Cloning and Characterization of a Heterogeneous Nuclear Ribonucleoprotein Homolog from Pearl Oyster, Pinctada fucata
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Abstract        Heterogeneous nuclear ribonucleoproteins (hnRNPs) have fundamental roles in the post-transcriptional control of gene expression. Here, a cDNA encoding a presumed full-length RNA-binding protein was isolated from pearl oyster (Pinctada fucata) using reverse transcription-polymerase chain reaction with degenerate primers, and rapid amplification of cDNA ends. The full-length cDNA consists of 2737 bp with an open reading frame encoding a protein of 624 amino acids with a predicted molecular weight of 69 kDa and isoelectric point of 8.7. The putative pearl oyster RNA-binding protein presents a molecular organization close to the hnRNPs, namely a relative acidic N-terminal followed by three RNA-recognition motifs and a C-terminal that contains RG/RGG repeat motifs. When transfected in HeLa cells, the Pf-HRPH (Pinctada fucata hnRNP homolog) gene expression product was found only in nuclei, revealing that it is a nuclear protein. The expression pattern was also investigated by quantitative real-time polymerase chain reaction, which indicated that Pf-HRPH mRNA was abundantly expressed in gonad, gill, and viscera. As far as we know, the putative Pf-HRPH is the first hnRNP homolog cloned in mollusks. These data are significant for further study of the multiple functions of RNA-binding protein.
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RNA-binding proteins are found abundantly from virus to mammalian species, and are essential for post-trans​criptional control of gene expression by influencing the transport, stability, splicing, and editing of mRNA transcripts. One class of such proteins contains the RNA recognition motif (RRM). The RRM, also known as the RNA-binding domain or ribonucleoprotein (RNP) domain, was first identified in the late 1980s when it was shown that mRNA precursors and heterogeneous nuclear RNAs were always found in complex with proteins [1]. The RRM comprises approximately 90 amino acid residues whose sequence is evolutionarily conserved and also presents two characteristic motifs, denominated RNP-1 and RNP-2. The RNP-1 motif is an octapeptide formed by the sequence (K/R)G(F/Y)(G/A)FVX(F/Y), and its presence is a strong indicator for a function in RNA recognition [2,3]. RNP-2, a less conserved motif than RNP-1, is a hexapeptide. This six residue sequence located at the N-terminal of the domain​ was defined as (I/V/L)(F/Y)(I/V/L)XNL [4]. Both RNP-1 and RNP-2 constitute the RNP consensus sequences that characterize these RRM-type proteins.

Heterogeneous nuclear ribonucleoprotein (hnRNP), one of the most important RNA-binding proteins, binds to mRNA precursors concomitant with transcription and forms ribonucleoprotein complexes essential for post-transcriptional​ events. The hnRNPs possess three types of RNA-binding domains that directly interact with RNA, most likely in a sequence-specific manner. The RRM is the most frequently found motif in hnRNPs [4]. Another type of RNA-binding motif present in some hnRNP proteins​ is the RGG box, characterized by several closely spaced RGG repeats [2,4], which may occur either alone, as in hnRNP U [5], or in combination with one or more RNA-binding domains, as observed in hnRNP A1 and D0 [6]. The third type of RNA-binding domain is the K homology motif, first identified in hnRNP K, a stretch of approximately 45 amino acids characterized by several highly conserved non-polar amino acids [7,8]. The functions of hnRNP proteins range from mRNA packaging and transport, to mRNA splicing and silencing. Further, indirectly, their role has also been implicated in development, for example, oogenesis, embryogenesis [911], and neural development [12,13].

Mollusks constitute a source of food all over the world and have an important role in the functioning of the ecosystems they inhabit. Mollusk farming is a fast-growing industry; in 2002 it represented 23.5% of total aquaculture production with an annual yield of 10.7 million tons [14]. In response to the importance of bivalves in marine ecosystems and aquaculture, the study of bivalve genomics is beginning [1519]. However, our knowledge of the very basic physiological processes, such as the regulation of embryo development or sexual maturation, is extremely poor in mollusks. As many RNA-containing proteins play crucial roles in oogenesis and embryogenesis [10,2022], the study on cloning and expression of mollusk RRM-type genes will be helpful to further understand the development processes at the molecular level.

