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SUMMARY 
Somatic cells of human males and females have 45 chromosomes in common, including the 
“active” X chromosome. In males the 46th chromosome is a Y; in females it is an “inactive” X 
(Xi). Through linear modeling of autosomal gene expression in cells from individuals with zero 
to three Xi and zero to four Y chromosomes, we found that Xi and Y impact autosomal 
expression broadly and with remarkably similar effects. Studying sex-chromosome structural 
anomalies, promoters of Xi- and Y-responsive genes, and CRISPR inhibition, we traced part of 
this shared effect to homologous transcription factors – ZFX and ZFY – encoded by Chr X and Y. 
This demonstrates sex-shared mechanisms by which Xi and Y modulate autosomal expression.  
Combined with earlier analyses of sex-linked gene expression, our studies show that 21% of all 
genes expressed in lymphoblastoid cells or fibroblasts change expression significantly in 
response to Xi or Y chromosomes. 

 
Keywords: Sex chromosomes, sex differences, X chromosome inactivation, aneuploidy, Turner 
syndrome, Klinefelter syndrome, gene expression, transcription factors, CRISPR. 
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INTRODUCTION 

The human X and Y chromosomes evolved from ordinary autosomes over the course of the last 

200 million years.1,2 Today, these homologous chromosomes – typically two X chromosomes in 

females, and one X and one Y chromosome in males – comprise the oldest, most massive 

variation in the human genome. 

Until recently, this chromosome-scale variation was understood to be of little direct 

consequence outside the reproductive tract, where the decisive roles of sex chromosome 

constitution are well established. The reasoning was straightforward: the second X chromosome 

in 46,XX cells is condensed and transcriptionally attenuated through the process of X 

chromosome inactivation (XCI),3,4 and the Y chromosome carries relatively few genes, many of 

which are not expressed outside the testes.5,6 

Despite this logic, observations in recent decades have suggested more expansive roles 

for the second (“inactive”) X chromosome in human female cells,7,8 and even for the Y 

chromosome in male somatic cells.9-11 In theory, differing sex chromosome complements in 

somatic cells could help explain the abundant male-female differences in autosomal gene 

expression that are seen throughout the human body.12-14 Still, it is not known whether these 

differences in autosomal transcriptomes are driven by sex chromosome constitution, sex steroid 

hormones, or other biological, behavioral, or environmental factors. 

Diploid human somatic cells invariably have one active X chromosome (Xa); most also 

have an inactive X (Xi) or a Y chromosome, and some have additional Xi or Y chromosomes. 

We previously modeled expression of X- or Y-linked genes as a function of Xi or Y copy 

number in cells cultured from individuals with various sex chromosome constitutions: one to 
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four copies of chromosome (Chr) X (zero to three copies of Xi) and zero to four copies of Chr 

Y.15 Expression of 38% of X-linked genes changed with additional copies of Xi, and expression 

of nearly all Y-linked genes increased with additional copies of Chr Y. These Xi- and Y-driven 

changes were remarkably modular, with successive Xi or Y chromosomes having quantitatively 

similar effects, facilitating linear modeling. By incorporating allele-specific analyses, we 

determined that the Chr X gene expression changes are due to a combination of 1) expression 

from Xi alleles and 2) modulation of Xa transcript levels by Xi, in trans. 

Given that Xi modulates Xa genes in trans, the question arises whether Xi also modulates 

expression of autosomal genes, potentially via similar mechanisms. A related question is whether 

Chr Y modulates autosomal gene expression. Based on our recent success in linear modeling of 

sex-chromosome gene expression,15 we now adapt and expand that modeling to measure how 

variation in the number of X or Y chromosomes affects autosomal transcription in cultured 

human cells. We quantified the impact of variation in both Xi and Y chromosome copy number 

on autosomal transcripts, explored the mechanism(s) responsible for those effects, and 

discovered that a conserved pair of transcription factors expressed from Xi and Y contribute to 

modulation of gene expression on autosomes and Xa. An unanticipated finding is that the 

autosomal impacts of Xi and Y chromosomes are remarkably similar. 

 

RESULTS 

Thousands of autosomal genes respond to Chr X and Chr Y copy number 

We examined the effects of Chr X and Chr Y copy number on autosomal gene expression using 

our recently reported RNA-seq dataset from 106 lymphoblastoid cell lines (LCLs) and 99 

primary dermal fibroblast cultures.15 These lines and cultures derive from 176 individuals with 
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one to four X chromosomes and zero to four Y chromosomes (Fig. 1A, Table S1). For each 

expressed autosomal gene, including protein-coding and long non-coding RNA genes with at 

least one transcript per million in either 46,XX or 46,XY samples, we fit a linear regression 

model in DESeq216 to estimate the log2 fold change in expression per copy of Chr X or Y 

(Methods). 

This analysis revealed that Chr X and Chr Y copy number had widespread effects on 

autosomal expression. The magnitudes of individual gene expression changes per Chr X or Y 

were modest – with most changes less than 1.5-fold – but many genes were affected. There were 

1,993 significantly (adjusted P value [Padj]<0.05) X-responsive genes in LCLs – comprising 18% 

of expressed autosomal genes – and 606 in fibroblasts – 5% of expressed autosomal genes (Fig. 

1B-D; full results in Table S2). Chr Y copy number affected somewhat fewer autosomal genes: 

662 Chr Y-responsive genes in LCLs – 6% of expressed autosomal genes – and 226 in 

fibroblasts – 1.9% of expressed autosomal genes (Fig. 1E-G, Table S2). Gene ontology analyses 

of the Chr X- or Y-responsive genes yielded few significantly enriched functional categories 

(Methods, Fig. S1). We conclude that variation in Chr X and Y copy numbers significantly and 

broadly alters autosomal gene expression. 

We considered and tested various interpretations of these findings. First, we asked 

whether X- or Y-responsive autosomal genes were statistical artifacts of enhanced sex-

chromosomal expression altering the genome-wide distribution of sampled read counts. To this 

end, we renormalized the data and refit the linear models using only autosomal genes, obtaining 

virtually identical results (Fig. S2). 

Second, we tested whether there was any impact of modeling gene expression as a 

function of both variables – Chr X copy number and Chr Y copy number – together compared to 
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models in which we used subsets of samples to vary either Chr X or Chr Y copy number 

individually. We found that the full model was highly correlated genome-wide with models of 

the individual contributions of Chr X and Y copy number (Fig. S3). Moreover, by conducting the 

Chr X analysis in samples with and without Y chromosomes, we found that the autosomal effects 

of Xi copy number are comparable in males and females (Fig. S3). 

Third, we tested the impact of sample size on the number of significantly Chr X- or Y-

responsive genes detected in our analysis to ask whether we have saturated the analysis with our 

current sample set. Using a bootstrapping analysis, we found that sequencing cell lines from 

additional individuals would lead to discovery of more sex-chromosome-responsive genes, but 

they would likely have small effect sizes (Fig. S4). 

Finally, and because individuals across our dataset have differing hormonal profiles that 

might be correlated with Chr X or Y copy number, we evaluated whether a memory of 

differential hormonal exposures in the body prior to tissue sampling might explain the results. 

Most X- or Y-responsive autosomal genes did not overlap with direct target genes for estrogen or 

androgen receptors (Methods, Table S3, Fig. S5).17,18 There was a modest enrichment of 

androgen receptor targets among Y-responsive genes in fibroblasts, but their effects were not 

correlated (Spearman r=0.034, P= 0.9; Fig. S5D). We conclude that the impact of Chr X or Y 

copy number is independent of sex hormones. In sum, thousands of autosomal genes respond 

significantly to Chr X or Y copy number, with more genes responding to X than to Y, and more 

in LCLs than in fibroblasts. 
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Figure 1. Genome-wide response to Chr X or Y copy number is distinct in two cell types. 

(A) RNA-seq data from LCLs and fibroblasts spanning a range of Chr X and Y copy numbers 
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were analyzed using linear regression, modeling log2 expression as a function of Chr X copy 

number, Chr Y copy number, and batch. (B,E) Examples of individual autosomal genes that 

significantly respond to Chr X (B) or Chr Y (E) copy number in LCLs. Each point represents the 

expression level in an individual sample with the indicated number of X or Y chromosomes. The 

regression lines and confidence intervals, log2 fold change per copy of Chr X or Y, and adjusted 

P values (Padj) from linear regressions are indicated. (C,D,F,G) Log2 fold change per copy of Chr 

X or Y for 11,034 expressed autosomal genes in LCLs and 12,002 expressed autosomal genes in 

fibroblasts, plotted by chromosomal location. Genes in grey do not significantly change in 

response to X or Y copy number, while genes in dark or light colors (odd- or even-numbered 

chromosomes, respectively) represent significantly Chr X- (C, D) or Chr Y-responsive (F, G) 

genes. (H) Venn diagrams showing the overlap of genes that significantly respond to X or Y 

copy number (Padj<0.05) in LCLs and fibroblasts. Genes expressed in both cell types were 

included in the Venn diagrams, and genes with cell-type specific expression are noted below. P 

values, hypergeometric test. (I) Scatterplots of genes that are Chr X- or Y-responsive in both 

LCLs and fibroblasts show mostly similar log2 fold change (log2FC) values across cell types. 

