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Xist-dependent imprinted X inactivation and the early developmental consequences of its failure
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dynamics of X-linked genes depends both on strain and parent-of-origin, as well as on 29 location along the X chromosome. This study demonstrates that dosage compensation 30 failure has an impact as early as the blastocyst stage and reveals the genetic and 31 epigenetic basis for orchestrating the transcriptional silencing of the X chromosome 32 during early embryogenesis.

34

In early mouse embryos, XCI has been shown to be dynamic and its requirements, both in cis 35 at the level of the X-inactivation center (Xic) and in trans, have been debated [START_REF] Galupa | X-chromosome inactivation: New insights into cis and trans 272 regulation[END_REF] . Imprinted XCI 36 has been proposed to initiate de novo [START_REF] Okamoto | Evidence for de novo imprinted X-chromosome inactivation 263 independent of meiotic inactivation in mice[END_REF][START_REF] Brockdorff | Dosage compensation in Mammals[END_REF] following the onset of zygotic genome activation 37 (ZGA) and Xist expression. One study proposed that Xp inactivation is initially Xist-38 independent and that Xist may only be required for early maintenance of silencing [START_REF] Kalantry | Evidence 269 of Xist RNA-independent initiation of mouse imprinted X-chromosome inactivation[END_REF] , while 39 another reported a lack of Xp gene silencing in the absence of Xist [START_REF] Namekawa | Two-step 274 imprinted X inactivation: repeat versus genic silencing in the mouse[END_REF] . These studies were all pipeline and expression thresholds were valid. The one gene (out of the 13) for which slightly 92 earlier Xp silencing was found by scRNAseq compared to previous reports was Atrx. We 93 confirmed that Atrx is inactivated on the Xp in most cells by the morula stage using RNA 94 FISH with a gene-specific probe (Supplementary Figure 3a). We also confirmed its 95 previously reported Xp reactivation in the blastocyst [START_REF] Patrat | Dynamic changes in paternal X-chromosome activity during imprinted[END_REF] (Supplementary Figure 2).

96

We established an in vivo chromosome-wide map of X-linked gene activity between 97 the 4-cell and blastocyst stages. Of the 580 X-linked genes expressed in our scRNAseq, we 98 focused on the 164 (BC cross) and 134 (CB cross) most highly expressed and informative 99 genes (RPRT>4 and expressed in at least 25% of the cells of each stage and cross with a 100 minimum of 2), for which we could establish allelic expression profiles with confidence 101 (Supplementary Figure 3b and Figure 2 for the 125 common genes between BC and CB 102 crosses, see Online Methods for allelic expression threshold details). A striking switch from 103 biallelic (grey, pale pink or pale blue) expression at the 4-cell stage, to monoallelic, maternal 104 (red) expression at the blastocyst stage can be observed for most X-linked genes. Several 105 genes underwent only partial or no XCI (escapees) and will be discussed later. As expected,

106

Xist expression was exclusively of paternal origin throughout (Figure 2 and Supplementary 107 Figure 3b). Another gene showing only paternal expression was Fthl17f, part of the ferritin, 108 heavy polypeptide-like 17 family (also known as Gm5635), which has previously been 109 reported to be exclusively paternally expressed and imprinted 12 . By the blastocyst stage 110 Fthl17f expression was no longer detectable, presumably due to XCI (Figure 2 and 111 Supplementary Figure 3b).

112

We categorized genes into different groups with respect to their timing of XCI for 113 each cross (early ≤ 16-cell; intermediate ≤32-cell; late = blastocyst; Figure 3a, SI Table 2 and Pnma5, Figure 2 and Supplementary Figure 3b). By the blastocyst stage, Xp reached a very 116 similar state of inactivation in both BC and CB crosses (respectively 83.5% and 84.3% of the 117 164 and 134 X-linked informative and expressed genes are either silenced or maternally 118 biased at the blastocyst stage, Figures 2, 3a and 3b). However, when comparing gene 119 expression in embryos derived from BC and CB crosses (125 common genes), marked 120 differences were seen between crosses, with only 71.2% (89 of 125 genes) of X-linked genes 121 falling into the same or a similar category between BC and CB crosses (eg early/mid or 122 late/biased). The degree of consistency in silencing kinetics between crosses was evaluated if 123 no more than one developmental stage separated the same gene between BC and CB crosses 124 (Supplementary Table 2 and Online Methods for classification details). Furthermore, several 125 genes show strain-specific escape, some of which have previously been described 13 or 126 reported to escape in a tissue-specific fashion at later stages of development or in somatic 127 tissues (eg Ddx3x, Idh3g) [13][14][15] . Several genes remain biallelically expressed, even at the 128 blastocyst stage and tend to show escape independent of strain (Figure 3b and Supplementary 129 Table 3). Many of these also show escape in somatic tissues 16 (eg Eif2s3x, Kdm5c, Utp14a).