We report here the isolation of a pearl oyster cDNA encoding a 624 amino acid protein, the first mollusk hnRNP to be identified. Sequence and phylogenetic analysis showed that the putative pearl oyster RNA-binding protein shares the structural organization of hnRNPs. We also investigated the expression pattern of Pf-HRPH mRNA and the subcellular location of its expression product in mammalian cells.

 

 

Materials and Methods

 

Preparation of total RNA 

 

Adult specimens of Pinctada fucata were sampled from the Guofa Pearl Farm, Guangxi Zhuang Autonomous Region, China. Total RNA was extracted from the differen​t tissues using an RNA isolation kit (Biotecx Laboratories, Houston, USA). The integrity of RNA was determined by fractionation on 1.2% formaldehyde-denatured agarose gel and staining with ethidium bromide. The quantity of RNA was determined by measuring A260 with an Ultrospec 3000 ultraviolet/visible spectrophotometer (Amersham, Piscataway, USA).

 

cDNA synthesis and degenerate polymerase chain reaction​ (PCR)

 

Total RNA (1 g) from gonad was used as a template for the reverse transcription (RT) reaction with Superscript​ II and oligo(dT) primers (Invitrogen, Grand Island, USA). A pair of degenerate oligonucleotide primers were designed based on the amino acid sequences of WDLRLMM (DPF, 5'-TGGGAYCTGCGTCTWATGATG-3') and KDYAF(I/V)H (DPR, 5'-TGRAYGAASGC​A​TAGTCTTT-3') conserved in RNA-binding proteins. The PCR was carried out according​ to the manufacturer's instructions on a Tgradient Thermocycler (Biometra, Gottingen, Germany) for 35 cycles of denaturation (94 ºC for 30 s), annealing (48 ºC for 30 s), and extension (72 ºC for 1 min).

 

Rapid amplification of cDNA ends (RACE) 

 

Single-stranded cDNA for all RACE reactions was prepared​ from the total RNA of gonad, using PowerScript (Clontech, Palo Alto, USA). 5'-RACE and 3'-RACE were carried out according to the manufacturer抯 instructions, using the SMART RACE cDNA amplification kit (Clontech) and Advantage 2 cDNA polymerase mix (Clontech). The gene-specific primers 5RP (TCGGCC​CA​AT​C​TACGATT-ACATCAC) and 3RP (GTTTGTTGGAAACATCCCTA-AGAGC), used for 5'-RACE and 3'-RACE, respectively, were prepared based on the nucleotide sequence of the cDNA fragment amplified by RT-PCR. The 3'-RACE and 5'-RACE were carried out under the conditions recommended by the kit mentioned above.

 

DNA sequencing and sequence analysis

 

All amplified products, containing the 5' and 3' ends, were subcloned into pGEM-T easy vector (Promega, Madison, USA) for sequencing. To confirm cloning and sequencing accuracy, the entire cDNA from gonad was re-amplified with high fidelity polymerase (TaKaRa, Dalian, China), using a pair of gene-specific primers FLPF (5'-GGG​CATTTGATTCTGCCATCT-3') and FLPR (5'-CAC​AGA​AACTACTTTTGGTGCC-3'). The purified PCR products were subcloned into pGEM-T easy vector followed​ by re-sequencing. The nucleotide sequence was compared against GenBank, using the blast algorithm at the National​ Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov/BLAST/), to identify​ its coding proteins. Multiple alignments and phylogenetic​ analysis were created using the ClustalX program [23].

 

Construction of expression vectors 

 

The pcDNA3.1/Pf-HRPH expression plasmid was constructed by amplifying the full-length sequence of Pf-HRPH open reading frame (ORF) using high fidelity PCR with primers EPF (5'-CGCGGATCCATGGCACA​GAATG​GAA​TAATGGAGC-3') and EPR (5'-CCGCTCGA​GACC​C​C​AATTTTGCCCAAATGAATC-3'), then inserting the PCR product into pcDNA3.1/myc-His A vector digested with BamHI and XhoI. The recombination plasmid was confirmed by DNA sequencing.

