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Abstract 

 

While transcription plays an obviously important role in gene expression, translation 

has recently been emerged as a key step that defines the composition and quality of the 

proteome in the cell of higher eukaryotes including mammals. Selective translation is 

supposed to be regulated by the structural heterogeneity of cytoplasmic ribosomes 

including differences in protein composition and chemical modifications. However the 

current knowledge on the heterogeneity of mammalian ribosomes is limited. Here we 

report mammalian Serbp1 as a ribosome-associated protein. The translated products of 

Serbp1 gene, including the longest isoform, were found to be localized in the nucleolus 

as well as in the cytoplasm. Subcellular fractionation indicated that most of cytoplasmic 

Serbp1 molecules were precipitated by ultracentrifugation. Proteomic analysis identified 

Serbp1 in the cytoplasmic ribosomes of the rodent testis. Polysome profiling suggested 

that Serbp1, as a component of the small 40S subunit, was included in translating 

ribosomes (polysomes). Co-sedimentation of Serbp1 with the 40S subunit was observed 

after dissociation of the ribosomal subunits. Serbp1 was also included in the ribosomes 

of human cancer cells, which may lead to a mechanistic understanding of an emerging 

link between Serbp1 and tumor progression. 

 

Keywords: cytoplasmic ribosome, gene expression, isoform, malignant tumor, mammal, 

mRNA-binding protein, polysome, translational control 
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1 INTRODUCTION 

 

Complete sequencing of mammalian genomes has identified the precise number of 

genes per genome. Human genome has been reported to include about 21,000 genes, 

which was surprisingly small since the total gene number had been believed to be 

around 100,000 for a long time [1]. The ‘missing’ complexity has been considered to be 

explained, in part, by alternative splicing, the process by which multiple different 

functional mRNAs can be synthesized from one gene [2]. 

 

Regulation of gene expression in eukaryotic cells is a multilayer process and classically 

divided into transcriptional and post-transcriptional steps. RNA-binding proteins have 

been recognized as crucial players in the post-transcriptional step. Human genome has 

been estimated to contain 1,542 RNA-binding proteins [3]. Nonetheless, the roles of 

these proteins in gene regulation are still far from complete understanding [4]. 

 

Serbp1 (also known as CGI-55 and PAI-RBP1) has first been identified by screening of 

proteins bound to plasminogen activator inhibitor type 1 (PAI-1) mRNA in rat hepatoma 

cells [5]. Serbp1 binds to the cyclic nucleotide-response sequence in the 3' -region of 

PAI-1 mRNA and regulates the stability of the transcript. It has been proposed that 

nuclear Serbp1 stabilizes PAI-1 mRNA and that cytoplasmic Serbp1 destabilizes it [6]. 

Subsequent to these studies, mammalian Serbp1 has been reported to be involved in 

DNA cleavage and recombination [7], chromatin remodeling [8], transcription [9], and 

cytoplasmic progesterone signaling via interaction with cell surface progestin receptors 

[10]. Therefore, although there are more than a thousand RNA-binding proteins in 

mammals, Serbp1 has unique properties playing multiple roles inside and outside the 

nucleus of the cell. The nuclear-cytoplasmic distribution of Serbp1 has been proposed to 

be regulated by PRMT1-mediated arginine methylation [11]. 

 

As described above, one of the main functions of RNA-binding proteins is 

post-transcriptional gene regulation. In addition to the regulation of mRNA stability, 

previous studies have pointed out that other mechanisms are likely to be involved in 

post-transcriptional regulation by Serpb1. For example, Serbp1 promoted the inclusion 

of target mRNA in polysomes and its translation [12]. Serbp1-mediated translational 

control has also been suggested by another group [13]. The knowledge of Serbp1 in 

translation remains scarce. In the present report, we have analyzed the localization of 

Serbp1 in rodent and human cells and found the association of Serbp1 with cytoplasmic 
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ribosomes. 

 

2. MATERIALS AND METHODS 

 

2.1. Ethical statement 

 

This study was approved by the Institutional Animal Care and Use Committee of 

Nagoya University and by the Institutional Safety Committee for Recombinant DNA 

Experiments of Nagoya University.  

 

2.2 RNA preparation and reverse transcription (RT)-polymerase chain reaction (PCR) 

 

Total RNA was prepared from the tissues of adult male BALB/c mice by using Trizol 

reagent (Invitrogen, Carlsbad, CA). Isolated RNA was treated with deoxyribonuclease 

and subjected to RT as described previously [14].  

 

Partial cDNA (129 bp) of mouse Serbp1 (common to all four isoforms) was amplified 

by PCR from the total cDNAs of the mouse tissues. Amplification was carried as 

follows: denaturation at 94oC for 1 min and 25 cycles of denaturation at 94oC for 1 min, 

annealing at 60oC for 1 min, and extension at 72oC for 1 min. PCR primers were: 

5'-CGATGGACAATGGAAAAAGG-3' (forward) and 

5'-GCGGCCTAAGTCTCCAAAAT-3' (reverse). Partial cDNA of mouse 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified by the same cycle 

conditions as describe above, except for altering the cycle number from 25 to 20. 

Primers for GAPDH are described in our previous report [15]. Amplified DNAs were 

subjected to agarose gel electrophoresis followed by ethidium bromide staining.  

