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Abstract
Human BCL10 (hBCL10) protein is a signal transduction molecule originally identified because of
its direct involvement in a subset of mucosa-associated lymphoid tissue (MALT) lymphomas, and
later recognized as a crucial factor in regulating activation of NF-kB transcription factor following
antigen receptor stimulation on lymphocytes. In this study, we characterized the NF-kB inducing
activity of porcine BCL10 (pBCL10). pBCL10 oligimerizes, binds to components of the CARMA/
BCL10/MALT1 complex and forms cytoplasmic filaments. Functionally, in human cells pBCL10 is
more effective in activating NF-kB compared to hBCL10, possibly due to the lack of carboxy-terminal inhibitory serine residues present in the human protein. Also, depletion experiments carried out through expression of short hairpin RNAs targeting hBCL10 indicate that pBcl10 can functionally replace the human protein and retains its higher NF-kB-inducing property in the absence
of hBCL10. Our results contribute useful information on BCL10 protein in pigs, and may help the
development of strategies based on the control of the immune response in pigs.
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1. Introduction
Human BCL10 (hBCL10) was originally identified because of its direct involvement in a subset of MALT B
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cell lymphomas [1] [2]. As a result of the translocation t(1;14)(p22;q32), BCL10 is placed under the control of
the immunoglobulin heavy chain enhancer, and is over expressed in these tumors [1] [2]. At the same time,
BCL10 was identified in several other laboratories for the presence of a caspase recruitment domain (CARD) in
its sequence [3]. Functionally, BCL10 regulates activation of NF-kB transcription factor, which transcribes
genes that control both innate and acquired immune response and genes that play a positive effect on cell survival and proliferation [4] [5]. Genetic alteration of the BCL10 locus leads to immunodeficiency in mice, due to
impaired NF-kB activation following antigen receptor stimulation in both T and B cells [6]. The biological activity of BCL10 is explicated through formation of the CBM complex, a molecular complex that comprises one
of three members of the family of CARMA proteins and the protease MALT1 [7]. The three CARMA proteins
constitute a family of proteins conserved across many species which are characterized by the presence of different functional domains shared by all members of the family [8]. Functionally, all three CARMA proteins are
able to associate BCL10 through an homophilic interaction between the corresponding CARD domains, and to
cooperate with it in inducing the transcriptional activity of NF-kB [8]. Thus, correct assembly of the CBM complex is an essential step in the NF-kB inducing pathway mediated by BCL10. Formation of this complex in fact
triggers non-conventional ubiquitination events, which eventually result in recruitment and K63-linked ubiquitination of the noncatalytic IKKg/NEMO subunit of the I-kB kinase complex, responsible for NF-kB transcription factor activation [9]-[11].
Pork is the most highly consumed meat worldwide, and the related industry represents a crucial economical
sector for many countries. Maintaining pork safety and minimizing production losses associated with diseases
impacts profitability, food safety and animal health. As such, there is a major interest in characterizing aspects
of the porcine immune response. A porcine homologue of hBCL10 was recently cloned [12]. pBCL10 mRNA is
distributed in different tissue, and in cultured porcine cells its expression increases following treatments with lipopolysaccharide and polyriboinosinic-polyribocytidylic acid [12], two treatments that mimic bacteria and virus
infections, respectively. In the present work, we have analyzed the NF-kB-inducing property of pBCL10.

2. Materials and Methods
2.1. RNA Extraction and Cloning of pBCL10 Full-Length cDNA
Spleen specimens were obtained from slaughtered Large White and Landrace hybrids F1 hybrids. Total RNA
was extracted from the splenic tissue by using Trizol reagent as previously described [13], and 1 μg of total
RNA was reverse-transcribed to generate a first-strand cDNA. The following primers were used to amplify pBCL10:
forward 5’-ATGGAGCCCGCCGCGCC-3’ and reverse 5’-TCATTGCCGCAAAAGAGCACG-3’. PCR conditions were as follows: 98˚C for 30 s, 30 cycles (98˚C/15s; 63˚C/22s; 72˚C/30s). The RT-PCR product of the expected size (702 bp, Genebank accession number FJ376731) was gel purified, cloned into HA- and FLAGtagged expression vectors using standard methodologies and confirmed by sequencing.

2.2. Sequence Analysis
The BCL10 protein sequences were analyzed by using the BLAST algorithm at the NCBI web site
(http://www.ncbi.nlm.nih.gov/blast).

2.3. Cell Culture and Transfection
HEK293 cells were obtained from ATCC and were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS. The expression vectors used in transfection experiments for this study
have been previously described [13]-[18]. DNA plasmids were transfected by standard calcium-phosphate method. Short hairpin RNAs targeting hBCL10 were the following: shBCL10 #3 5’-CCTTAAGATCACGTACTGTTTCTCGAGAAACAGTACGTGATCTTAAGG-3’ and shBCL10 #5 5’-GTTGAATCTATTCGGCGAGAACTCGAGTTCTCGCCGAATAGATTCAAC-3’ and have been already described [18]. Retroviral infections were carried out as previously described [19].

