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Primary ciliary dyskinesia (PCD) is a heterogeneous congenital disorder characterized by bronchiectasis and chronic sinusitis, sometimes associated with situs inversus (i.e., Kartagener's syndrome) and male infertility. At the cell level, the disease phenotype includes various axonemal abnormalities of respiratory cilia and sperm flagella. We have previously isolated DNAI1, the first gene involved in these diseases in patients lacking outer dynein arms. In this study, designed to find additional genes for other axonemal defects, we report the isolation of a novel human gene, hPF20, which is orthologous to Chlamydomonas pf20 . The hPF20 gene is expressed as two major transcripts: one is expressed in testis only, whereas the second is weakly expressed in many other tissues. As flagella of Chlamydomonas strains carrying pf20 mutations lack the axonemal central complexes, we tested the involvement of the hPF20 gene in the disease phenotype of five patients in whom cilia or flagella display abnormal central complexes. Five intragenic polymorphisms were identified and used to exclude hPF20 in two consanguineous patients, while no mutation was found in the remaining patients. However, given the genetic heterogeneity of PCD, we consider that this gene remains a good candidate to be investigated in patients with abnormal central complexes.

Respiratory ciliated cells and spermatozoa of mammals share a common complex structure, the axoneme, which is responsible for motility of both cilia and flagella. The axoneme is highly conserved through evolution from lower to higher eukaryotes. The axonemal ultrastructure is mainly composed of one central complex and nine outer-doublet microtubules with attached inner and outer dynein arms, radial spokes, and nexin links. The dynein arms on one doublet microtubule generate force against the adjacent microtubule, causing them to slide by means of ATP-dependent reactions [START_REF] Witman | Axonemal dyneins[END_REF][START_REF] Shingyoji | Dynein arms are oscillating force generators[END_REF][START_REF] Porter | Axonemal dyneins: assembly, organization, and regulation[END_REF]. The action of the dynein arms must be regulated to generate the complex waveforms of beating cilia and flagella. This regulation is based on the presence of multiple dynein isoforms and other structures such as radial spokes and the central complex [START_REF] Smith | The role of central apparatus components in flagellar motility and microtubule assembly[END_REF].

In humans, various axonemal ultrastructural defects leading to abnormal motility of cilia and flagella are described in patients with primary ciliary dyskinesia (PCD) [START_REF] Afzelius | A human syndrome caused by immotile cilia[END_REF][START_REF] Rossman | The dyskinetic cilia syndrome: ciliary motility in immotile cilia syndrome[END_REF] as well as in few patients with infertility due to sperm immotility [START_REF] Escalier | Pathology of the cytoskeleton of the human sperm flagellum: axonemal and peri-axonemal anomalies[END_REF] . PCD, previously referred to as "immotile cilia syndrome" (MIM 242650), is a congenital respiratory disease inherited as an autosomal recessive trait affecting 1/16,000 individuals. PCD is characterized by chronic bronchiectasis and sinusitis due to an impaired mucociliary clearance, often associated with male infertility by sperm immotility. About 50% of patients with PCD display situs inversus, thereby defining the Kartagener's syndrome (MIM 244400). PCD is a heterogeneous group of disorders with several different ultrastructural abnormalities, most frequently dynein arm defects. However, other ultrastructural ciliary defects have also been identified in those patients, such as absence of radial spokes or abnormal central complexes [START_REF] Afzelius | Flagellar mutants in man: on the heterogeneity of the immotile-cilia syndrome[END_REF][START_REF] Sturgess | Genetic aspects of immotile cilia syndrome[END_REF]. The variability of the disease phenotype, together with the numerous axonemal defects, underlie a genetic heterogeneity in PCD.

