Methods

Sequence analysis



The sequence of the human  Xic locus was extracted from the Human Genome Project Working Draft Assembly (Oct. 7, 2000 freeze: http://genome.ucsc.edu/) (Lander, 2001).



Repeated sequences (LINEs, SINEs, etc.) were searched with RepeatMasker (Arian Smit unpublished, http://ftp.genome.washington.edu/cgi-bin/RepeatMasker), using species-specific collection of repeated sequences from Repbase-Update (Jurka, 2001). Exons of previously known genes were located with SIM4 (Florea, 1998). After having masked repeated sequences and already known exons, new genes were searched by using three complementary approaches. First, we used GenScan (Burge, 1996) and FGENESH (http://genomic.sanger.ac.uk/gf/gf.shtml) to identify potential exons. Exons predicted by GenScan were tested experimentally by RT-PCR (see xx). Secondly, genomic sequences were compared to protein databases with BLASTX (Altschul, 1997). Homologous proteins detected with BLASTX were then aligned to the genomic sequences with GENEWISE (Birney, 1996) to identify potential genes (http://www.sanger.ac.uk/Software/Wise2/). GENEWISE  gene prediction were also performed by  comparison of the genomic sequences to the PFAM database of protein domains. Finally, genomic sequences were compared with BLASTN (Altschul, 1997) to mRNA (EST or cDNA) sequences from GenBank (release 123). Detected mRNA sequences were then aligned to the genomic sequences with SIM4 to locate intron-exon juncions. Sequences with similarity to a functional genes, but containing stop codons or frameshifts in the coding region were considered as pseudogenes. Potential tRNA genes were searched with tRNAscan-SE (Lowe, 1997).



Following Ponger (Ponger, 2001), CpG islands are defined here as regions larger than 500 bp, with a G+C content higher than 50%, and a ratio CpGo/e (CpGo/e =  number of observed CpG over number of expected CpG) greater than 0.6.



Pairwise local alignments of genomic sequences were performed with SIM (Huang 1991), with the following scoring scheme: match =1, mismatch = -1, gap opening penalty = 6, gap extension penalty = 0.2. Only local alignments with a score above 30 were retained. Pairwise local alignments were visualized with LALNVIEW (Duret, 1996).

Results

1 Global description of the region

We sequenced a region of 714 kb of the mouse chromosome X, centered on the Xist gene, and a region of 233 kb from the same locus in bovine. The human sequence orthologous to the mouse locus was identified by a BLAST search and extracted from the Human Genome Project Working Draft Assembly (Oct. 7, 2000 freeze: http://genome.ucsc.edu/) (Lander, 2001). We searched for genes in the three species by using a combination of different approaches: ab initio exon prediction (GenScan, FGENESH), homology-based gene prediction (BLASTX, GENEWISE), ESTs or cDNAs (BLASTN, SIM4) (see methods). GenScan or FGENESH exon predictions were considered as true only if they were confirmed by other evidence (cDNA sequencing, or positive RT-PCR of adjacent exons, or finding of ESTs covering adjacent exons XXXX D'ACCORD?). Mouse, human and bovine sequences were compared between each others with SIM to identify conserved blocks corresponding to potential functional elements (coding or non-coding) (Fig. 2 and Fig. 3).

We identified 10 genes in the mouse locus. Seven of these genes were previously known: Xpct, Xist, Tsx, Tsix, Chic1 (formerly named Brx), CDX4, Nap1l2 (formerly named Bpx). We characterized 3 new genes: Cnbp2, Jpx, Ppnx. Three of these ten genes are untranslated RNA genes (i.e. do not code for proteins): Xist, Tsix, Ppnx. All the genes identified in mouse are conserved in human, except Ppnx (Fig. 1). Note however that in human, Tsx seems to have become a pseudogene, and the existence of Tsix has not yet been formally demonstrated (XXXX D'ACCORD ??) (see below). The human locus is considerably expanded compared to its mouse orthologue. It covers about 2300 Kb (the exact size is not known because there is a gap in the human assembly between CHIC1 and CDX4 genes), i.e. about 3 times larger than in mouse (Fig. 1). Despite this major change in locus size, the order and orientation of genes is perfectly conserved in human and mouse, except for Xpct that is at the same location but in inverse orientation (Fig. 1).

	In the three species, the locus is relatively GC-poor (42% in mouse, 40% in human and 39% in bovine). Repeated elements (essentially LINEs and SINEs) make up respectively 38%, 57% and 58% of mouse, human and bovine loci (Table 1). In mouse , we identified 22 pseudogenes, i.e. sequences with similarity to a known functional gene, but containing stop codons or frameshifts in the coding region. The densisty in pseudogene in the mouse Xic locus (31 pseudogenes/Mb) is relatively high compared with estimates from the human genome (6 copies per Mb) (Goncalves, 2000). Protein-coding regions of confirmed genes, make up 0.84% of the locus in mouse, 0.24% in human (compared with about 1.8% for the whole human genome (Lander,. 2001). Thus, globally, the region is relatively G+C-poor, repeat-rich, and gene-poor. Genes identified in the mouse locus are described in mode detail below.



2 Gene content

2.1 Previously known genes

Xpct: alternative splicing in first intron

The Xpct gene  (X-linked PEST-containing transporter), encodes a protein of 613 amino-acids that belongs to a family of monocarboxylate transporters (Lafreniere, 1994; Price, 1998). Xpct cDNAs have been sequenced in human and mouse (Lafreniere, 1994; Debrand, 1998). This gene contains 6 exons, that are perfectly conserved in both species. Xpct spans 117 kb in mouse and 147 kb in human. The first intron is very long (respectively 104 and 135 kb in mouse and human), and contains remarkably large conserved regions (Fig. 2). In mouse, we found one EST (accession number AW106665) that matches exons 2, 3 and an alternative exon (with consensus splice signals) located in a conserved region of this first intron, which sugests that Xpct might undergo alternative splicing in both species. 