Black line and grey shading, weighted Deming regression and 95% confidence interval; blue 

dashed line, identity (X=Y) line. Pearson correlation coefficients and P values are indicated. 

 

Response to Chr X or Chr Y copy number is mostly cell-type-specific  

We investigated whether individual autosomal genes responded to Chr X or Chr Y copy number 

in LCLs only, in fibroblasts only, or in both cell types. Across autosomal genes expressed in both 

cell types, we observed a weak correlation between the response to Chr X and Chr Y (Fig. S6). 

Most significantly responsive genes were responsive in only one of the two cell types, but among 
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genes expressed in both cell types, the overlap was greater than expected by chance: 34% of X-

responsive and 25% of Y-responsive genes in fibroblasts were also X- or Y-responsive in LCLs 

(Fig. 1H). Most of these overlapping genes responded with the same directionality – rising (or 

falling) in response to Chr X or Y copy number in both LCLs and fibroblasts (Fig. 1I). Thus, 

some of the genome-wide response to sex-chromosome copy number is shared between the two 

cell types, but most is cell-type-specific. 

 

Chr Xi and Y elicit similar responses across autosomes and Xa 

Next, we compared, within each cell type, the gene-by-gene autosomal responses to Chr X and to 

Chr Y. We observed highly correlated responses to Chr X and Y (Fig. 2A), such that additional 

copies of Xi and Y had similar effects across the genome. Restricting this analysis to autosomal 

genes with statistically significant responses to Chr X or Y copy number showed that >60% of 

Y-responsive genes were also X-responsive – 442 genes in LCLs and 136 in fibroblasts (Fig. 

2B). These co-regulated genes’ responses to X and Y were highly concordant in polarity and 

magnitude, suggesting that the mechanisms governing these responses might be shared (Fig. 2C, 

S7A). 

In a previous study, we showed that Xi copy number modulates gene expression from Xa 

in trans.15 In light of our current findings, we wondered whether Chr X and Chr Y copy number 

might have shared effects on Xa gene expression. We first conducted a new meta-analysis, 

compiling data from studies quantifying Xi expression to identify strictly “Xa-expressed” genes 

that are consistently “silenced” on Xi across studies (Methods; Table S4).7,8,15,19-22 Using these 

annotations, we found that slightly larger proportions of Xa-expressed genes were impacted by 

Chr X or Y copy number than on the autosomes: 57 (20%) and 27 (8.6%) Xa-expressed genes 
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were significantly responsive to Chr X copy number in LCLs and fibroblasts, respectively, and 

23 (8.2%) and 10 (3.2%) were responsive to Chr Y copy number (Table S4). Among these, 12 

genes in LCLs and 7 genes in fibroblasts significantly responded to both Chr X and Y copy 

numbers (Fig. 2D). Like the autosomal genes, the responses of Xa-expressed genes to Chr X and 

Chr Y copy number were highly concordant in magnitude and polarity (Fig. 2E, S7B). This 

suggests that Xi and Y modulate Xa gene expression in trans through shared mechanisms. 

To identify the mechanisms driving the genome-wide shared response to Chr X and Chr 

Y copy numbers, we considered and tested three hypotheses. We asked whether the observed 

expression changes reflect 1) a generic response to aneuploidy that is not specific to the sex 

chromosomes, 2) a “heterochromatin sink” created by additional sex chromosomes that pulls 

heterochromatin factors away from and thereby de-represses (activates) autosomal genes, or 3) 

the action of regulatory genes shared between the X and Y chromosomes. We will consider each 

of these hypotheses in turn. 
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Figure 2. Chr X and Y copy number have similar genome-wide effects. (A) Scatterplots of 

all expressed autosomal genes in LCLs and fibroblasts show globally correlated response to Chr 

X and Chr Y copy number. (B,D) Venn diagrams of significantly (Padj<0.05)  X- and Y-

responsive autosomal (B) or Xa-expressed (D) genes reveal significant overlap. P values, 

hypergeometric test. (C,E) Scatterplots of the log2 fold change (log2FC) per Chr X vs Chr Y for 

significantly Chr X- and Y-responsive autosomal (C) or Xa-expressed (E) genes show correlated 

response. Black line and grey shading, weighted Deming regression and 95% confidence 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 7, 2023. ; https://doi.org/10.1101/2023.06.05.543763doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.05.543763
http://creativecommons.org/licenses/by/4.0/


 12 

interval; blue dashed line, identity (X=Y) line; Pearson correlation coefficients and P values are 

indicated. 

 

The shared response to Chr X and Chr Y copy number is not a generic response to aneuploidy  

To test the first hypothesis, we analyzed RNA-seq data from LCLs with three copies of Chr 21 

(47,XX+21 and 47,XY+21) and compared these with our data from 46,XX and 46,XY LCLs 

(Fig. 3A, Table S1).15 We employed linear modeling to estimate the log2 fold change in 

expression per additional Chr 21, controlling for sex chromosome constitution (46,XX or 46,XY) 

(Methods). Chr 21 had large effects across the genome: in addition to expression increases for 

Chr 21 genes (previously reported in San Roman et al.15), we identified 980 genes on other 

chromosomes (including X and Y) that were significantly Chr 21-responsive (Fig. 3B-D, Table 

S5). 

We then compared the autosomal responses to Chr 21 copy number with responses to Chr 

X or Chr Y copy number. Across the autosomes, Chr 21-responsive genes generally displayed 

larger fold changes than did Chr X- or Y-responsive genes (Fig. 3E-G). Importantly, most X- or 

Y-responsive autosomal genes did not overlap with the Chr 21-responsive gene set (Fig. 3H). 

There was a modest overlap between Chr 21-responsive and Chr X-responsive genes, but the 

effects of Chr 21 and Chr X were weakly correlated (Fig. 3I). Moreover, none of the Xa-

expressed genes that responded to both Chr X and Y copy number in LCLs were among the Chr 

21-responsive Chr X genes (Fig. S8). We conclude that features unique to the sex chromosomes, 

rather than a generic aneuploidy response, explain autosomal (and Xa) gene expression changes 

in response to Chr X and Y copy number.
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Figure 3. The shared response to Chr X and Y copy number is not a general response to 

aneuploidy. (A) RNA-seq data from LCLs with two or three copies of Chr 21 were analyzed 

using linear regression. (B-C) Scatterplots and regression lines with confidence intervals of 

individual genes showing expression changes in samples with two or three copies of Chr 21. The 

log2 fold change per Chr 21 and Padj from linear regressions are indicated. (D) The log2 fold 

changes per Chr 21 across all chromosomes except for Chr 21 are plotted by chromosomal 

location. Genes in grey are expressed, but do not significantly change in response to Chr 21 copy 

number, while genes in dark or light pink (colored by every other chromosome for clarity) 

represent significantly Chr 21-responsive genes. (E-F) Scatterplot of all expressed autosomal 
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genes, except Chr 21, comparing Chr 21 response to Chr X (E) or Chr Y (F) response. Blue 

dashed line, Chr 21 = Chr X (E) or Chr Y (F). (G) Violin plot of the absolute values of the log2 

fold changes for significantly Chr 21, X, or Y-responsive genes. P values, Wilcoxon rank sum 

test. (H) Venn diagram of Chr X-, Chr Y- and Chr 21-responsive genes shows a significant 

overlap between genes that respond to Chr X and Chr 21 (P values, hypergeometric test). (I) 

Scatterplot of genes regulated by both Chr X and Chr 21 shows little correlation between their 

responses to X and to 21. All scatterplots: black line and grey shading, Deming regression and 

95% confidence interval; blue dashed line, identity (X=Y) line; Pearson correlation coefficients 

are indicated. 

 

The response to Chr Y copy number is not due to heterochromatin sinks 

“Heterochromatin sink” effects are well documented in Drosophila, where Y chromosomes with 

varying amounts of heterochromatin affect expression of autosomal genes adjacent to 

heterochromatic regions – a phenomenon known as position-effect variegation.23 We studied two 

kinds of human variation to test whether Chr Y heterochromatin impacts autosomal gene 

expression: 1) common polymorphisms in heterochromatin length on the long arm of Chr Y 

(Yq),24 and 2) rare structurally variant Y chromosomes. 