To elucidate the molecular basis of PCD, we have developed a candidate-gene approach based on the use of Chlamydomonas reinhardtii , a unicellular biflagelled alga, as a model for PCD. Indeed, several immotile mutants of Chlamydomonas display flagellar ultrastructural defects similar to those reported in humans. Furthermore, numerous studies on these mutants have led to the identification of genes which encode components of the dynein arms [START_REF] Mitchell | Identification of oda6 as a Chlamydomonas dynein mutant by rescue with the wild-type gene[END_REF][START_REF] Sakakibara | A Chlamydomonas outer arm dynein mutant missing the alpha heavy chain[END_REF][START_REF] Sakakibara | A Chlamydomonas outer arm dynein mutant with a truncated beta heavy chain[END_REF][START_REF] Wilkerson | The 78,000 M(r) intermediate chain of Chlamydomonas outer arm dynein is a WD-repeat protein required for arm assembly[END_REF][START_REF] Ledizet | ida4-1, ida4-2, and ida4-3 are intron splicing mutations affecting the locus encoding p28, a light chain of Chlamydomonas axonemal inner dynein arms[END_REF][START_REF] Rupp | The sup-pf-2 mutations of Chlamydomonas alter the activity of the outer dynein arms by modification of the gamma-dynein heavy chain[END_REF][START_REF] Perrone | The Chlamydomonas IDA7 locus encodes a 140-kDa dynein intermediate chain required to assemble the I1 inner arm complex[END_REF][START_REF] Myster | The Chlamydomonas Dhc1 gene encodes a dynein heavy chain subunit required for assembly of the I1 inner arm complex[END_REF][START_REF] Myster | Domains in the 1alpha dynein heavy chain required for inner arm assembly and flagellar motility in Chlamydomonas[END_REF]. We, therefore, hypothesized that the human orthologs of these genes may represent good candidates for PCD, an approach that led us to isolate several genes encoding components of dynein arms: five dynein heavy chain genes [START_REF] Chapelin | Isolation of several human axonemal dynein heavy chain genes: genomic structure of the catalytic site, phylogenetic analysis and chromosomal assignment[END_REF] and two dynein intermediate chain genes ( DNAI1 and DNAI2 ) [START_REF] Pennarun | Loss-of-function mutations in a human gene related to Chlamydomonas reinhardtii dynein IC78 result in primary ciliary dyskinesia[END_REF][START_REF] Pennarun | The human dynein intermediate chain 2 gene (DNAI2): cloning, mapping, expression pattern, and evaluation as a candidate for primary ciliary dyskinesia[END_REF]. Subsequently, we found two DNAI1 lossof-function mutations which resulted in a PCD phenotype characterized by an absence of outer dynein arms. In addition, we excluded linkage between this gene and a similar PCD phenotype in several families, thereby clearly providing the demonstration of genetic heterogeneity in this pathology. Very recently, DNAI1 has also been shown to be involved in the Kartagener's syndrome, a finding consistent with the randomization of the left-right asymmetry as a result of mutations in this gene [START_REF] Guichard | Axonemal dynein intermediate-chain gene (DNAI1) mutations result in situs inversus and primary ciliary dyskinesia (kartagener syndrome)[END_REF]. More recently, DNAH11 , which encodes an axonemal dynein heavy chain, has also been implicated in one form of PCD [START_REF] Bartoloni | The DNAH11 (Axonemal heavy chain dynein 11) gene is mutated in one form of Primary Ciliary Dyskinesia[END_REF].

In this study, we used the same strategy to identify a candidate gene for a subset of PCD phenotypes characterized by defects of the central complex (also referred to as "central apparatus"). The central complex is composed of two single microtubules and their associated structures, including the transverse-bridge between the two tubules, the central pair projections, and the microtubule caps. Analysis of several Chlamydomonas mutants with central complex defects revealed that, in addition to tubulin, at least 23 polypeptides participate in the structure of the central complex (4). Of particular interest is the fact that the Chlamydomonas pf20 mutant with paralyzed flagella lacks the entire central complex [START_REF] Smith | PF20 gene product contains WD repeats and localizes to the intermicrotubule bridges in Chlamydomonas flagella[END_REF]. This mutant carries a defect in the pf20 gene, which encodes a WD protein belonging to the central complex. As the ultrastructural abnormality observed in this mutant is similar to those observed in a subset of PCD patients [START_REF] Escalier | Abnormalities of the ciliary axonemal complex in children: an ultrastructural and kinetic study in a series of 34 cases[END_REF], we assumed that the human ortholog of the Chlamydomonas pf20 gene is a good candidate gene to be investigated in these patients. We therefore have isolated hPF20 , the human ortholog of Chlamydomonas pf20 gene, and tested its involvement in PCD.

Materials and Methods

Subjects

Five patients (Patients 1 to 5) with an abnormal central complex identified by ultrastructural analysis of either their respiratory cilia (Patients 1 to 4), or of their sperm flagella (Patient 5) were investigated (Table 1).

Chest radiography showed normal cardiac and visceral situs in all investigated patients. Infertility was noted in a woman (Patient 2) and in a man (Patient 5) with immotile sperm. Ciliary beat frequency analysis using a stroboscopic method (26) revealed abnormal ciliary motility in four patients (i.e., low in Patients 1 and 2, and null in Patients 3 and 4). Electron microscopic examination of at least 50 ciliary sections from nasal or bronchial biopsy showed an abnormal central complex (i.e., none or only one central microtubule) in numerous cilia of Patients 1 to 4. Otherwise, composition of axonemal ultrastructure appeared normal, with nine peripheral microtubules bearing inner and outer dynein arms, except in Patient 3 (abnormal nexin links were also noted for this patient).

Four patients (Patients 1-4) were classified as affected by PCD on the basis of ( i ) chronic airway infections with bronchiectasis and purulent chronic sinusitis; ( ii ) abnormal ciliary motility detected by ciliary beat frequency analysis of respiratory cilia; and ( iii ) abnormal central complexes affecting numerous respiratory cilia on electron microscopic examination. The fifth patient did not suffer from any respiratory disease, but was investigated because of sterility with total immotile spermatozoa related to ultrastructural abnormalities present in all examined flagella and affecting the central complexes.

For each individual, genomic DNA was isolated from blood sample according to standard techniques. The PCD genetic study was approved by the ethical committee of our institution (CCP-PRB, Henri Mondor, Créteil, France) and informed consents were given by patients and/or parents.