Xist: evolution of the introns - exon structure in mammals

Xist encodes an untranslated RNA that is involved in chromosome X inactivation (xx ref). Xist is located in a region that is highly conserved in mouse, human, and bovine (Fig. 3). Although this gene has been studied by many different groups, its precise exon-intron structure is not fully established, notably at the 3’ end. We identified Xist exons in human and mouse by comparison with ESTs and with Xist cDNA sequences published in GenBank (Brockdorff, 1992; Brown, 1992). Brown and colleague identified eigth exons in human XIST gene, exons 7 and 8 being found in rare splice variants (Brown, 1992). In a recent study, Hong and colleagues failed to identify exon 7 (Hong, 2000). However, we found three ESTs from hepatocellular carcinoma that confirm the existence of exons 7 and 8 (Fig. 4). In agreement with other studies (Hong, 1999), we found that the mouse cDNA published by Brockdorff corresponds to 7 exons and not 6 as previously published ( Brockdorff, 1992). Based on sequence conservation and RT-PCR analyses, it was proposed that mouse Xist contained an additional exon in 3’, homologous to human exon 8 (Simmler, 1996; Sheardown, 1997). This exon 8 has also been described in voles (rodent) (Nesterova, 2001). Here we confirm the existence of this mouse exon 8 by comparison with two ESTs from mammary gland (Fig. 4). Note that in recent works to precise the structure of mouse Xist, Hong and colleagues failed to identify this eighth exon (Hong, 1999; Hong, 2001) which suggest that it is used only in rare splice variants. Thus, overall, 8 exons have been identified in both species, and we found evidence of alternative splicing at the 3’ end, not only in human, but also in mouse. Note that some exons in mouse have no counterpart in human and conversely. To avoid ambiguities in exon numbering, we added the prefix 'h' to identiy human exons, and 'm' to identify mouse exons. Hong and colleagues (Hong, 1999; Hong, 2000, Hong, 2001) have shown that the human exon h6 and mouse exon m7 were subject to alternative polyadenylation patterns and extended about 3 kb further in 3’ than previously published (Brockdorff, 1992; Brown, 1992), i.e. respectively up to exon h8 and exon m8 (Fig. 4). Thus, in mouse and human, the longest mRNA forms span respectively 17.9 and 19.3 kb, whereas the splice variants using the 3’ end exons (m8, and h7, h8) are at least 5 kb shorter.



We aligned Xist genes in mouse, human and bovine and we compared the location of exons identified in mouse and human (Fig. 4). In both species, 8 exons have been identified. Mouse exons m1, m3, m4, m6, m7 and m8 are conserved, and correspond respectively to human exons h1, h3, h4, h5, h6 and h8. In both species, we identified an alternative donnor splice site in exon m7-6h, but it is not located exactly at the same position in human and mouse. Except this one, splice signals (donnor and acceptor) of these 6 exons, as well as the polyadenylation signal in the last exon are perfectly conserved in mouse, human and also in bovine (which suggest that they also correspond to true exons in that latter species). The human exon 2h is located in a region that is not conserved in mouse or bovine. Mouse exon 2m is conserved in the three species, with correct splice signals, except in human where the splice acceptor is mutated (AT instead of AG) which suggests that this exon is no longer functional in human. Mouse exon 5m is conserved in the three species with correct splice signals, and might correspond to an unidentified alternative exon in human. Human exon 7h is located in a region that is conserved in the three species, but consensus splice signals are not found in mouse and bovine. 

In summary, 7 out of the 8 mouse exons are perfectly conserved in the three species. Six of these exons have been confirmed experimentally in human, and one (exon 5m) might correpond to unidentified splice variant. The intron-exon structure is however not totally conserved: the human Xist gene includes two exons (2h, 7h) that are not present in mouse and bovine, and the exon 2m found in the mouse and bovine genes, is probably not functional in human. Comparison of mouse and human orthologous protein-coding genes has shown that the intron-exon structure was perfectly conserved for 95% of the genes (Batzoglou, 2000). It is possible that the intron-exon structure of untranslated genes such as Xist evolves faster than for protein genes, because of the absence of constraint to preserve the reading frame.

At the sequence level, Xist exons show  in average 66% identity and 62% identity between mouse and respectively human and bovine. This figure is close to the average conservation in 5'- and 3'-untranslated regions of human and mouse orthologous protein-coding genes (Makalowski, 1998). Except several conserved blocks, Xist introns are weakly conserved and cannot be aligned between mouse and the two oher mammals. By comparison with the rest of the locus, the Xist gene is relatively devoid of LINE elements, not only in exons (LINE elements make up 0%, 0.4% and 1.9% of Xist exons respectively in mouse, human and bovine), but also in introns (see Table 1). Note that, contrarily to Xist, introns of protein-coding genes are rich in LINE repeats (Table 1). These observations suggest that the insertion of LINE elements within Xist gene is strongly counterselected



Tsix: no evidence of conservation in other mammals 



Tsix gene has been identified in mouse, and encodes an untranslated RNA antisense to Xist (Lee, 1999). Tsix is thought to play a role in regulating the early steps of X inactivation (Lee, 1999; Sado, 2001). Initially, Tsix was described as a 40 kb RNA, encoded by a single exon, starting close to a CpG island, located 15 kb 3' of the previously described end of Xist (Lee, 1999) (i.e. 12 kb 3’ of the Xist m8 exon) (Fig. 3). More recently, Sado and colleagues found that Tsix was, at least in part, subject to processing (Sado, 2001). They identified 4 exons, and two putative promoters, a major one upstream of Tsix exon 2, and a minor one located upstream of Tsix exon 1, i.e. about 28 kb 3' of the Xist m8 exon (Sado, 2001). 



