39 even though the nucleotide
sequence of pJAB1 differs by 47 nucleotides from that of
hJAB1 (Figure 1d). The protein sequence of pJAB1 shows a
high degree of conservation across species, especially in the
MPN domain (Figure 1c). This is not surprising, as this domain
is extremely important for JAB1 function. In addition, the
tertiary structure of pJAB1 protein was highly similar with
those of other species (Figure 2) and pJAB1 was clustered
into the same clades with hJAB1 in the phylogenetic tree
(Figure 4). Taken together, these results indicate that hJAB1
is evolutionarily closer to pJAB1 than to the rodent JAB1
proteins. It is therefore possible that pig could be more
valuable as a model to study the function of JAB1 than the
traditionally used mouse or rat models. Furthermore, the
high conservation of JAB1 in biological evolution illustrates its
importance in vivo.
As shown in Figure 3a, pJAB1 could interact with several

proteins. Among these proteins, JAB1, COPS2, COPS3,
COPS4 and COPS7A are members of the CSN complex;10

therefore, interactions of pJAB1 with COPS2, COPS3
and COPS4 are easy to understand and may be involved in
multiple functions of the CSN complex. In human, TP53 is a

Figure 4 Evolutionary relationships of JAB1 proteins from 22 species. The
phylogenetic tree was drawn using the MEGA4 software and the neighbor-joining
method. The optimal tree with the sum of branch length¼ 0.79058468 was shown.
The abbreviations for species acronyms of the sequences used for construction of
the phylogenetic tree are described as follows: Ae, Acromyrmex echinatior; Ap,
Acyrthosiphon pisum; Bt, Bos taurus; Ca, Crotalus adamanteus; Cf, Camponotus
floridanus; Cq, Culex quinquefasciatus; Dr, Danio rerio; Dl, Dicentrarchus labrax;
Dm, Drosophila melanogaster; Gg, Gallus gallus; Gm, Glossina morsitans
morsitans; Has, Harpegnathos saltator; Hos, Homo sapiens; Mm, Mus musculus;
Onm,Oncorhynchus mykiss; Osm, Osmerus mordax; Px, Papilio xuthus; Rn, Rattus
norvegicus; Sas, Salmo salar; Sus, Sus scrofa; Xt, Xenopus (Silurana) tropicalis;
Xl, Xenopus laevis

Figure 5 Spatial expression analysis of pJAB1 mRNA by real-time PCR. Mean
mRNA levels in 11 tissues were analyzed. The values were normalized to
endogenous b-actin expression. All experiments were performed in triplicate and
data are expressed as means±s.d. (n¼ 3). Error bars represent s.d. of replicate
data points
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tumor suppressor and JAB1 can enhance MDM2-mediated
TP53 ubiquitination by mediating the nuclear export and
cytoplasmic degradation of TP53.40 Thus, the interaction of
pJAB1 with TP53 can make a contribution to studying
tumorigenesis. PSMD6 and PSMD12 are the 26S subunits
of proteasome, the interaction of pJAB1 with which indicates
that pJAB1 may have a role in protein degradation. This is
consistent with the report of hJAB1. For instance, hJAB1
induce degradation of several proteins such as Smad4,7

Smad7,41 TP53 (Oh et al.40) and p27.42 pJAB1 also interacts
with GFER, a growth factor. This interaction suggests that
pJAB1 can contribute to the cell proliferation. RNF139,
a potential tumor suppressor gene, also is a membrane-
bound E3 ubiquitin ligase that inhibits the growth of cells in
a ubiquitylation-dependent manner.43,44 The interaction of
pJAB1 with RNF139 suggests that pJAB1 has roles in tumor

suppression and regulation of cell growth. Functions of these
proteins mentioned above were consistent with the result of
GO analysis (Figure 3b). Taken together, we can hypothesize
that pJAB1 may be involved in tumorigenesis, protein
degradation and cell proliferation. However, all of these
hypotheses need to be proved by future experiments.
By quantitative real-time RT-PCR analysis, the tissue

distribution of the pJAB1 transcripts was determined
(Figure 5). Consistent with the expression pattern obtained
for mouse JAB1,45 pJAB1 mRNA was detected in all
the examined tissues. However, the difference between
the expression patterns of these two species still exists. For
instance, the highest level of pJAB1 transcripts was detected
in the heart, whereas the highest level of mouse JAB1
transcripts was detected in the testis,45 which suggests that
JAB1 may also have different roles in different species.

