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Introduction

The Chromosome-Centric Human Proteome Project (C-HPP) aims to catalogue the protein gene products encoded by the human genome, in a gene-centric manner [START_REF] Paik | The Chromosome-Centric Human Proteome Project for cataloging proteins encoded in the genome[END_REF] .

As part of this project, neXProt 2 has been confirmed as the reference knowledgebase for human protein annotation [START_REF] Omenn | Metrics for the Human Proteome Project 2015: Progress on the Human Proteome and Guidelines for High-Confidence Protein Identification[END_REF] . Numerous initiatives were launched worldwide to search for so-called missing proteins -proteins predicted by genomic or transcriptomic analysis, but not yet validated experimentally by mass-spectrometry or antibody-based techniques. These proteins are annotated with a "Protein Existence" (PE) score of 2 when they are predicted by transcriptomics analysis, 3 when they are predicted by genomic analysis and have homologs in distant species, and 4 when they are only predicted by genomic analysis in human or other mammals. The most recent neXtProt release (2016-01-11) contains 2949 such missing proteins. It was suggested by Lane and collaborators 4 that proteins that have been systematically missed might be expressed only in a few organs or cell types. The very high number of testis-specific genes that have been described [START_REF] Chalmel | Global human tissue profiling and protein network analysis reveals distinct levels of transcriptional germline-specificity and identifies target genes for male infertility[END_REF] supports the hypothesis that the testis is a promising organ in which to search for elements of the missing proteome 6 7 . The testis' main function is well known: to produce male gametes, known as spermatozoa (commonly called sperm). Human spermatozoa are produced at a rate of about 1,000 cells/sec 8 by a complex, intricate, tightly controlled and specialized process known as spermatogenesis 9 10 . Spermiogenesis is the final stage of Journal of Proteome Research spermatogenesis, which sees the maturation of spermatids into mature, motile spermatozoa. The fact that the numbers of couples consulting for difficulties related to conceiving has increased in recent years, and that sperm quality has been shown to be altered in one in seven men, for example with abnormal motility or morphology [START_REF] Krausz | Male infertility: pathogenesis and clinical diagnosis. Best practice & research[END_REF] , makes further study of these cells even more topically relevant.

Large numbers of spermatozoa can be recovered in highly pure preparation through non-invasive procedures, making it possible to access the final proteome of the germ cell lineage, and providing access to a large number of germ cell-specific proteins. Thus, MS-based proteomics studies of spermatozoa have generated highly relevant data [START_REF] Rolland | Computational and Mass-Spectrometry-Based Workflow for the Discovery and Validation of Missing Human Proteins: Application to Chromosomes 2 and 14[END_REF] . Knowledge of the mature sperm proteome will significantly contribute to sperm biology and help us to better understand fertility issues.

In a recent study 13 , the Proteomics French Infrastructure (ProFI; www.profiproteomics.fr) described a step-by-step strategy combining bioinformatics and MS-based experiments to identify and validate missing proteins based on database search results from a compendium of MS/MS datasets. The datasets used were generated using 40 human cell line/tissue type/body fluid samples. In addition to the peptide-and protein-level false discovery rate (FDR), supplementary MSbased criteria were used for validation, such as peptide spectrum match (PSM) quality as assessed by an expert eye, spectral dot-product -calculated based on the fragment intensities of the native spectrum (endogenous peptide) and a reference spectrum (synthetic peptide) -and LC-SRM assays that were specifically developed to target proteotypic peptides. Some of these criteria were also used in a concomitant study [START_REF] Jumeau | Human Spermatozoa as a Model for Detecting Missing Proteins in the Context of the Chromosome-Centric Human Proteome Project[END_REF] involving transchromosome-based data analysis on a high quality mass spectrometry data set to catalogue missing proteins in total protein extracts from isolated human spermatozoa. This analysis validated 89 missing proteins based on version 1.0 of the HPP guidelines (http://www.thehpp.org/guidelines/). The distribution of two interesting candidates (C2orf57 and TEX37) was further studied by immunohistochemistry in the adult testis, and their expression was confirmed in postmeiotic germ cells. Finally, based on analyses of transcript abundance during human spermatogenesis, we concluded that it would be possible to characterize additional missing proteins in ejaculated spermatozoa.

The study presented in this paper originated with the Franco-Swiss contribution to the C-HPP initiative to map chromosomes 14 (France) and 2 (Switzerland) by identifying additional missing proteins. Here, we combine the search for proteins that are currently classed as "missing" with an extensive examination of the sperm proteome. A single pool of human spermatozoa was treated by a range of approaches, and the most recent version of the guidelines for the identification of missing proteins was followed (Deutsch et al., submitted;

http://www.thehpp.org/guidelines/). We thus performed an in-depth analysis of human sperm using different fractionation/separation protocols along with different protein extraction procedures. Through MS/MS analysis, 4727 distinct protein groups were identified that passed the 1% PSM-, peptide-and protein-level FDR thresholds.

Mapping of unique peptides against the most recent neXtProt release (2016-01-11) revealed 235 proteins (201 PE2, 22 PE3, 12 PE4) that are still considered missing by the C-H , and nine proteins annotated with a PE5 (uncertain) status in neXtProt. 8

Materials and methods

Ethics and donor consent

The study protocol "Study of Normal and Pathological Human Spermatogenesis" was approved by the local ethics committee. The protocol was then registered as No.

PFS09-015 at the French Biomedicine Agency. Informed consent was obtained from donors where appropriate.

Sample collection and preparation

Human semen samples were collected from five healthy donors of unproven fertility at Nantes University Hospital (France). The donors gave informed consent for the use of their semen for research purposes, and samples were anonymized. Semen samples were all obtained on-site by masturbation following 2 to 7 days of sexual abstinence. After 30 min liquefaction at room temperature under gentle agitation, 1 ml of each sample was taken. Aliquots were pooled and a protease inhibitor mix (protease inhibitor cocktail tablets, complete mini EDTA-free, Roche, Meylan, France) was added according to the manufacturer's instructions. To separate sperm cells from seminal plasma and round cells, the pooled sperm sample was loaded onto 1 mL of a 50% suspension of silica particles (SupraSperm, Origio, Malov, Denmark) diluted in Sperm Washing medium (Origio, Malov, Denmark). The sample was centrifuged at 400 x g for 15 min at room temperature. The sperm pellet was then washed once by resuspension in 3 mL of Phosphate-buffered saline (PBS) and centrifuged again at 400 x g for 5 min at room temperature. The supernatant was removed and the cell pellet was flash frozen in liquid nitrogen. analyses performed in this study can be found in Supplementary Material.