Lee and colleagues (Lee, 1999) identified three conserved blocks between human and mouse, two of which located close to the start of Tsix transcription unit, which led them to suggest that Tsix gene was conserved in human. The first block corresponds to Xist exons m8 and h7, h8. The two other blocks are located within Tsix intron 3, i.e. downstream of the major promoter. Noteworthy, these two blocks are not conserved in bovine (Fig. 3). Tsix exon 4 overlaps with the 5’ end of Xist exon 1. The 5’ part of Tsix exon 4 that is common with Xist exon 1 is conserved in the three species, but the 3’ part is not conserved. In contrast with Xist that is well conserved in the three species, Tsix exons and promoter regions are not conserved in mammals. Thus, if Tsix does exist in human and bovine, it is clear that its primary sequence is not subject to a strong selective pressure. This is consistent with the hypothesis that Tsix function is linked to its transcriptional activity rather than its RNA product. However, the existence of Tsix in species other than mouse remains to be demonstrated. 

Tsx: pseudogene in human



Tsx is a testis specific gene of unknown function (Simmler, 1996). Mouse Tsx gene spans 10 kb,contains 7 exons, and encodes a protein of 144 amino-acids. The orthologous region in human spans 44 kb. Conserved blocks corresponding to exons 1, 3, 4, 5 and 6 are clearly identified (Fig. 2). Exon 2 is not conserved, although we found conserved blocks within introns 1 and 2, close to exon 2 boundaries. Human exons 4 and 6 contain stop codons, exons 1 and 3 contain frameshifts, and intron 5 contains a mutated splice donnor signals, which indicates that Tsx has become a pseudogene in human. We found no EST matching these conserved blocks in human, and no other regions with significant similarity to Tsx in the complete human genome sequence, which suggests that the inactivation of Tsx gene in the primate lineage has not been compensated by another homologous gene located elsewhere in the genome. Note that the comparison of mouse and rat Tsx CDNAs has shown that this gene evolved very fast in rodent, which suggests that it is under weak selective constraints (Simmler, 1996).

A region with similarity to mouse exon 7 was found in human, but translocated on the other strand. Interestingly, this region corresponds to Xist exon 8. The similarity is weak, but spans the acceptor splice signal, the polyadenylation site, and also a block within the last intron. This observation suggests a possible evolutionary relationship between the two genes.

Chic1: revised structure



CHIC1 is specifically expressed in the brain (Simmler, 1997) and belongs to the family of CHIC genes (cysteine-rich hydrophobic proteins). The 653 pb coding sequence of CHIC1 originally identified by the authors was thought to be incomplete as no in frame stop codon was detected upstream of the first ATG of the cDNA and because a 8kb transcript using a specific CHIC1 probe was detected by Northern blot. However, the comparison of mouse and human genomic sequences in 5' of this ATG revealed no conserved block with significant coding potential. Comparison of CHIC1 with  others members of the family, which all code for proteins of approximately the same size and start with the same conserved motif, suggests that the 653pb sequence indeed represents the complete coding region of CHIC1. A 6kb region distal to the CHIC1 gene is highly conserved between man and mouse (Fig. 2). Sequence from this 6kb region matched several ESTs (expressed sequence tag), suggesting that the region was transcribed. The absence of an extended open reading frame suggested however that the region was not translated. Based on the length of the transcript CHIC1 detected on Northern blots as described by Simmler, we predicted that the 6kb conserved region might correspond to the 3’ UTR  of the  CHIC1 gene which was originally thought to be only 590 pb.  To test this hypothesis, strand-specific RT-PCR was carried out on female brain RNA using primers at several positions along the 6kb region. The results showed the presence of a (continuous) transcription in the same orientation to CHIC1 and extending from the last exon of CHIC1 as defined by Simmler and colleagues (data not shown). We conclude that the 6kb conserved region indeed represents the 3’ UTR of the CHIC1 gene. In summary, the complete CHIC1 gene contains 6 exons that are perfectly conserved in human and mouse (including the very long 3'UTR). Again, this gene is very expanded in human compared to mouse: CHIC1 gene spans 40 kb in mouse and 163 kb in human (Fig. 2).



Cdx4



Cdx4 encodes a protein of 282 amino-acids, and belongs to the caudal family of homeobox genes (Gamer, 1993). This gene spans about 8 kb in mouse and human, and contains three exons that are perfectly conserved (Fig. 2).

Nap1l2: unusual location in an intron of another gene, on the sense strand



Nap1l2 (nucleosome assembly protein 1-like 2) is a single-exon gene, encoding a protein of 460 amino-acids, conserved in human and mouse (Fig. 2), and specifically expressed in neurons (Rougeulle, 1996). Surprisingly, Nap1l2 gene is entirely included in the last intron of Ppnx, a new gene identified in mouse (see below). Several example of genes located within introns of other genes have already been reported, but, to our knowledge, they are all located on the antisense strand, whereas Nap1l2 is in the same orientation as Ppnx. Ppnx and Nap1l2 have different expression patterns: Ppnx is found only in the adult testis, whereas Nap1l2 is exclusively expressed in brain (Rougeulle, 1996). We suppose that the absence of transcription interferences between both genes is due to the fact that Nap1l2 is composed of only one exon and thus contains no splicing site.

2.2 New genes

Cnbp2



This new gene was predicted in mouse by GenScan and FGENESH, and was confirmed by the identification in GenBank of a full length cDNA  (accession number AK015789). The predicted open reading frame encodes a protein of 170 amino-acids, whith strong similarity (75% identity) to a protein named cellular nucleic-acid binding protein (CNBP). CNBP is a zinc finger DNA binding protein of unknown function, highly conserved in vertebrates, with two possible forms due to alternative splicing (De Dominicis, 2000). In human, CNBP maps to the chromosome 3 (3q13.3-q24) and consists of five exons. The new predicted protein aligns perfectly with the shortest form of CNBP (170 aa long), from the start codon to the stop codon, and hence is likely to have similar biochemical activities. We therefore decided to name this gene Cnbp2 for cellular nucleic-acid binding protein 2. This Cnbp2 gene contains one single exon and is conserved in human (Fig. 2), where we also found several mathing ESTs. The fact that Cnbp2 lacks introns suggests that it might be a retroelement derived from Cnbp. The fact that Cnbp2 is conserved and expressed both in human and mouse suggests that it is a real gene, and not a pseudogene. This is also supported by the comparison of human and mouse orthologues: the ratio of synonymous over non-synonymous substitution rate of 3.6, i.e. much larger than one, which indicates that this gene is under selective pressure. We found no evidence of other closely related CNBP homologue in the human genome. 