Figure 6 Detection and subcellular localization of the GFP–pJAB1 fusion protein transiently expressed in SUVEC/PK15 cells. (a) Analysis of GFP–pJAB1 or GFP protein
expression by inverted fluorescence microscopy. (b) Western blot analysis of cellular proteins isolated from various cell lines using anti-GFP-tag antibody. (c) Confocal
microscopy images of SUVEC/PK15 cells expressing GFP–pJAB1 or GFP proteins. All of the cell lines were stained by Hoechst 33342 and MitoTracker Red CMXRos. Merged
images showed colocalization of GFP and GFP–pJAB1 in the mitochondrion. Scale bar, 10mm for all the Figures
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The pJAB1 protein has been found to localize specifically in
the cytoplasm (Figure 6c), which is consistent with the result
of subcellular localization prediction. Furthermore, the loca-
lization has not been affected by the different cell lines used.
This result matches up with the localization of hJAB1.46 This
result provides evidence for using pig as a model to study the
function of hJAB1 and disease relevant with JAB1.

As mentioned previously, STS can induce apoptosis in
several kinds of cancer cells, which suggests that STS may
inhibit growth of tumors. Moreover, apoptosis induced by STS
can be regulated by several proteins. These reports attract us
to investigate the role of pJAB1 in apoptosis induced by STS.
As shown in Figures 7a and b, apoptosis was also induced by
STS in SUVEC cells. Furthermore, the apoptosis was

Figure 7 Quantification of apoptosis induced by STS and detection of caspase activity. (a) Representative FCM diagrams of apoptosis detection. SUVEC cells transiently
expressing GFP–pJAB1 or GFP proteins were both treated with the corresponding STS doses for 24 h. Next, apoptosis was detected with annexin V–PE or 7-AAD staining
and FCM. (b) Quantification of apoptosis. All experiments were performed in triplicate and data of apoptosis are expressed as means±s.d. (n¼ 3). Error bars represent s.d.
of replicate data points. *Po0.05, **Po0.01 versus the control group (cells expressing GFP proteins). (c) Detection of caspase activity. SUVEC cells transiently expressing
GFP–pJAB1 proteins were treated with 100 nM STS for the indicated time. The activities of caspase-8, caspase-9 and caspase-3 in these cells were measured using the
colorimetric assay kits. All experiments were performed in triplicate and data are expressed as means±s.d. (n¼ 3). Error bars represent s.d. of replicate data points.
*Po0.05, **Po0.01 versus the control group (0 h). (d) Effect of pJAB1 on caspase-9 and caspase-3 activities in apoptosis induced by STS. SUVEC cells expressing
GFP–pJAB1 proteins and those expressing GFP proteins were both treated with 100 nM STS for 6 h. The activities of caspase-9 and caspase-3 in these cells were measured
using the colorimetric assay kits. All experiments were performed in triplicate and data are expressed as means±s.d. (n¼ 3). Error bars represent s.d. of replicate data points.
*Po0.05, **Po0.01 versus the control group (cells expressing GFP proteins). (e) Detection of the caspase activation by western blot. SUVEC cells transiently expressing
GFP–pJAB1 proteins were treated with 100 nM STS for indicated time. Whole-cell lysates were analyzed by western blot to detect pro- and cleaved caspase-8, caspase-9
and caspase-3. The data shown are representative of three independent experiments
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significantly enhanced by pJAB1. This result suggests that
pJAB1 may be involved in apoptosis induced by STS and
elucidation of its action mechanism can provide useful
information on model building for developing cancer therapy.
Next, we investigated the possible mechanisms of apopto-

sis induced by STS in SUVEC cells. Caspases have been well
known to have pivotal roles in the execution of apoptosis. Two
major caspases activation pathways, death receptor and
mitochondrial pathways, have been well characterized.47