 

2.3 Expression plasmids 

 

The cDNA encoding the full-length mouse Serbp1 was amplified by PCR from mouse 

testis cDNA and cloned in-frame into the pEGFP-C1 and pEGFP-N3 plasmids 

(Clontech, Mountain View, CA) to express the protein bearing N-terminally and 

C-terminally fused green fluorescent proteins (GFP) in mammalian cells, respectively. 

The forward and reverse primers for cloning into pEGFP-C1 were 

5'-TTTCTCGAGGGATGCCTGGGCACCTACAGG-3' (XhoI site underlined) and 

5'-TTTGAATTCTTAGGCCAGAGCTGGGAAG-3' (EcoRI site underlined), 
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respectively. The forward and reverse primers for cloning into pEGFP-N3 were 

5'-TTTCTCGAGCCACCATCATGCCTGGGC-3' (XhoI site underlined) and 

5'-TTTGAATTCGAGGCCAGAGCTGGGAAGGC-3' (EcoRI site underlined), 

respectively. The amplified cDNAs were subjected to nucleotide sequencing using the 

BigDye terminator cycle sequencing kit (Applied Biosystems, Foster City, CA) and the 

ABI prism 3100 genetic analyzer (Applied Biosystems). The plasmid for the expression 

of N-terminally FLAG-tagged mouse Hnrpab in mammalian cells was prepared as 

described previously [16].  

 

2.4 Cell culture, plasmid transfection, stress induction, and subcellular fractionation 

 

Human embryonic kidney 293T, human cervical carcinoma HeLa, human mammary 

carcinoma MCF-7, and African green monkey kidney COS-1 were cultured as described 

previously [17, 18]. Expression vectors were transfected into mammalian cells by using 

HilyMax (Dojindo, Kumamoto, Japan) or polyethyleneimine (PEI-Max, Polysciences, 

Warrington, PA) [19]. To observe stress granules, MCF-7 cells were treated with 0.5 

mM sodium arsenite for 45 min at 37oC.  

 

For subcellular fractionation, 293T cells were scraped, washed with saline, and lysed 

with 10 mM Tris-HCl, pH 7.5, containing 1% Triton X-100, 0.15 M NaCl, 1.0 mM 

EDTA, 1 mM phenylmethanesulfonyl fluoride, 10 g/ml aprotinin, 1g/ml leupeptin, 1 

g/ml pepstatin A, and 50 M proteasome inhibitor I (Peptide Institute, Osaka, Japan). 

Supernatant (cytoplasmic fraction) was separated from nuclear precipitates by 

centrifugation at 10,000 g for 20 min at 4oC. For further fractionation, the cytoplasmic 

supernatant was ultracentrifuged at 105,000g for 60 min at 4oC, yielding the pellet 

(P100) and the supernatant (S100). The S100 fraction was mixed with an equal volume 

of 2 x sample buffer for sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and boiled for 10 min. The nuclear and P100 precipitates were dissolved 

and boiled in the same volume of 1 x SDS-PAGE sample buffer. 

 

2.5 Antibodies 

 

Rabbit polyclonal anti-human Serbp1 antibody (HPA020559) was obtained from 

Sigma-Aldrich (St. Louis, MO). According to the supplier’s information, this antibody 

was raised in a recombinant polypeptide including the N-terminal region (residues 

3-139) of human Serbp1 (Supplementary Figure S1). The following antibodies were 
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purchased: mouse monoclonal anti-FLAG antibody (M2) and anti--tubulin antibody 

from Sigma-Aldrich. Rabbit monoclonal antibodies against fibrillarin and ribosomal 

protein S6 from Cell Signaling Technology (Danvers, MA). Rabbit polyclonal 

anti-FLAG/DDDDK antibody and anti-GFP antibody from Medical & Biological 

Laboratories (Nagoya, Japan). Mouse monoclonal antibody (sc-32318) against 

poly(A)-binding protein 1 (PABP1) [20] and rabbit polyclonal antibody against 

ribosomal protein L10/QM from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse 

monoclonal anti-B23/nucleophosmin antibody [21] from Invitrogen. Mouse anti-human 

G3BP antibody from BD Biosciences (Franklin, NJ).  

 

2.6 Immunoblotting and immunofluorescence microscopy 

 

Immunoblotting, including sample preparation, SDS-PAGE, electroblotting, and 

immunodetection, was described previously [15, 21]. Intensity of protein bands on 

immunoblots was measured by using the CS analyzer software (Atto, Tokyo, Japan). 

Immunofluorescence microscopy was performed as described previously [22]. Briefly, 

cells grown on coverslips were fixed with 2% paraformaldehyde for 15 min and treated 

with 0.1% Triton X-100 and 1% bovine serum albumin for 30 min. Cells were then 

incubated with primary antibodies for 1 h and then incubated with 

fluorophore-conjugated secondary antibodies for 30 min. Nuclei were stained with 

propidium iodide (Sigma-Aldrich) in some cell samples. The stained cells were 

examined under a confocal laser-scanning microscope (LSMS Pascal, Carl Zeiss, 

Oberkochen, Germany). These cells were also observed in differential interference 

contrast under the same microscope. 