To study the expression profile of the Cnbp2 gene, RT-PCR studies of RNA

from ES cells (undifferentiated and differentiated XX and XY ES cells) and

adult tissues (XX and XY liver and testis) were performed using the Fg2-1Up

and Fg2-1Lo primers. A RT-PCR product was detected only in the adult

testis, suggesting that Cnbp2 is exclusively expressed in testis... The

orientation of the gene, tested by strand-specific RT-PCR, was found

telomere - 5' Cnbp 2 - 3' centromere, in agreement with the cDNA identified.



Gene 2000 Jan 4;241(1):35-43

cDNA cloning and developmental expression of cellular nucleic acid-binding protein (CNBP) gene in Xenopus laevis. De Dominicis A, Lotti F, Pierandrei-Amaldi P, Cardinali B.



Jpx: a new conserved non-coding gene subject to X inactivation



A small region proximal to the Xist gene was identified which appears  well conserved between mouse, human and bovine (Fig. 3). As this region also contained a conserved CpG island, the presence of a transcript was suspected. Several ESTs (expressed sequence tag) were found to match perfectly to this region in all three species, identifying a novel gene that we have named JpX, located in the mouse, 10kb upstream Xist. The murine JpX gene is composed of four exons identified by three ESTs (accession n°BE994494, AI391037, BB564398) with alternative splice sites generating 307pb and 554pb transcripts (See figure). A polyadenylation consensus motif (AATAAA) is present at nucleotide 334380-334385 in the third exon, followed in several ESTs by a poly(A) tail 16pb downstream, indicating that the third exon likely represents the true 3’ end of JpX. The CpG island lies within the first exon, suggesting that exon 1 may represent the 5’ end of the gene. To verify the orientation of the gene suggested by the ESTs data, strand-specific RT was carried out on RNAs from undifferentiated and differentiated XX ES cells using as primers Jpx1a and Jpx1b. Expression was found only with the Jpx1b primer, indicating that the orientation of the murine Jpx gene is telomere-5’Jpx-3’centromere, in agreement with the ESTs data (data not shown?). All putative exon-intron junctions have consensus splice site sequence. The first exon is highly conserved between all three species. In human and bovine, the transcription of this exon with correct splice signals is also confirmed by several matching ESTs. Human and bovine ESTs indicate the presence of three exons as in the mouse, sharing the same orientation. The second human exon is a homologue of mouse exon 1b. However, the last two mouse exons are not conserved. Indeed, in the three species, the last two exons (except human exon 2) correspond to repeated elements: mouse second and third exons show perfect homology with LTR/MaLR elements, bovine second and third exons correspond respectively to LINE and SINE repeats, and human third exon corresponds to a SINE repeat. In the mouse, neither of the two alternative transcripts contains an open reading frame large enough to encode a protein: the longest ORF is only 129 pb long (43 amino-acids) and is not conserved in human or in bovine. This suggests that Jpx like Xist and Tsix codes for an untranslated RNA. The fact that this gene is expressed and conserved in the three species suggests a functional role for Jpx.



To study the expression profile of the murine  Jpx gene, RT-PCR studies of RNA from ES cell and adult tissues was performed using the Jpx1a and Jpx1b primers.  Jpx was expressed in all tissues tested (undifferentiated and differentiated female and male ES cells, and adult female and male liver, brain and testis)(data not shown?), suggesting that the Jpx gene is ubiquitously expressed (to precis  Jpxb?). Northern analysis was performed on mouse adult and fetal RNA blots using the 328pb Jpx1a/1b cDNA probe and revealed several low expressed transcripts (see figure ). The smallest transcript has a size of approximately 500 bp and might correspond to one of the two previously described Jpx transcripts. Alternatively, the known Jpx transcripts could represent the 3'UTR sequences of not yet identified longer mRNAs. The presence of a conserved CpG island lying within the first exon of Jpx and the lack of conservation of the proximal Jpx region among all three species do however not support this hypothesis....Northerns results seem to indicate that multiple transcripts of variable lenght are present in this region.... XXXX à revoir XXXX.

In order to determine whether the Jpx gene undergoes X inactivation, we examined Jpx expression in female mice carrying the T16H translocation (Rastan, 1983). Female (T16H/Mai) F1 mice undergo non-random X inactivation: genes subject to X inactivation are expressed only from the T16H allele (Mus musculus domesticus) and not from the Mai allele (Mus musculus musculus) (Rougeulle and Avner, 1996). Sequence analysis established that the Jpx1a/1b PCR fragment contains 2 restriction sites for the enzyme MspA1l in Mai genomic DNA but only one on T16H genomic DNA. To determine the inactivation status of Jpx gene, restriction analysis using the enzyme MspA1l was performed on brain cDNA from a T16H male, a Mai female and a (T16H/Mai)F1 female, after amplification using primers which flank the polymorphism in exon1b. No Jpx expression of the Mai allele was seen in (T16H/Mai)F1 female cDNA (see figure), indicating that the mouse Jpx gene is subject to X inactivation and transcribed only from the active X chromosome. Definition of  Jpx’s inactivation status thus allows the 5’ end of the Xist expression domain to be clearly delineated for the first time.