Cloning of hPF20 cDNA Sequences

To isolate a human cDNA sequence homologous to the Chlamydomonas reinhardtii pf20 sequence, we screened the human Expressed Sequence Tagged (EST) database with the Chlamydomonas pf20 protein sequence by using the BLAST program at the National Center for Biotechnology Information (NCBI) site (http://www.ncbi.nlm.nih.gov/BLAST). Four clones sharing high homology with pf20 sequence were identified. The partial cDNA sequence AI990649 was chosen to design two specific primers P1 (antisense: 5 Ј -AGACTGAAAGCAATCAAGAGTTCTG-3 Ј ) and P2 (sense: 5 Ј -AGAACTCTTGATTGCTTTCAGTCTG-3 Ј ). These primers were used in 5 Ј -and 3 Ј -rapid amplification of cDNA ends (RACE) reactions, respectively, with human testis cDNA as a template (from Marathon-ready cDNA; Clontech, Palo Alto, CA). Following subcloning with the TA Cloning Kit (Invitrogen, Groningen, The Netherlands), the polymerase chain reaction (PCR) products were sequenced with the ABI PRISM BigDye Terminator cycle sequencing Kit (Perkin Elmer, Foster City, CA) using an Applied Biosystems model 373A. These experiments led to the identification of two hPF20 cDNA sequences, designated as variant 1a and variant 2a. The sequence of the hPF20 variant 1a cDNA has been deposited in GenBank with the accession number AF310672.

Sequence Analysis

The BLAST program was used to screen the EST database at the NCBI site. Protein homology searches were performed by using the BLAST program at the NCBI site and at the PBIL site (Pôle Bio-Informatique Lyon, http://www.pbil.ibcp.fr). The multialignment of amino acid sequences was performed with the Clustal W 1.7 program available at the PBIL site. Search for protein-specific domains and motifs was performed using PROSITE and PROFILESCAN at the ExPASy site (http://www.expasy.ch). Figure 1 was generated with the use of the BOXSHADE program available at the EMBnet.ch site (http://www.ch.embnet. org). The GenBank accession numbers for Trypanosoma Brucei pf20 homolog (TWD1) mRNA and for Chlamydomonas reinhardtii pf20 mRNA are AF101480 and U78547, respectively.

Genomic Structure of the hPF20 Gene

The hPF20 -variant 1a cDNA sequence was used to screen the GenBank sequence databases (High Throughput Genomic Sequences and non-redundant databases) using the BLAST program. Several sequences from human chromosome 2 (clones AC024246, AC07961, AC040960, AC009290, AC027009, AC009964, AC034261, and AC008169) contain fragments of the hPF20 gene.

Clinical and ultrastructural features of the patients

Patients* Sex Age † ( yr ) Csg Bronchiectasis Chronic Sinusitis Sterility CBF ( Hz ) Abnormal Cilia (%) Ultrastructural Defect by EM** 1 M 1 1 Ϫ ϩ ϩ ND Ͻ 6 5 0 C C 2 F 4 3 Ϫ ϩ ϩ ϩ Ͻ 6 3 3 C C 3 M 5 ϩ ϩ ϩ ND 0 39 CC, NL 4 M 6 ϩ ϩ ϩ ND 0 33 CC 5 M 3 7 ϩ Ϫ Ϫ ϩ 11 ND CC, IDA
The major part of the genomic structure of hPF20 gene was determined by comparison of these genomic sequences with the hPF20 cDNA sequence. To complete these data, long-range PCRs were performed on human genomic DNA, using the Expand Long Template PCR system Kit (Roche Molecular Biochemicals, Meylan, France) and sets of exonic primers designed in the hPF20 cDNA. All exons and intronic junctions were amplified by PCR with primer sets bracketing each exon. PCR products were sequenced on both strands.

Expression Pattern Studies

The expression pattern of the hPF20 gene was first studied by northern blot. Two probes (probes 1 and 2) were generated by PCR using two sets of primers. Probe 1 was obtained with primers P3 (exon1, sense: 5 Ј -AGGGTCCTGGAAGAGGCGT-3 Ј ) and P4 (exon 16, antisense: 5 Ј -TGGTTTGGGACTACAGGAGG-3 Ј ) which amplified the variant 1a sequence (nucleotide positions 79 to 2008), and probe 2 was obtained with primers P5 (intron 5, sense: 5 Ј -GTTGTAAAGAATGTGAGAGGC-3 Ј ) and P6 (intron 5, antisense: 5 Ј -GAAGGTACAGAGATGTCCCA-3 Ј ) which amplified 442 bp of intron 5. Three human multiple-tissue northern blot mem-branes (H, H2, and H3, Clontech) were hybridized with the ␣ [ 32 P]dCTP radiolabeled probe 1, following the manufacturer's recommended protocol. In addition, membrane H2 was hybridized with the probe 2. The membranes were further hybridized with the human ␤ -actin probe as a control for RNA loading. Further analysis of the expression pattern of the two hPF20 transcripts was performed by means of RT-PCR. RT-PCR experiments were performed on human trachea, testis, liver, kidney, and brain RNAs using two sets of primers. The human cDNAs were synthesized with the use of 5 g of total RNA and hexamers with superscript II reverse transcriptase (Invitrogen). Primers P7 (exon1, sense: 5 Ј -CTGCTCAGCGAGGGATGCC-3 Ј ) and P6 amplified a 1092-bp product corresponding to the hPF20 variant 2a, whereas primers P9 (exon 1, sense: 5 Ј -GTGAGGGTCCTGGAAGAG-3 Ј ) and P8 (exon16, antisense: 5 Ј -GCCCATCAATTTGTGAATCTC-CCCA-3 Ј ) amplified a 1770-bp product corresponding to the hPF20 variant 1a. The PCR products were gel-purified using a gel extraction kit (Macherey-Nagel, Düren, Germany) prior to sequencing.