2.4. Immunoblot Analysis and Coprecipitation
Cell lysates were made in lysis buffer (150 mM NaCl, 20 mM Hepes, pH 7.4, 1% Triton X-100, 10% glycerol,
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and a mixture of protease inhibitors). Proteins were separated by SDS-PAGE, transferred onto nitrocellulose
membrane, and incubated with primary antibodies followed by horseradish peroxidase-conjugated secondary
antibodies (Amersham Biosciences, Piscataway, NJ). Blots were developed using the ECL system (Amersham
Biosciences). For co-immunoprecipitation experiments, cells were lysed in lysis buffer and immune complexes
were bound to protein A/G, resolved by SDS-PAGE, and analyzed by immunoblot assay. Sources of antisera
and monoclonal antibodies were the following: anti-FLAG, anti-β-Actin, Sigma; anti-HA, anti-MALT1, antiCARMA3 and anti-BCL10 (H-197 SC5611, generated against an epitope corresponding to amino acids 1-197 of
human BCL10), Santa Cruz Biotechnology. The calf-intestinal alkaline phosphatase was purchased from Roche.

2.5. Luciferase Assay
To assess for NF-kB activation, HEK293 were transfected with plasmidic DNAs together with pNF-κB-luc
(Clontech) in 6-well plates. After transfection and treatments, luciferase activity was determined with Luciferase
Assay System (Promega). A plasmids expressing β-galactosidase was added to the transfection mixture in order
to normalize for the efficiency of transfection.

2.6. Immunofluorescence
1 × 104 HEK293 were grown and transfected in chamber slides. Sixteen hours after transfection, cells were fixed
in 4% paraformaldehyde for 15 min at room temperature and then permeabilized in PBS/0.1% Triton X-100.
Cells were incubated for 30 min in 5% FCS-PBS with anti-FLAG antibody (Sigma-Aldrich) followed by several
washes with 5% FCS-PBS, and then incubating for 30 min with secondary antibody in 5% FCS-PBS. All steps
were done at room temperature.

3. Results and Discussion
A cDNA corresponding to the porcine homologue of hBCL10 was successfully amplified by RT-PCR from porcine spleen tissue. Sequence analysis revealed that it corresponds to the sequence already deposited in Genebank
with the accession number FJ376731 [12]. Both human and porcine BCL10 proteins consist of 233 amino acidic
residues, only 17 of which are dissimilar (Figure 1).
Amino acidic differences are mainly distributed in the carboxy terminal portion of the protein, emphasizing
the conservation of the card domain (aa 6 - 108), which is in fact perfectly conserved between the two species.
Interestingly, some amino acidic substitutions concern serine residues present in the human protein, particularly
S134 and S231, which in pBCL10 are replaced by a proline and leucine residue, respectively. This aspect is par-