Protein extraction, digestion and liquid chromatography

MS/MS data analysis

Peak lists were generated from the original LC-MS/MS raw data using the Mascot Distiller tool (version 2.5. database searches were first assembled to allow competition between target and decoy peptides for each MS/MS query. Finally, the total number of validated hits was computed as Ntarget+Ndecoy, the number of false positive hits was estimated as 2xNdecoy, and the FDR was then computed as 2xNdecoy/(Ntarget+Ndecoy). Proline software automatically determined a threshold Mascot e-value to filter peptides, and computed the FDR as described so as to automatically adjust it to 1%. At protein level, a composite score was computed for each protein group, based on the MudPIT scoring method implemented in Mascot: for each non-duplicate peptide identifying a protein group, the difference between its Mascot score and its homology threshold was computed and these "score offsets" were then summed before adding them to the average homology (or identity) thresholds for the peptide. Therefore, less significant peptide matches contributed less to the total protein score. Protein groups were filtered by applying a threshold to this MudPIT protein score to obtain a final
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protein-level FDR of 1%. To optimize discrimination between true positive and true negative protein hits, the software applies a selection scheme approach, by adjusting the FDR separately for the subset of proteins identified by more than one validated peptide, and then for the single-peptide hits. In accordance with version 2.0. identified and validated at 1% were merged to create a unique combination of amino acid sequences and a list of PTMs located on that sequence which were aggregated in a single "representative" PSM. The newly created PSM were then grouped into proteins and protein families [START_REF] Nesvizhskii | Interpretation of shotgun proteomic data: the protein inference problem[END_REF] . The resulting dataset therefore provides a nonredundant view of the identified proteins present in the original sample.

Detection of missing proteins

The sequence of each peptide identified was searched in all the splicing isoform sequences present in neXtProt release 2016-01-11, using the pepx program developed in-house (https://github.com/calipho-sib/pepx). The method is based on a 6-mer amino acid index that is regenerated at each release; the 6 aa length was chosen as it significantly speeds up the mapping process. Leucine and isoleucine were considered equivalent. A peptide is considered to match an isoform sequence when all the 6-mers covering the peptide return the same sequence. Peptides were subsequently checked against the retrieved isoform sequence(s) to ensure an exact
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string match. All matches to splicing isoforms derived from a single entry were considered relevant for the identification of the entry.

To further validate the identification of missing proteins, a second round of peptideto-protein mapping was performed taking into account the 2.5 million variants described in neXtProt (SNPs and disease mutations). Currently, pepx only considers a single amino acid substitution or deletion in the 6-mer; substitutions and deletions more than 1 aa in length, as well as insertions, are not taken into account.

Consequently, pepx returns a match if single amino acid variations in the isoform sequence are spaced at least 5 amino acids apart. Peptides matching more than one entry when variants were taken into account were excluded as they are potentially not proteotypic.

predicted proteotypic peptides per protein, when possible. Thus, a total of 100 peptides were synthesized (Supplementary 

Results and discussion

Overall workflow

The overall workflow for the detection and validation of missing proteins is illustrated in Figure 1 fragmentation spectra and LC-PRM assays). In parallel, the full list of missing or uncertain protein entries (PE2-5) was mined by gathering additional information from public resources, bioinformatics analysis and the literature. This information was used to select a subset of high priority proteins for further immunohistochemistry analysis on human testes sections.

Analysis of the human sperm proteome

Because the workflow involved a range of enrichment strategies and separation protocols, including peptide pre-fractionation protocols based on high pH reverse phase (HpH-RP) chromatography that have been shown to be orthogonal to subsequent online reverse phase nano-LC separation of peptides [START_REF] Gilar | Orthogonality of separation in two-dimensional liquid chromatography[END_REF] , sensitivity was high and coverage extensive. This type of "cover all bases" approach has been shown to be particularly efficient for improving the detection of missing proteins [START_REF] Kitata | Mining Missing Membrane Proteins by High-pH Reverse-Phase StageTip Fractionation and Multiple Reaction Monitoring Mass Spectrometry[END_REF] .

Validation was subsequently performed for each results file (.dat) through the targetdecoy approach [START_REF] Elias | Target-decoy search strategy for mass spectrometrybased proteomics[END_REF] , using the in-house developed Proline software (http://proline.profiproteomics.fr/), by adjusting the FDR to 1%, at PSM-and proteinlevel. In a second step, individual results files were combined for each dataset and a 1% protein-level FDR was applied to comply with the HPP data interpretation 2. Protein identification and their distribution across the five MS datasets were then compared to assess their contribution to total human sperm proteome data sets (Figure 1). The Venn diagram shows that 1526 proteins detected were present in all five datasets. In addition, each fractionation/separation method used in this study provided a significant added-value in terms of proteome coverage. Thus, Triton X-100 insoluble and soluble fractions, whole cell lysate analyzed by 1D SDS-PAGE, high-pH reverse phase peptide fractionation and long gradient runs allowed gains of 8.3, 6.7, 6.7, 3.8 and 0.8%, respectively. These results clearly emphasize the complementarity of the different enrichment techniques when seeking to obtain exhaustive (or as exhaustive as possible) proteome coverage.

Iin 2014, Amaral et al. 20 published a sperm proteome comprising 6198 proteins identified by combined MS-based analysis based on 30 LC-MS/MS proteomics studies. Crossing identifier lists between their data and the sperm proteome produced here revealed that our analysis yielded 1140 additional proteins. However, further investigation will be necessary to ensure a fair assessment as Amaral et al.

applied different validation criteria to ours (e.g., identification of at least two peptides with a protein-level FDR < 5%).
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Focusing on missing proteins identified from the sperm proteome