Mapping of the hPF20 Gene

The chromosomal localization of the hPF20 gene was performed using fluorescent in situ hybridization on human metaphase chro- mosomes, combined with R-banding as described [START_REF] Lemieux | A simple method for simultaneous R-or G-banding and fluorescence in situ hybridization of small single-copy genes[END_REF], with the use of the hPF20-variant 1a cDNA as a probe. The probe labeled with biotin by means of nick translation (28) was visualized with FITC-avidin, and the chromosomes were counterstained with DAPI. The specific signal intensity and its sublocalization along the chromosome axis were analyzed with the use of the Cytogen Fluoquant program (Imstar, Paris, France).

Mutation Analysis of the hPF20 Gene

For the PCD patients (Patients 1 and 2) who were born to nonconsanguineous unions, we screened all the hPF20 exons for mutation. The hPF20 exons were amplified by PCR using flanking intronic primers (available on request) with genomic DNA (50 ng) from these patients and a control DNA sample as templates. PCR products were purified with columns (Macherey-Nagel) and sequenced with amplification primers. Sequencing reactions were performed as described above. The intragenic polymorphisms identified in the course of this study were used to test the involvement of hPF20 in the patients born to consanguineous unions (Patients 3 and 4), on the basis of an autosomal recessive inheritance for PCD [START_REF] Sturgess | Genetic aspects of immotile cilia syndrome[END_REF], either by sequence analysis (nucleotide varia-tion in exon 11), or by enzymatic digestion with Ssp BI (nucleotide variation in exon 12). In case of exclusion of linkage between the hPF20 gene and the disease phenotype all the hPF20 exons were screened for mutations, as described above.

Results

Isolation of Human hPF20 cDNAs

By RACE-PCR experiments, two hPF20 cDNA sequences have been identified: the variant 1a of 2108 bp (GenBank accession no. AF310672) and the variant 2a of 1183 bp. The two variants share the same first 578 bp. This region contains 3 in-frame putative initiation codons (at nucleotide positions 1, 19, and 61; nucleotide ϩ1 corresponds to the first putative initiation codon). The first and the third ATG are surrounded by a nucleotide context that conforms to the Kozak's rule [START_REF] Kozak | Interpreting cDNA sequences: some insights from studies on translation[END_REF]. The two variants share the same partial 5Ј-untranslated region (UTR) of 42 bp. Variant 1a has an open reading frame of 1,893 bp and a 3Ј-UTR sequence of 173 bp with a single polyadenylation signal † Ten bases on either side of the intron/exon boundaries are shown for each junction (exonic sequences are in upper case letters and intronic sequences are in lower case letters).

‡ For each intron, the size in kilobases (kb) was estimated. (AATAAA) at position 2059. This transcript encodes a putative protein of 631 amino acids (Figure 1). Variant 2a contains an open reading frame of 549 bp followed by a 3Ј-UTR region of 592 bp with two polyadenylation signal (AATAAA) at positions 583 and 1133. This transcript predicts a putative protein of 183 amino acids.

Genomic Structure of the hPF20 Gene

The hPF20-variant 1a cDNA sequence was used to screen the GenBank sequence database for homologous sequences using the BLAST program. Several sequences from human chromosome 2 containing fragments of the hPF20 gene were identified. Alignment of the variant 1a cDNA sequence with these genomic sequences from the GenBank database allowed us to determine the major part of the exonic organization of the hPF20 gene. To complete the hPF20 genomic structure, long-range PCRs were performed on human genomic DNA using sets of exonic primers designed in the hPF20 cDNA. These experiments led to the full characterization of the hPF20 gene. This gene consists of 16 exons and 15 introns spanning at least 344 kb (Table 2 and Figure 2A). Exon sizes range from 47 to 345 bp. The genomic sequences adjacent to each splice junction are listed in Table 2. All the intron/exon junctions conform to the GT/AG rule. The approximate size for four introns was determined, their minimum size being es-timated with the use of the intronic sequences available in the database. As long-PCR failed to amplify the remaining introns, we assumed that they span a long sequence. The hPF20 variant 1a consists of exons 1 to 16, and ends within exon 16, which contains the stop codon and a polyadenylation signal. Comparison of the variant 2a sequence with the genomic sequence revealed that this transcript is composed of 6 exons: exons 1 to 5, followed by a sequence (exon 5a) which contains the stop codon and two putative polyadenylation signals. Exon 5a derives from the first 605 bases of intron 5 (Figure 2B).