In the death receptor pathway, apoptosis occurs upon the
activation of caspase-8 stimulated by death receptors in the
cell surface, whereas in the mitochondrial pathway apoptosis
is dependent on the activation of caspase-9 resulting from the
release of cytochrome c from mitochondria to the cytosol.
Caspase-8 and caspase-9 will then activate downstream
caspases, in particular caspases-3, which is essential for the
morphological change and DNA fragmentation associated
with apoptosis.
In this study, we observed that the activation of caspase-9

and caspase-3 was involved in apoptosis induced by STS
(Figures 7c and e), and that the pJAB1 significantly increased
the activation of caspase-9 and caspase-3 (Figure 7d).
In addition, we also proved that STS failed to activate the
death receptor-mediated caspase-8 pathway in this study
(Figures 7c and e). Thus, our results demonstrate that the
apoptosis induced by STS is at least partially dependent
on the activation of caspases, especially capase-9
and caspase-3.
In conclusion, we cloned and characterized of the pJAB1

gene, constructed a phylogenetic tree and analyzed its spatial
expression patterns. Subcellular localization analysis showed
GFP–pJAB1 fusion protein distributed specifically in the
cytoplasm. The FCM analysis identified the enhancement of
pJAB1 to apoptosis induced by STS. The caspase activity
assay indicated that caspase-9 and caspase-3 were activated
in apoptosis induced by STS, and that pJAB1 significantly
increased the activation of caspase-9 and caspase-3. It is
obvious that we are far from unveiling the complete mechan-
isms of apoptosis enhanced by pJAB1 and that further studies
need to be done to answer some questions. For instance,
which are the protein partners interacting with pJAB1 and how
does pJAB1 participate in apoptosis induced by STS?
Ongoing work in our laboratory is addressing these issues.
The fundamental data accumulated in this study provides a
potential medical model for investigating the function of JAB1
and the diseases related with this gene.

Materials and Methods
Reagents. Dulbecco’s modified Eagle’s medium and fetal bovine serum were
obtained from Hyclone (Beijing, China). STS was obtained from Sigma-Aldrich
(St. Louis, MO, USA). Mouse monoclonal antibodies against caspase-8, caspase-9,
caspase-3, GFP-tag and b-actin were purchased from Santa Cruz Biotechnology,

Inc. (Santa Cruz, CA, USA). Horseradish peroxidase (HRP)-conjugated goat anti-
mouse secondary antibody was purchased from Sigma-Aldrich.

Animals and cells. The 1-month-old, large white pigs were housed and had
been approved by the scientific ethical committee of the Northwest A&F University
before it was used in this study. PK15 was cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum at 37 1C under 5% CO2, and
SUVEC was cultured as previously described.48

Cloning of the pJAB1 gene and plasmid construction. First, we
obtained a predicted nucleotide sequence encoding pJAB1 from NCBI. The primer
pair (forward, 50-TAGGGGCAACAACTTCTC-30 and reverse, 50-TATTTTTCTCAT
ACTGGC-30) was designed complementary to the forecasted sequence. Total
RNA was extracted from the heart of 1-month-old, large white pig using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). Extracted RNAs were subjected to
RT-PCR using first-strand cDNA synthesis kit (Takara Bio., Dalian, China). Next,
the cDNA was used to carry out PCR amplification using primers mentioned
before. Amplified PCR products were electrophoresed on 1% agarose gel. A band
of 1076 bp was observed, indicating it to be pJAB1. The positive PCR products
were purified and were then cloned into pMD19-T vector (Takara Bio.) in order to
be sequenced in both directions. cDNAs containing the ORF of pJAB1 without
additional flanking sequences was generated by PCR with the following primer
pair: forward, 50-ATAGATCTATGGCGGCTTCTGGGAG-30 and reverse, 50-TAGG
GCCCTTAAGAGATGTTAATTTG-30. The resulting PCR products were digested
with restriction endonucleases and subcloned into the BglII and ApaI sites of
pEGFP-C1 vector (BD Biosciences Clontech). The recombinant vector was named
pEGFP-pJAB1.