130

We then assessed whether gene-silencing kinetics was correlated with genomic 131 position along the X chromosome. We first focused on the 71.2% (n=89 genes) of genes with 132 correlated kinetics between crosses and the strain-specific genes (n=48). Although early and 133 intermediate silenced genes do tend to lie closer to the Xic compared to late silenced genes 134 (Figure 3c), gene silencing does not appear to occur as a simple linear gradient from the Xic 135 according to our allele-specific expression heatmap, with presence of escapees close to the 136 Xic (Figure 2). Rather, we noted several regions across the X chromosome, containing early-137 silenced genes, (eg Pnma5, Kif4, Magt1) from which silencing appeared to "spread" locally 138 (Figure 2). A recent study in ES cells showed that Xist RNA initially binds to specific 139 genomic regions (Xist "entry" sites) along the X chromosome, dependent on 3D proximity to the Xist locus 17 . This binding has been hypothesized to silence genes locally and to then 141 spread along the rest of the X chromosome by Engreitz et al 17 . We found that X-linked genes 142 lying within (8 and 11 genes respectively in 32-cell and blastocysts), or close to (20 and 23 143 respectively in 32-cell and blastocysts) these regions showed the earliest silencing and 144 strongest maternal imbalance (p=0.02 and p=0.03, KW, respectively in 32-cell and 145 blastocysts, Figure 3d). Thus, we show that Xist RNA "entry" sites as defined in ESCs 17 could 146 correspond to XCI initiation sites in vivo, during imprinted XCI.

147

These findings suggest that Xist RNA plays a key early role in triggering gene 148 silencing during imprinted XCI. This contrasts with a previous report suggesting that 149 initiation of imprinted XCI could be is Xist-independent [START_REF] Kalantry | Evidence 269 of Xist RNA-independent initiation of mouse imprinted X-chromosome inactivation[END_REF] . Indeed, although Xist pat∆ females 150 die around E10.5, with major growth delay 18 , mutant and wt females appear morphologically 151 indistinguishable during pre-implantation development (data not shown). To evaluate whether 152 XCI is established in the absence of Xist expression, as previously reported [START_REF] Kalantry | Evidence 269 of Xist RNA-independent initiation of mouse imprinted X-chromosome inactivation[END_REF] , we examined X-153 linked gene expression profiles in single cells of pre-implantation female embryos carrying a 154 paternal Xist deletion (Xist pat∆ ) 18, [START_REF] Moreover | aberrant over-expression of Prdm14, Esrrb and Tcl1 was observed in Xist -References 260[END_REF] . Xist is normally expressed exclusively from the Xp in pre-155 implantation embryos 2 (Figure 2). Transcriptomes of single blastomeres from hybrid F1 156 embryos (Cast females crossed with Xist mat∆ B6 males) were compared to CB wt embryos 157 between the 8-cell stage (when XCI normally initiates for some genes) to the blastocyst stage.

158

We found similar X:A expression ratios between female mutants and controls up to the 32-159 cell stage (Figure 4a). However at the blastocyst stage, X:A ratios remained much higher in 160 mutants compared to wt embryos where this ratio normally decreases due to XCI (p=1.77*10 - 161 4 , KW). This demonstrates that Xp silencing is not initiated in Xist pat∆ female blastocysts.

162

Bioinformatics analysis on the Xist-mutant single cell transcriptomes was used to produce an 163 allele-specific expression heatmap (see Online Methods) and, as expected, given the absence 164 of apparent dosage compensation in the mutants, we found that X-linked genes remained significantly biallelically expressed in Xist pat∆ embryos (Figure 4b). Only 1.6% genes (2 out of 166 122 genes: Rgn and Tktl1) showed maternal monoallelic expression in Xist pat∆ mutant 167 blastocysts, compared to 84.3% in CB controls. One of these, Tktl1, has been hypothesized to 168 be imprinted 20 . Moreover, Fthl17f, a well-known imprinted gene was aberrantly expressed in 169 Xist pat∆ blastocysts, suggesting a lack of Xp silencing.