Missing proteins were detected as described in Materials and Methods using the most recent neXtProt release (2016-01-11). The first step in this detection took all possible splice isoforms and I/L ambiguities into account, but no single amino-acid variants. This produced a list of 235 missing proteins (PE2-4) and nine uncertain proteins (PE5). Among the PE2-4 protein entries, 188 were identified and validated (<1% FDR) by at least two or more distinct uniquely-mapping peptide sequences of length ≥ 9 amino acids, while the remaining 47 were associated with only one unique peptide ≥ 9 amino acids (Table 1). We named this subset of missing proteins "one-hit

wonders" and considered it separately for further MS-based analysis (see next section). In fact, 5 of these protein entries were identified with 2 (A2RUU4, Q5GH77, Q8NG35, Q8WTQ4) or 3 (Q6PI97) unique peptides, but since only one of these had a length equal to or greater than 9 amino-acids (Table 2), these entries were nevertheless considered to be "one-hit wonders". Among the full set of 235 proteins considered to be missing by neXtProt (PE2-4), 180 have no annotated function, while 56 are predicted to have at least one transmembrane helix (TMH). Full details (description, number of unique peptides, chromosome location, etc.) on the missing proteins are reported in Table 2 and Supplementary Table 3. The Venn diagram illustrated in Figure 3A shows how each fractionation protocol contributed to the identification of the whole set of missing proteins (PE5 included). Thirty-three proteins were detected in all five datasets, whereas 63 were specifically detected in a given dataset (30 in "insoluble fraction-1D gel", 9 in "soluble fraction-1D gel" gel, 17

in "whole lysate-1D gel", 6 in "peptide HpH-RP" and 1 in "whole lysate-long runs").
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We noticed that among the 30 proteins only detected in the insoluble fraction, around one-third (9 proteins) were annotated with at least one TMH (see Supplementary

Table 3) illustrating the benefit of preliminary subcellular fractionation for the identification of hydrophobic proteins. Unsurprisingly, only a small number of proteins (8) with at least one TMH were detected in all five sperm datasets, and an even smaller number of them were specifically detected when protocols starting with the soluble fraction or a whole cell lysate were applied (5 in "soluble fraction-1D gel", 3 in "whole lysate-1D gel", 2 in "peptide HpH-RP" and none in "whole lysate-long runs").

The missing proteins identified in sperm were found to be distributed across all chromosomes, except chromosome Y and chromosome 21, with the highest number (21 proteins) coded by genes present on chromosome 1 (Figure 3B). In terms of coverage of missing proteins (PE5 included), around 80% were supported by two or more distinct uniquely-mapping peptide sequences of length ≥ 9 amino acids, with some proteins very well covered (up to 78 peptides). The other 20% of missing proteins (52 proteins) were identified by only one unique peptide sequence of length ≥ 9 amino acids (Figure 3C).

To comply with recent C-HPP guidelines (version 2.0.1; http://www.thehpp.org/guidelines/), we also considered alternative mappings of all peptides of length >= 9 amino acids mapping to PE2-5 proteins by taking the 2.5 million single amino acid variants available in neXtProt into account. This analysis indicated that 13 peptides mapping to 12 missing (PE2-4) proteins could correspond to an alternative peptide sequence. Peptide 'TKMGLYYSYFK' maps uniquely to DPY19L2P1 (Q6NXN4), but if reported SNPs are considered, it could also map to the PE1 proteins DPY19L2 (Q6NUT2) and DPY19L1 (Q2PZI1). Peptide 'TPPYQGDVPLGIR' maps uniquely to the PE2 protein SPAG11A (Q6PDA7), but if reported SNPs are considered, it could also map to the paralog SPAG11B (Q08648), which was also identified in this study with two other unique peptides. Likewise, the PE2 protein LRRC37A (A6NMS7) was identified by two peptides 'NAFEENDFMENTNMPEGTISENTNYNHPPEADSAGTAFNLGPTVK' and 'SKDLTHAISILESAK'. If reported SNPs are considered these peptides could also map to the PE2 protein LRRC37A2 (A6NM11) and the PE1 protein LRRC37A3 (O60309), respectively. Therefore, DPY19L2P1, SPAG11A and LRRC37A will need further investigation to validate their existence at protein level. Peptides 'QNVQQNEDASQYEESILTK' and 'QNVQQNEDATQYEESILTK' were both validated by PRM (see below) but only differ by one residue (S or T) and map to two close paralogs, RSPH10B2 (B2RC85) and RSPH10B (P0C881), respectively. An S71T variant has been reported, thus, the two paralogs cannot be distinguished based on these peptides. Since RSPH10B2 and RSPH10B only differ by three amino acids in total, it is very difficult to find other suitable unique peptides for validation. However, the identification of RSPH10B2 (B2RC85) was confirmed by PRM using the additional peptide 'EEEFNTWVNNTYVFFVNTLFHAYK'. The PE2 protein ZDHHC11 (Q9H8X9) was identified by 2 unique peptides, but one of them ('GVLQQGAGALGSSAQGVK') could also map to its paralog ZDHHC11B if SNP were considered. The six other peptides that lost their unicity when SNP were taken into account map to proteins for which there were more than three peptides of length ≥9 amino acids.

In the small group of nine proteins with a PE5 status (uncertain), three were identified and validated (<1% FDR) by at least two or more distinct uniquely-mapping peptide
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sequences of length ≥ 9 amino acids. ATXN3L (Q9H3M9) was identified by six peptides -of which one would lose its unicity if SNPs were considered. This protein has now been characterized as a deubiquitinylase 22 23 24 25 , and its entry in UniProtKB/Swiss-Prot is currently under revision by the curators. HSP90AB4P

(Q58FF6) and GK3P (Q14409), identified, respectively, by two and three peptides ≥ 9

amino acids in length are annotated as pseudogenes in most protein databases.

Their status should be revised based on the results presented here.

The six others (PRSS41, LINC00521, FTH1P19, FAM205BP, SPATA31D3 and SPATA31D4) were detected with only one distinct uniquely-mapping peptide of length ≥ 9 amino acids. PRSS41 (Q7RTY9) is the ortholog of the recentlycharacterized testis-specific serine protease Prss41/Tessp-1 [START_REF] Yoneda | A testis-specific serine protease, Prss41/Tessp-1, is necessary for the progression of meiosis during murine in vitro spermatogenesis[END_REF] , and should no longer be considered as a pseudogene -the PE5 status of the entry is under revision by UniProtKB/Swiss-Prot curators. The putative uncharacterized protein encoded by LINC00521 (Q8NCU1) was detected by a 26-amino acid peptide for which no other match in the human proteome was found, even when possible variants were considered. The identification of the putative pseudogene FTH1P19 (P0C7X4) is also plausible since the peptide identified could only match the validated FTH1 protein (P02794) if both the rare D172N variant and an unknown S164A variant were considered. Nevertheless, according to the current HPP guidelines, the identifications of PRSS41, LINC00521 and FTH1P19 still need to be confirmed using other peptides.