 

2.7 Ribosome preparation and analysis 

 

Total cytoplasmic ribosomes were isolated from the rodent testis as described 

previously [23]. For proteomic analysis of ribosomes, proteins were extracted from 

isolated ribosomes and subjected to two-dimensional gel electrophoresis [23], which 

was modified from the radical-free and highly reducing method [24]. After in gel 

trypsin digestion, protein spots were analyzed by matrix-assisted laser-desorption 

time-of-flight (TOF) mass spectrometry (MS) and tandem MS (MS/MS), using a 4700 

Proteomics Analyzer (Applied Biosystems) and the online Mascot search engine [16, 

23].  
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Total cytoplasmic ribosomes isolated from the rodent testis were subjected to polysome 

profiling using sucrose gradient sedimentation, as described previously [23]. For 

polysome profiling by fractionating the cytoplasmic lysate of HeLa cells on a sucrose 

gradient, the cells were cultured in the presence of 50 g/ml cycloheximide for 10 min, 

harvested, washed briefly with saline, and lysed on ice with 20 mM Tris-HCl, pH 7.5, 

containing 1% Triton X-100, 0.1 M KCl, 5 mM MgCl2, 10 mM 2-mercaptoethanol, 1 

mM phenylmethanesulfonyl fluoride, 0.5 mg/ml heparin and 10 μg/ml cycloheximide. 

The lysate was centrifuged twice at 15,000 x g for 10 min at 2°C. The supernatant was 

layered onto a linear gradient of 15-45% sucrose and ultracentrifuged in a SW41Ti rotor 

(Beckman, Palo Alto, CA) at 37,000 rpm for 3 h at 2°C. Fraction collection and 

monitoring (254 nm) were performed as described previously [21]. Ribosomes were 

dissociated into subunits by treatment of the cell lysate on ice with 25 mM EDTA for 30 

min and subjected to the profiling described above.  

 

For limited digestion of ribosomes with ribonuclease (RNase), normally growing 

MCF-7 cells were pre-treated with cycloheximide, lysed with Triton X-100 and sodium 

deoxycholate, and ultracentrifuged on sucrose cushion to pellet polysome-rich 

ribosomes [25]. The purified ribosomes (0.63 absorbance units at 260 nm) were 

dissolved in a 1.5-ml ultracentrifugation tube (no. S308892A, Hitachi, Tokyo, Japan) 

which contained 100 l of 20 mM Tris-HCl, pH 7.5, containing 0.1 M KCl, 5 mM 

MgCl2, 10 mM 2-mercaptoethanol, and 10 g/ml cycloheximide. The ribosomes were 

treated with 10 U of Ambion RNase I (AM2294, Thermo Fisher Scientific, Waltham, 

MA) and incubated for 45 min at 28oC (modified from [26]). The digestion mixture was 

then placed immediately on ice and ultracentrifuged in an S55A2 rotor (Hitachi) at 

100,000g for 1 h at 4oC. The upper part of the supernatant (60 l) was collected to 

minimize the contamination of precipitates, mixed with 12 l of 6 x SDS-PAGE sample 

buffer, and boiled for 5 min. After careful removal of the remaining supernatant, the 

pellet was dissolved in 120 l of 1 x SDS-PAGE sample buffer and boiled. These 

samples were subjected to immunoblotting. 

 

3 RESULTS 

 

3.1 Overexpressed Serbp1 was located in the nucleolus as well as in the cytoplasm, 

irrespective of isoform 

 

According to the previous study [6] and the Gene site 
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(https://www.ncbi.nlm.nih.gov/gene) of the National Center for Biotechnology 

Information (NCBI), Serbp1 gene can produce several isoforms by alternative splicing 

in mammals. For example, Serbp1 genes of mice, rats, and humans have a common 

exon-intron structure, and four translated isoforms per gene have been indicated (NCBI 

Gene ID: 66870, 246303, and 26135, respectively). These four isoforms of the two 

rodent species are depicted in Figure 1A. Human Serbp1 gene can express similar four 

isoforms (Supplementary Figure S1). Despite this potential complexity, the intracellular 

localization and functions of the shortest isoform (isoform 4), which was found first, 

have mainly been investigated [5, 8, 11, 12, 27]. The two regions (residues 203-208 and 

233-247) of the longest form, isoform 1, are absent in isoform 4 (Figure 1A and 

Supplementary Figure S1) and included in the HABP4_PAI-RBP1 domain, which has 

been listed as one of the conserved domains by NCBI and a putative mRNA-binding 

domain [5]. It could be speculated that these insertions would affect the functional 

properties of isoforms 1-3. Thus, we started to analyze mammalian Serbp1 including the 

longer isoforms . 

 

To obtain the cDNAs of mouse Serbp1, we have designed PCR with the primers, whose 

positions are outside the coding region, in principle, to be able to amplify cDNAs 

encoding all four isoforms in one reaction. Although Serbp1 is ubiquitously expressed 

in mouse tissues, as suggested by our RT-PCR (Figure 1B) and DNA microarray data 

(BioGPS (http://biogps.org/), ID no. 66870), we used total cDNA obtained from the 

testis because (i) post-transcriptional control of gene expression is known to be 

important in this tissue [28] and (ii) we have found novel genes expressing paralogs of 

ribosomal proteins [15, 22, 23]. We cloned the amplified cDNAs into plasmid vectors 

for the overexpression of the corresponding proteins bearing a GFP tag in mammalian 

cells. Nucleotide sequencing showed that the cDNAs encoding full-length isoforms 1 

and 3 were obtained.  