170

We thus found no evidence for Xist-independent XCI (Supplementary Figure 5a), even 171 for the X-linked genes previously proposed to be silenced independently of Xist 5 (11 out of 14 assayed, only Rnf12, Abcb7 and Atrx were found to be Xist-dependent in the Kalantry et al 173 study). Three of the genes assayed by Kalantry et al (Abcb7, Fmr1 and Pgk1) showed a slight 174 maternal bias at the 16-cell or 32-cell stages in the Xist pat∆ cells (left column, Supplementary Figure 5a). However this is probably due to variability in their parental-origin expression, also 176 observed in CB controls (Abcb7 and Fmr1, Supplementary Figures 3 and5a) or low parental-177 origin information (Pgk1, data not shown) rather than to Xp silencing. Instead, our data is in agreement with the Namekawa et al study [START_REF] Namekawa | Two-step 274 imprinted X inactivation: repeat versus genic silencing in the mouse[END_REF] where Xist-dependent Xp silencing was proposed 4). Expression profiles of single blastomeres of controls and mutants 188 were still found to cluster according to developmental stage by PCA (data not shown). genes (FDR<0.05) was found in Xist pat∆ embryos compared to wt (Supplementary Figure 5b).

191

By the blastocyst stage, when paternal XCI is normally complete in wt females, 30% of the 192 total up-regulated genes in Xist pat∆ embryos were found to be X-linked, corroborating an XCI We explored the degree to which transcriptomes were perturbed in the Xist mutant 198 embryos using Ingenuity Pathway Analysis software. We found that many aberrantly down-199 regulated genes in Xist pat∆ female blastocysts were associated with extra-embryonic tissue 200 pathways, embryonic growth and cell viability (Figure 4c and Supplementary Table 5). Key Correspondence and requests for material should be addressed to E.H. (edith.heard@curie.fr). 368 1). 

(c) Dosage compensation during preimplantation development. Level ratio of X chromosome
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  to occur based on nascent RNA-FISH on 2-cell to blastocyst stage embryos, although their 180 study was only based on 8 genes, 4 of which were in common with ref 5. The discrepancies 181 between these previous studies were likely due to technical differences. The scRNAseq 182 analysis we provide here represents chromosome-wide evidence for Xist-dependent gene 183 silencing during pre-implantation embryogenesis. 184 The transcriptome of Xist pat∆ embryos also provides us with a unique opportunity to 185 explore the molecular defects that occur in the absence of paternal XCI. A genome-wide 186 differentially expressed (DE) gene analysis was performed in wt and Xist pat∆ embryos 187 (Supplementary Table

193

  defect in the absence of Xist. DE genes included Tsix (the antisense transcript to Xist) which is 194 normally not expressed from the Xp at the 32-64 cell stage 21 (Figures4b and dand 195 Supplementary Figure5b). The absence of Xist on the paternal X thus releases paternal Tsix 196 repression in cis (without affecting the maternally imprinted Xist/Tsix alleles).