The three remaining identifications are more dubious. Indeed, the peptide identifying FAM205BP (Q63HN1) could also match FAM205A (Q6ZU69), a PE1 protein, if its
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very common (30%) M499V variant form was considered. Likewise, as discussed in Jumeau et al. [START_REF] Jumeau | Human Spermatozoa as a Model for Detecting Missing Proteins in the Context of the Chromosome-Centric Human Proteome Project[END_REF] , the peptides mapping to SPATA31D4 (Q6ZUB0) and SPATA31D3 (P0C874) do not confidently identify one protein or the other. This issue cannot be resolved without access to data relative to the genomic sequences of the donors, as both variants SPATA31D3 R882G (dbSNP:rs815819) and SPATA31D4 G882R

(dbSNP:rs138456481) may be present in the pooled sample studied.

Investigating one-hit wonder missing proteins using MS-based criteria

As one-hit wonder proteins could potentially correspond to incorrect PSM assignment or false positives that passed the 1% FDR threshold, the recent HPP guidelines recommend that additional MS-based analyses be performed to provide further proteomics evidence (Deutsch et al., submitted; http://www.thehpp.org/guidelines/).

We therefore investigated our subset of one-hit wonder missing or uncertain proteins using additional MS-based criteria, as described in 13 . The first criterion relied on a blinded inspection of each MS/MS spectrum for the 52 missing or uncertain proteins (47 PE2-PE4; 5 PE5), all of which were identified by a unique peptide ≥ 9 amino acids in length.

The quality control of the PSMs corresponding to these unique peptides was carried between the experimental and theoretical spectra. A subset of 18 peptides were assigned a "high" quality tag by three out of the four sites and were therefore preferentially selected for further MS validation (data not shown). In addition to these 18 candidates, other one hit wonders were selected that were awarded a majority rather than a consensual "high" quality attribute. A supplementary filter was applied by retaining only peptides that could be synthesized (i.e., peptides shorter than 25 amino acids). This filter was necessary as further validation steps required the availability of a synthetic peptide for each candidate to be validated. Thus, of the initial 52 "one-hit wonders" we ended up with a final list of 36 peptides mapping to 34 missing proteins (PE2-4) and 2 uncertain proteins (PE5) for further assessment (among the 18 that had a unanimous high-quality vote, 17 peptides were selected, see Supplementary Table 4). Synthetic labelled peptide versions of all 36 peptides were ordered to allow systematic comparison of identifications with a synthetic version of the peptide (i.e., same charge, same instrument fragmentation conditions).

The goal of this step was to increase confidence in the identification of each peptide.

To allow readers to assess spectrum quality and peak intensity patterns between the endogenous peptide and its synthetic counterpart peptide for themselves, an example spectrum for synthetic peptides is shown alongside the naturally-derived peptides for protein entry Q9H693 in Figure 4A; likewise all other comparative spectra are presented in Supplementary Figure 1. To objectively assess peptide 'VEAALPYWVPLSLRPR' (protein entry Q9H693; shown in Figure 4A), we calculated the spectral dot-product score (SDPscore) [START_REF] Ye | Open MS/MS spectral library search to identify unanticipated post-translational modifications and increase spectral identification rate[END_REF] which corresponds to the spectral correlation score calculated for the intensities of all common singly-charged b-and y-
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ions of the reference spectrum and the native spectrum, as in our previous studies 13 .

A SDPscore of 0.954 was obtained for this peptide, indicating that its MS/MS fragmentation pattern is very similar to the pattern obtained for the reference synthetic peptide.

Additional experimental validation using targeted LC-PRM assays

In a final MS-based validation attempt, targeted MS assays were developed for the 36 candidate "one-hit wonder" proteins to try to re-detect their proteotypic peptide coeluting with its synthetic labeled counterpart. Samples for these assays were prepared independently. In addition to the original unique peptide identified, two additional predicted proteotypic peptides were selected, when possible, and synthesized for all 36 proteins (Supplementary Table 4). A total of 100 labeled peptides were synthesized. These peptides were mixed with protein digests and the heavy and light forms were targeted for analysis using parallel reaction monitoring scanning on a high resolution Q-Orbitrap mass spectrometer. In a first attempt, all proteotypic peptides were targeted in an unfractionated total protein extract prepared in stacking gel bands. This allowed us to unambiguously detect perfectly coeluting specific light/heavy transition groups for 24 proteotypic peptides corresponding to 21 of the 36 proteins. Examples of light/heavy transition group coelution are presented for protein Q9H693 for its initial peptide (Figure 4B) and for one additional predicted peptide that was detected thanks to the increased sensitivity of targeted assays (Figure 4C). Subsequently, to attempt to validate more candidates, the remaining undetected peptides were targeted in the insoluble proteins fraction after preliminary
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separation on 1D SDS-PAGE. Samples were prepared as previously described for the total proteome analysis (protocol ii). The insoluble fraction was chosen for these targeted assays as a majority of the one hit wonders (18 out of the 36, Supplementary Table 4) were identified in samples prepared by this protocol. Thus, our chances of validating peptides were greater with samples prepared by this protocol. These final MS experiments unambiguously validated 27 additional peptides belonging to 20 out of the 36 proteins, not all the same as the previously validated 21 proteins. Thus, in total, 24 out of the 36 proteins were validated with additional predicted and specifically targeted peptides. This successful validation with additional peptides confirms the utility of highly sensitive targeted assays compared to non-targeted data-dependent LC-MS/MS acquisitions, and shows that this approach is suitable for unambiguous validation of missing proteins. All the results obtained with targeted LC-PRM assays can be found in Supplementary Table 4 and Supplementary Figure 1.

Bioanalysis of the missing proteins

For all the missing proteins identified by MS-based analysis, the chromosomal location, PE status, predicted number of TMH, and functional annotation were retrieved from neXtProt (see Table 2 and Supplementary Table 3 for details). Using a previously described methodology [START_REF] Jumeau | Human Spermatozoa as a Model for Detecting Missing Proteins in the Context of the Chromosome-Centric Human Proteome Project[END_REF] , we also extensively mined publicly available transcriptome data, i.e., the "Human testis gene expression program" described by Chalmel and collaborators 5 to check whether the missing and uncertain proteins identified in the present study corresponded to genes carrying the testis signature,

Journal of Proteome Research

related to the onset of human spermatogenesis, or whether they corresponded to genes expressed only at the very end of spermiogenesis.