Sequence Analysis of the Two hPF20 Transcripts

By screening the EST and nonredundant databases at the NCBI site with the hPF20 variant 2a sequence, we identified a recent human clone (GenBank AK026377) of 1,232 bp sharing complete identity with this variant. This clone was derived from a human small intestine cDNA library. This sequence extends the previously identified hPF20 5Ј-UTR, from 42 to 65 bp. It contains an in-frame stop codon located 48 bp upstream from the first ATG codon. As a first step in determining the expression pattern of the hPF20 variant 2a, its 3Ј-UTR was used to screen the EST database (in silico). A group of several EST derived from a large panel of tissues were identified (Unigene Cluster Hs. 6783). The EST N51177 described as the human ortholog andD) Expression studies by RT-PCR on testis, trachea, brain, kidney and liver RNAs for the hPF20 variant 1a and variant 2a using primer sets [P9-P8] and [P7-P6], respectively. (C) The hPF20 variant 1a is expressed in testis tissue only. A weak product of smaller size is also observed in this tissue; it results from the alternative splicing of exon 12 (variant 1b). (D) The hPF20 variant 2a is expressed in all tissues with a higher expression in testis and brain, and a weaker expression in liver. A product of smaller size, resulting from alternative splicing of exon 4, is also observed (variant 2b). -RT: control RT-PCR reaction performed without RNA.

of Chlamydomonas pf20 by Smith and Lefebvre ( 24) is a partial sequence of variant 2a.

BLAST searches with a sequence specific to the hPF20 variant 1a (i.e., exon 6 to the end of the 3Ј-UTR) identified two groups of ESTs (Unigene No. Hs132240 and No. Hs124402) and two isolated EST sequences (BE549827 and AI990649). All these sequences were derived from three different cDNA libraries: testis, germinal center B cell and pooled tissues (fetal lung, testis, and B-cell).

Protein Motifs and Homologies of the Predicted Proteins

Encoded by the hPF20 Gene Alignment of the human sequence with the Chlamydomonas flagellar WD-repeat protein pf20 (SwissProt accession number: P93107) and the Trypanosoma brucei pf20 homolog (TWD1) protein (SwissProt accession number: O96661) using Clustal W program showed that the human sequence displayed an overall sequence identity of 36% (54% of similarity) with Chlamydomonas pf20, and 29.3% (51.3% of similarity) with Trypanosoma TWD1 (Figure 1). These three proteins share two regions of high similarities. The first region is located between residues 106 and 250; the human sequence shares 56 and 40% of identity with the Chlamydomonas and Trypanosoma sequences, respectively. The second region is located in the carboxyterminal halves of these chains, which primarily correspond to WD repeats [START_REF] Neer | The ancient regulatory-protein family of WD-repeat proteins[END_REF][START_REF] Smith | The WD repeat: a common architecture for diverse functions[END_REF]. The human C-terminal region, spanning from residue 348 to residue 631, shares homology with percentages of identity raising 42 and 38% with the Chlamydomonas and Trypanosoma sequences, respectively.

Analysis with Profilescan program confirmed the presence of WD-repeats in the human protein sequence. This program identified five WD repeats with significant matches in the human sequence (Figure 1). These five repeats are well conserved in the three species (percentages of identity ranging from 31 to 45%). Four of the five WDrepeats were previously described in Chlamydomonas pf20 [START_REF] Smith | PF20 gene product contains WD repeats and localizes to the intermicrotubule bridges in Chlamydomonas flagella[END_REF].

Expression Pattern of the hPF20 Gene

To investigate the expression of the hPF20 gene, we performed northern blot analyses (Figure 3). Hybridization using the cDNA sequence of hPF20 variant 1a as a probe on three multiple-tissue Northern blots revealed that hPF20 is expressed as two transcripts, a 2.4-kb transcript and a 1.4-kb transcript, of sizes corresponding to those expected from splice variants 1a and 2a, respectively. The 1.4-kb transcript shows a weak expression in most tissues tested such as testis, trachea, liver, brain, and kidney, whereas the 2.4-kb transcript is highly expressed in testis only. To test whether the smaller band observed in Northern blot indeed corresponds to the variant 2a mRNA species, a probe specific to the 3Ј-UTR sequence of this variant was used to hybridize the multiple-tissue membrane H2, including testis tissue. As expected, this probe detected the 1.4-kb transcript only.

To further characterize the expression pattern of the two hPF20 transcripts, we performed RT-PCR experiments on total RNA from human testis, trachea, liver, kidney, and brain with two sets of primers: one specific to the vari-ant 2a (P7-P6) and the other specific to the variant 1a (P9-P8) (Figures 2C and2D). This experiment confirmed that the variant 2a is expressed in all tissues tested. An additional product was also detected as a smaller and fainter band. Sequencing of this product revealed that it corresponds to an alternative transcript (variant 2b) (Figures 2B and2D). As expected, in the RT-PCR experiment performed with primers P9-P8, the variant 1a is detected only in testis. A weak band of smaller size, which corresponds to an alternative transcript lacking exon 12 designated as variant 1b, was also detected (Figures 2B and2C).

Mapping of the hPF20 Gene

The chromosomal localization of the hPF20 gene was determined by FISH analysis of metaphase spreads, using the hPF20-variant 1a cDNA sequence as a probe. Spot sig- nals were detected on the long arm of the two chromosomes 2 and were assigned to the q34 region (Figure 4).