Figure 1. (Alignment of human and porcine BCL10) Alignment
of hBCL10 (Gene Bank NP_003912) and pBCL10 (Gene Bank
FJ-376731). Identical residues are indicated by stars, conservative and semi-conservative substitutions are indicated by double
dot and single dot, respectively. Colored rectangles indicate serine residues which are not present in pBCL10.
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ticularly important, because hBCL10 phosphorylation on serine residues, including S134, were shown to negatively regulate hBCL10-induced NF-kB activation [20].
When analyzed in immunoblot assay, pBCL10 expressed in mammalian cells migrates as a 37 kDa protein
(Figure 2(a)), and is recognizes by a rabbit antisera raised against hBCL10 (Figure 2(a), right panel). Similarly
to hBCL10 [21] [22], pBCL10 migrates as a doublet on SDS-PAGE due to phosphorylation of the protein. In
fact, the pBCL10 doublet resolves in a single band when cell lysates were treated with phosphatase prior to immunoblot analysis (Figure 2(b)).
BCL10 plays a crucial role in the signal transduction pathway that leads to activation of the transcription factor NF-kB [6] [7]. hBCL10-mediated activation of NF-kB requires oligomerization of hBCL10, assembly of the
CBM complex and triggering of unconventional ubiquitination events, which eventually result in the recruitment
of the IKK complex [7] [9]-[11]. Indeed, transfection experiments indicate that pBCL10 oligomerizes both with
itself and with hBCL10 (Figures 3(a)-(b)). Furthermore, pBCL10 associates with human MALT1 (Figure 3(c)),
with human CARMA2sh [14] (Figure 3(d)) and with human CARMA3 (Figure 3(e)).
Fluorescence microscopy experiments and structural studies have shown that the NF-kB-activity produced by
hBCL10 is regulated through formation of cytosolic filamentous structures [23] [24]. We therefore verified
whether also pBCL10 is able to form such structures. As shown in Figure 4, assembly of filamentous structures
is readily visible following expression of pBCL10 in mammalian cells.
Next, we tested the NF-kB-inducing activity of pBCL10 using a luciferase-based reporter assay. The results
of these experiments, shown in Figure 5(a), indicate that pBCL10 is even more effective than hBCL10 in activating NF-kB in mammalian cells. In fact, while expression of hBCL10 produces a luciferase activity about 810-fold higher compared to the empty vector, the luciferase activity produced by pBCL10 expression was at
least 4-fold higher than that produced by hBCL10. As for hBCL10 [11] [25] [26], pBCL10-induced NF-kB activation requires ubiquitination(s) events, since NF-kB activation is completely abrogated following co-expression of A20 de-ubiquitinase (Figure 5(b)).
To exclude the possibility that the higher NF-kB activation mediated by pBCL10 was due to its interaction
and subsequent oligomerization of hBCL10, we abolished expression of hBCL10 in the human cell line
HEK293 through retrovirus-mediated expression of short hairpin RNAs (shRNA) targeting hBCL10. As shown
in Figure 5(c), introduction of hBCL10sh#3 and hBCL10sh#5 in HEK293 cells results in a great reduction of
hBCL10 expression. In fact, depletion of hBCL10 in these cells abrogates their ability to activate NF-kB following exposure to phorbol-12-myristate-13-acetate (PMA) (Figure 5(c)). However, introduction of pBCL10 in
these hBCL10-depleted cells fully recovers their ability to activate NF-kB (Figure 5(d)). Thus, pBCL10 retains
its higher NF-kB-inducing property even in the absence of hBCL10.
In recent years, there has been growing interest in the porcine immune system due to its potential as a model
for the human immune system and because of the economic importance of pigs as livestock. Although great advances have been achieved in the field of porcine immunology, there are still some important issues that require
more research and development. In the work here presented, we have analyzed the NF-kB-inducing property of

Figure 2. pBCL10 expression. (a)-(b) Immunoblot analysis of lysates from HEK293 cells transfected with
the indicated expression vectors. Were indicated, prior to SDS-PAGE separation cell lysates were treated
with 10 units of calf intestinal phosphatase (CIP) for 30 min at 37˚C.
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Figure 3. pBCL10 olimerizes and binds to CBM proteins. (a) HEK293 cells were transiently cotransfected with tagged versions of pBCL10 and hBCL10. 24 hrs later, cell lysates were prepared and immunoprecipitated with the indicated anti-tag
mAb. Immuno complexes were separated by SDS-PAGE and transferred onto membranes subsequently assayed for associated (a) pBCL10; (b) hBCL10); (c) Malt1; (d) CARMA2sh and (e) CARMA3.

Figure 4. Subcellular localization of pBCL10. HEK-293 cells were transfected with mammalian FLAG-tagged vector, empty
(vector) or expressing pBCL10. 16 hrs after transfection, cells were stained with anti-FLAG mAb, followed by FITC-conjugated anti-mouse IgG.

68

P. Mazzone et al.

(a)

(b)

(c)

(d)

Figure 5. pBCL10 activates NF-κB (a)-(b) HEK293 cells were transiently cotransfected with expression vectors encoding
for the indicated polypeptides, together with pNF-κB-luc and pRSV-βgal reporter vectors. The total amount of transfected
plasmidic DNA was maintained constant by adding empty vector. 16 hrs after transfection, cell lysates were prepared and luciferase activity was measured. A fraction of the cell lystes were analyzed by immunoblot to monitor protein expression,
shown in the lower panels. Data shown represents relative luciferase activity normalized on β-galactosidase activity and is
representative of six independent experiments done in triplicate. (c) Left panel Cell lysates from HEK293 cells infected with
retroviruses encoding for shRNAs targeting hBCL10 were monitored for hBCL10 expression by immunoblot assay; Right
panel NF-κB-driven luciferase activity in HEK-293 cells silenced for hBCL10 and stimulated with PMA. (d) NF-κB-driven
luciferase activity in HEK-293 cells silenced for hBCL10 and transfected with tBCL10. Data shown represent relative luciferase activity normalized on β-galactosidase activity and is representative of six independent experiments done in triplicate.
A fraction of the cell lysates was analyzed by immunoblot to monitor protein expression.
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pBCL10. We found that pBCL10 owns an higher NF-kB-inducing activity compared to the human protein, possibly because it lacks serine residues with inhibitory function present in hBCL10.
Given the importance of this transcription factor in regulating both normal immune response and autoimmune,
immunoproliferative and tumoral disorders, and also considering the economic value of this organism, our results may benefit the development of strategies based on the control of the immune response in pigs.
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