Only 132 of the 235 missing proteins and three of the nine uncertain proteins identified in this study corresponded to genes referenced in the "Human testis gene expression program" [START_REF] Chalmel | Global human tissue profiling and protein network analysis reveals distinct levels of transcriptional germline-specificity and identifies target genes for male infertility[END_REF] , with an increasing expression in seminiferous tubules containing post-meiotic germ cells (Johnsen score >=7). Up to 76 (+ 2 uncertain) of these proteins corresponded to genes specifically expressed in the testis (SET), 31

(+ 1 uncertain) corresponded to genes preferentially expressed in the testis (PET), and 25 corresponded to genes with intermediate (IE) or ubiquitous (UE) expression in the testis (Supplemental Table 3). This information was not used to select candidates for validation, but it is important to help understand the results of the immunohistochemistry experiments. Of note is that 26 and 2 proteins corresponding respectively to SET and PET genes are present in the current list of 1057 testisenriched proteins in Human Protein Atlas, an update of the initial list from from Djureinovic et al. [START_REF] Djureinovic | The human testis-specific proteome defined by transcriptomics and antibody-based profiling[END_REF] . That suggests the spermatozoon has great potential for the identification of additional missing proteins. It also shows that proteins that are not considered as highly enriched in the testis might concentrate in germ cells during late spermiogenesis and become accessible in the spermatozoa. However, it is also important to note that a significant subset of missing proteins identified in the present study corresponded to genes that are testis-specific but do not belong to the "Human testis gene expression program" as their expression is not enriched in seminiferous tubules containing post-meiotic germ cells (data not shown).
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To date, up to 111 of the 244 PE2-5 proteins identified have been subjected to extensive data and literature mining (Supplementary Table 5). The information gleaned from this data mining was used to establish priorities for further antibodybased studies. The first selection criterion was based on transcriptomics analysis.

RNA sequencing results from the Human Protein Atlas database indicated that 88 of these 111 proteins were either specifically expressed in testis, or were enriched in a small group of tissues in which testis has one of the two highest expression levels (column C). These proteins were assigned a very high score (dark green). The eight proteins which were enriched in a small group of tissues including testis, but for which expression levels in testis were not among the two highest ones were assigned with a lower score (light green). In contrast, a low (red) priority score was assigned to six proteins which were shown either to be specifically expressed in organs other than testis, or to be undetectable by RNA sequencing 5 43 . The remaining proteins are either ubiquitously expressed or expressed at low levels in testis and were assigned a neutral score (white).

The second selection criterion was based on phylogenetic profiling. We sought and report (column D) on the presence of homologs in S. cerevisiae and a number of ciliated organisms from distant groups. The 18 proteins for which homologs were present in at least three of the ciliated groups were assigned with a very high priority score (dark green) because we hypothesized that they could be involved in ciliogenesis. The 17 having homologs in one or two of the ciliated groups, but not in yeast were assigned a high priority score (green). In contrast, a low priority score (red) was assigned to the three proteins that were found to be conserved in yeast as they are not expected to play a specific role in ciliogenesis or human reproduction.
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The third selection criterion was based on the phenotypes observed in knock-out mice (column E). The four proteins for which a deletion led to a reproduction phenotype, were assigned a very high priority score (dark green). The ten proteins whose deletion had no effect on fertility were assigned a low priority score (red).

The fourth selection criterion was based on information retrieved from literature mining (gene expression regulation, protein protein interactions, function). This information is summarized in column F. Proteins for which published information suggested a putative role in spermatogenesis, ciliogenesis, or cilia function (85 proteins) were assigned a very high (dark green, 28 proteins) or high (green, 56 proteins) priority score. In the course of literature mining, we noticed that up to 76 of these 111 proteins had already been detected by mass spectrometry in human testis [START_REF] Liu | Scanning of novel cancer/testis proteins by human testis proteomic analysis[END_REF] or sperm 28 29 30 . However, these identifications have not yet been curated by PeptideAtlas or neXtProt; thus, the existence of these proteins was not considered validated at the time of writing.

The fifth selection criterion was based on immunohistochemistry data retrieved from the Human Protein Atlas (column G). The nine proteins that were specifically observed in germ cells, or associated with ciliary or cytoskeletal structures were assigned a very high priority score (dark green). Twelve other proteins observed in testis or ciliated cells were assigned a high priority score (green). Conversely, four proteins which were not seen in testis but were clearly seen in other tissues were assigned a low priority score (red).

Based on the combination of all these criteria, each of the 111 PE2-5 proteins was assigned a score grading the potential relevance of the protein in sperm and testis biology as high/medium/low. Seven entries which were initially classed as of
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high/medium interest were down-graded to low interest proteins because their localization in human sperm cells had already been published (column H). This left a total of 33 "high interest" proteins. Among them, we selected the 26 for which a Human Protein Atlas antibody was available which passed the Protein Arrays (PA)

test with a single peak, corresponding to interaction only with its own antigen. We selected 12 additional proteins from among the 42 scored as "medium interest", and one from among the 36 scored as "low interest" (columns I and J).

Orthogonal immunohistochemistry evidence

Immunohistochemical studies were undertaken to provide non-MS-based evidence for the expression of the 39 missing proteins selected based on this data mining process. Specific immunohistochemistry staining in human testes was obtained for 16 missing proteins using antibodies from the Human Protein Atlas without need for further technical improvement (see Supplemental Table 6). Results from these experiments show that all 16 selected proteins displayed immunoreactive signals at various intensities in germ cells at all stages of their development (Figures 5A,5B).