Ppnx

Concerning the region lying downstream Xist we focused our attention on the five exons on the forward strand and lying in the vicinity of Nap1l2 predicted by both the GENSCAN and FGENESH programmes. Each of these exons was validated experimentally by random RT-PCR, as being strongly expressed in both undifferentiated ES cells and  the adult testis. More detailed analysis revealed the presence of the  transcript in the testis from days 14 dpp onwards commensurate with expression in  germ cells having entered meiosis. Three of the predicted exons were shown by strand specific RT-PCR to belong to the same partial transcript with the orientation being centromere 5’ - 3’ telomere. Subsequent Northern blot analysis of various adult tissues and of different embryonic developmental stages, using a 232 bp PCR probe corresponding to the third putative exon of Ppnx, confirmed that in adult tissues Ppnx expression was found only in the adult testis. This analysis also revealed the presence of alternative splice forms (see fig. X). To characterize further the different Ppnx transcripts, an adult mouse testis cDNA library was screened with the above mentioned probe. Isolation and sequencing of 3 positive clones (A to C) allowed the characterization of two structurally distinct messengers, consistent with the existence of several alternative transcripts, as suggested by the Northern blot data. Sequencing of these cDNA clones revealed that they all contained a translation start codon within a sequence context favorable for initiation, as defined by Kozak (1996). However, our genomic organisation studies also revealed that clones B and C contained an additional sixth terminal exon which had not been predicted and which localized approximately 46 kb dowstream of the other exons. In addition, sequencing of different RT-PCR products generated from exon 5 led us to divide it into four different « sub-exons » (annotated 5a to 5d, see fig.X). Finally, splicing acceptor and donor consensus sequences searches were in agreement with the suggested structure of each exon and « sub-exon ». Thus, these last structural analyses indicated that exon 5 and exon 6 were alternative exons. This was also the case for exon 4 and probably some others (data not shown, incomplete characterization). These results suggest that the Ppnx gene is composed of 6 exons separated by 5 introns, two of them being particularly very large (22 and 46 kb respectively for intron 1 and 5, see fig.X) and possesses several alternative exons. Two different ORFs of 1815 and 873 bp were identified from the three cDNA clones, according to the start and stop codons and either to the poly(A) consensus signal or poly(A) track (for more details, see Fig.X). Conceptual translation of these clones gave protein products of respectively 604 and 290 amino acids. Both putative proteins contained a common secretion motif associated with the 20 first amino acids. In silico searches for protein similarities using BLASTX showed that both proteins share 20% of homology with trypsin due to the presence of a serine protease-like domain. No homologue of Ppnx was found either by homology searches against dbEST with sequences corresponding to the two splice forms nor by Zoo-blot hybridizations. These results were confirmed by comparison of conservation within the Xic loci between mouse and human. Further investigations of the structure of that new gene revealed additional traits of the locus (see Fig.X). Thus, two GENSCAN predictions were informatically identified as two different pseudogenes. Localized respectively in introns 2 and 5 of Ppnx gene they respectively corresponded to.......................... These investigations also established the presence of antisense transcription in the second intron. 



2.3 Potential genes



We identified three putative genes, that are predicted both by GenScan and FGENESH, and showing significant similarity to other proteins: 16.7kd-like, RPL32-like and BMI1-like (Fig. 2). None of these putative genes is conserved in the human locus. In absence of other evidence, we cannot conclude that BMI1-like and 16.7kd-like correspond to real genes. RPL32-like is a retroelement: it is 100% identical to the mouse ribosomal protein L32 (RPL32) mRNA, but contrarily to the RPL32 gene, it does not contain any intron. Although RPL32-like is potentially functional, (i.e. we found no frameshift, no stop codon, and it would encode a protein identical to RPL32), it is likely that it simply corresponds to a recently inserted retropseudogene. 



3 Pattern of conservation



3.1 Conserved genes



Overall, conserved blocks between mouse and human represent 76 kb (i.e. 10.6% of the mouse locus, 3.3% of the human locus). 80% of these conserved regions are located within known genes (Xpct, Cnbp2, Jpx, Xist, Tsx, Chic1, Cdx4, Nap1l2): 34 kb (45%) overlap with exons and 27 kb (35%) are entirely located within introns. Overall, conserved regions span 28% of the total gene length in mouse, (which is consistent with previous observations )(Jareborg, 1999) whereas only 3.4% of intergenic regions are conserved. This latter figure is much lower than a recently published estimate (15.8%), based on the analysis of 100 pairs of human and mouse orthologous intergenic regions (Shabalina, 2001). This discrepency is probably due to the fact that the data set analysed by Shabalina and colleagues was biaised towards gene-rich regions, and many of the conserved blocks in intergenic regions correspond to regulatory elements that are often located at the close vicinity of genes. Given the low density of conserved blocks within intergenic regions of the XIC locus, it is unlikely that we missed many other conserved genes. The only good candidate region is located between Xpct and Jpx, close to Cnbp2 (between positions 200 kb and 250 kb in the mouse sequence) that contains many conserved blocks. None of these blocks match with any known protein. 

Overall, 31 out of 41 mouse exons are located within conserved blocks. The 10 missing exons correspond to the 6 exons of the Ppnx gene (gene absent in human), 2 of the 7 exons of Tsx (pseudogene in human) and 2 of the 3 exons from Jpx. It is important to highlight the fact that the comparative approach is efficient to identify not only protein-coding genes, but also untranslated genes such as Xist or Jpx.