To quantify Yq heterochromatin, we mapped whole-genome sequencing data from 1225 

male samples from the 1000 Genomes Project25 to DYZ1, a repetitive sequence specific to the Yq 

heterochromatic region.6 The average depth of coverage of the DYZ1 sequence ranged from 23.8 

to 896.5 reads (after normalization to depth of coverage of a single-copy region of the Y 

chromosome), with a median of 202.5 (Fig. S9A; Table S6). This variation in DYZI read depth 

was corroborated by fluorescent in situ hybridization (FISH) to metaphase chromosomes (Fig. 
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S9B; Table S6). For 194 samples for which RNA-seq data was also available,26 we modeled 

gene expression as a function of DYZ1 read depth, finding only three significantly differentially 

expressed genes (Fig. 4A-B). We conclude that variation in Yq heterochromatin length does not 

affect genome-wide expression. 

We separated the effects of Chr Y genes from effects of Yq heterochromatin using LCLs 

from individuals with structurally variant Y “isochromosomes” in which Yq heterochromatin is 

deleted and a portion of the chromosome, including widely-expressed Chr Y genes on the short 

arm (Yp), is duplicated in “mirror image” orientation, resulting in higher Chr Y gene expression 

(Fig. 4C, S10; Table S1). If Yq heterochromatin contributes significantly to expression of 

shared X- and Y-responsive genes, we would expect cells missing this region to show expression 

like that of 45,X cells, which also lack Yq heterochromatin. If Chr Y genes are responsible, we 

would expect these samples to show expression like that of 47,XYY samples. Using principal 

component analysis of the 442 autosomal genes responsive to both Chr X and Y copy number in 

LCLs, we found that samples with variant Y chromosomes did not cluster with 45,X samples but 

were instead more similar to 47,XYY samples (Fig. 4D). Together, these experiments indicate 

that a heterochromatin sink does not explain the response of autosomal genes to Chr Y copy 

number, and therefore cannot explain the shared response to Chr X and Chr Y copy number. 
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Figure 4.  Heterochromatin sink model does not explain genes upregulated in response to 

Chr Y copy number. (A) Histogram of DYZ1 depth of coverage for the 194 46,XY samples 

from the 1000 Genomes Project that have paired RNA-sequencing data. (B) Each point 

represents the magnitude and significance of expression change in response to DYZ1 depth of 

coverage for expressed autosomal genes in LCLs. Only three genes are below the significance 

cutoff of Padj=0.05. (C) Schematic of the normal Y chromosome and two types of variant Y 

chromosomes that have recombined in repeated DNA regions to generate chromosomes missing 

the large heterochromatic region on the long arm and have two copies of many or all Chr Y 

genes expressed in somatic cells (purple horizontal lines). One Y pseudoisochromosome (piYp) 

resulted from recombination in an inverted repeat (IR4) on Yp and Yq, and a different Y 

isochromosome (iYp) resulted from recombination in a palindrome (P1) on Yq. (D) PCA plot 

showing separation of samples based on expression of the 442 autosomal genes that are X- and 

Y-responsive in LCLs. Ellipses represent 95% confidence intervals around the centroid of each 

karyotype group with at least three samples. The 46,X,i(Yp) and 46,X,pi(Yp) samples cluster 

away from 45,X samples and near those with two Y chromosomes (47,XYY).  
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NPX-NPY gene pairs drive shared autosomal response to X and Y copy number 

Two groups of genes shared between Chr X and Y could drive the shared autosomal response 

(Fig. 5A). First are genes in the shared “pseudoautosomal region” (PAR) on the distal short arms 

of Chr X and Y; expression of these genes increases linearly with sex chromosome copy 

number.15 Second are homologous gene pairs in the non-pseudoautosomal regions of Chr X 

(NPX) and Y (NPY), which increase in expression with X or Y copy number, respectively. 

These NPX-NPY gene pairs are remnants of the ~200-million-year evolutionary process that 

differentiated a pair of ordinary autosomes into Chr X, which retains 98% of the ancestral gene 

content, and Chr Y, which retains only 3%. The NPX-NPY pairs are involved in important 

cellular processes, including transcription, epigenetic regulation, and translation,10 and have 

diverged in sequence to varying degrees,6 possibly maintaining identical functions. Of the NPX-

NPY pair genes, several may affect genome-wide expression, including the histone lysine 

demethylases KDM6A/UTY and KDM5C/KDM5D, RNA helicases DDX3X/DDX3Y, and 

transcription factors ZFX/ZFY. To decouple the effects of PAR versus NPX-NPY pair genes, we 

used RNA-seq to analyze cell lines from individuals with structurally variant X or Y 

chromosomes in which segments are deleted or duplicated. 

We first investigated LCLs and fibroblasts from four individuals with structurally variant 

X chromosomes – isochromosomes -- containing two copies of the long arm (Xq) and missing 

all or part of the short arm (Xp) (Table S1). To map the recombination breakpoints for these X 

isochromosomes, we performed fluorescent in situ hybridization (FISH) using DNA probes for 

sequences across Chr X (Fig. S11, Table S7). We identified three different configurations (Fig. 

5B): One individual’s isochromosome (referred to as iXq-dist) had a breakpoint in the distal 
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short arm and is missing PAR1. Another individual’s isochromosome had a breakpoint in the 

proximal short arm (referred to as iXq-prox) and was further missing the NPX-NPY pair genes 

ZFX, DDX3X, and KDM6A. Finally, two individuals had breakpoints at the centromere (referred 

to as iXq-cen) and are further missing the NPX-NPY pair gene KDM5C (Fig. 5C; see Table S7 

for copy numbers of PAR1 and NPX-NPY pair genes in cell lines with structural variants). 

RNA-seq read counts were consistent with the breakpoints assigned by DNA FISH (Fig. S12-

14). 

The second group of cells was from individuals with one normal Chr X and an X-Y 

translocation product arising from recombination between highly similar genes in NPX and 

NPY, either PRKX and PRKY or ANOS1 (KAL1) and ANOS2P (KALP) (Fig. 5D).27 To identify 

samples with these X-Y translocations, we used a PCR-based screening strategy for Y 

chromosomes with breakpoints in regions encompassing PRKY and ANOS2P on our human cell 

line collection accumulated over three decades from individuals with karyotypic identification of 

an aberrant Y chromosome, discordance between sex chromosome constitution and sex 

phenotype, or spermatogenic failure (Table S7). We performed RNA-seq on three cell lines 

containing PRKX-PRKY translocated chromosomes, which retain PAR1 but have a deletion on 

distal Yp resulting in loss of the NPY genes ZFY, SRY, and RPS4Y1 (Table S7). In addition, we 

performed RNA-seq on four cell lines with ANOS1-ANOS2P translocated chromosomes, which 

lack PAR1 but retain most NPX-NPY gene pairs (Table S7). RNA-seq results were again 

consistent with the chromosomal breakpoints mapped by PCR screening (Fig. S12-14). 

To determine if the shared autosomal response to X and Y copy number is due to PAR1 

or NPX-NPY genes, we compared gene expression in the cell lines with structurally variant sex 

chromosomes to those with sex chromosome aneuploidy, using principal component analysis of 
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the shared Chr X- and Y-responsive autosomal genes in LCLs (442 genes) or fibroblasts (136 

genes). If PAR1 genes drive the X-Y-shared autosomal response, we would expect all 

46,X,i(Xq) and 46,X,t(X;Y)(ANOS1-ANOS2P) samples – which retain only one copy of PAR1 – 

to cluster with 45,X samples, and 46,X,t(X;Y)(PRKX-PRKY) samples – which retain two copies 

of PAR1 – to cluster with 46,XX and 46,XY samples. Instead, we found that the clustering of 

46,X,i(Xq) samples depended on the copy number of NPX genes on Xp. For example, the 

46,X,i(Xq-cen) and 46,X,i(Xq-prox) samples – with one copy of most or all NPX-NPY pair 

genes on Xp – clustered with the 45,X samples, while the 46,X,i(Xq-dist) sample – with three 

copies of most NPX-NPY pairs – clustered with the 46,XX samples (one might expect this 

sample to cluster with 47,XXX samples, but, due to mosaicism for a 45,X cell line (Methods), 

expression averages to 46,XX levels; Fig. 5E-F). Similarly, 46,X,t(X;Y)(ANOS1-ANOS2P) 

samples – with two copies of most NPX-NPY pairs – clustered with 46,XX samples, while 

46,X,t(X;Y)(PRKX-PRKY) samples – with reduced copy number of only two NPX-NPY pairs: 

ZFX/ZFY and RPS4X/RPS4Y – clustered with 45,X samples (Fig. 5G). In all, these results 

indicate that NPX-NPY pairs, not PAR1 genes, drive the shared autosomal response to X and Y 

copy number in LCLs and fibroblasts. Among NPX-NPY pairs, only one pair both maps to Xp 

and is present in reduced copy number in 46,X,t(X;Y)(PRKX-PRKY) samples: ZFX and ZFY.  
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Figure 5. NPX-NPY pair genes on Xp (the short arm), but not PAR1 genes, drive the 

shared genome-wide response to X and Y chromosome copy number. (A) Anatomy of the 

sex chromosomes. Locations of FISH probes used in (B) are indicated. (B) DNA FISH on four 

46,X,i(Xq) samples refined the sites of recombination. Fluorescent images of the normal X and 

iXq from the same cell are shown side-by-side, with probes across the chromosome (green) and 

the X centromere (red). Full FISH results are found in Figure S11. (C) Schematic of a normal 

Chr X and three types of X isochromosomes. Locations of NPX-NPY pair genes indicated by 
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dark orange lines. (D) Schematic showing recombination between X and Y Chrs at PRKX and 

PRKY, or at ANOS1 and ANOS2P, resulting in X-Y translocation products. (E-F) Principal 

component analysis (PCA) of autosomal X- and Y-responsive genes in LCL (E) or fibroblast (F) 

samples with one to three copies of Chr X or 46,X,i(Xq) structural variants. (G) PCA of 

autosomal X- and Y-responsive genes in LCL samples with one to five total sex chromosomes or 

with X-Y translocated chromosomes. Ellipses represent 95% confidence intervals around the 

centroid of each karyotype group with at least three samples. 