Bioinformatics analysis of sequence and structure. Initially, the
cDNA sequence and corresponding genomic sequence were analyzed using
the Spidey software (http://www.ncbi.nlm.nih.gov/spidey) in order to establish the
exon–intron organization. Next, the mRNA sequence was subjected into the open-
reading frame (ORF) finder software (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) to
find the ORF and to acquire the amino acid sequence. The amino acid sequence
was aligned using the protein blast software (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
and the DNAMAN 6.0.40 (LynnonBiosoft) software (http://lynnon-biosoft-dnaman-eng.
software.informer.com/). The theoretical pI and Mw of the pJAB1 protein was
computed using the Compute pI/Mw Tool (http://web.expasy.org/compute_pi/).
The conservative domains were predicted using the SBASE web tool
(http://hydra.icgeb.trieste.it/sbase/sbase.php?sec=analyse&sub=predict). The tertiary
structures of JAB1 proteins from pig, human, mouse, cattle, chicken, frog, zebrafish,
fruit fly and ant were determined using the CPH models 3.2 Server based on profile–
profile alignment guided by secondary structure and exposure predictions,49 then
visualized and manipulated using the RasWin Molecular Graphics Program (RasMol,
version 2.7.4.2) software package (http://www.rasmol.org). The subcellular
localization of the pJAB1 protein was predicted using the protein localization
software (http://chemdata.shu.edu.cn/subcell/subcell4.jsp). Protein–protein interactions
of pJAB1 were analyzed using the STRING (version 9.1) software.50 GO analysis of
proteins interacting with pJAB1 was carried out using the GO Term Enrichment tool in
AmiGO (http://amigo.geneontology.org/cgi-bin/amigo/term_enrichment?session_id),
the bar chart of which was constructed using metasee software.51 Because of the
insufficiency of porcine protein data and the high similarity of proteins between pig
and human, human protein data were used in the GO analysis.

Phylogenetic and molecular evolutionary analysis. Phylogenetic
and molecular evolutionary analyses were conducted using MEGA4 software.36

The JAB1 protein sequences from 22 different species, that is, Panamanian
leafcutter ant, pea aphid, cattle, Florida carpenter ant, eastern diamondback
rattlesnake, southern house mosquito, zebrafish, European seabass, fruit fly,
chicken, Glossina morsitans morsitans, Jerdon’s jumping ant, human, house

Table 1 Real-time PCR primer sequences

Genes Primer sequences (50-30)

Forward Reverse

pJAB1 AATCCTGGCGGCGAAAC CATCAAGCCCATCACTTCCA
b-Actin CAAGGACCTCTACGCCAACAC AGGATGGAGCCGCCGATC
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mouse, rainbow trout, rainbow smelt, Papilio xuthus, Norway rat, Atlantic salmon,
western clawed frog, African clawed frog and pig were derived from
Genbank (Genbank Nos. EGI68489, NP_001156462, NP_001179068,
EFN60285, AFJ49753, XP_001862398, NP_957019, CBN81931, NP_477442,
NP_001034400, ADD19140, EFN79117, NP_006828, NP_038743, NP_00115
8520, ACO09632, BAM18530, NP_001020866, ACI68431, NP_989109,
NP_001086291 and JX570667, respectively). The evolutionary history was
inferred using the neighbor-joining method.52 The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (500 replicates)
was shown next to the branches.53 The phylogenetic tree was linearized assuming
equal evolutionary rates in all lineages.54 The tree was drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the Poisson
correction method55 and were in the units of the number of amino acid
substitutions per site. All positions containing gaps and missing data were
eliminated from the data set. There were a total of 324 positions in the final data
set.

Real-time PCR analysis of spatial expression patterns. Quantita-
tive real-time RT-PCR was carried out in a Bio-Rad iQ 5 machine (Bio-Rad,
Hercules, CA, USA) for analyzing tissue distribution of pJAB1. DNase-treated total
RNA (300 ng) was reverse transcribed and amplified in the same reaction tube
using FastStart Universal SYBR Green Master (ROX; Roche Diagnostics GmbH,
Mannheim, Germany), according to the manufacturer’s instructions. The samples
were run in triplicate in a total volume of 20 ml. The 2�DDCt method was used to
calculate relative gene expression. The b-actin gene, one of the housekeeping
genes, was selected as an internal control for normalization, because it was
consistently expressed in all tissues of this assay. The primers used are described
in Table 1.