 

Cell culture, transient transfection, and Western blot analysis

 

HeLa cells were seeded into 60 mm plates (2(106 cells/plate) 24 h prior to transfection. Cells were transfected with 6 g pcDNA3.1/Pf-HRPH expression constructs. Transfection was carried out using Sofast transfection reagent (Sunma, Xiamen, China) according to the manufacturer抯 instructions. Forty-eight hours after the transfection, the nuclear and cytoplasmic proteins were extracted according to the manufacturer抯 instructions, using a nuclear and cytoplasmic extraction kit (Pierce, Rockford, USA). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was carried out in discontinuous vertical slab gels containing 10% (V/V) acrylamide in the resolving gel. Proteins were transferred to polyvinylidene difluoride membranes using a semidry transfer unit, and non-specific binding was inhibited by blocking the membranes for 1 h at room temperature with 5% (W/V) non-fat dried milk in 0.1% (V/V) Tween/Tris-buffered saline. Membranes were then incubated overnight at 4 ºC in rabbit monoclonal antibody against His (Sigma, St. Louis, USA). Signals were developed by incubating membranes with an alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin G for 2 h followed by detection with nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate, as described previously [24].

 

Real-time PCR assay 

 

First-strand cDNA was synthesized as described above. The primer pairs of the putative pearl oyster RNA-binding protein (RBP) (RTRBPF, 5'-GGAAACATCCCTAAGAGC-3' and RTRBPR, 5'-ACGATTACA TCACAACCC-3') and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (GAPF, 5'-GATGGTGCCGAGTATGTG-3' and GAPR, 5'-GA​T​TATCTTGGCGAGTGG-3') were designed using Primer Premier 5.0 software (Premier, Toronto, Canada). The cDNA mixtures were diluted 10-fold in sterile distilled water, and 1 l was subjected to real-time PCR using SYBR green I dye (TaKaRa, Dalian, China). Reactions were carried out in 25 l volume of a solution containing 1(PCR buffer, 1.5 mM dNTP mixture, 1(SYBR green I, 15 mM MgCl2, 0.25 U Ex Taq R-PCR version (TaKaRa), and 10 M each primer (sense and antisense). PCR consisted of 40 cycles at 95 ºC for 15 s, 56 ºC for 30 s, and 56 ºC for 30 s, and measurements were made at the end of the 56 ºC annealing step. Standard curves were generated using from 104 to 1 g of cDNA. For each reaction, the crossing point (CP) was optimized using Mx3000P software (version 2.0; Stratagene, La Jolla, USA). The PCR efficiency (E) was calculated by the standard curve method: E=10(1/slope); this value was optimized for each primer pair by constructing standard curves from serial dilutions of each positive cDNA control to ensure that E ranged from 95% to 105%. It is emphasized that the copy numbers/0.005 g total RNA, as cited in the above text for test samples, were derived by reference to these standard curves and do not precisely indicate the number of mRNA molecules, as the efficiency of RT was not directly determined. All of the real-time PCR reactions were carried out in quadruplicate. The relative expression ratio of Pf-HRPH was calculated based on the delta-delta method for comparing relative expression results and is defined as: ratio=2[CP(Pf-HPRH)CP(GAPDH)]=2CP. Assays were carried out on an Mx3000P real-time PCR system (Stratagene) and analyzed using Mx3000P software.

 

Statistical analysis

 

The data from the experiments were analyzed using anova in spss version 11.5 software (SPSS, Chicago, USA).

 

 

Results

 

Isolation and sequence analysis of cDNA encoding pearl oyster RBP 

 

A cDNA product of 569 bp was obtained by RT-PCR with two degenerate oligonucleotides (DPF and DPR) using​ total gonad RNA as the template. Based on the sequence, two gene-specific primers were synthesized for 5'-RACE (5RP) and 3'-RACE (3RP), respectively, and used to amplify the 5' and 3' nucleotide sequence of putative pearl oyster RBP cDNA by PCR. To confirm the entire sequence, two specific primers (FLPF and FLPR) corresponding to the 5'- and 3'-untranslated region (UTR) sequences of putative RBP mRNA were designed and RT-PCR was carried out. The PCR products were cloned and sequenced. They matched well the sequence expected from the results of 5'- and 3'-RACE.