 

ZFX and ZFY activate a shared transcriptional program genome-wide  

To determine whether ZFX and ZFY mediate the genome-wide response to X or Y copy number, 

we searched for DNA motifs in promoters of X- or Y-responsive genes (Methods). Motifs 

matching previously-characterized ZFX DNA-binding signatures were enriched in genes that 

were positively X- or Y-responsive but not among genes that were negatively X- or Y-

responsive; the highest enrichment was among genes positively responsive to both X and Y in 

LCLs (Table S8). Additionally, re-analysis of ENCODE data revealed that ZFX protein binding 

is enriched at promoters of genes positively responsive to X and Y in LCLs and fibroblasts (Fig. 

S15, Table S9, Methods). This aligns well with studies showing that ZFX is a transcriptional 

activator,28-31 and extends previous reports of ZFX motif enrichment in genes positively 

regulated by Chr X copy number identified using microarray data.32,33 The motif database we 

queried does not include a ZFY motif, but ZFX and ZFY are 93% identical in both DNA and 

predicted amino acid sequence6 and evidence indicates that ZFY occupies the same genomic 

sites as ZFX: their zinc-finger domains and genome-wide binding profiles are nearly identical.34-

36 
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To directly assess the functions of ZFX and ZFY genome-wide, we knocked down ZFX 

in 46,XX fibroblasts (from three individuals) and ZFX and/or ZFY in 46,XY fibroblasts (from 

three individuals) using CRISPR interference (CRISPRi37; Fig. 6A, Methods), followed by RNA 

sequencing. To identify differentially expressed genes, we modeled gene expression as a 

function of the CRISPRi target gene (ZFX and/or ZFY versus control; Methods). These CRISPRi 

knockdowns were effective: in single knockdowns we observed an ~80% reduction of ZFX and 

>90% reduction of ZFY levels (Fig. 6B). The knockdowns were also specific: ZFX expression 

was not affected by ZFY knockdown, and vice-versa. In a separate experiment, double 

knockdowns were performed aiming for more modest but significant reductions of both ZFX 

(~40%) and ZFY (~55%). 

The magnitude of the genome-wide effects varied among the knockdowns: in 46,XX 

cells, 4,638 genes were differentially expressed upon ZFX knockdown, while in 46,XY cells, 943 

genes were differentially expressed upon ZFX knockdown, 206 genes upon ZFY knockdown, and 

1,698 genes upon ZFX / ZFY double knockdown (Fig. 6C-F, Table S10). The knockdowns 

confirm that ZFX is a transcriptional activator: genes that decrease in expression with ZFX 

and/or ZFY knockdown in 46,XX and 46,XY cells were enriched for ZFX DNA binding motifs 

and protein binding at their promoters, compared to genes that were not significantly affected; 

conversely, genes that increased in expression were depleted for ZFX binding (Fig. S16, Table 

S11). 

Noting that the genome-wide response to ZFX knockdown was markedly different in 

46,XX and 46,XY cells, we hypothesized that expression of ZFY could play a role. Indeed, the 

magnitude of the genome-wide effects was inversely related to the cumulative level of ZFX and 

ZFY expression remaining after knockdown (Fig. 6G). Double-knockdown cells had lower total 
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ZFX+ZFY levels compared to total ZFX+ZFY levels in either single knockdown, and they 

displayed a larger genome-wide effect, even though ZFX levels in the double knockdown were 

higher than in the single knockdowns. This suggests that ZFX and ZFY act in a mutually and 

cumulatively dose-dependent fashion, which we tested by comparing the responses to their 

single knockdowns. Among autosomal genes that responded to ZFY knockdown in 46,XY cells, 

135 (69%) also responded to ZFX knockdown in 46,XY cells, and these responses were nearly 

perfectly correlated, although the genes displayed larger responses to ZFX than to ZFY 

knockdown (P=7.2x10-8, paired t-test; Fig. 6H-I). Additionally, all four Xa-expressed genes that 

significantly responded to ZFY knockdown also responded to ZFX knockdown in 46,XX and 

46,XY cells (Fig. S17). We conclude that ZFX and ZFY activate the same genes, with ZFX being 

more potent than ZFY, and that the total levels of ZFX+ZFY impact thousands of genes across the 

genome. 
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Figure 6. ZFX and ZFY activate a common set of genes. (A) Schematic of CRISPRi 

knockdown experiments. 46,XX and 46,XY fibroblasts from three individuals were transduced 

with dCas9-KRAB and sgRNAs directed against a control intergenic region on Chr 2, the 

promoter of ZFX, or the promoter of ZFY to block transcription. (B) Violin plots showing 

relative expression of ZFX or ZFY in cells transduced with ZFX and/or ZFY sgRNAs, compared 

to control sgRNAs. Log2FC and Padj values from DESeq2 results. (C-F) Volcano plots showing 

effect size and significance of all expressed genes in ZFX and/or ZFY knockdowns versus 

controls. Numbers of significantly differentially expressed genes are indicated. (G) Stacked 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 7, 2023. ; https://doi.org/10.1101/2023.06.05.543763doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.05.543763
http://creativecommons.org/licenses/by/4.0/


 25 

barplots showing median and interquartile ranges (whiskers) of cumulative expression in 

transcripts per million (TPM) of ZFX and ZFY in CRISPRi experiments. P values, t-tests. (H) 

Venn diagram of significantly differentially expressed autosomal genes upon knockdown of ZFX 

in XX or XY cells or upon knockdown of ZFY in XY cells. (I) Scatterplot of significantly ZFX- 

and ZFY-responsive autosomal genes in 46,XY cells comparing effects of ZFX versus ZFY 

knockdowns. Black line and grey shading, weighted Deming regression and 95% confidence 

interval; blue dashed line, identity (X=Y) line; Pearson correlation and P value are indicated. 

 

ZFX and ZFY are required for shared response to Chr X and Chr Y copy number 

Finally, we asked whether ZFX or ZFY activity is required for the genome-wide response to Chr 

X and Chr Y copy number. Of the 136 autosomal genes responsive to both Chr X and Y copy 

number in fibroblasts, 109 (81%) responded to ZFX and/or ZFY knockdown, a significant 

enrichment (Fig. 7A). Among genes that responded significantly only to Chr X or only to Chr Y, 

70% and 57%, respectively, were ZFX or ZFY responsive (Fig. S18A). On a gene-by-gene basis, 

the effects of ZFX or ZFY knockdown were negatively correlated with the response to Chr X or 

Chr Y copy number, consistent with ZFX and ZFY’s functions as transcriptional activators (Fig. 

7B, Fig. S18B). In all, the transcriptional changes upon ZFX or ZFY knockdown explained 19-

40% of the effects for autosomal genes responsive to either Chr X or Y copy number, and 46-

57% of the effects for autosomal genes responsive to both Chr X and Y copy number (Fig. 7B, 

S18). 

We obtained similar results for genes that are only expressed from Xa. Of the seven Xa-

expressed genes significantly responsive to Chr X or Y number in fibroblasts, all were 

significantly responsive to ZFX and/or ZFY knockdown (Fig. 7C). For these seven Xa-expressed 
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genes, the effects of ZFX and/or ZFY knockdown explain 78-92% of the effects of Chr X and Y 

copy number (Fig. 7D). In sum, the actions of ZFX and ZFY explain most of the shared response 

to Chr X and Chr Y copy number on Xa as well as on autosomes. 