 

These expression vectors were then introduced into human 293T cells. Expression of 

the GFP-fused Serbp1 was confirmed by immunoblotting with anti-GFP antibody 

(Figure 1C). Fluorescence microscopy showed a dispersed signal in the cytoplasm and 

bright large spots within nuclei, and no obvious difference in staining pattern was 

observed between isoforms 1 and 3 (Figure 2A and Supplementary Figure S2A). 

Biochemical subcellular fractionation also indicated that the distribution of these two 

isoforms between the cytosol and the nucleus was similar (Supplementary Figure S3). 

The staining pattern was very similar to that of GFP-fused isoform 4 [27]. The nuclear 
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spots were indicated to be colocalized with nucleoli by using fibrillarin as a marker 

(Figure 2B and Supplementary Figure S2B). Some nuclear granules including Serbp1 

did not colocalize with nucleoli and might be Cajal bodies according to the previous 

report on isoform 4 [29]. Although Serbp1 isoform 4 has also been found not only in the 

cytoplasm but also in the nucleolus [27, 29], the nucleolar localization of this 

mRNA-binding protein was somewhat puzzling because nuclear mRNA maturation has 

been reported to occur, for example, in nuclear speckles [30]. Actually, Hnrpab [16], 

one of the heterogeneous nuclear ribonucleoproteins bound to pre-mRNA [31], was not 

colocalized with nucleoli, even under overexpression conditions (Figure 2C). Recently, 

the isoform 4 of Serbp1 has been reported to be included in stress granules [27], which 

are large cytoplasmic complexes including mRNA binding proteins such as G3BP and 

appear under oxidative stress conditions, for example in the presence of arsenite [20] 

(Figure 2D). The isoforms 1 and 3 were also colocalized in stress granules under these 

conditions (Figure 2E and Supplementary Figure S2C). Overall, the localization in the 

nucleolus and the cytoplasm is unlikely to be a property of the specific isoform of 

Serbp1. 

 

3.2 Most of cytoplasmic Serbp1 molecules were precipitated by ultracentrifugation 

 

Despite the results described above, there was a possibility that overexpression 

conditions might affect the intracellular localization of GFP-fused Serbp1. Hence, we 

tried to visualize endogenous Serbp1 in cultured cells using anti-Serbp1 antibody. This 

anti-Serbp1 antibody recognizes the N-terminal region of human Serbp1 and is able to 

bind to all the four isoforms (Supplementary Figure S1). In immunoblotting with 

anti-Serbp1 antibody, putative endogenous Serbp1 was detected as a single band from 

three human cell lines and monkey COS-1 cells (Figure 3A). Since differences in 

molecular mass between the four isoforms of Serbp1 are small (their calculated 

molecular masses are listed in Supplementary Figure S1), we could not identify the 

isoform(s) detected by immunoblotting. Serbp1 detected here migrated more slowly 

than calculated on the gel. The low electrophoretic mobility of this protein (isoform 4) 

was reported previously [5].  

 

Serbp1 within 293T cells was hardly detected by immunocytochemistry with 

anti-Serbp1 antibody. Only faint signals were observed in the cytoplasm (Figure 3B, 

high contrast images because of weak fluorescent signals). To overcome this problem, 

we analyzed the localization of Serbp1 in 293T cells by biochemical subcellular 
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fractionation. This analysis (Figure 3C) showed that a portion of endogenous Serbp1 

was included in the nuclear fraction, supporting the nuclear localization of this protein 

indicated in Figure 2. Fractionation of 293T cells overexpressing GFP-fused Serbp1 by 

the same method showed the similar distributions of overexpressed and endogenous 

Serbp1 molecules in the nuclear, S100, and P100 fractions (Figure 3D), suggesting that 

overexpression or the presence of the GFP tag did not obviously disturb the intracellular 

localization of Serbp1. 

 

Most of cytoplasmic Serbp1 molecules were recovered as precipitates (in the P100 

fraction) (Figure 3, C and D). It is very unlikely that free Serbp1 is collected in P100 

fraction by ultracentrifugation. This finding suggests that many of cytoplasmic Serbp1 

molecules are included in large complexes.  

 

3.3 Proteomic analysis identified Serbp1 in the cytoplasmic ribosomes of the rodent 

testis 

 

Subcellular fractionation indicated most of cytoplasmic Serbp1 molecules in the P100 

fraction. Because the cells were lysed with the detergent Triton X-100, 

membrane-enclosed organelles such as microsomes were not included in the P100 

fraction. Actually under a fluorescence microscope, no membranous structures were 

observed in the cytoplasm of the cell expressing GFP-fused Serbp1 (Figure 2A and 

Supplementary Figure S2A). Although Serbp1 has been observed in stress granules 

under oxidative stress conditions [27] (Figure 2E and Supplementary Figure S2C), these 

granules were hardly visible in cells under normal growth conditions [27] (Figure 2D). 

Microscopy in this study also indicated the presence of Serbp1 in nucleoli (Figure 2B). 