No staining above background levels was visible in interstitial cells or somatic cells in the seminiferous tubules for any of the antibodies (Figures 5A,5B). The staining intensity for missing proteins increased significantly from pre-meiotic and meiotic germ cells onwards (for C19orf81, C20orf85, SSMEM1, CCT8L2, WDR88, SAMD15, WDR93 and NOXRED1) or post-meiotic germ cells onwards (for CXorf58, C17orf105, C10orf53, C10orf67, FAM187B, AXDND1, GOT1L1 and CFAP46). This profile was to be expected as all proteins, except C10orf67, C19orf81 and WDR93, corresponded to genes in the TGEP, and their expression was expected to gradually
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increase in later stages of sexual maturation 5 (Supplemental Tables 3 and6). The expression levels for genes coding for C10orf67, C19orf81 and WDR93 may be below the threshold required to be part of the TGEP, even though immunoreactivity was observed in the germ cell lineage. Finally, CFAP46 is the ortholog of Chlamydomonas FAP46, which is known to be part of the central apparatus of the cilium axoneme and to play a role in cilium movement [START_REF] Brown | A FAP46 mutant provides new insights into the function and assembly of the C1d complex of the ciliary central apparatus[END_REF] . In the adult testis, immunostaining for CFAP46 was annular in late spermatids, a pattern that is typical of migration that will continue further down the midpiece or flagellum. Interestingly, CFAP46 expression has been shown to be downregulated in patients with primary ciliary dyskinesia [START_REF] Geremek | Ciliary genes are down-regulated in bronchial tissue of primary ciliary dyskinesia patients[END_REF] . That, together with our observations, is in favor of a central role in sperm movement.
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FAM187B is an orphan protein with no curated comments in UniProtKB/Swiss-Prot, except an indication that it is a transmembrane protein [START_REF] Wang | Mapping of the N-linked glycoproteome of human spermatozoa[END_REF] . The very peculiar localization of the immunohistochemistry staining for this protein, in the cytoplasmic region of elongating spermatids, suggests that FAM187B may play a role in cytoplasm displacement and elimination that take place during spermiogenesis.

Interestingly, FMA187B mRNA expression in sperm has been proposed as a valuable diagnostic indicator of sperm survival, fertility and capacity to promote early embryogenesis [START_REF] Georgiadis | High quality RNA in semen and sperm: isolation, analysis and potential application in clinical testing[END_REF] .

AXDND1 is an intracellular protein which is selectively expressed in the nasopharynx, bronchus, testis and fallopian tubes, according to HPA immunochemistry data. It is highly conserved in Vertebrates and in the Choanoflagellate Salpingoeca, and contains an axonemal dynein light chain domain (IPR019347). Interestingly, the outer arm dynein complex is the main propulsive force generator for ciliary/flagellar beating. The staining pattern for the protein, positive in the cytoplasmic region of elongating spermatids undergoing extensive remodelling, matches with a possible role for the protein in mobility of the sperm flagellum.

Conclusion

In this study, MS-based analysis of sperm samples detected 235 missing (PE2-4) and 9 uncertain (PE5) proteins. Among these, 206 missing and 4 uncertain proteins were validated with at least two or more distinct peptide sequences with ≥ 9 amino
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acids that mapped only to a single protein entry, even when possible variants were considered. In line with version 2.0 of the HPP Data Interpretation Guidelines, these 210 proteins can therefore be considered as validated. Twenty-four of these proteins were confirmed by LC-PRM assays, and 16 by IHC on human testis sections. IHC studies not only allowed us to confirm the existence of the proteins in sperm, but also to hypothesize a biological role for some of them (i.e., CXorf58, C20orf85, CFAP46, FAM187B and AXDND1). The combination of LC-PRM and IHC was clearly instrumental in validating two "one hit wonders": CXorf58 and C19orf81.

The importance of considering possible variants was illustrated by the cases of eight proteins, including three PE5, identified with peptides that lost their proteotypicity when possible variants were considered. These eight proteins therefore cannot be considered validated with our data.

The remaining 26 proteins were detected with only one unique peptide ≥ 9 amino acids. Six of these peptides were confirmed by LC-PRM and for three others, manual inspection unanimously indicated high quality LC-MS spectra. Thus, these nine identifications are reported here with confidence. However, the current HPP guidelines require MS-based validation of additional peptides for these proteins, or antibody detection to definitively validate their existence. The 17 other peptides passed the FDR criterion, but visual examination of their spectra indicated insufficient quality to warrant further study. Hence, the identification of these 17 proteins can only be considered dubious.

The Swiss-French collaborative project investigating the human sperm proteome in the context of the C-HPP started three years ago. In our previous article were identified in the present study. Except for TMEM239 (Q8WW34), detected with a single 24-amino acid peptide, all proteins were detected with at least 2 peptides, and often many more (Supplementary Table 7). The coverage of each protein was considerably improved by the use of cutting edge instruments (i.e., Q-Exactive;

Thermo Scientific) and sample fractionation.

We are confident that the present data can be used to validate the existence of 210 missing or uncertain proteins and are looking forward to integration of these validations in neXtProt once they have been reanalyzed by PeptideAtlas and combined with data from the other C-HPP teams interested in the testis or sperm proteome. In the meantime, the investigation of the human sperm proteome continues in our laboratories together with extensive data mining on the remaining set of missing proteins presented in this study. The information gleaned will help to extend our knowledge on the potential roles of these proteins in sperm function and/or maturation. Indeed, some of the proteins identified here may present a high clinical potential, and could also benefit the Biology and Disease driven HPP (B/D-HPP) that aims to explore the impact of proteomic technologies applied to a focused area of life science and health [START_REF] Aebersold | The biology/disease-driven human proteome project (B/D-HPP): Journal of Proteome Research enabling protein research for the life sciences community[END_REF] .
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Tables Table 1: Description of missing proteins (PE2-PE4) detected in this study. see Table 2 and Supplementary Table 3 for details). 
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Data mining and bioinformatics analysis

  -tandem mass spectrometry (LC-MS/MS) analysesMS/MS analysis of pooled sperm was performed using four different protocols based on a range of protein extraction procedures: i.) total cell lysate followed by a 1D SDS-PAGE separation (23 gel slices); ii.) separation of Triton X-100 soluble and insoluble fractions followed by a 1D SDS-PAGE separation (20 gel slices per fraction); iii.) total cell lysate, in-gel digestion, peptides analyzed by nano-LC with long gradient runs; iv.) total cell lysate, in-gel digestion, peptides fractionated by high-pH reversed-phase (Hp-RP) chromatography. For all protocols, tryptic peptides were analyzed by highresolution MS instruments (Q-Exactive). These experiments were performed by the three proteomics platforms making up ProFI (Grenoble, Strasbourg and Toulouse). A detailed description of the protein fractionation using Triton X-100, protein extraction and digestion, and liquid chromatography-tandem mass spectrometry (LC-MS/MS)

  out by visual validation by at least two mass spectrometry experts from each of the three sites of the ProFI infrastructure (Grenoble, Strasbourg, Toulouse) and from the Protim core facility (Rennes). PSM quality was classed in two categories: low and high. A high classification was based on the following spectral features: (i) the Journal of Proteome Research presence of y-ion and b-ion series; (ii) peak intensities; (iii) quality of the match