 

 

Figure 7. ZFX and ZFY are required for shared Chr X and Chr Y responsive 

transcriptional program. (A, C) Venn diagram of X- and Y-responsive autosomal (A) or Xa-

expressed (C) genes in fibroblasts with union of all ZFX- and ZFY-responsive genes across the 

four CRISPRi experiments. P value, hypergeometric test. (B, D) Scatterplots comparing response 

to Chr X copy number and response to ZFX or ZFY knockdown for 136 autosomal genes (B) or 7 

Xa-expressed genes (D) that are significantly X- and Y-responsive in fibroblasts. Black line and 

grey shading, weighted Deming regression and 95% confidence interval; blue dashed line, 

identity (X=Y) line; coefficients of determination and P values are indicated. 
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DISCUSSION 

Traditionally, the “gene-poor” Y and “inactive” X (Xi) chromosomes have not been considered 

prominent players in regulating the transcriptome of human somatic cells. Studies of these “sex 

chromosomes” have focused instead on their capacity to differentiate the reproductive cells and 

organs of males and females. Our study produced two surprising findings that challenge common 

understandings of these chromosomes. First, the Xi and Y chromosomes modulate expression of 

thousands of autosomal genes in somatic cells, as we demonstrated in transformed 

(lymphoblastoid) cells and primary cultures (skin fibroblasts). Second, the genome-wide impact 

of these two chromosomes is strikingly similar: many autosomal genes respond to Xi and Y by 

changing expression in the same direction and with correlated effect sizes. These shared effects 

do not reflect a generic aneuploidy response or a response to a heterochromatin sink, and they 

are not driven by pseudoautosomal genes. Instead, a pair of NPX- and NPY-encoded 

transcriptional activators, ZFX and ZFY, account for about half of the shared effects. 

 

21% of autosomal genes expressed in LCLs or fibroblasts respond to Chr X or Y copy number 

We began this study by quantitatively modeling autosomal gene expression in cells of two types 

cultured from 176 individuals with a wide range of sex chromosome constitutions: one to four X 

chromosomes (zero to three Xi chromosomes), and zero to four Y chromosomes (e.g., 45,X to 

49,XXXXY and 49,XYYYY). Incorporating these diverse sex chromosome constitutions into a 

single linear model (Fig. 1) yielded advantages over earlier studies that compared transcriptomes 

in pairwise fashion across a circumscribed set of sex chromosome constitutions: most frequently 

comparing 46,XX with 46,XY; 45,X with 46,XX; and 46,XY with 47,XXY.12-14,32,33,38-43 This 

linear model provided the power required to detect and quantify increases or decreases in 
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expression of individual autosomal genes as a function of Chr X copy number, and as a function 

of Chr Y copy number. Eighteen percent of LCL-expressed autosomal genes were significantly 

responsive to Chr X copy number, and 6% of such genes were responsive to Chr Y copy number 

(Fig. 1). In fibroblasts, 5% of expressed autosomal genes were significantly X-responsive, and 

2% were Y-responsive. Merging these observations, we find that, of 13,126 autosomal genes 

expressed in LCLs and/or fibroblasts, 2,722 (20.7%) are significantly responsive to Chr X and/or 

Chr Y copy number in one or both cell types (Table S12). Additionally, of 335 Xa-expressed 

genes in LCLs and/or fibroblasts, 88 (26.3%) are significantly responsive to Chr X and/or Chr Y 

copy number in one or both cell types (Table S12). As a group, these Xi- or Y-responsive genes 

--  2,722 autosomal genes and 88 Xa-expressed genes -- are widely dispersed across functional 

categories, with only a weak enrichment for functional categories related to metabolism (Fig. 

S19). 

 Importantly, we observed these effects of Xi and Y copy number even when minimizing 

the differentiating influence of sex steroid hormones by culturing cells under identical 

conditions. Moreover, we found that the effects of Xi copy number on autosomal gene 

expression are comparable in cells derived from phenotypic males and females. We conclude 

that Xi effects on autosomal gene expression are independent of the presence of the Y 

chromosome or the gonadal sex of the individual donor. 

 

Shared effects on the transcriptome reflect the common autosomal ancestry of X and Y 

chromosomes 

The Y and X chromosomes play starkly different roles in the differentiation and function of the 

human reproductive tract.44 In cultured somatic cells, however, we observed that the Y and Xi 
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chromosomes have broadly similar and highly correlated effects on the transcriptome of all other 

chromosomes, including the Xa chromosome found in somatic cells of all individuals, regardless 

of their biological sex. 

 We had not anticipated these similar effects of Xi and Y on the global transcriptome, but 

they can be explained in light of the evolution of the human X and Y chromosomes from a pair 

of autosomes over the past 200 million years.1,2 The human X and Y chromosomes originated 

not as “sex chromosomes” but as ordinary autosomes, identical in sequence and, in all 

likelihood, largely identical in their functions in male and female somatic cells. The genes of 

these ancestral autosomes included global mediators and regulators of gene expression unrelated 

to sex differentiation – mediators and regulators that survived the differentiation of the X and Y 

chromosomes and remain expressed today on both Y and Xi.10,45 

Indeed, as shown here, one of these global regulators – surviving today as ZFX on the 

human X chromosome and its homolog ZFY on the human Y chromosome – accounts for about 

half of the shared effect of Y and Xi on global gene expression. Combining the results reported 

here with prior discoveries, we propose the following mechanistic model: The single Xa 

chromosome found in all somatic cells (regardless of sex) contributes a relatively invariant level 

of ZFX protein; each Xi chromosome in the cell adds a smaller amount of ZFX protein, and each 

Y chromosome adds a similar quantity of ZFY protein. In trans, ZFX and ZFY proteins act 

additively, and functionally interchangeably, in modulating transcript levels for thousands of 

autosomal genes (and Xa genes). 

The details and generalizability of this model should be tested in diverse somatic cell 

types. However, our findings are sufficient to state that the shared autosomal ancestry of the Xi 

and Y chromosomes continues to shape the functional roles of both chromosomes. Recognizing 
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that ZFX (and ZFY) account for about half of the Xi and Y chromosomes’ effects on the 

autosomal transcriptome in LCLs and skin fibroblasts, we encourage investigators to explore the 

possibility that other ancestral NPX-NPY gene pairs contribute mechanistically to sex-shared 

functions of the Xi and Y chromosomes. 

 

The challenge: distinguishing between the shared and differentiating roles of Xi and Y in 

human somatic cells 

Our findings demonstrate that human Xi and Y chromosomes perform shared roles in 

modulating the autosomal (and Xa) transcriptome in somatic cells. However, myriad differences 

in autosomal gene expression in human somatic tissues (outside the reproductive tract) are found 

when comparing 46,XY males to 46,XX females.12-14,38,39 More research is required to determine 

the degree to which these transcriptomic differences represent sex differences in cellular 

composition, sex steroid hormones, or cell-autonomous roles of the Xi and Y chromosomes. The 

task of searching for and molecularly substantiating sex-differentiating, cell-autonomous roles of 

individual Xi- or Y-expressed genes in somatic tissues, at the molecular level, will be 

complicated by the breadth and scale of the sex-shared, cell-autonomous roles described here. 

 

Limitations of this study 

We found a genome-wide response to Chr X and Y copy number in both LCLs and fibroblasts, 

but most of the autosomal genes that responded were X- and/or Y-responsive in only one of the 

two cell types. Thus, these autosomal “responders” will likely differ based on the epigenetic 

context of the cell or tissue type of interest, and this should be taken into consideration when 

comparing the gene lists here to metrics derived in other tissues. We note that this same cell-type 
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variation could occur for androgen or estrogen receptor direct target genes, and so the absence of 

an overlap with X- and Y-responsive genes could reflect different targets in cancer cell lines 

versus LCLs and fibroblasts. The heterochromatin sink hypothesis was tested (and excluded) by 

studying naturally occurring variation in the Y chromosome; this hypothesis was not directly 

excluded for the X chromosome, where we could not genetically or experimentally separate the 

possible effects of Xi heterochromatin from the effects of Xi gene expression. 
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STAR Methods 

RESOURCE AVAILABILITY 

Lead contact 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the lead contact, David C. Page (dcpage@wi.mit.edu). 
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Materials availability 

Cell lines generated in this study are available upon request to the lead contact. 

Data and code availability 

• Raw RNA-seq data has been deposited to dbGAP and processed data has been deposited 

at Github. Both are publicly available as of the date of publication. Accession numbers 

and DOIs are listed in the key resources table. 

• This paper analyzes existing, publicly available data. Accession numbers for these 

datasets are listed in the key resources table. 

• Original code has been deposited at Github and is publicly available as of the date of 

publication. The accession number is listed in the key resources table. 

• Any additional information required to reanalyze the data reported in this paper is 

available from the lead contact upon request. 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Human subjects 

As part of an IRB-approved study at the NIH Clinical Center (12-HG-0181) and Whitehead 

Institute/MIT (Protocol # 1706013503), we recruited human subjects through the NIH Clinical 

Center, the Focus Foundation, and Mass General Hospital. We included individuals with a 

previous karyotype showing non-mosaic sex chromosome aneuploidy or a structural variant of 

the sex chromosomes, as well as euploid “healthy volunteers”. We obtained informed consent 

from all study participants. For derivation of cell cultures and analysis, we collected blood 

samples and/or skin biopsies and shipped them to the Page lab. We performed karyotyping of 

peripheral blood and fibroblast cell cultures at the National Human Genome Research Institute 
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Cytogenetics and Microscopy Core. We obtained additional cell lines from the Colorado 

Children’s Hospital and Coriell Research Institute, and cultured them for at least two passages 

prior to RNA-sequencing. The analysis presented represents the combined analysis of samples 

published for the first time here, and a set of previously-published samples collected during the 

course of the same study.15 We provide information about all samples analyzed in this study in 

Table S1. 