3.2 Conserved retropseudogenes



We identified in human and mouse a conserved pseudogene related to the MRG15 gene (morf-related gene 15 protein) (Bertram, 1999). In both species, this pseudogene (called MRG15-psi) contains stop codons, frameshifts and lacks introns (contrarily to their functional counterparts) which indicates that it corresponds to a retropseudogene. MRG15-psi is located at the same position (downstream Cdx4) and in the same orientation in human and mouse. Note that MRG15-psi does not belong to a very large family of retropseudogenes: we found only 9 other MRG15-related pseudogenes in the complete human genome. It is therefore totally unlikely that two MRG15 retroelements were inserted independently at the same location during the evolution of primate and rodent lineages. In other words, MRG15-psi was inserted at this locus before the divergence of primates and rodents. In both species, the retropseudogene corresponds to the 3’end of MRG15 mRNA, i.e. it is truncated in the 5’ part of the protein-coding region, probably as a consequence of an incomplete retrotranscription process. This suggests that MRG15-psi has been a pseudogene since its insertion.



We identified in mouse and human another conserved element located at the same position and in the same orientation (between Xpct and Bmi1-like), and related to the DAPIT gene (Paivarinne,H.H. unpublished, accession number AJ271158). In both species, this element is intronless which suggests that it derived from the DAPIT gene (intron-containing) by retrotranscription. Again, this element does not belong to a large family: we found only 3 other DAPIT-related sequences in the complete human genome. Thus, this DAPIT-related retroelement was most probably inserted in this locus before the divergence between rodents and primates. The mouse retroelement contains two stop codons, which indicates that it has become a pseudogene. The human retroelement contains a complete ORF. However, we found no matching EST and the phylogenetic analysis suggests a total absence of selective pressure on this coding sequence: the ratio non-synonymous over synonymous substituition rates in the primate DAPIT-related retroelement is 1.5, i.e. close to a ratio of 1 expected for a pseudogene.



How is it possible that a pseudogene has remained conserved since the divergence between rodents and primates ? The first hypothesis is that they are in fact functional. Generally, retrotranscribed mRNAs are inactive from the moment of their insertion because they lack promoter elements necessary for their expression. However, it might happen that a retroelement is expressed because it was by chance inserted downstream of an active promoter. We found no EST matching with MRG15-psi or DAPIT-related retroelements in mouse or human. But we cannot exclude that they are expressed at a low rate or in some specific tissues or developmental stages, not represented in EST data sets. Thus one might imagine that the DAPIT-related retroelement has remained functional for a long period during primates and rodents evolution (which would explain their conservation), and recently became a pseudogene in rodent (and maybe also in primates, as suggested by the high ratio non-synonymous over synonymous substituition rates). However, in the case of MRG15-psi, it is clear that its coding region was truncated since the moment of its insertion. Thus its putative function (if any) is not linked to the coding of a protein. The second hypothesis is that they are conserved simply because there was not enough time since the divergence of  primates and rodents for random mutations to totally obscure the similarity between these functionless homologous sequences (see discussion).



3.3 Conserved CpG islands frequently correspond to promoters



We identified 19 CpG islands (CGIs) in the mouse sequence, and 40 in the human one, i.e. respectively 2.7 and 1.7 CGIs per 100 kb, which is close to the density observed for the whole human genome (2.2 CGIs/100kb; data from Lander et al., 2001) (Lander, 2001). Five of these CGIs correspond to promoter regions of known gene (Xpct, Xist, Chic1, Cdx4, Nap1l2), and another one to the putative promoter region of Jpx. Thus, respectively 32% (6/19) and 15% (6/40) of mouse and human CGIs correspond to known or putative promoter regions. This latter figure is consistent with a recent statistical analysis showing that 20% (373/1846) of human CGIs overlap with transcription start-sites (Ponger, 2001). There are only 9 CGIs that are conserved between human and mouse  (Fig. 2) (NB: we consider that a CGI is conserved if it displays the features of CGIs in both species and that it is located in a region of conserved sequence). Interestingly, the 6 CGIs mentioned previously are all conserved. Thus 66% (6/9) of conserved CGIs correspond to promoter regions. Thisis probably an underestimate since the three other conserved CGIs might correspond to unidentified promoter regions: two of them are located very close to each other upstream of Cnbp2, and the third one is located downstream Xpct, close to its 3' end. Although our gene sample is too small to make reliable statistics, these observation suggest that conserved CGIs frequently correspond to promoter regions. Thus comparative analysis of human and mouse CGIs seems to be an efficient approach to identify promoter regions. 



4 Distribution of LINE elements in mouse: no support for Lyon's model 



XX intro sur spreading de l'inactivation ?? xx. 



Lyon (1998) proposed that LINE elements might be responsible for the spreading of inactivation along the X chromosome. Consistent with that model, it has been observed in human that the density in L1 elements was about twice as high in the X chromosome compared to autosomes (26.5% vs. 13.4%) (Smit, 1999; Bailey, 2000). It is known that LINE density is negatively correlated with the G+C content of isochores in which they are located (Duret, 1995) and that the G+C content of the human X chromosome is lower than the average C+G content of autosomes. However, the excess of L1 element on the X is not due to its low G+C content: the X chromosome is 1.5 to 2.0 fold enriched over autosomal regions when isochores of comparable G+C content are compared (Smit, 1999).  Further, Bailey and colleagues showed that the chromosomal bands encompassing the human XIC locus (Xq13, Xq21) were even more enriched in L1 elements (45% and 39%), essentially because of an excess of young L1 elements (Bailey, 2000). The analysis of the sequence of the human XIC locus confirmed the high density in LINE elements (39%) (Table 1). The bovine locus is also particularly rich in LINE elements (46%). However, this feature is not observed in mouse. L1 density in the mouse Xic locus (14.5%) is about 3 times lower than in human or bovine, and close to the density measured for the whole mouse genome (Table 1). Moreover, the L1 density in Xic region is relatively low compared to the average L1 density in mouse genomic sequences of comparable G+C-content (25% of L1 for sequences of 40-42% G+C-content) (data from Smit, 1999). Thus, in contrast with human or bovine, there is no excess of LINE in the mouse Xic locus. We also analysed mouse genomic sequences available in GenBank to compare the density in transposable elemennts in the chromosome X, and autosomes. Although LINE elements are slightly more frequent on the X than on the autosomes, the excess is very limited compared to human (Table 1). Indeed, in mouse, none of the major classes of interspersed repeats show a strong difference of density in the X chromosome (and notably the Xic region) compared to the autosomes (Table 1). Thus, there is no evidence to support Lyon's model for the spreading of inactivation in mouse. Moreover, it has been recently shown that the human Y chromosome (that is not subject to Xist-induced inactivation) is richer in L1 element than the X (Boissinot, 2001). Indeed, it is suggested that the difference in the frequencies of L1 elements in the human Y, X chromosomes and autosomes is due to a stronger selection favoring deletions of L1 elements in regions of higher recombination rate (Boissinot, 2001).