All 16 missing

 16 proteins whose expression was demonstrated in situ deserve further study to determine their role in sperm biology. However, due to their very specific expression patterns, 5 of them call for an immediate focus. Indeed, based on our immunohistochemistry data, staining for CXorf58, C20orf85 and CFAP46 was concentrated in late spermatids at the level of the acrosome under formation, a sperm-specific organelle essential for fertilization, with CFAP46 and CXorf58 displaying spectacular annular staining. Expression of FAM187B and AXDND1 displayed a slightly different profile in the adult testis, with immunoreactivity concentrated in the cytoplasmic region of elongating and elongated spermatids undergoing intense remodeling. This staining profile has previously been shown to be associated with the expression of proteins playing a role in sperm maturation.CXorf58 is an orphan protein with no curated functional comments in UniProtKB/Swiss-Prot; TargetP and MitoProt prediction programs predict a mitochondrial localization. Its expression in sperm cells was confirmed by PRM based on endogenous peptide 'SFFDEAPAFSGGR', detected only in the insoluble fraction, and the additional peptide 'DISAQIIQR'. The staining pattern observed in our immunohistochemistry experiment suggests that this protein is mainly located at the lower part of the head and midpiece of spermatids. This position is in favor of a link to mitochondria. Interestingly, mitochondria are grouped in the midpiece of mature Journal of Proteome Research spermatozoa, and numerous studies support the proposal that these organelles are important for sperm function and fertilization (for a review, see[START_REF] Rajender | Mitochondria, spermatogenesis and male infertility[END_REF] ).C20orf85 is also an orphan protein. It is expressed in the epithelium of the airways 32 , with levels increasing sharply during mucociliary differentiation. Its expression clusters with that of genes involved in regulation of cytoskeletal organization and intracellular transport[START_REF] Ross | Transcriptional profiling of mucociliary differentiation in human airway epithelial cells[END_REF] . In the adult testis, C20orf85 immunoreactivity was very strongly concentrated in the acrosome as it formed in elongating spermatids. The protein might migrate further down to the midpiece or flagellum in mature sperm. In yeast two-hybrid experiments, the murine C20orf85 ortholog (1700021F07Rik) was shown to interact with CCNB1IP1, a putative ubiquitin E3 ligase that is essential for chiasmata formation, and hence fertility 34 . Together with these observations, the altered expression of C20orf85 in asthenozoospermic patients 20 suggests a possible role in sperm movement.
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	). The labeled peptides

Data mining to select missing proteins for further characterization.

  

	endogenous peroxidase was blocked with Inhibitor-D, 3% H2O2, (Ventana) for 8 min
	at 37 °C. After rinsing in TBS, slides were incubated at 37 °C for 60 min with
	polyclonal rabbit antibodies specific for the selected missing proteins (Atlas
	Antibodies) diluted in TBS containing 0.2% Tween -20 (v/v) and 3% BSA (TBST-
	-BSA). The antibody dilutions used are listed in Supplementary Table 6. Non-immune
	rabbit serum (1:1000) was used as a negative control. After several washes in TBS,
	sections were incubated for 16 min with a biotinylated goat anti-rabbit antibody
	(Roche) at a final dilution of 1:500 in TBST--BSA. Signal was enhanced using the
	Ventana DABMap Kit or Ventana OMNIMap kit. Sections were then counterstained
	for 16 min with hematoxylin (commercial solution, Microm), and for 4 min with bluing
	reagent (commercial solution, Microm) before rinsing with milliQ water. After removal
	from the instrument, slides were manually dehydrated and mounted in Eukitt
	(Labnord, Villeneuve d'Ascq, France). Finally, immunohistology images were
	obtained using NDP.Scan acquisition software (v2.5, Hamamatsu) and visualized
	For each protein identified by MS, the tissue expression profile based on RNA with NDP.View2 software (Hamamatsu). Representative images are shown.
	sequencing analysis was retrieved from the Human Protein Atlas portal (version 14)
	(www.proteinatlas.org/). The evolutionary conservation profile was determined by a
	BLAST analysis using UniProtKB "Reference Proteomes" as target. In addition,
	homologs were systematically searched for in a number of ciliated organisms from
	distant groups including Choanoflagellida (Salpingoeca, Monosiga), Chlorophyta
	(Micromonas, Volvox, Chlamydomonas), Ciliophora (Paramecium, Oxytricha,
	Stylonychia, Tetrahymena, Ichthyophthirius), Trypanosomatidae (Trypanosoma,
	Phytomonas, Leishmania, Angomonas, Leptomonas), Cryptophyta (Guillardia),
	Naegleria gruberi and Flagellated protozoan (Bodo saltans). For each protein and all
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	guidelines, version 2.0.1 (http://www.thehpp.org/guidelines/, guideline #9) (see
	Materials and methods) . Supplementary Table 1 lists PSM-, peptide-, and protein-
	level FDR values along with the total number of true positives and false positives at
	each level for the five sperm sample preparation methods (individual results files for
	each fraction and after combination). After MS/MS data processing and filtering, a
	total of 4727 distinct protein groups passed the 1% PSM-, peptide-and protein-level
	criteria. Detailed information on the proteins identified from the five MS datasets are
	reported in Supplementary Table

Table 2 :