 

METHOD DETAILS 

Cell culture 

We derived and cultured lymphoblastoid cell lines (LCLs) and skin fibroblasts as previously 

described.15 Briefly, we collected blood in BD Vacutainer ACT blood collection tubes and 

placed two 4mm skin punch biopsies from the upper arm in transport media (DMEM/F12, 20% 

FBS, and 100 IU/ml Penicillin-Streptomycin [all ThermoFisher]) and shipped these to the Page 

lab 1-3 days after collection. We subjected blood to density gradient centrifugation to obtain 

lymphocytes, which we then transformed by culturing in complete RPMI (RPMI 1640 [Gibco], 

25mM HEPES, 15% FBS [Hyclone], 1.25ug/ml Fungizone [Gibco], 3.33ug/ml Gentamycin 

[Gibco], 100 IU/ml Penicillin-Streptomycin [Lonza], pH 7.2) supplemented with EBV and 66.6 

ug/ml cyclosporine until we observed cell clumping and proliferation. We minced skin biopsies 

and placed them on gelatin-coated plates with growth media (High Glucose DMEM [Gibco], 

20% FBS [Hyclone], 2mM L-Glutamine [MP Biomedicals], 1X MEM Non-Essential Amino 

Acids [Gibco], 100 IU/ml Penicillin-Streptomycin [Lonza]), leaving undisturbed until fibroblasts 

grew out of the biopsies and could be passaged. For each sample, we collected and froze one 

million cells in RNAprotect Cell Reagent (Qiagen) at -80°C until RNA extraction. We confirmed 
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that cell cultures were negative for mycoplasma contamination periodically using either the 

MycoAlert Kit (Lonza) or PCR, as described previously.15 

 

RNA extraction and RNA-seq library preparation 

We extracted RNA using the RNeasy Protect Cell Mini Kit (Qiagen), per the manufacturer’s 

instructions, using the following modifications: we added 10 µL β-mercaptoethanol per ml of 

buffer RLT for cell lysis, and 10 µL of a 1:100 dilution of ERCC RNA Spike-In Mix 

(Invitrogen) per million cells. We homogenized lysates using QIAshredder columns (Qiagen), 

removed genomic DNA using gDNA eliminator columns, performed all optional spin steps, and 

eluted RNA in 30 µL RNase-free water. We quantified RNA using a Qubit 2.0 or 4.0 

fluorometer and the Qubit RNA HS Assay Kit (ThermoFisher). RNA was consistently high-

quality with RNA integrity numbers (RIN) near 10 as measured on a Bioanalyzer 2100 

instrument (Agilent). We prepared RNA sequencing libraries using the TruSeq RNA Library 

Preparation Kit v2 (Illumina) with modifications as detailed in Naqvi et al.13 or using the KAPA 

mRNA HyperPrep Kit (Roche). In both cases, we size-selected libraries using the PippinHT 

system (Sage Science) and 2% agarose gels with a capture window of 300-600bp. We performed 

paired-end 100x100 bp sequencing on a HiSeq 2500 or NovaSeq 6000 (Illumina). We indicate 

the library preparation kit and sequencing platform for each sample in Table S1. 

 

RNA-seq data processing  

We performed all analyses using human genome build hg38, and a custom version of the 

comprehensive GENCODE v24 transcriptome annotation as in Godfrey et al.46 This annotation 

represents the union of the “GENCODE Basic” annotation and transcripts recognized by the 
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Consensus Coding Sequence project.47 To analyze samples in which ERCC spike-ins were 

added, we merged our custom transcript annotation with the ERCC Control annotation. 

To pseudoalign reads to the transcriptome annotation and estimate expression levels of 

each transcript, we used kallisto software (v0.42.5).48 We included the --bias flag to correct for 

sequence bias. We imported the resulting count data (abundance.tsv file) into R for analysis in 

DESeq2 (v1.26.0)16 using the tximport package (v1.14.0).49 Although we pseudoaligned and 

performed DESeq2 on the entire custom transcriptome annotation, we restricted our downstream 

analysis to protein-coding and long non-coding RNA genes, as annotated in ensembl v107. We 

filtered the final analyses for genes with median expression level in XX or XY samples of at 

least 1 transcript per million (TPM) in a given cell type.  

 

Linear modeling to identify autosomal X- or Y-responsive genes 

We performed linear modeling in DESeq2 with three covariates: Chr X copy number, Chr Y 

copy number, and library preparation batch. The “log2 fold change” values output from DESeq2 

in these analyses refer to the log2 fold change in expression per copy of Chr X or Y. We 

considered genes with Padj<0.05 as significantly Chr X-responsive or Chr Y-responsive.   

To control for the possibility that bulk differences in sex chromosome gene expression 

may lead to global effects during normalization, we performed an identical analysis, removing 

Chr X and Y genes prior to DESeq2 normalization and linear modeling. This had little effect on 

the overall results. 

We compared significantly X-responsive or Y-responsive genes between LCLs and 

fibroblasts by first restricting our analysis to autosomal genes expressed in both LCLs and 

fibroblasts, and then intersecting the significant gene lists. To compute P values of the overlaps, 
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we used hypergeometric tests, with P<0.05 considered significant. We calculated Pearson 

correlations between log2 fold change per X or Y Chr in LCLs and fibroblasts on the overlapping 

sets of genes. 

 

Saturation analysis of autosomal X- and Y-responsive genes 

For LCLs and fibroblasts separately, we randomly sampled without replacement size-n subsets 

of available RNA-seq libraries. We ran DESeq2 on these subsets as in the full analysis, and 

recorded the number of significantly Chr X- and Y-responsive expressed autosomal genes 

(Padj<0.05). We performed 100 down-samplings for each sample size, n. 

 

Comparing X- or Y-responsive genes to estrogen or androgen receptor target genes 

We defined direct target genes of the estrogen and androgen receptors as genes that change in 

expression and are bound by estrogen receptor alpha (ERa) or androgen receptor (AR) within 30 

kb of the transcription start site upon addition of 17-b estradiol (E2) or dihydrotestosterone 

(DHT), respectively. For ERa target genes, we reanalyzed RNA-seq and ChIP-seq data in MCF7 

breast cancer cells from Guan et al.17, and for AR target genes we reanalyzed RNA-seq and 

ChIP-seq data in LNCaP prostate cancer cells from Cato et al.18 For RNA-seq data, we used the 

same processing pipeline as above – pseudoalignment and quantification of transcript abundance 

with kallisto and differential expression analysis (treatment versus vehicle) in DESeq2 – with 

genes with Padj<0.05 considered significantly responsive to E2 or DHT. 

For AR and ER ChIP-seq data, we aligned the reads to the human genome (hg38) using 

bowtie2 (v2.3.4.1)50 with one mismatch allowed (-N 1) and called peaks using the MACS2 

(v2.2.7.1)51 callpeak function with default parameters. We called peaks in hormone treated data 
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and vehicle control, using the matched input samples as the background control. We then 

selected peaks exclusively found in the treated condition compared to the vehicle control. We 

associated peaks with genes in our custom GENCODE v24 transcriptome annotation using the 

bedtools (v2.26.0) closest function with default parameters. We considered genes with a peak 

within 30 kb of their transcription start site “bound” by a given factor. 

 

Functional annotation 

We performed functional gene category analysis on autosomal genes significantly responsive to 

Chr X or Y copy number using the Molecular Signatures Database (MSigDB) Gene Ontology 

Biological Process categories, version 2022.1.Hs.52,53 To test for enrichment of gene categories, 

we performed hypergeometric tests using all expressed autosomal genes in each cell type as the 

background set. We corrected the resulting P values for multiple hypothesis testing using the 

Benjamini-Hochberg method, with categories below the FDR threshold of 0.05 considered 

significantly enriched. 

 

Chromosome 21 copy number analysis 

To assess and compare the response to aneuploidy for an autosome with our sex chromosome 

aneuploidy model, we obtained six lymphoblastoid cell lines with Trisomy 21 from the Coriell 

Institute for Medical Research (AG09802, AG10316, AG10317, AG17485, AG13455, and 

AG16945; see Table S1 for more details). We cultured these LCLs in the laboratory for two 

passages and performed RNA-sequencing in parallel with the sex chromosome aneuploidy lines. 