It has long been recognized that the nucleolus is a place where RNA polymerase I 

resides and ribosome biogenesis occurs [32], although other additional functions have 

recently been reported [33]. Serbp1 knockdown exhibited a defect in nucleolar 

pre-ribosomal RNA processing in HeLa cells [34]. In addition, direct associations of 

Serbp1 with ribosomal proteins have been shown in previous proteomic studies (see the 

Discussion of [27]). Cytoplasmic ribosomes, including polysomes, the 80S ribosome 

(monosome), and the small (40S) and large (60S) subunits, are precipitated by 

ultracentrifugation [21, 35]. Hence, we asked whether Serbp1 was included in 

cytoplasmic ribosomes.  

 

Previously, we have developed a proteomic analysis system of mammalian ribosomes, 
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which is a combination of two-dimensional electrophoresis suitable for the separation of   

mammalian ribosomal proteins, including small hyper-basic ones, in-gel tryptic 

digestion, and MS, and identified 78 known ribosomal proteins from the ribosomes of 

rodent tissues including the testis [23]. After the protein constituents of rat testis 

ribosomes were separated (Figure 4A), we examined the spots other than those of the 

known ribosomal proteins on the gels and found Serbp1 by TOF-MS (Figure 4B, Table 

1, and Supplementary Table S1) and MS/MS (Figure 4C and Table 1). One of the 

identified peptide by TOF-MS included the amino acid residues absent in isoforms 3 

and 4 (underlined in Table 1) although the Mascot score for Serbp1 by TOF-MS was 

low (71). These MS data suggested the association of Serbp1 with ribosomes in the 

cytoplasm. 

 

3.4 Serbp1was associated with the small 40S subunit and included in polysomes in 

normal and cancer cells  

 

To further delineate the localization of Serbp1 in rodent cytoplasmic ribosomes, Serbp1 

was analyzed by polysome profiling including density gradient-velocity sedimentation.  

 

The peptide sequence of human Serbp1 used as the immunogen of the anti-human 

Serbp1 antibody is 97% identical to the corresponding sequence of mouse Serbp1 

(Figure 1A). Mouse Serbp1 overexpressed in 293T cells was clearly detected by 

immunoblotting with anti-human Serbp1 antibody (Figure 5A), confirming 

cross-reactivity of the antibody to mouse Serbp1. Serbp1 was indicated to be detected 

specifically in immunoblotting of the cytoplasmic lysate of the mouse testis (Figure 5B). 

After these confirmations, cytoplasmic ribosomes were isolated from the mouse testis 

and subjected to sucrose linear gradient ultracentrifugation. Ribosomes and their 

subunits were separated basically according to their molecular mass (Figure 5C). 

Serbp1 was suggested to be a component of the small 40S subunit because the protein 

was co-sedimented with this subunit. In addition, Serbp1 was detected in the fractions 

including polysomes, suggesting the inclusion of Serbp1 in actively translating 

ribosomes.  

 

Serbp1 was expressed in normal tissues (Figure 1B) and cancer cells (Figure 3A). 

Potential importance of Serbp1 in tumor progression has been reported [36-39]. 

High-resolution of cryo-electron microscopy of the 80S ribosome of human peripheral 

blood mononuclear cells has shown the presence of Serbp1 in the 40S subunit [40]. 
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However, Serbp1 was not identified in the 80S ribosome of HeLa cells by using the 

same microscopic method [41] (although recent cross-linking MS has indicated the 

interaction between this protein and the 40S subunit in HeLa cells [42]). One possibility 

was that Serbp1 would be associated with the ribosome depending on the intracellular 

environment and mainly play other roles (described in the Introduction section) in 

cancer cells. These stimulated us to investigate whether Serbp1 was included in 

ribosomes in cancer cells.  

 

The cytoplasmic lysates were prepared from Hela cells (Figure 3A) and subjected to 

polysome profiling. Serbp1 was detected in the fractions including the 40S subunit, the 

80S ribosome, and polysomes (Figure 6A). Serbp1 was detected also in the fractions 

including the particles smaller than the 40S subunit. This might reflect the fact that 

Serbp1 functions interacting with various proteins [7, 9, 10, 13]. To examine whether 

Serbp1 was associated with unknown heavy complexes or aggregates and therefore 

co-sedimented with polysomes, the cell lysate was pre-treated with EDTA and subjected 

to polysome profiling. EDTA irreversibly dissociates the 80S ribosome into the 40S and 

60S subunits, and mRNAs are released from polysomes [43, 44]. Most polysomes 

disappeared and the amount of the two subunits increased after EDTA treatment (Figure 