  197

  201extra-embryonic development genes that were aberrantly down-regulated included Tead4 202 (trophectoderm) 22 , Sox17 23 (primitive endoderm PrE and ExE), Bmp4 24 (trophectoderm TE 203 and PrE), Arid3a 25 (TE specification) and Socs3 26 (placental development) (Figure 4d). To 204 confirm the aberrant decrease of Sox17-positive cells in the PrE in Xist pat∆ females, we 205 performed immunofluorescence on late blastocysts (Supplementary Figure 6a, c, e and g). In 206 Xist pat∆ females, fewer cells express Sox17 compared to their male littermates and the 207 intensity of fluorescence of Sox17 is slightly decreased (Supplementary Figure 6g), which 208 corroborates the decrease in mRNA expression that we observe by scRNAseq. 209 Importantly, in addition to aberrant down regulation or repression of extra-embryonic 210 genes, we also found abnormal overexpression of several pluripotency genes including 211 Prdm14, Esrrb and Tcl1 in Xist pat∆ embryos. This suggested an inappropriate activation or 212 lack of repression of such factors in the absence of XCI (Figure 4d). This is relevant to our 213 recent findings showing that the presence of two active X chromosomes delays exit from 214 pluripotency in ESCs, by preventing down-regulation of key genes, such as Prdm14 or gene (10 log fold change) in Xist pat∆ female blastocysts was the imprinted Rhox5 gene, also 218 known as Pem-1. Rhox5 is a member of the reproductive X-linked Hox (Rhox) cluster, and is 219 expressed exclusively in the male germ line and in female (but not male) pre-implantation 220 embryos (Xp only) 27 . Following implantation, its expression switches to the maternal allele 221 and becomes restricted to extra-embryonic tissues 27 . The human RHOXF1 gene that is 222 hypothesized to be related to the murine Rhox5 28 shows similar sex-specific and lineage-223 specific expression in human pre-implantation embryos 29 . Importantly, previous in vitro 224 studies demonstrated that over-expression of Rhox5 can block differentiation of ESCs by 225 preventing exit from pluripotency 30,31 . We validated Rhox5 up-regulation at the protein level 226 using immunofluorescence and found that Xist pat∆ female blastocysts show significantly 227 higher Rhox5 staining, particularly in the polar trophectoderm and inner cell mass region of 228 the embryo, compared to wt blastocysts (Supplementary Figure 6b, d, f and g). Quantification 229 of Rhox5 immunofluorescence showed a significant increase in Rhox5 protein levels 230 (p=0.0171, Kolmogorov-Smirnov KS test, Supplementary Figure 6h) and in the number of 231 cells stained by Rhox5 antibody (Supplementary Figure6f). This correlates well with our 232 scRNAseq data.233We conclude that even by the early blastocyst stage, the lack of initiation of Xp 234 inactivation in Xist pat∆ embryos leads to inappropriate down-regulation of several key genes 235 involved in extra-embryonic development, overexpression of several pluripotency genes and 236 massive overexpression of Rhox5. Together some or all of these defects must ultimately result 237 in compromised extra-embryonic development and redirection towards what appears to be a 238 more pluripotent state, or at least a state from which further differentiation is 239 perturbed. Importantly, aberrant induction of maternal Xist and Xm inactivation in extra-embryonic tissues of blastocysts carrying a maternal Tsix deletion demonstrates that the 241 presence of two active X chromosomes at the blastocyst stage can still be rescued in some 242 females, and suggests that the major defect associated with a lack of paternal XCI is initially 243 in the extra-embryonic lineage 32 . 244 In conclusion, we have demonstrated here the key role that Xist RNA plays in 245 initiating imprinted XCI. Our scRNAseq has enabled us to identify the molecular defects in 246 developmental pathways that emerge from this absence of dosage compensation and result in 247 lethality a few days later. We also reveal the influence of chromosomal location, as well as 248 genetic background and parent-of-origin on XCI kinetics. Our finding that Xist's predicted 249 initial binding sites on the X chromosome correspond to the earliest regions silenced, between 250 the 8-16 cell stage, with evidence for local spreading in cis at the 32-blastocyst stage will 251 enable exploration of the local features that underlie the spread of silencing along the X 252 chromosome in an in vivo context. Our study demonstrates the critical requirement for 253 accurate X-chromosome gene dosage during early embryo development and uncovers some 254 of the key pathways and factors that are affected in the absence of XCI. Future dissection of 255 these pathways and their relationship to X-linked gene dosage should provide a better 256 understanding of the important role that small changes in RNA and protein levels can play, 257 not only development but also in disease. X-chromosome inactivation in mice. Proc. Natl. Acad. Sci. U. S. A. 106, 5198-203 285 (2009).286 12. Kobayashi, S. et al. The X-linked imprinted gene family Fthl17 shows predominantly 287 female expression following the two-cell stage in mouse embryos. Nucleic Acids Res. 288 38, 3672-3681 (2010).
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Figure 1 :

 1 Figure 1: Single cell RNA sequencing of early hybrid embryos and dosage compensation
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  expression is measured over autosomal one (XX:AA or X:AA) between 2-cell stage to 383 blastocyst embryos, by Dunn's test (Kruskal-Wallis), p<0.001 to **. 384 (d) Allele-specific gene ratios from autosomes (plain red or yellow) and from X 385 chromosomes (dash red or yellow) in female single blastomeres (2-cell to blastocyst) from 386 BC and CB crosses. Allele-specific proportion represents the number of reads mapped on 387 paternal genome divided by the total number of paternal and maternal reads mapped for each 388 gene. 389 e) Example of expression dynamics of three X-linked genes with their classification as "early 390 inactivated", "intermediate inactivated" or "escapee" as described in Patrat et al, 2009 11 (see 391 also Supplementary Figure 2). Percentage of parental origin transcripts is represented between 392 oocytes and blastocyst.
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 2233 Figure 2: Kinetics of silencing of X-linked genes over the entire X chromosome during