We processed raw RNA-sequencing data as above. We used data from 46,XX, 46,XY, 

47,XX+21, and 47,XY+21 to evaluate the effects of three versus two copies of Chr 21. We 

performed this analysis in DESeq2 using three covariates in a linear model: sex chromosome 
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constitution (XX vs XY), Chr 21 copy number (two vs three), and library preparation batch. We 

previously analyzed effects of Chr 21 copy number on the expression of genes encoded on Chr 

21, finding that ~3/4 significantly increased in expression.15 Here, we compare the effects of Chr 

21 copy number on the other autosomes to those of Chr X or Chr Y copy number. 

 

Meta-analysis of published Xi expression datasets to define “Xa-expressed” genes 

To define “Xa-expressed” genes, which have no evidence of expression from Xi, we compiled 

data from five studies of Chr X allelic ratios for 965 annotated protein-coding and long non-

coding RNAs.8,15,19-21  

The first dataset (Additional file 7 in Cotton et al)19 was derived from paired genomic 

and cDNA SNP-chips in skewed LCL and fibroblast cell cultures. We used the provided mean 

AR values for 416 genes informative in at least 5 samples, their standard deviations, and the 

number of informative samples, to test whether the AR values were significantly greater than 

zero with one-sample, one-sided t-tests. We corrected the resulting P values for multiple 

comparisons with the p.adjust function in R using the Benjamini-Hochberg method. Genes with 

adjusted P values (Padj) below 0.05 were considered expressed from Xi (“escape”). 

The second dataset was derived from bulk or single cell RNA-seq of LCLs (Table S5 and 

S8 from Tukiainen et al).8 The bulk RNA-seq was from one individual in the GTEx dataset with 

100% skewed X inactivation across the body, and the single-cell RNA-seq in LCLs was from 

three individuals (we excluded data from one dendritic cell sample). We included 82 genes with 

data from at least two individuals in the single-cell dataset, or one individual in the single-cell 

dataset and data from the bulk RNA-seq dataset. Using the ratio of read counts from the more 

lowly and highly expressed alleles in each sample, we calculated AR values and used the 
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provided adjusted P values to identify genes with significant Xi expression (Padj < 0.05). We 

called a gene as “escape” if one or both of the datasets showed evidence of Xi expression. 

The third dataset (Dataset 3 from Garieri et al)20 was derived from single-cell allelic 

expression in fibroblasts.20 We included 203 genes that had data from at least two of the five 

samples in the dataset. We converted the reported values (Xa reads/total reads) to AR values 

using the following formula: 𝐴𝑅 = 	 !
!"	$%"&'	
()("*	$%"&'

− 1. We used the provided AR threshold to 

consider a gene significantly expressed from Xi in each sample (AR>0.0526). We called a gene 

as “escape” if it had at least one sample with significant expression from Xi. 

The fourth dataset (Tables S4 and S5 from Sauteraud et al)21 was derived from allele-

specific bulk RNA-seq performed on 136 LCLs with skewed X inactivation. We analyzed 215 

genes that had data from at least 10 samples. We calculated an AR value for each gene in each 

sample using the read counts from the more lowly and highly expressed alleles in each sample, 

adjusting for the level of skewing in each sample. To identify genes that were significantly 

expressed from Xi across samples, we performed paired, two-sample, one-sided t-tests, asking 

whether the raw (pre-adjusted for skewing) AR values were greater than the baseline AR given 

the level of skewing in each sample (𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒	𝐴𝑅 = 	 	!#$%&'()*	+,&--(+(&).	
$%&'()*	+,&--(+(&).

); we corrected the 

resulting P values for multiple comparisons with the p.adjust function in R using the Benjamini-

Hochberg method. We considered genes with Padj < 0.01 as significantly expressed from Xi 

(“escape”). 

The fifth dataset (Table S6 from San Roman et al)15 was derived from our prior analysis 

of allelic ratios in bulk RNA-sequencing of skewed LCLs and fibroblasts with two copies of the 

X chromosome. We calculated AR values for 152 genes in LCLs and 120 in fibroblasts. We used 

the Benjamini-Hochberg adjusted P values from one-sided, one-sample t-tests to determine 
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whether AR values were significantly greater than zero, considering genes with Padj < 0.05 as 

expressed from Xi (“escape”). 

Next, we synthesized the calls from these five datasets. We assigned a gene as having 

evidence for expression from Xi (“escape”) if 1) most (>50% of) studies indicated “escape” or 2) 

50% or fewer (but more than 0) studies indicated “escape” and either i) there was more than one 

study with evidence of escape or ii) the average AR across all studies was ³0.1. We assigned 

genes as not expressed from Xi (“subject”) if: 1) all studies indicated “subject” or 2) most 

(>50%) studies indicated “subject” and the average AR across all studies was <0.1. For genes 

with no data from any of the five studies, we investigated whether there was evidence of 

expression from Xi using human-rodent hybrid cell lines carrying a human Xi from Carrel et al7 

as compiled in Balaton et al 22. If a gene was expressed in at least 22% of Xi hybrid cell lines 

(per Carrel et al), we considered the gene to be expressed from Xi (“escape”). Our final 

annotations of “Xa-expressed” genes are listed in Table S4. In total, we found 107 genes with 

prior evidence of expression from Xi (“escape”), 460 genes without prior evidence of expression 

from Xi (“subject” – considered here as “Xa-expressed”), and 398 genes without data to make a 

call (“no call”). 

 

Analysis of Yq heterochromatin length 

To assess Yq heterochromatin length, we analyzed whole genome sequencing data of 1,225 

males from the 1000 Genomes Project.25 We aligned FASTQ files with paired-end reads to the 

human reference genome (hg38) using bowtie2.50 From each male in the sample, we calculated 

the average depth of coverage of the DYZ1 region. In addition, we calculated the average depth 

of coverage of a 1-megabase single-copy region of the Y chromosome (from bases 14,500,000-
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15,500,000). We adjusted read depths to account for GC bias in sequencing depth.54,55 In cases of 

individuals with multiple sequenced samples, we summed the read depths following GC-bias 

correction. For each male, we normalized mean DYZ1 read depth by mean single-copy region 

read depth to account for differences in sequencing depth between different sequencing runs. 

After these steps, a higher depth of coverage implies higher DYZ1 copy number and an increase 

in the size of the Yq heterochromatic region. We confirmed these size differences visually using 

FISH (see below) on eight males from the 1000 Genomes Project (NA20520, HG04185, 

HG01890, NA12812, HG02684, NA18748, HG02394, and HG00142) obtained from the NHGRI 

Sample Repository for Human Genetic Research at the Coriell Institute for Medical Research. 

To analyze gene expression as a function of DYZ1 read depth, we obtained RNA-seq data 

from The Geuvadis Consortium and restricted our analysis to samples marked as male, 

“UseThisDuplicate == 1”, RNA integrity number (RIN) ³ 8, and with estimates for DYZ1 read 

depth. We excluded the following outlier or incorrectly annotated samples as flagged in t’Hoen 

et al.56: NA12546.1, HG00329.5, NA18861.4, NA19144.4, NA19225.6, HG00237.4, 

NA12399.7, and NA07000.1, resulting in a total of 194 male samples. We downloaded the raw 

RNA-seq data and pseudoaligned the reads with kallisto as above. Using DESeq2, we modeled 

the log2 read counts as a function of log2 DYZ1 depth of coverage, controlling for population and 

the lab that sequenced the libraries. 

 

Analysis of gene expression in individuals with structural variants of the sex chromosomes 

Naturally occurring structural variants of the sex chromosomes allowed us to investigate the 

consequences of deleting or duplicating specific genes on Chr X or Chr Y. The Page lab 

collected these samples over several decades during the course of studying infertility, disorders 
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of sex development, and sex chromosome aneuploidy. We cultured these cells and performed 

RNA-sequencing in parallel with the sex chromosome aneuploidy cell lines. 