As shown in Fig. 1, the complete cDNA sequence including the poly(A) tail was 2737 bp. It contains a 5'-UTR sequence (99 bp), an ORF consisting of 1872 bp, a TAA stop and a 3'-UTR sequence (763 bp). Two putative polyadenylation signals (AATAAA) are recognized at positions 27012706 and 27112716, shown in bold (Fig. 1). This cDNA sequence has been registered in GenBank (accession No. EF207319). The ORF of this cDNA encodes a protein consisting of 624 amino acid residues. The molecular weight and isoelectric point of the deduced protein were predicted to be 69 kDa and 8.7, respectively.

The amino acid sequence predicted from the nucleotide sequence reveals that a relatively acidic N-terminal region of approximately 160 amino acids was followed by three tandemly arranged RRMs containing the canonical conserved octameric RNP-1 and hexameric RNP-2 consensus motifs [Fig. 2(A)], suggesting that the putative protein might function as an RNA-binding protein. The C-terminal sequence is characterized by its high proportion of glycine (22.3%) and arginine (10.9%). Approximately 50 amino acids after the third RRM, a region of approximately 120 amino acids was found that contained seven RGG repeats as well as eight RG dipeptides, forming another type of RNA-binding domain. Pf-HRPH resembles mammalian hnRNP A1, A2/B1 with four blocks of RG-rich sequence, while hnRNP R and Q with 12 blocks of RG-rich sequences [Fig. 2(B)]. Interestingly, two tyrosine-rich acidic polypeptide sequences (Asp478-Asp-Tyr-Tyr-Gly-Tyr483 and Asp487-Tyr-Tyr-Gly-Gly-Tyr492) were interspersed between the second and third RGG repeats. In addition, the putative Pf-HRPH contains three Pro-rich motifs (Pro468-Arg-Met-Pro-Pro-Pro-Pro474, Gly491-Tyr-Ala-Pro-Pro-Ile-Pro497 and Gly502-Arg-Met-Pro-Pro-Pro-Pro508) within the RGG boxes region. A putative bipartite nuclear localization sequence (Lys567-Arg-Lys-X10-Lys-Lys-Arg582) was also found in the C-terminal.

The RRM is a common motif for RNA binding in eukaryotes. An alignment of the RNA-binding proteins containing three RRMs was used to construct the phylogeny tree (Fig. 3). Phylogenetic analysis using ClustalX software indicated that the putative RBP of P. fucata was homologous to hnRNPs. So the pearl oyster RBP was designated as Pf-HRPH. Sequence alignment of the mouse hnRNP Q and Pf-HRPH proteins showed 51% amino acid identity over the entire length of the protein chains, and the highest protein sequence homology was observed within the RNA-binding domain (62% sequence identity and 75% sequence similarity).

 

Expression of Pf-HRPH in various tissues

 

The tissue-specific expression of oyster Pf-HRPH mRNA in different tissues was examined using quantitative real-time PCR. The real-time PCR was conducted with specific primers (RTRBPF and RTRBPR) and cDNAs reverse-transcripted from the total RNA of various tissues as the template. The pearl oyster GAPDH was used as a control of equal quantities of total RNA used in real-time PCR. As shown in Fig. 4, the Pf-HRPH mRNA was detected in gill, gonad, and viscera with a relatively high expression level, whereas in muscle and foot it was detected at very low expression levels.

 

Subcellular localization of Pf-HRPH 

 

Based on sequence analysis, there is a bipartite nuclear targeting sequence at the C-terminus of Pf-HRPH. To determine the location of the Pf-HRPH, the whole ORF was inserted into the multiple cloning site of the expression vector pcDNA3.1 to construct the expression plasmid pcDNA3.1/Pf-HRPH. In a transient transfection assay into HeLa cells, both the nuclear and cytoplasmic protein extracts were analyzed to detect Pf-HRPH/His recombinant protein using the anti-His antibody. As shown in Fig. 5, a protein of approximately 70 kDa was detected in the total protein of transfected cells, but not in untransfected cells, indicating that the protein is the Pf-HRPH/His-Myc recombinant product. In addition, the 70 kDa product was found only in the nucleus of transfected HeLa cells, but the cytosol was negative, suggesting that Pf-HRPH is a nuclear protein.