Mutation Analysis

To examine the possible involvement of the hPF20 gene in PCD, four patients (Table 1) with abnormal central complexes in cilia (Figure 5) were first investigated. PCR amplifications were performed with genomic DNA samples from two PCD patients, who were born to nonconsanguineous unions (Patients 1 and 2), using primers designed from the intronic sequences flanking each exon. The resulting PCR products were directly sequenced. Referring to our first hPF20 sequence, a total of five sequence variations were identified: two nucleotide variations located in exons 11 and 12 leading to amino acid changes, and three intronic variations (Table 3). The nucleotide variations of intron 3 and exon 12 modify restriction sites for RsaI and SspBI, respectively. In addition, a variable number of dinucleotides repeats was identified in intron 14, 43 bp upstream from exon 15. None of the intronic variants alters existing splice sites. All variants were excluded as causative mutations, because they occurred in control individuals. We took advantage of these intragenic polymorphisms to test the involvement of hPF20 in the two PCD patients born to consanguineous unions (Patients 3 and 4). These two patients were found to be heterozygous at one (Patient 3) and two (Patient 4) polymorphic sites (Table 3), thereby demonstrating the exclusion of the hPF20 gene in their disease phenotype. As the hPF20 gene is highly expressed in testis, we have extended the mutation screening to one infertile patient (Patient 5) with sperm flagella lacking central complexes. All the hPF20 exons were sequenced in this patient and no mutation was detected.

Discussion

The axonemal structure has been highly conserved through evolution, from protozoa to mammals. A variety of defects of this structure leads to flagella or cilia impaired motility. In humans, PCD is a respiratory disease resulting from abnormal structure and function of cilia, usually associated with sterility in males due to spermatozoa flagella impaired motility. In this heterogeneous condition, only two genes have so far been identified [START_REF] Pennarun | Loss-of-function mutations in a human gene related to Chlamydomonas reinhardtii dynein IC78 result in primary ciliary dyskinesia[END_REF][START_REF] Bartoloni | The DNAH11 (Axonemal heavy chain dynein 11) gene is mutated in one form of Primary Ciliary Dyskinesia[END_REF]. Although the most commonly ultrastructural defect documented in PCD patients involves dynein arms, numerous other axonemal defects, such as abnormal radial spokes or abnormal central complexes, have been reported [START_REF] Afzelius | The immotile-cilia syndrome: a microtubule-associated defect[END_REF]. The ultrastructural defects involving the central complex (i.e., none or one single central microtubule) are mainly reported in human spermatozoa and usually affect the total sperm population [START_REF] Afzelius | Flagellar mutants in man: on the heterogeneity of the immotile-cilia syndrome[END_REF], whereas these deficiencies are never detected in more than 50% of the respiratory cilia [START_REF] Afzelius | Flagellar mutants in man: on the heterogeneity of the immotile-cilia syndrome[END_REF][START_REF] Escalier | Abnormalities of the ciliary axonemal complex in children: an ultrastructural and kinetic study in a series of 34 cases[END_REF]. Nevertheless, the congenital origin of this affection is supported by the description of familial cases of patients with central complex abnormalities [START_REF] Escalier | Abnormalities of the ciliary axonemal complex in children: an ultrastructural and kinetic study in a series of 34 cases[END_REF]. To elucidate the molecular basis of this latter ultrastructural defect, we followed a candidate-gene approach based on studies arose from one particular Chlamydomonas mutant, the pf20 mutant. This mutant strain has paralyzed flagella associated with a complete loss of the central complex due to mutations in the pf20 gene [START_REF] Smith | PF20 gene product contains WD repeats and localizes to the intermicrotubule bridges in Chlamydomonas flagella[END_REF]. The sequence of the Chlamydomonas pf20 cDNA allowed us to identify the human ortholog gene that we named hPF20.

This hPF20 gene is composed of 16 exons extending over more than 344 kb on the q34 region of chromosome 2. This gene is expressed as two major transcripts, which encoded peptides related to Chlamydomonas flagellar pf20 protein: a large transcript (variant 1a) expressed only in testis tissue at a high level and, a smaller transcript (variant 2a) expressed in many different tissues, including trachea as well as tissues devoid of cilia. The variant 1a transcript retains exons 1 to 16 and encodes a putative 631residue protein (isoform 1a). This hPF20 isoform 1a shares high homology with Chlamydomonas pf20 and Trypanosoma TWD1 proteins. These three proteins exhibit a carboxyterminal region harboring five conserved WD repeats. These motifs are thought to be involved in protein-protein interactions [START_REF] Neer | The ancient regulatory-protein family of WD-repeat proteins[END_REF][START_REF] Smith | The WD repeat: a common architecture for diverse functions[END_REF]. Smith and Lefebvre [START_REF] Smith | PF20 gene product contains WD repeats and localizes to the intermicrotubule bridges in Chlamydomonas flagella[END_REF], who localized the pf20 protein at the transverse-bridge of the two central microtubules, hypothesized that pf20 is required for central microtubule assembly and/or stability and flagellar motility. As the ultrastructure of the axoneme and its proteins are highly conserved through evolution, it is very likely that protein functions are also conserved. The hPF20 isoform 2a, which retains only the first 178 residues of the hPF20 isoform 1a is completely devoided of WD repeats. Smith and Lefebvre [START_REF] Smith | PF20 gene product contains WD repeats and localizes to the intermicrotubule bridges in Chlamydomonas flagella[END_REF] suggested that the pf20 aminoteminal half could be involved in the binding to one central microtubule, although this region does not encode a known microtubule-binding domain. According to this hypothesis, the hPF20 isoform 2a may be implicated in complexes with microtubules in a large panel of cells; however, its specific function remains to be elucidated. In the course of the study, we found two other variants (variant 1b and variant 2b). Variant 1b, which is similar to variant 1a, results from the skipping of exon 12. Variant 2b is identical to variant 2a, except that exon 4 is missing.