6B). Ribosomal proteins and Serbp1 in heavy fractions were scarcely visible by 

immunoblotting. The substantial amount of Serbp1 was still detected in the fractions 

including the 40S subunit after subunit dissociation, suggesting association of this 

protein with the subunit itself. Although we cannot completely exclude the possibility 

that mRNA-protein (messenger ribonucleoprotein) complexes containing Serbp1 were 

released from polysomes by EDTA and sedimented in the fractions including the 40S 

subunit in the ultracentrifugation, it has been reported that mRNA-protein complexes 

have a heterogeneous sedimentation profile (sedimentation coefficient, 20S to greater 

than 100S) under these experimental conditions [44] and that most of them sediment 

faster than the large 60S subunit [45]. Figure 6B also shows a portion of ribosomal 

protein S6 in the fractions including particles heavier than the 40S subunit. Although the 

precise nature of the particles including S6 is unclear, since ribosomal protein L10 was 

also detected in these fractions, the two subunits of some monosomes and oligosomes 

might remain associated under the conditions of the EDTA treatment. Or, unknown, 

artificial aggregates including ribosomal components might be formed during the 

irreversible subunit inactivation by EDTA [43, 46]. Despite this ambiguity, the altered 

sedimentation profile of Serbp1 was clearly observed by the EDTA treatment, 

supporting Serbp1 as an auxiliary protein associated with cytoplasmic ribosomes.  
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Finally, limited RNase digestion of ribosomes purified from cancer cells was performed 

to examine the association of Serbp1 with polysomes. The digestion conditions are 

based on those used in translation complex profile sequencing (TCP-seq) [26]. The 

limited digestion causes cleavage of the mRNA regions that are not protected by 

translating ribosomes. Serbp1 has been reported to bind to the untranslated regions of 

target mRNAs [6, 12, 47]. Given that the association of Serbp1 with polysomes was 

mediated by its interaction with mRNA, some, if not all, of Serbp1 molecules were 

considered to be released from ribosomes after the digestion. Released mRNA-binding 

proteins and RNase-resistant ribosomes were separated by ultracentrifugation and 

observed by immunoblotting (Figure 6C). Ribosomal proteins S6 and L10 were 

detected in ribosomes collected as the pellet. The amounts of PABP and G3BP/RBP42, 

which are mRNA-binding proteins and interact with polysomes in an mRNA-dependent 

manner [48], increased in the supernatant after the RNase digestion. Serbp1 in the 

supernatant was hardly visible after the digestion, suggesting that the association is 

mRNA-independent. 

 

4 DISCUSSION 

 

Whereas the primary function of the cytoplasmic ribosome is to decode mRNA into 

polypeptides, accumulating data indicate that ribosomes themselves regulate gene 

expression, including translation of a select group of mRNAs [49, 50]. As one of the 

mechanisms to achieve such selective translation, a part of the components, including 

accessory proteins, of ribosomes in the cell are supposed to change according to growth 

and developmental cues, meaning the heterogeneity of ribosomes or specialized 

ribosomes [51, 52]. Dysfunction or deregulation of ribosomes has been proposed to 

cause aberrant translation, resulting in diseases including cancer [53, 54]. Therefore, 

analyses of the composition and chemical modifications of the protein constituents of 

ribosomes under various physiological and pathological conditions have been 

anticipated to reveal another layer of complexity in gene regulation [23, 55, 56]. 

 

We analyzed mammalian Serbp1, which was suggested to be associated with ribosomes, 

as a component of the small 40S subunit, in normal testis (Figures 4 and 5) and cancer 

cells including HeLa cells (Figure 6). In the previous cryo-electron microscopy of the 

80S ribosome of HeLa cells, Serbp1 was not identified [41]. This might be related to the 

following two points. (i) Serbp1 is assumed to be a sub-stoichiometric component of the 
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ribosome (see also Figure 4A), probably to regulate translation of a subset of mRNAs. 

(ii) The 80S ribosome was prepared from confluent HeLa cells after 6-h serum 

starvation [57]. Though this pre-treatment is certainly reasonable to synchronize cell 

population and to obtain the homogeneous ribosome, it seems possible that the 

growth-restricting conditions influence the association of translation-regulating factors 

with ribosomes. Serbp1 and its yeast homologue Stm1 have been reported to be 

involved in translational regulation, which includes their interaction with the 40S 

subunits [47, 58-61]. However, the molecular mechanisms underlying the regulation 

have not been fully clarified. In view of the multifaceted properties of Serbp1 (see the 

Introduction), careful molecular dissection of Serbp1 is apparently important to 

distinguish the effect on gene expression caused by the ribosome-binding activity of 

Serbp1 from that caused by other activities of this protein. For example, after 

identification of the region of Serbp1 that is specifically needed for association with the 

40S subunit, the effect of Serbp1 mutants defective in ribosome binding on translation 

would be able to be investigated in vitro. Based on these considerations, we tried to set 

up an in vitro translation assay[35] including rabbit reticulocyte lysates and recombinant 

proteins produced in bacteria, which has unfortunately been unsuccessful since 

full-length recombinant Serbp1 became insoluble in bacterial cells (our unpublished 

results).  