 

 

Discussion

 

Nearly two decades after its discovery, RRM remains an exciting and active area of study. In recent years it has become evident that RRM-type protein is actually a member of a highly diverged protein family with homologous sequences found from viruses to mammalian species. In this report we present the cloning of a pearl oyster RRM-containing protein that shows high similarity to hnRNPs. As far as we know, the putative Pf-HRPH is the first heterogeneous nuclear ribonucleoprotein homolog cloned in mollusks. Like other hnRNPs, the putative pearl oyster RBP shows a modular structure. In the C-terminal region, as a whole, arginine and glycine residues were enriched, some portions of which formed RGG boxes. RGG boxes are characteristic motifs of RNA-binding proteins [3,4], and are also involved in protein-protein interactions [3]. In nucleolin (with four RNP motifs and an RGG box), specific binding to pre-ribosoma1 RNA requires the four RNP motifs, and the RGG box region increases overall RNA affinity (10-fold) [25]. As the Pf-HRPH has a similar molecular architecture, composed of three RNA-binding domains in a conserved spatial arrangement and a low complexity glycine-rich C-terminus containing RG or RGG repeat sequences, the RGG boxes possibly function as helping domains, as postulated for hnRNP A1, A2/B1, hnRNP R and hnRNP Q [3,26]. Interspersed between several of the RGG repeats, there were regions enriched in tyrosine and acidic residues that contain one copy of YYGY and YYGGY, respectively. These tyrosine-rich regions contain several consensus sites for tyrosine phosphorylation in which acidic residues are found on the NH2-terminal side of the tyrosine [27,28]. The presence of a proline-rich sequence within the RGG box region is particularly noteworthy, as similar sequences have also been found in other RNA-binding proteins, such as the hnRNP R [22]. Such proline-rich domains always provide potential binding sites for other proteins through hydrophobic interactions [2931], suggesting that Pf-HRPH could bind to RNA and to other proteins.

RRM-containing proteins display a wide subcellular distribution that reflects a vast spectrum of functions [3234]. RG/RGG repeat domains are frequently associated with methylation of the arginine residues, which can result in subcellular localization as well as modulation of RNA or protein interactions [3537]. A putative bipartite nuclear localization signal is in the C-terminus of Pf-HRPH (residues 567582) at the C-terminal side of the RG/RGG-rich region. When transfected in HeLa cells, the C-terminus Myc-His-tagged Pf-HRPH was detected only in the cell nucleus, revealing that the region of 175 amino acids in the C-terminus is implicated in nuclear localization. So it is speculated that Pf-HRPH mainly processes mRNAs in the nucleus.

The hnRNPs are important molecules for the regulation of processes involving mRNAs, including mRNA processing, masking, translational activation, turnover, and localization [38], indirectly regulating many physiological processes, especially in oogenesis and embryogenesis [10,2022]. The real-time PCR result shows that Pf-HRPH mRNAs were abundantly expressed in gonad, suggesting that Pf-HRPH plays important roles in oogenesis. Several RNA-binding proteins have been reported to be essential for morphogenesis and cytodifferentiation of digestive organs [3742]. In mollusks, the gills and viscera are key organs of the digestive system. High expression of Pf-HRPH mRNAs in gill and viscera implies that Pf-HRPH might be necessary for digestive organ development in pearl oyster.
 
 

References
 

 1
Dreyfuss G, Swanson MS, Pinol-Roma S. Heterogeneous nuclear ribonucleoprotein particles and the pathway of mRNA formation. Trends Biochem Sci 1988, 13: 8691

 2
Birney E, Kumar S, Krainer AR. Analysis of the RNA-recognition motif and RS and RGG domains: Conservation in metazoan pre-mRNA splicing factors. Nucleic Acids Res 1993, 21: 58035816

 3
Dreyfuss G, Matunis MJ, Pinol-Roma S, Burd CG. hnRNP proteins and the biogenesis of mRNA. Annu Rev Biochem 1993, 62: 289321

 4
Burd CG, Dreyfuss G. Conserved structures and diversity of functions of RNA-binding proteins. Science 1994, 265: 615621

 5
Kiledjian M, Dreyfuss G. Primary structure and binding activity of the hnRNP U protein: Binding RNA through RGG box. EMBO J 1992, 11: 26552664

 6
Kajita Y, Nakayama J, Aizawa M, Ishikawa F. The UUAG-specific RNA binding protein, heterogeneous nuclear ribonucleoprotein D0. Common modular structure and binding properties of the 2xRBD-Gly family. J Biol Chem 1995, 270: 2216722175