Transfection and intracellular distribution of pJAB1 protein. To
determine the subcellular localization of pJAB1 protein, SUVEC/PK15 cells were
cultured in six-well plates for 24 h as previously described, and then in medium
without serum for 1 h. The cells were transfected with 4 mg of the pEGFP-pJAB1
plasmids combined with Lipofectamine2000 (Invitrogen), according to the
manufacturer’s instructions. Cells were transfected with pEGFP-C1 vectors as a
negative control. GFP–pJAB1 or GFP proteins expressed in transfected cells were
analyzed by inverted fluorescence microscopy and western blot analysis. About
36 h after transfection, cells were washed with PBS and then incubated at 37 1C
for 30 min in growth medium containing 50 nM MitoTracker Red CMXRos
(Invitrogen) for mitochondrial labeling. After being washed with PBS, the cells were
incubated at 37 1C for 20 min with 6 mg/ml Hoechst 33342 (Invitrogen). Then the
cells were analyzed by A1R MP Confocal Microscope (Nikon Instruments,
Tokyo, Japan). The results were processed with the software NIS Viewer
(Nikon Instruments).

Western blot analysis. Protein samples were extracted from indicated cells
using lysis buffer (50 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl, 0.1% NP-40, 0.5%
deoxycholic acid, 1 mM sodium orthovanadate, 100mg/ml PMSF and protease
inhibitors). The protein concentration was determined using the BCA Protein
Assay Kit (Pierce, Rockford, IL, USA). Equivalent amounts of protein samples
were uploaded and separated by SDS-PAGE and then transferred to a
polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). The membrane
was blocked with blocking buffer (5% skimmed milk in Tris-HCl buffered saline)
and then incubated with indicated primary antibodies overnight at 4 1C, followed by
HRP-conjugated secondary antibodies at room temperature for 1 h. The protein
bands were visualized by Luminata Classico Western HRP Substrate as per the
manufacturer’s instructions (Millipore).

Analysis of apoptosis by flow cytometry. To study whether the pJAB1
gene has any function related to apoptosis, we detected the apoptosis of SUVEC
cells transiently expressing GFP–pJAB1 induced by STS. The FCM system
CyFlow Cube6 (Partec GmbH, Munster, Germany) and annexin V–PE/7-AAD kit
(BD Bioscience, Rockville, MD, USA) were used according to the manufacturer’s
instructions. SUVEC cells transiently expressing GFP–pJAB1 or GFP were plated
in six-well plates at a concentration of 2.5� 105 cells per well (2 ml/well) and were
cultured as previously described. When about 80% confluence was observed, the
medium was replaced with fresh challenge media supplemented with 10–1000 nM
STS. Cells were collected 24 h after treatment. After being washed with D-Hanks,

the cells were detached with trypsin and 5� 105 cells of each group were
resuspended in binding buffer and incubated with annexin V–PE/7-AAD for 15 min
at 25 1C. Dead cells and debris were excluded by selective gating based on
electronic cell volume. About 20 000 events were collected from each sample.
By using dual-parameter staining, early apoptosis was quantified, using the
CyView8.5 software (Partec). In preliminary experiments, unstained medium-
treated cells were used to define living cells (lower left quadrant). Cells treated with
H2O2 as a positive control were singly stained with annexin V–PE/7-AAD to define,
respectively, the lower right and upper left quadrants.

Caspase activity assay. Activities of caspase-8, caspase-9 and caspase-3
were measured by colorimetric assay kits (BioVision, Inc., Mountain View, CA,
USA) according to the manufacturer’s instructions. Briefly, cells were collected and
lysed on ice and protein concentration was measured using BCA Protein Assay
Reagent (Pierce), then 200mg of the protein was incubated with each caspase
substrate at 37 1C in a microplate for 4 h. The resultant color was read at 405 nm
in a Thermo Scientific Multiskan FC microplate photometer (Thermo Fisher
Scientific Inc., Vantaa, Finland).

Statistical analysis. Calculation of means and s.d., and statistical analysis
were performed with SPSS 17.0 (IBM SPSS; http://www-01.ibm.com/software/
analytics/spss/). Differences between test and control groups were assessed using
independent samples test, with P-value below 0.05 considered statistically significant.
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