Figure 4 :

 4 Figure 4: Paternal knockout of Xist impaired XCI, dosage compensation and

  RNA FISH using probes recognizing Xist (signal in green) and Atrx (signal in red) 483 nascent RNAs on a 16C female embryo. DAPI is in blue. Right pictures are enhanced pictures 484 of two individual blastomeres. Percentage of nuclei showing pinpoints of nascent transcripts (b) Heatmaps are representing the mean of allele-specific expression of X-linked genes 491 between Oocytes to blastocyst in CB and BC crosses. Strictly maternally expressed genes 492 (allelic ratio ≤0.15) are represented in red and strictly paternally expressed genes (allelic ratio 493 ≥0.85) in blue. Color gradients are used in between and genes have been ordered by genomic 494 position. Oocytes and 2C data have been included to Figure 2 heatmaps as well as strain-495 specific genes.

6 -

 6 Borensztein et al Mouse crosses and collection of embryos 564 All experimental designs and procedures were in agreement with the guidelines from French 565 legislation and institutional policies. 566 All BC and CB embryos were respectively derived from natural meetings between C57BL/6J 567 (B6) females crossed with CAST/EiJ (Cast) males or by the reciprocal cross. The Xist pat∆ 568 mutant embryos (Xist +/-) have been obtained by mating between Cast females and Xist -/Y 569 males (mixed background: B6D2F1: C57BL/6J and DBA/2J, 129S1/SvlmJ and BALB/cJ). 570 Embryos have been harvested at 2-cell, 4-cell, 8-cell, 16-cell, 32-cell and blastocyst 571 (approximately 60 to 64-cell) stages, respectively at E1.5, E2.0, E2.25, E2.75, E3.25 and 572 E3.5. B6 and Cast pure oocytes have been collected at E0.5 after matings of females with 573 vasectomized males (Figure 1a). The collected embryos were only included in the analysis if 574 they showed a normal morphology and the right number of blastomeres in relation with their 575 developmental stage. 576 577 RNA Fluorescent In Situ Hybridization 578 RNA FISH on preimplantation embryos was performed as previously described 3 using the 579 intron-spanning Fosmid probe WI1-2039P10 (BacPac Consortium at Children's Hospital 580 Oakland Research Institute) for Atrx and the intron-spanning plasmid probe p510 for Xist. 581 Images were acquired using a wide-field Deltavision core microscope (Applied Precision -582 GE Healthcase) with a 60× objective (1,42 oil PL APO N) and 0.2 µm Z-sections. Images 583 were analyzed using ImageJ software (Fiji, NIH).

b Total differentially expressed genes in Xist pat∆ CB females a Kinetics of XCI of candidate genes in Xist pat∆ and wt CB females

  