 

In summary, our findings provide a new insight into the mechanisms underlying the 

post-transcriptional gene regulation by Serbp1. Further mechanistic studies are expected 

for a deeper understanding of tumor malignancy, in addition to translational control, 

considering an emerging link between Serbp1 and tumor progression [36-39].  
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Legends to Figures 

 

Figure 1. Structures and expression of rodent Serbp1. (A) Schematic representation of 

the four isoforms of mouse/rat Serbp1. The black boxes indicate the HABP4_PAI-RBP1 

domain. “Ab” indicates the region corresponding to that of human Serbp1, which was 

used as the immunogen for anti-human Serbp1 antibody. Calculated molecular mass of 

each isoform is indicated on the right. Each isoform of mouse Serbp1 and its rat 

counterpart have the same amino acid sequence except for three residue differences 

(asterisks). Owing to alternative splicing of mRNA precursors, the region of residues 

203-208 in isoform 1 is absent in isoforms 2 and 4, and the region of residues 233-247 

in isoform 1 is absent in isoforms 3 and 4 (these two regions are not drawn to scale). (B) 

Expression of Serbp1 in normal mouse tissues was analyzed by RT-PCR. (C) 

Expression of the GFP-fused isoforms of mouse Serbp1 was detected by 

immunoblotting with anti-GFP antibody. N-terminally GFP-fused isoforms 1 and 3 

(GFP-Serbp1-iso1 and GFP-Serbp1-iso3, respectively) and C-terminally GFP-fused 

isoforms 1 and 3 (Serbp1-iso1-GFP and Serbp1-iso3-GFP, respectively) were expressed 

in 293T cells, and the whole cell lysates were analyzed.  

 

Figure 2. Intracellular localization of the N-terminally GFP-fused isoforms 1 and 3 of 

mouse Serbp1. (A) Co-staining of each isoform and nuclei. Human 293T cells 

expressing GFP were used as a control. Nuclei were stained with propidium iodide (PI). 

(B) Co-staining of each isoform and a nucleolar marker, fibrillarin. (C) Co-staining of 

FLAG-tagged Hnrpab and B23 localized in the nucleolus and the cytoplasm. (D) 

MCF-7 cells were treated with or without arsenite and stained with a stress granule 

marker, G3BP. (E) Co-localization of each isoform with stress granules. Cells 

expressing each isoform or GFP were treated with arsenite before immunofluorescence 

microscopy. The asterisks indicate nuclei. Scale bars, 10 μm. The observation of the 

C-terminally GFP-fused isoforms 1 and 3 of mouse Serbp1 is shown in Supplementary 

Figure S2. 

 

Figure 3. Subcellular fractionation indicated endogenous Serbp1 in the P100 fraction. 

(A) Endogenous Serbp1 and -tubulin (control) were detected by immunoblotting. The 

whole lysates of the four cell lines were analyzed. (B) Immunostaining of Serbp1 in 

293T cells with anti-Serbp1 antibody. Normal rabbit IgG was used as a negative control. 

The images of the same cells in differential interference contrast (DIC) are also shown. 

Scale bar, 10 m. (C and D) Subcellular fractionation of 293T cells (no transfection) (C) 
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and 293T cells transiently transfected with the expression vector for the N-terminally 

GFP-fused isoform 1 of mouse Serbp1 (GFP-Serbp1) (D). After lysis with Triton X-100, 

293T cells were centrifuged to collect nuclei. The supernatant was subjected to 

ultracentrifugation, obtaining the precipitate (P100) and the supernatant (S100) . These 

fractions were subjected to immunoblotting. Fibrillarin, ribosomal protein S6, and 

-tubulin were used as markers for nuclei, P100, and S100, respectively.  

 

Figure 4. Proteomic identification of Serbp1 in rodent testis ribosomes. (A) 

Two-dimensional protein gel electrophoresis of rat testis ribosomes. Proteins in total 

cytoplasmic ribosomes were separated by the modified radical-free and highly reducing 

method and visualized with Coomassie brilliant blue. Partial electrophoretogram is 

shown. After in-gel tryptic digestion, Serbp1 was detected by MS from the spot 

indicated by the arrow. Many spots on the right part of the gel are those including know 

ribosomal proteins. (B) The TOF spectrum of Serbp1 from the spot indicated by the 

arrow in (A). The m/z peaks in this spectrum correspond to singly charged peptides 

(MH+). Peak intensity is expressed as percent of the highest peak (peak 5). Data of the 

numbered peaks were used for protein identification (Table 1 and Supplementary Table 

S1). (C) MS/MS spectrum of the peak 1 (m/z, 1684.9218) in (B). Thirteen out of 76 

fragment ions were matched using 16 most intense peaks.  

 

Figure 5. Serbp1 in testis ribosomes. (A) Cross-reactivity of anti-human Serbp1 

antibody with mouse Serbp1. The same samples as used in Figure 1C were subjected to 

immunoblotting with the antibody. The asterisk indicates endogenous Serbp1 in human 

293T cells. (B) Immunoblotting of the cytoplasmic lysate of the mouse testis with 

anti-Serbp1 antibody. (C) Polysome profiling. Ribosomes were purified from the mouse 

testis and fractionated by sucrose gradient ultracentrifugation. Fractions were 

immunoblotted using the antibodies indicated on the left. Ribosomal proteins S6 and 

L10 were used as markers of the 40S and 60S subunits, respectively. 

 

Figure 6. Identification of Serbp1 in the ribosomes of cancer cells. (A and B) The 

cytoplasmic lysates of HeLa cells were subjected to sucrose gradient ultracentrifugation 

and immunoblotted as described in Figure 5C. In (B), the lysate was pre-treated with 

EDTA before ultracentrifugation. (C) Ribosomes purified from MCF-7 cells were 

treated with limited amounts of RNase I and ultracentrifuged to yield supernatant (S) 

and pellet (P). These fractions were subjected to immunoblotting with antibodies against 

the proteins indicated on the left.  
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SIGNIFICANCE OF THE STUDY 

 

In mammalian cells, the final protein output of their genetic program is determined not 

only by controlling transcription but also by regulating the post-transcriptional events. 