XXXX verifier/ajouter résultats RepeatMasker autosomes / X XXXXXX







5 Non-random distribution of LINE elements on the two DNA strands in introns and intergenic regions 



Smit (1999) noticed that L1 elements inserted within human introns were two times more frequent on the antisens strand than on the sense strand (relative to the orientation of the gene). He proposed that this bias was due to the transcriptional termination site within these L1 elements: the insertion of L1 elements on the sense strand of an intron would be counterselected because it can induce the premature termination of transcription. Consistent with that model, SINEs and DNA transposons that have no or weak transcriptional termination sites do not show this strand bias (Smit, 1999). The analysis of intron-containing genes from the Xic region confirms this trend not only in human, but also in mouse and bovine (Table 2): overall, in human (where we identified 6 intron-containing genes), we observed a 2.1 fold excess on the antisense strand of introns (191 vs. 91 L1 copies), in mouse (8 genes) the excess is 5.4 fold (114 vs. 21) and in bovine (2 genes) 7.8 folds (31 vs. 4). A prediction of the model proposed by Smit is that in locus that have to be transribed on both strands, all insertions of LINE elements should be counterselect. In agreement with this model, the density of LINE elements is very low in the 3' part of mouse Tsix gene that overlaps with Xist (see above and Table 1). In human and bovine, we also observed a low frequency of L1 elements in Xist (Table 1), and an excess of L1 on the sense strand (relative to Xist transcription) in the Xist-Tsx intergenic region (i.e. corresponding to the 5' end of Tsix in mouse). This is consistent with the existence of Tsix in these two species.





Interestingly, the six other intergenic regions also show an excess of L1 element on one strand compared to the other. The orientation of the bias is always the same in human and mouse, although it is not always statistically significant in both species (Table 2).  If the model proposed by Smit is correct, then this would suggest that most of these intergenic regions are transcribed, in the same orientation, in both species. As mentioned previously, the pattern of conservation between human and mouse intergenic regions does not suggest the presence of many additional unidentifed genes within the Xic region. However, it is possible that these intergenic regions contain non-conventional gene like Tsix or Jpx, that are not well conserved in sequence, do not code for a protein, but that might play a regulatory role through their transcriptional activity. XXXX consistent avec resultats des RT-PCR ??? XXXXXX

It is also possible that the non-random distribution of LINE elements on the two DNA strands in intergenic regions is linked to factors other than transcription (e.g. replication). But, we are not aware of any mechanism that could bias the orientation of LINEs during their integration. Alternatively, this bias in LINE orientation might reflect some constraints of chromatin structure. Preliminary analyses of intergenic regions in human chromosomes 21 and 22 indicate that this bias is not specific of the X chromosome (data not shown). Further studies will be necessary to determine the significance of this observation.







Discussion

Man-mouse comparison

Comparative sequence analysis: advantage of the three-way comparison 



Comparative sequence analysis is an efficient way to identify functional elements within genomic sequences: selectively constrained regions generally evolve slower and hence are more evolutionary conserved than functionless sequence that rapidly diverge because of genetic drift. However, this approach  requires that compared sequences are distantly related enough to be able to distinguish constrained from non-constrained sequences. Rodents and primates diverged aout 100 million years ago (Myrs), and many studies have demonstrated the efficiency of human-mouse comparison to identify functional elements (e.g. xx ref biof) (Ansari-Lari, 1998; Jang, 1999; Jareborg, 1999; Mallon, 2000). Notably, it has been estalished that 95% of protein-coding exons are conserved between human and mouse (Batzoglou, 2000). However, while it is clear that functional elements (exons, regulatory regions) are often well conserved between human and mouse, the assertion that all conserved regions are functional (Shabalina, 2001) is certainly exagerated. Our finding of conserved pseudogenes in the Xic locus indeed suggests that functionless sequences may have retained significant similarities since the divergence of primates and rodents. It is important to notice that mutation rates vary along the genome (Matassi, 1999; Perry, 1999), and hence some regions may have remained conserved simply because they were less subject to mutations. 

To increase the specificity of this comparative approach, it is necessary to consider more distantly related species, such as birds or fish. This was however not possible for our study, because XIC has no homologues in non-mammal vertebrates. Indeed, the mechanism of  dosage compensation by Xist-induced X inactivation is specific to mammals. Thus, the solution consists in adding a third species in the analysis. We chose bovine because both rodents and primates are relatively distantly related to artiodactyles (about 80-100 Myrs), because the role of Xist in X inactivation has been studies in that species (De La Fuente, 1999) and because of the availability of BAC genomic libraries (xx ref ?). The usefullness of adding a third species is illustrated by the analysis of the conservation pattern in Tsix. Lee and colleagues identified two conserved blocks between human and mouse, close to the promoter region of Tsix, which led them to conclude that Tsix was conserved in human (Lee, 1999). However, these blocks are short, and are not conserved between mouse and bovine, nor between human and bovine (despite an overall higher conservation of the Xic region). Thus, we suspect that these blocks are not selectively constrained, and were conserved in human and mouse simply by chance.  Indeed, it turned out that these blocks do not correspond to Tsix exons (Sado, 2001). Conversely, the short region corresponding to the first exon of Jpx (in 5' of Xist), and conserved between human and mouse would probably have not retained our attention if we had not also detected a conservation in bovine (Fig. 3). In conclusion, adding a third mammalian species (distantly related to the first two), significantly increases the specificity of the comparative approach. A posteriori, the choice of bovine as a third species may not have been optimal: we encountered some difficulties for the selection of BAC and for sequencing, probably because of the high density of repetitive element in the bovine XIC region. It would be useful to determine whether the genome of other mammalian model organisms, such as rabbit or dog, are less rich in repetitive elements, and thus better candidates for sequencing.