			Maternal Xist pat∆ allele Maternal wt allele	Paternal Xist pat∆ allele Paternal wt allele	Xist pat∆ females wt CB females
	0 4 8 50% (RPRT, log2) Expression 75% 100% Parental origin 0% 25%	8C 16C 32C Abcb7 Biallelic Monoallelic 8C 16C 32C Blasto Blasto 100% 0 4 8 50% 75% 25% Monoallelic 0%	8C 16C 32C Blasto Atp7a 50% 0 4 8 75% 100% 25% 8C 16C 32C Blasto 0%	8C 16C 32C Blasto Atrx 50% 0 4 8 75% 100% 25% 8C 16C 32C Blasto 0%	8C 16C 32C Blasto Ddx3x 8C 16C 32C Blasto
	0 4 8 50% (RPRT, log2) Expression 75% 100% Parental origin 0% 25%	8C 16C 32C Blasto Fmr1 Biallelic Monoallelic 100% 0 4 8 50% 75% 8C 16C 32C Blasto 25% Monoallelic 0%		8C 16C 32C Blasto G6pdX 50% 0 4 8 75% 100% 25% 8C 16C 32C Blasto 0%	8C 16C 32C Blasto Kdm5c (Smcx) 50% 0 4 8 75% 100% 25% 8C 16C 32C Blasto 0%	8C 16C 32C Blasto Pdha1 8C 16C 32C Blasto
	0 4 8 50% (RPRT, log2) Expression 75% 100% Parental origin 0% 25%	8C 16C 32C Blasto Pgk1 Biallelic Monoallelic 100% 0 4 8 50% 75% 8C 16C 32C Blasto 25% Monoallelic 0%		8C 16C 32C Blasto Rnf12 50% 0 4 8 75% 100% 25% 8C 16C 32C Blasto 0%	8C 16C 32C Blasto Uba1 (Ube1x) 50% 0 4 8 75% 100% 25% 8C 16C 32C Blasto 0%	8C 16C 32C Blasto Zfx 8C 16C 32C Blasto
	Developmental stages	% Total Upregulated Total Downregulated n % n DE genes from the X chromosome	% DE genes from the autosomes n % n Total Upregulated Total Downregulated
		8-cell	5.0%	27	1.9%	14	95.0%	514	98.1%	541
		16-cell	11.6%	15	1.0%	1	88.4%	114	99.0%	129
		32-cell	4.7%	29	2.3%	12	95.3%	591	97.7%	620
		Blastocyst	29.6%	16	3.6%	2	70.4	38	96.4%	54
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/-female ESCs induced to differentiate[START_REF] Moreover | aberrant over-expression of Prdm14, Esrrb and Tcl1 was observed in Xist -References 260[END_REF] . Intriguingly, the most significantly up-regulated
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Supplementary Figure 2), giving us confidence that our scRNAseq data, bioinformatics Online Methods). Even by the 8-cell stage, XCI is complete for a few genes (eg Rnf12, Supplementary Information is linked to the online version of the paper at 338 www.nature.com/nature.

339

Author Information ScRNAseq data are deposited in Gene Expression Omnibus under 365 accession number GSE80810. Reprints and permissions information is available at ratio at blastocyst), "biased" (Bias: maternally biased in blastocyst, 0.15<allelic ratio ≤0.3) 413 and "escapee" (Esc., not silenced). The allelic ratio of each gene represents the number of 414 reads mapped on the paternal genome divided by the total number of paternal and maternal 415 reads mapped and is represented at 4-cell, 16-cell, 32-cell and blastocyst stages from single 416 female blastomeres. Further information is provided in Supplementary Table 2 and Online 417 Methods. n= 137 X-linked genes (89 with consistent silencing kinetics between BC and CB 418 crosses and 48 BC or CB-specific). Each dot represents a single gene. The upper section represents data from BC embryos; lower 421 section is the data from CB embryos (reverse cross). Xist is represented by a red dot. Green 422 dots represent genes that escape from early XCI in both strains; orange dots represent genes 423 that are strain-specific escapees. Some genes with biallelic ratios are represented by black 424 dots and correspond to genes that previously underwent Xp silencing, prior to the blastocyst 425 stage, but then became re-expressed. Further information on escapees is found in 426 Supplementary Table 3. n= 125 common X-linked genes.

Xist pat∆ CB females (with a paternally inherited knock-out allele) (right panel). Kinetics of XCI in wt females 

Supplementary Figure 5 Immunofluorescence was essentially carried out as described previously 34 with an additional 588 step of blocking in 3% FCS before the primary antibody incubation. Immunofluoroscence of 589 embryos either from mutant or control male progeny have been always performed in parallel 3b and Supplementary Table 3).

749

Existence of a consistency in silencing kinetics between crosses was evaluated if no more 750 than one developmental stage separated the same gene between BC and CB crosses. If the 751 consistent genes belonged to two different classes, a class for all (BC+CB) has been attributed 752 thanks to their parental ratio mean of (BC mean + CB mean) in Figure 3a and3d.

753 754

Dosage compensation, X:A expression ratio 755

We measured the global X:A expression ratio in females (XX :AA ratio) and males (X :AA 756 ratio) as the level of expression of X-linked genes divided by the global level of expression of 757 the autosomal genes. Only genes with an expression value RPRT >4 were used for subsequent 758 analysis (Figures 1d and4a). Adjustment of the number of expressed genes between X and 759 autosomes has been published to be critical for X:A expression ratio measurement 41 . We then 760 added a bootstrapping step and randomly selected, for each sample, an autosomal gene set 761 with the same number of expressed genes compared to the X to estimate the global X:A ratio.