 7
Siomi H, Matunis MJ, Michael WM, Dreyfuss G. The pre-mRNA binding K protein contains a novel evolutionarily conserved motif. Nucleic Acids Res 1993, 21: 11931198

 8
Dejgaard K, Leffers H. Characterisation of the nucleic-acid-binding activity of KH domains. Different properties of different domains. Eur J Biochem 1996, 241: 425431

 9
Matunis EL, Kelley R, Dreyfuss G. Essential role for a heterogeneous nuclear ribonucleoprotein (hnRNP) in oogenesis: hrp40 is absent from the germ line in the dorsoventral mutant squid. Proc Natl Acad Sci USA 1994, 91: 27812784

10
Kinnaird JH, Maitland K, Walker GA, Wheatley I, Thompson FJ, Devaney E. HRP-2, a heterogeneous nuclear ribonucleoprotein, is essential for embryogenesis and oogenesis in Caenorhabditis elegans. Exp Cell Res 2004, 298, 418430

11
Steinhauer J, Kalderon D. The RNA-binding protein Squid is required for the establishment of anteroposterior polarity in the Drosophila oocyte. Development 2005, 132: 55155525 

12
Huang J, Chen XH, Wu K, Xu P. Cloning and expression of a novel isoform of heterogeneous nuclear ribonucleoprotein-R. Neuroreport 2005, 16: 727730 

13
Blanchette AR, Fuentes Medel YF, Gardner PD. Cell-type-specific and developmental regulation of heterogeneous nuclear ribonucleoprotein K mRNA in the rat nervous system. Gene Expr Patterns 2006, 6: 596606

14
Nizzoli D, Bartoli M, Viaroli P. Nitrogen and phosphorous budgets during a farming cycle of the Manila clam Ruditapes philippinarum: An in situ experiment. Aquaculture 2006, 261: 98108

15
Saavedra C, Bachère E. Bivalve genomics. Aquaculture 2006, 256: 114

16
Xiong XH, Chen L, Li Y, Xie LP, Zhang RQ. Pf-ALMP, a novel astacin-like metalloproteinase with cysteine arrays, is abundant in hemocytes of pearl oyster Pinctada fucata. BBA-Gene Struct Expr 2006, 1759: 526534

17
Fan WM, Li CZ, LI S, Feng QL, Xie LP, Zhang RQ. Cloning, Characterization, and Expression Patterns of Three Sarco/Endoplasmic Reticulum Ca2+-ATPase Isoforms from Pearl Oyster (Pinctada fucata). Acta Biochim Biophys Sin 2007, 39: 722730

18
Wu X, Xiong XH, Xie LP, Zhang RQ. Pf-Rel, a Rel/Nuclear Factor-kB Homolog Identified from the Pearl Oyster, Pinctada fucata. Acta Biochim Biophys Sin 2007, 39: 533539

19
Xiong X, Feng QL, Chen L, Xie LP, Zhang RQ. Cloning and characterization of an IKK homologue from pearl oyster, Pinctada fucata. Dev Comp Immunol 2007, doi:10.1016/j.dci.2007.03.013

20
Lieb B, Carl M, Hock R, Gebauer D, Scheer U. Identification of a novel mRNA-associated protein in oocytes of Pleurodeles waltl and Xenopus laevis. Exp Cell Res 1998, 245: 272281

21
Stephen JR, Dent KC, Finch-Savage WE. A cDNA encoding a cold-induced glycine-rich RNA binding protein from Prunus avium expressed in embryonic axes. Gene 2003, 320: 177183

22
Tanaka KJ, Kawamura H, Matsugu H, Nishikata T. An ascidian glycine-rich RNA binding protein is not induced by temperature stress but is expressed under a genetic program during embryogenesis. Gene 2000, 243: 207214

23
Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG. The CLUSTAL_X windows interface: Flexible strategies for multiple sequence alignment aided by quality analysis tools. Nucleic Acids Res 1997, 25: 48764882

24
Sambrook J, Fritsch EF, Maniatis T. Molecular Cloning: A Laboratory Manual. 2nd ed. New York: Cold Spring Harbor Laboratory Press 