As defects of the Chlamydomonas pf20 protein induce paralyzed flagella lacking the central complex, its human ortholog, hPF20, is an excellent candidate for PCD with similar axonemal defects. Therefore, four patients presenting with such a phenotype were investigated. To test whether mutations in the hPF20 gene could underlie the PCD phenotype of two patients born to nonconsanguineous unions, we have sequenced all their 16 coding exons and their flanking intronic regions. Although no diseasecausing mutation was identified, this screening process allowed us to characterize five polymorphisms; three lie in intronic regions outside the splice sites, and the two remaining variations are exonic. We used these intragenic polymorphisms to test the involvement of hPF20 in two patients born to consanguineous unions. On the basis of an autosomal recessive inheritance for PCD [START_REF] Sturgess | Genetic aspects of immotile cilia syndrome[END_REF], the genotyping of these intragenic polymorphisms allowed us to exclude the hPF20 gene in these patients who were found to be heterozygous at one or two loci. As the larger hPF20 transcript, encoding the isoforme 1a, was detected in the testis tissue only, we tested the potential involvement of hPF20 in one infertile patient with sperm flagella lacking central complexes; no mutation was identified. However, it is now well established that a genetic heterogeneity underlies the PCD phenotype. Indeed, (i) the DNAI1 gene has been involved in a few PCD and Kartagener cases and excluded in others [START_REF] Pennarun | Loss-of-function mutations in a human gene related to Chlamydomonas reinhardtii dynein IC78 result in primary ciliary dyskinesia[END_REF][START_REF] Guichard | Axonemal dynein intermediate-chain gene (DNAI1) mutations result in situs inversus and primary ciliary dyskinesia (kartagener syndrome)[END_REF], (ii) a genome-wide linkage study has revealed an extensive locus heterogeneity [START_REF] Blouin | Primary ciliary dyskinesia: a genome-wide linkage analysis reveals extensive locus heterogeneity[END_REF], (iii) the 19q locus has been linked to the PCD phenotype in a few families and excluded in two families [START_REF] Meeks | A locus for primary ciliary dyskinesia maps to chromosome 19q[END_REF], (iv) in a large consanguineous family, the locus for PCD has been mapped on chromosome 5p [START_REF] Omran | Homozygosity mapping of a gene locus for primary ciliary dyskinesia on chromosome 5p and identification of the heavy dynein chain DNAH5 as a candidate gene[END_REF], and (v) recently, the human DNAH11 gene, which encodes an axonemal dynein heavy chain, has been found to be mutated in one form of PCD [START_REF] Bartoloni | The DNAH11 (Axonemal heavy chain dynein 11) gene is mutated in one form of Primary Ciliary Dyskinesia[END_REF]. We therefore consider that mutations in hPF20 may underlie PCD phenotypes, or most likely male sterility related to flagellar ultrastructural defects in other families than those analyzed in the present study. In this regard, the intragenic polymorphisms described in this study should be very useful for the screening for hPF20 mutations in other consanguineous patients or multiplex families concerned by these pathologies.

Figure 1 .

 1 Figure 1. Comparison of the deduced amino acid sequence of the hPF20 variant 1a (hPF20) with Chlamydomonas pf20 (pf20) and Trypanosoma pf20 homolog (TWD1) sequences. Identical amino acids are shaded in black, whereas conserved residues are shaded in gray. The five WD-repeats are shown within boxes and numbered.

Figure 2 .

 2 Figure 2. The hPF20 gene and its transcripts. (A) Genomic structure of the hPF20 gene. Numbered exons are represented by boxes, whereas lines represent introns. Arrows indicate the location of the primers P1 to P9. (B) The four alternative transcripts (variants 1a, 1b, 2a, and 2b). Numbered exons are represented by boxes. The coding regions are unshaded and the untranslated regions are shaded. Exons in black encode the WD-repeat region. The expression pattern and transcription level of each variant is also indicated (right). (Cand D) Expression studies by RT-PCR on testis, trachea, brain, kidney and liver RNAs for the hPF20 variant 1a and variant 2a using primer sets [P9-P8] and [P7-P6], respectively. (C) The hPF20 variant 1a is expressed in testis tissue only. A weak product of smaller size is also observed in this tissue; it results from the alternative splicing of exon 12 (variant 1b). (D) The hPF20 variant 2a is expressed in all tissues with a higher expression in testis and brain, and a weaker expression in liver. A product of smaller size, resulting from alternative splicing of exon 4, is also observed (variant 2b). -RT: control RT-PCR reaction performed without RNA.