Although mRNA-binding proteins and the cytoplasmic ribosome have long been 

recognized as central players in the post-transcriptional regulation, their physical and 

functional interactions are still far from a complete understanding. Here, we describe the 

intracellular localization of Serbp1, an mRNA-binding protein, and the inclusion of this 

protein in actively translating ribosomes in normal and cancer cells. These findings shed 

a new light into molecular mechanisms underlying Serbp1 action in translational gene 

regulation and tumor progression.  

 



Table 1.  Identification by MS from the spot indicated by the arrow in Figure 4A 
                                      

           Identified peptidea 
  Accession  Identification                       Peak no. in                      

Protein number  method  Score   Residue # Sequence    Figure 4B 
                                    

Serbp1b XP_  PMFc 71 2 – 16  PGHLQEGFGCVVTNR   1 
  006236678.1     17 – 32  FDQLFDDESDPFEVLK  2 
        112 – 122   RPDQQLQGDGK   3 
        137 – 145  RFEKPLEEK    4 
        217 – 236   GGSGSHNWGTVKDELTESPKd  5 
        327 – 344  SKSEEAHAEDSVMDHHFR  6 
        327 – 344  SKSEEAHAEDSVMDHHFR  7 
           (including M oxidization) 
        329 – 344  SEEAHAEDSVMDHHFR  8 
        329 – 344  SEEAHAEDSVMDHHFR  9 
          (including M oxidization) 
                                             
    MS/MS 70 2 – 16  PGHLQEGFGCVVTNR e 
      52 17 – 32  FDQLFDDESDPFEVLK  
                                     

a One missed cleavage was allowed in a Mascot search. 
b The isoforms 1 and 2 of rat Serbp1 were listed as significant candidates. The results on isoform 1 are shown here. 
c TOF spectrum is shown in Figure 4B. Details of the TOF-MS data are listed in Supplementary Table S1. PMF, peptide mass fingerprinting. 
d The underlined residues are not included in the isoforms 3 or 4 of rat Serbp1 (Figure 1A).  
e MS/MS spectrum of this fragment is shown in Figure 4C. 
 















Supplementary Table S1. TOF-MS data on Serbp1 (isoform 1) in Figure 4B 
                                                        

   Mr 
  Observed         Peak no. in 

Residues m/z Expecteda  Calculated    Delta  Peptide sequence   Figure 4B 
                                               

2 – 16  1684.9218  1683.9145  1683.8151  0.0994   PGHLQEGFGCVVTNR 1 
17 – 32  1943.9880  1942.9807  1942.8837  0.0971   FDQLFDDESDPFEVLK 2  
112 – 122  1241.6991  1240.6918  1240.6160  0.0758   RPDQQLQGDGK 3 
137 – 145  1175.7040  1174.6967  1174.6346  0.0621   RFEKPLEEK 4 
217 – 236  2086.0857  2085.0784  2084.9763  0.1021   GGSGSHNWGTVKDELTESPK. 5 
327 – 344  2112.0393  2111.0320  2110.9126  0.1194   SKSEEAHAEDSVMDHHFR 6 
327 – 344  2128.0234  2127.0161  2126.9076  0.1086   SKSEEAHAEDSVMDHHFR. 7 
      (including oxidation (M))  
329 – 344  1896.8951  1895.8878  1895.7857  0.1022   SEEAHAEDSVMDHHFR 8 
329 – 344  1912.8772  1911.8699  1911.7806  0.0893   SEEAHAEDSVMDHHFR  9 
      (including oxidation (M))  
                                                       

a Each experimental m/z value (MH+) was transformed to a relative molecular mass (Mr) by the Mascot program. The Mr values are 
shown as “Expected Mr” in this table.  
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Supplementary Figure S1. Schematic representation of the four 
isoforms of human Serbp1. Key regions referred to in text and 
calculated molecular mass of each isoform are indicated (see also 
Figure 1A). Compared with mouse/rat Serbp1 (Figure 1A), human 
Serbp1 contains a single histidine insertion (triangles in this figure). 
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Supplementary Figure S2. Intracellular localization of the C-terminally GFP-fused isoforms 1 and 
3 of mouse Serbp1. (A) Co-staining of each isoform and nuclei. (B) Co-staining of each isoform and 
fibrillarin. (C) Co-staining of each isoform and stress granules. The asterisks indicate nuclei. Scale 
bars, 10 μm. 



Supplementary Figure S3. Subcellular fractionation and 
localization of the isoforms 1 and 3 of mouse Serbp1. Human 
293T cells were transfected with a vector encoding one of the 
following four proteins: N-terminally GFP-fused isoforms 1 
and 3 and C-terminally GFP-fused isoforms 1 and 3. The 
cells were lysed with Triton X-100 and centrifuged at 10,000 
g to obtain the supernatant (cytoplasmic fraction, S) and the 
nuclear pellet (P). These fractions were subjected to 
immunoblotting with anti-GFP antibody, and band intensity 
was measured. The data represent mean ± SD (n = 3). An 
example of the immunoblots is shown in the inset. 