25
Ghisolfi L, Kharrat A, Joseph G, Amalric F, Erard M. Concerted activities of the RNA recognition and the glycine-rich C-terminal domains of nucleolin are required for efficient complex formation with pre-ribosomal RNA. Eur J Biochem 1992, 209: 541548

26
Hassfeld W, Chan EK, Mathison DA, Portman D, Dreyfuss G, Steiner G., Tan EM. Molecular definition of heterogeneous nuclear ribonucleoprotein R (hnRNP R) using autoimmune antibody: Immunological relationship with hnRNP P. Nucleic Acids Res 1998, 26: 439445

27
Ostrowski J, Schullery DS, Denisenko ON, Higaki Y, Watts J, Aebersold R, Stempka L et al. Role of tyrosine phosphorylation in the regulation of the interaction of heterogeneous nuclear ribonucleoprotein K protein with its protein and RNA partners. J Biol Chem 2000, 275: 36193628

28
Hresko RC, Mueckler M. Identification of pp68 as the tyrosine-phosphorylated form of SYNCRIP/NSAP1-A cytoplasmic RNA-binding protein. J Biol Chem 2002, 277: 2523325238

29
Musacchio A, Noble M, Pauptit R, Wierenga R, Saraste M. Crystal structure of a Src-homology 3 (SH3) domain. Nature 1992, 359: 851855

30
Yu H, Rosen MK, Shin TB, Seidel-Dugan C, Brugge JS, Schreiber SL. Solution structure of the SH3 domain of Src and identification of its ligand-binding site. Science 1992, 258: 16651668

31
Adolph D, Flach N, Mueller K, Ostareck DH, Ostareck-Lederer A. Deciphering the cross talk between hnRNP K and c-Src: The c-Src activation domain in hnRNP K is distinct from a second interaction site. Mol Cell Biol 2007, 27: 17581770

32
Dallaire F, Dupuis S, Fiset S, Chabot B. Heterogeneous nuclear ribonucleoprotein A1 and UP1 protect mammalian telomeric repeats and modulate telomere replication in vitro. J Biol Chem 2000, 275: 1450914516

33
Kim VN, Dreyfuss G. Nuclear mRNA binding proteins couple pre-mRNA splicing and post-splicing events. Mol Cells 2001, 12: 110

34
Kavanagh SJ, Schulz TC, Davey P, Claudianos C, Russell C, Rathjen PD. A family of RS domain proteins with novel subcellular localization and trafficking. Nucleic Acids Res 2005, 33: 13091322

35
Green DM, Marfatia KA, Crafton EB, Zhang X, Cheng X, Corbett AH. Nab2p is required for poly(A) RNA export in Saccharomyces cerevisiae and is regulated by arginine methylation via Hmt1p. J Biol Chem 2002, 277: 77527760

36
Mowen KA, Tang J, Zhu W, Schurter BT, Shuai K, Herschman HR, David M. Arginine methylation of STAT1 modulates IFN-/-induced transcription. Cell 2000, 104: 731741

37
Denman RB. Methylation of the arginine-glycine-rich region in the fragile X mental retardation protein FMRP differentially affects RNA binding. Cell Mol Biol Lett 2002, 7: 877883

38
Siomi H, Dreyfuss G. RNA-binding proteins as regulators of gene expression. Curr Opin Genet Dev 1997, 7: 345353

39
Costa RM, Mason J, Lee M, Amaya E, Zorn AM. Novel gene expression domains reveal early patterning of the Xenopus endoderm. Gene Expr Patterns 2003, 3: 509519 

40
Mayer AN, Fishman MC. Nil per os encodes a conserved RNA recognition motif protein required for morphogenesis and cytodifferentiation of digestive organs in zebrafish. Development 2003, 130: 39173928 

41
Asai R, Okano H, Yasugi S. Correlation between Musashi-1 and c-hairy-1 expression and cell proliferation activity in the developing intestine and stomach of both chicken and mouse. Dev Growth Differ 2005, 47: 501510 

42
Lorenzen JA, Bonacci BB, Palmer RE, Wells C, Zhang J, Haber DA, Goldstein AM et al. Rbm19 is a nucleolar protein expressed in crypt/progenitor cells of the intestinal epithelium. Gene Expr Patterns 2005, 6: 4556 