Figure 3 .

 3 Figure 3. Expression analysis of the human hPF20 gene. (A, B, C) Human multiple-tissue northern blot membranes H, H3, and H2 (Clontech) were hybridized with the labeled hPF20-variant 1a cDNA as a probe. A 1.4-kb transcript was detected in many tissues, including trachea and testis tissues (low level), whereas a 2.4-kb transcript was detected only in testis (high level). (D) The northern blot membrane H2 was reprobed with a part of the 3Ј-UTR sequence of the hPF20-variant 2a cDNA. Only the 1.4-kb band was detected. ␤-actin was used as a control probe on each membrane (resulting in bands at 2 kb and 1.8 kb) (bottom).

Figure 4 .

 4 Figure 4. Chromosomal mapping of the hPF20 gene by FISH analysis. (A) A specific signal is observed at the q34 region of chromosome 2 on both chromatids. (B) Chromatogram of human chromosome 2 showing the precise localization of the hPF20 gene (arrow).

Figure 5 .

 5 Figure 5. Electron micrograph of cross-sections of respiratory cilia. (A) Normal ciliary ultrastructure. (B) Absence of central complex (Patient 1). Bars: 0.1 m.

TABLE 1

 1 

TABLE 2

 2 Genomic organization and intron-exon junctions of the hPF20 geneFor each exon, the size (in base-pairs), the cDNA position, the positions of amino acids encoded by the exon (exons ending with the first or second base of a codon are indicated by exponent 1 or 2) are shown.

		Size	cDNA	Amino Acid				Size
	Exon*	(bp)*	Position*	Number*	3ЈSplice Acceptor Site †	5ЈSplice Donor Site †	Intron ‡	(kb) ‡
	1	Ͼ 178	Ϫ42-136	1-46 1		TACCTGGAACgtatccttcc	1	11.4
	2	47	137-183	47-61	agatattcagAGGTCACCAT	ATATGAAGAGgtaacatgtt	2	1.1
	3	96	184-279	62-93	tgtgatctagATACCAGATG	TGAAATTTTGgtgagaattt	3	Ͼ 3.1
	4	119	280-398	94-133 2	taaatttcagGAACGGAAAA	AGTCTGAATGgtaaacaatt	4	Ͼ 7
	5	138	399-536	134-179 2	tttatcctagGTATGAGTTA	AAGCAGCTGAgtatgttatt	5	Ͼ 7.1
	6	108	537-644	180-215 2	tttttttcagCAAAGCTAGA	ACCTCAAAGGgtaagcttat	6	Ͼ 10.3
	7	118	645-762	216-254	ttttttatagGTTGAAGTTA	AGTTGGGCAGgtaaagatat	7	Ͼ 7.3
	8	70	763-832	255-278 1	tactttttagATTTCTGGAC	CAAATTAAAGgtaaatgtaa	8	Ͼ 9.9
	9	110	833-942	279-314	tatcttgtagTTGATCATAG	CAATACAAAGgtatgatatt	9	Ͼ 26.2
	10	127	943-1070	315-357 2	ttttctctagGATTCAGAAT	CAGTGAGCTGgtaggatttt	10	Ͼ 5.9
	11	144	1071-1214	358-405 2	cctcgcgcagTGTCTCCATG	TCCATCCCAGgtcagtgcac	11	Ͼ 63.5
	12	186	1215-1400	406-467 2	ttgcaaatagTGGCGACAAA	ATGTTAATAGgtaagaagta	12	Ͼ 51.6
	13	127	1401-1527	468-509	ctctttatagTGAAAGATGC	TGCAAGAACAgtaagcaaat	13	94
	14	66	1528-1593	510-531	gtcttcctagGGTATATGTG	TGATCCCAGGgtaagttcag	14	40
	15	127	1594-1720	532-574 1	tattttgaagGGTCACATGA	GATTCATCAGgtaggatcat	15	Ͼ 6
	16	Ͼ 346	1721-2066	575-631	tctccctcagGTCGAGTTTT			

*

TABLE 3

 3 Nucleotide variations detected during mutation analysis of the hPF20 gene

						Genotype in Patients			
	Nucleotide		Amino Acid						Genotype in
	Variations	Location	Change	1	2	3	4	5	Controls
	Ϫ16C/T*	Intron 3	-	C/C	C/C	C/C	C/T	C/C	C/T (1) ‡
	Ϫ59C/T*	Intron 10	-	C/T	C/T	T/T	T/T	T/T	C/T (1) ‡
	1125A Ͼ C	Exon 11	Gln 361 →His	A/C	A/C	A/A	A/A	A/A	A/C (3) ‡
									A/A (2) ‡
	ϩ15G/C †	Intron 11	-	G/C	G/C	C/C	C/C	C/C	G/C (1) ‡
	1316C Ͼ A	Exon 12	Thr 425 →Lys	A/A	A/A	A/C	A/C	A/C	A/C (4) ‡
									A/A (3) ‡

* Position of the polymorphism n bases upstream of the 3Ј end of the intron. † Position of the polymorphism n bases downstream of the 5Ј start of the intron. ‡ Number of control DNA samples with the indicated genotype.
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