 2 List of missing proteins (PE2-4) identified in the five MS/MS datasets. Accession numbers and number of transmembrane helices (No. TMH) were retrieved from UniprotKB; Gene names and chromosome location are as referenced in neXtProt.
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	Entry	Gene names	no. of unique peptide	chromosome	neXtProt PE level	no. of TMH
	A0AVI2	FER1L5	1	2q11.2	Evidence at transcript level	1
	A1A4V9	CCDC189 C16orf93	10	16p11.2	Evidence at transcript level	0
	A1L453	PRSS38 MPN2	2	1q42.13	Evidence at transcript level	0
	A2RUU4	CLPSL1 C6orf127	2	6p21.31	Evidence at transcript level	0
	A4D1F6	LRRD1	13	7q21.2	Evidence at transcript level	0
	A4D256	CDC14C CDC14B2	1	7p12.3	Evidence at transcript level	1
	A4QMS7	C5orf49	5	5p15.31	Evidence at transcript level	0
	A5D8W1	CFAP69 C7orf63	25	7q21.13	Evidence at transcript level	0
	A5PLK6	RGSL1 RGSL RGSL2	5	1q25.3	Evidence at transcript level	1
	A6H8Z2	FAM221B C9orf128	7	9p13.3	Evidence at transcript level	0
	A6NCJ1	C19orf71	10	19p13.3	Predicted	0
	A6NCL2	LRCOL1	2	12q24.33	Evidence at transcript level	0
	A6NCM1	IQCA1L IQCA1P1	2	7q36.1	Inferred from homology	0
	A6NCN8		3	12p13.33	Predicted	0
	A6NE01	FAM186A	6	12q13.12	Evidence at transcript level	0
	A6NE52	WDR97 KIAA1875	11	8q24.3	Evidence at transcript level	0
	A6NEN9	CXorf65	4	Xq13.1	Predicted	0
	A6NF34	ANTXRL	8	10q11.22	Inferred from homology	1
	A6NFU0	FAM187A	4	17q21.31	Inferred from homology	1
	A6NFZ4	FAM24A	4	10q26.13	Inferred from homology	0
	A6NGB0	TMEM191C	1	22q11.21	Inferred from homology	1
	A6NGY3	C5orf52	2	5q33.3	Evidence at transcript level	0
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The mass spectrometry data used for proteomics have been deposited with the ProteomeXchange Consortium via the PRIDE partner repository under dataset identifier PXD003947

Data availability

All MS proteomics data, including reference files (readme, search database, .dat files) form a complete submission with the ProteomeXchange Consortium [START_REF] Vizcaino | Journal of Proteome Research ProteomeXchange provides globally coordinated proteomics data submission and dissemination[END_REF] . Data were submitted via the PRIDE partner repository under dataset identifiers PXD003947 and 10.6019/PXD003947.

Additional MS-based validation (MS/MS analysis of synthetic peptides, comparison of reference/endogenous fragmentation spectra and LC-PRM analysis).

Synthetic heavy labeled peptides were purchased (crude PEPotec™, Thermo Fisher Scientific) for 36 "one-hit wonder" candidates selected based on visual inspection of PSMs. The 36 peptides initially identified were synthesized along with two additional

Supporting Information:

This material is available free of charge via http://pubs.acs.org/. Supplementary Material: 1. Shotgun LC-MS/MS analyses. 2. LC-MS/MS analysis of labeled synthetic peptides and comparison of fragmentation spectra. 3. How targeted LC-PRM assays were developed (details).

Supplementary Figure 1: MS/MS spectra for the 36 endogenous peptides and their synthetic reference counterparts combined with LC-PRM results for the 36 peptides, additional predicted proteotypic peptides and their labeled synthetic counterparts. MS validation results are presented for all 36 selected one-hit wonder proteins in the same way as data for protein Q9H693 are presented in Figure 4 of the manuscript. A.

Missing protein sequence with the unique identified peptide highlighted in blue; MS/MS spectrum of the endogenous peptide correlated with the MS/MS spectrum of its labeled synthetic counterpart. B. MS2 traces extracted from LC-PRM data with dotp calculated for the endogenous and labeled peptides and rdotp calculated for light/heavy correlation. C. MS2 traces extracted from LC-PRM data targeting additional predicted peptides. The dotp for the endogenous and labeled peptide(s) and the rdotp for light/heavy correlation were calculated.

Supplementary Table 1: PSM-, peptide-, and protein-level FDR values along with the total number of expected true-and false-positives at each level for each sperm proteome dataset and the combined dataset (tab 1: total cell lysate followed by a 1D SDS-PAGE separation of proteins (23 gel slices), tab 2: total cell lysate, in-gel digestion of proteins, and total peptide analysis by nanoLC with long gradient runs, Journal of Proteome Research tab 3: total cell lysate, in-gel digestion of proteins, and peptide fractionation by high-pH reversed-phase (HpH-RP) chromatography; tabs 4 and 5: fractionation of proteins into Triton X-100-soluble and -insoluble fractions, followed by 1D SDS-PAGE separation of proteins (20 gel slices per fraction); tab 6: combined dataset corresponding to the combination of results for the five proteome datasets).

Supplementary Table 2:

List of proteins identified and validated with a protein-level 1% FDR for each fraction (detailed information): tab 1: total cell lysate followed by a 1D SDS-PAGE separation of proteins (23 gel slices), tab 2: total cell lysate, in-gel digestion of proteins, and total peptide analysis by nanoLC with long gradient runs, tab 3: total cell lysate, in-gel digestion of proteins, and peptide fractionation by high-pH reversed-phase (HpH-RP) chromatography; tabs 4 and 5: fractionation of proteins into Triton X-100-soluble and -insoluble fractions, followed by 1D SDS-PAGE separation of proteins (20 gel slices per fraction). Coverage (protein coverage in %) and number of unique peptides mapping to missing proteins, proteins seen (yes)/not seen (not) in each of the five MS/MS datasets acquired in this study are reported. The expression annotations of the Human testis gene expression program (TGEP; 5 ) were also reported when available

Supplementary Table 3:
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(SET: proteins produced by genes specifically expressed in the testis; PET: proteins produced by genes preferentially expressed in the testis; IE: proteins produced by genes with intermediate expression in the testis; UE: proteins produced by genes with ubiquitous expression in the testis). The « testis-enriched gene » status in the Human Protein Atlas version 15 is also provided.

Supplementary Table 4:

Tab1: List of one-hit wonder missing proteins identified and selected for further spectral comparison (MS/MS) and PRM validation. Tab2: Extended list of 100 peptides selected for validation of the 36 one hit wonders and synthesized as crude labeled peptides.

Supplementary Table 5:

List of 111 PE2-5 proteins for which complete data mining was performed, showing the rationale for their prioritization for subsequent antibodybased studies. Entry accession numbers (column A) and gene names (column B) were retrieved from UniProtKB, transcript abundance was retrieved from HPA (column C), phylogenetic profiles in ciliated organisms were determined by Blast analysis on UniProtKB "Reference proteomes" (column D), knock-out mice phenotypes were retrieved from MGI (column E), associated publications that were not annotated in neXtProt were searched in PubMed (column F), and immunohistochemistry data was retrieved from HPA (column G). For all these criteria, a four-color grading system was adopted. Dark green and green cells were retained as positive criteria, red cells as negative ones. Based on these criteria, a score of relevance (high/medium/low) for the implication of the proteins in spermatogenesis has been assigned (column H). The existence of a suitable
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antibody in HPA is reported column I, and the list of proteins that were finally selected for IHC is provided in column J. 

Supplementary