XIC
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��Length (kb analyzed)�LINE�SINE�LTR�DNA�Total��Mouse�Autosomes (a)�223,057�Xx�Xx�Xx�Xx�Xx���X chromosome (a)�10,000�16.2%�  9.1%�  6.5%�0.7%�32.6%���Xic region�714�14.5%�14.5%�8.5%�0.3%�37.9%���Xist introns�9�0.0%�10.2%�0.0%�0.0%�10.2%���Other introns (c) �190�17.2%�13.2%�3.1%�0.4%�33.9%��Human�Autosomes (b)�348,845�17.0%�14.3%�6.8%�2.4%�40.6%���X chromosome (b)�56,667�30.2%�9.6%�9.0%�2.5%�51.2%���XIC region�2,300�38.9%�8.4%�8.6%�1.3%�57.2%���XIST introns�18�8.2%�8.9%�0.5%�1.0%�18.6%���Other introns (c) �352�47.5%�7.8%�9.0%�2.0%�66.3%��Bovine�XIC region�233�46.5%�9.3%�1.3%�0.8%�57.9%���XIST introns�17�17.8%�5.8%�0.6%�0.0%�24.2%��

Table 1: Frequency of the major classes of interspersed repeated elements (in term of percent of the sequence length)  in the autosomes, the X chromosome, in the whole Xic region and in introns of genes located in the Xic region. (a) sequences extracted from GenBank release 124, June 2001; (b) data from Bailey et al. (2000); (c) Introns of protein-coding genes located in Xic region.
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Region�Species�Length (kb)�Gene orientation�LINE+�LINE-�Chi2�p��Xpct gene�human�147�-�47�20�10.88�<1%�� �mouse�117�+�11�51�25.81�<1%��intergene�human�186�intergene�31�63�10.89�<1%��Xpct-Cnbp2�mouse�69� �6�11�1.47�ns��intergene�bovine�62�intergene�63�20�22.28�<1%��Cnbp2-Jpx�human�465��73�202�60.51�<1%���mouse�128��12�16�0.57�ns��Jpx gene�bovine�16�-�22�4�12.46�<1%���human�68�-�49�30�4.57�<5%�� �mouse�9�-�2�0�2.00�ns��intergene�bovine�38�intergene�5�13�3.56�ns��Jpx-Xist�human�95��32�58�7.51�<1%�� �mouse�10� �0�2�2.00�ns��Xist gene�bovine�35�+�0�7�7.00�<1%���human�32�+�0�8�8.00�<1%�� �mouse�23�+�0�0�nd� ��intergene�bovine�82�intergene�49�31�4.05�<5%��Xist-Tsx�human�38��7�3�1.60�ns�� (Tsix gene )�mouse�35�- �14�3�7.12�<1%��Tsx gene�human�44�- (pseudo)�26�4�16.13�<1%�� �mouse�10�-�2�1�0.33�ns��intergene�human�70� intergene�31�7�15.16�<1%��Tsx-Chic1�mouse�25� �1�1�0.00�ns��Chic1 gene�human�157�-�61�36�6.44�<5%�� �mouse�32�-�8�5�0.69�ns��intergene�human�gap� intergene�nd�nd�nd� ��Chic1-Cdx4�mouse�27� �1�18�15.21�<1%��Cdx4 gene�human�7�-�0�1�1.00�ns�� �mouse�8�-�1�0�1.00�ns��intergene Cdx4-Nap1l2�human�193�intergene�47�84�10.45�<1%��intergene Cdx4-Ppnx�mouse�77�intergene�10�42�19.69�<1%��Ppnx gene�mouse�74�+�1�36�33.11�<1%��

Table 2 : asymetric distribution of LINEs on the two DNA strands. LINE+ : number of LINEs on the direct strand ; LINE- : number of LINEs on the complementary strand.



�Figure 1 : Comparative map of Xic region in mouse and human.



Figure 2 : Comparison of mouse and human genomic sequences in Xic region.



Figure 3 : Three-way comparison of mouse, human and bovine genomic sequences around Xist.





Figure 4 : Comparison of Xist gene intron-exon structure in mouse, bovine and human. 

Introns and the first exon are not drawn to scale. Conserved regions corresponding to known exons (in at least one species) are indicated. Consensus splice signals that align with boundaries of known exons are indicated in upper letter. a) mouse Xist cDNA (GenBank accession number L04961) (Brockdorff, 1992) ; b) mouse ESTs (BE626785 BE632200 R74734) ; c) mouse exon m7a reported by Hong (Hong, 1999) ; d) human XIST cDNA (M97168) (Willard, 1992) ; e) human exon h6a reported by Hong (Hong, 2000) ; f) human ESTs (AV699347 AV700119 AV700677). Exon positions in mouse (bp) : m1: 354096..363614, m2: 366392..366482, m3: 366632..366763, m4: 367512..367722, m5: 367867..368013, m6: 368341..368495, m7a: 369277.. 376940, m7b: 369277..371600, m8: 376603..376940. In human, exon positions are indicated relative to the XIST genomic sequence (U80460) : h1: 18317..29688, h2: 33567..33630, h3: 37696..37832, h4: 39796..40004, h5: 41840..42003, h6a: 43087.. 50396, h6b: 43087..44956, h7: 48855..49000,h8: 50042..50396.



 






