  

Y isochromosomes 

The Page lab previously identified three unrelated individuals with Y isochromosomes lacking 

the Yq heterochromatic region among males with spermatogenic failure.57,58 One of these 

isochromosomes resulted from recombination between the IR4 repeats on Yp and Yq 

(WHT5557, referred to as a “pseudoisochromosome”) and two resulted from recombination 

more distally, within the P1 palindrome. Both recombination events resulted in the duplication of 

protein-coding NPY genes and all PAR1 genes expressed in somatic cell types. For the 442 X- 

and Y-responsive autosomal genes in LCLs, we used PCA plots to visualize the clustering of the 

Y isochromosome samples within the Chr Y chromosome copy number series, controlling for a 

single X chromosome (0Y: 45,X; 1Y: 46,XY; 2Y: 47,XYY; 4Y: 49,XYYYY). For the PCA 

plots, we performed a variance stabilizing transformation on normalized counts from DESeq2 

and used the removeBatchEffect function in the limma R package (v3.42.2)59 to remove any 

effects of library preparation batch. Ellipses representing the 95% confidence intervals around 

the centroid of each group (with at least 3 samples) were computed using ClustVis software.60 

 

X isochromosomes 

Through karyotyping of individuals with Turner syndrome, we identified four unrelated 

individuals with X isochromosomes in which the entirety of Xq – and in some cases proximal 

portions of Xp – is duplicated. We mapped the breakpoints of these isochromosomes by 

fluorescent in situ hybridization (FISH) using bacterial artificial chromosomes (BACs) with 
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known locations across the X chromosome as DNA probes (Fig. S11; see below for FISH 

methods). In two individuals, WHT7183 and WHT7399, the breakpoints mapped to the 

centromere. In these two cases, probe 343B12, proximal to all genes on Xp, was absent on the 

isochromosome, and probe 168B01, proximal to all genes on Xq, was present in two copies. A 

third individual, WHT7182, had a breakpoint on Xp ~5 Mb from the centromere. This 

breakpoint mapped within the 206-kb region (chrX:52,607,059-52,813,686) covered by FISH 

probe 34G18. This region contains a palindrome (P5), the likely site of homologous 

recombination. A fourth individual, WHT7207, had a breakpoint on distal Xp near PAR1. We 

mapped the breakpoint to a 361-kb region (chrX:9,438,772-9,842,745) from TBL1X to 

SHROOM2. TBL1X is expressed at a level consistent with it being present on this individual’s 

isochromosome, indicating that the breakpoint is proximal to TBL1X. 

In analyzing gene expression from the X isochromosome samples, we discovered that the 

isochromosome was not always stable in the cell cultures. Samples with recombination in the 

centromere had stable karyotypes in both LCLs and fibroblasts. However, for the two samples 

with more distal Xp breakpoints, LCLs mostly or completely lost the isochromosome and thus 

could not be used in this analysis. Fibroblasts retained the isochromosome in enough cells that 

we could analyze their gene expression (WHT7182: 47% 46,X,i(Xq) and 53% 45,X, 49 

interphase nuclei; WHT7207: 64% 46,X,i(Xq) and 36% 45,X, 100 interphase nuclei;), however 

the resulting expression levels should be considered an average between these populations. For 

the X- and Y-responsive autosomal genes in LCLs or fibroblasts, we used PCA plots to visualize 

the clustering of the X isochromosome samples with the Chr X copy number series, without Y 

chromosomes (1X: 45,X; 2X: 46,XX; 3X: 47,XXX; 4X: 48,XXXX).  
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X-Y translocations 

Among individuals with 46,XY disorders of sexual development or Turner syndrome, we 

identified three females (WHT1297, WHT1489, WHT1615) with X-Y translocations between 

the PRKX and PRKY genes [46,X,t(X;Y)(PRKX-PRKY)]. Recombination between PRKX and 

PRKY is common among 46,XY females and is facilitated by a polymorphic Yp inversion.24,61 

We used a PCR-based screening approach to determine and sequence the breakpoints (Table 

S7). These females are missing five NPX-NPY genes: SRY, RPS4Y1, ZFY, AMELY, and TBL1Y. 

Samples WHT1297 and WHT1489 are missing PRKX but retain PRKY, while sample WHT1615 

is missing PRKY but retains PRKX. 

Also among individuals with 46,XY disorders of sexual development, we ascertained 

four females (WHT1785, WHT1798, WHT1799, WHT2315) with X-Y translocations between 

the ANOS1 (KAL1) and ANOS2P (KALP) genes [46,X,t(X;Y)(ANOS1-ANOS2P)]. We identified 

breakpoints using a PCR-based screening approach (Table S7). In three of the cases (WHT1785, 

WHT1798, and WHT1799, ANOS1 is retained, while ANOS2P is deleted. In WHT2315, the 

recombination is within ANOS1 and ANOS2P, resulting in the partial deletion of each. Based on 

RNA-seq data of the translocated samples, some or all of the of the genes on Yq are not 

expressed. This is likely due to spreading of X chromosome inactivation onto the translocated 

portion of the Y. In WHT1799, no Y genes are expressed; in WHT1785 and WHT1798 only 

EIF1AY is expressed; while in WHT2315 TXLNGY and KDM5D are expressed at low levels and 

EIF1AY is expressed (Table S7). 

For the X- and Y-responsive autosomal genes in LCLs, we used PCA plots to visualize 

the clustering of the X-Y translocation samples with the Chr X and Y copy number series (1X: 

45,X; 2X: 46,XX; 2X: 47,XXX; 4X: 48,XXXX; 1Y: 46,XY; 2Y: 47,XYY; 4Y: 49,XYYYY). 
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Fluorescent in situ hybridization 

To assess copy number and variations in X and Y chromosome structure, we performed DNA 

fluorescent in situ hybridization using BACs with known locations as DNA probes, as previously 

described.57 We labelled FISH probes by nick translation with biotin-dUTP (Sigma) and Cy3-

dUTP (Amersham). To detect Biotin-labelled probes, we used Avidin-FITC probes (Life 

Technologies, 1:250 dilution), and counterstained DNA with DAPI. We captured images on a 

DeltaVision deconvolution microscope. We provide information on probes for FISH experiments 

in Table S7. For copy number analysis, we performed FISH on interphase cells using Whole X 

and Whole Y probes (Applied Spectral Imaging). 

 

Motif analysis 

We analyzed DNA motif enrichment using Homer software v4.11.1.62 The findMotifs function 

identified de novo motifs enriched in promoters of a gene set of interest (e.g. Chr X-responsive 

autosomal genes in LCLs) relative to expressed genes as a “background” set (e.g., autosomal 

genes expressed in LCLs). We defined promoters as +/- 1 kb from the transcription start site. We 

used the “-fdr” argument with 100 randomizations to calculate an empirical FDR for the motif 

enrichments. We then compared the enriched motifs to motif databases to identify the best match 

among known DNA binding proteins. 

   

Analysis of ZFX ChIP-seq data 

To detect ZFX binding at gene promoters, we analyzed four ZFX ChIP-seq experiments in 

different cell lines from ENCODE4 v1.6.1 (HCT 116, C4-2B, MCF-7, and HEK-293T). Using 

the BEDTools closest function, we mapped ZFX peaks to the nearest annotated transcription 
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start site in the GENCODE v24 comprehensive annotation.63 For gene expression analysis in 

each cell line, we processed fastq files from ENCODE or GEO29,36 using kallisto as above or, 

when available, we downloaded pre-processed RNA-seq data. We restricted our analysis of ZFX 

peaks in each cell line to genes with median TPM³1. 

 

   Accession # 

ChIP-seq 
target Cell line Karyotype 

IDR-thresholded 
narrow peak bed 

file 

Fold change versus 
control bigWig file 

RNAseq 
files 

ZFX 

HCT 116 46,XY ENCFF858YWR ENCFF102UZB TPMs: 
ENCFF435PHM 

C4-2B 46,XY ENCFF160AXQ ENCFF264NUJ fastq: GSE102616 

MCF-7 46,XX ENCFF861DOL ENCFF429AXS 
TPMs: 

ENCFF721BRA 
fastq: GSE102616 

HEK-293T 46,XX ENCFF292HYE ENCFF625XHP fastq: GSE145160 
 

To evaluate ZFX binding in promoters of genes, we investigated whether there was a 

ChIP-seq peak 1 kb up- or downstream of the transcription start site. To get a sense for the most 

robust binding sites across cell types, we calculated the proportion of cell lines bound at the 

promoter of each gene by dividing the number of cell lines with binding by the number of cell 

lines in which that gene is expressed.  

 

Generating cell lines for CRISPR interference 

To knock down endogenous ZFX or ZFY levels in 46,XX and 46,XY fibroblasts, we used 

CRISPR interference to target a nuclease-dead Cas9 fused with a repressive KRAB domain 

(dCas9-KRAB) to the ZFX or ZFY promoter and thereby repress ZFX or ZFY transcription.  
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Lentiviral production 

We obtained the following constructs from Addgene for use in our experiments: 1) for CRISPRi, 

pLX_311-KRAB-dCas9 (Addgene: #96918), a KRAB-dCas9 blasticidin-selectable lentiviral 

expression vector;37 2) sgOpti (#85681), a puromycin-selectable structurally optimized guide 

RNA (gRNA) lentiviral expression vector;64,65 3) psPAX2 (#12260), a second generation 

lentiviral packaging plasmid; and 4) pCMV-VSV-G (#8454), a lentiviral envelope protein 

plasmid.66 We purified all plasmids using the EndoFree Maxi Kit (Qiagen). 

 We used the top five guide sequences for ZFX and ZFY from the human CRISPRi v2 

gRNA library.67 We tested these guides for ZFX or ZFY knockdown and chose the two guides 

that gave the most robust response for the final experiments. We also used intragenic (IG) 

control guides mapping to a gene-poor region on Chr 2.68 Guides and primer sequences are listed 

below.   

Guide 
name Protospacer sequence Primer, forward Primer, reverse 

ZFX-2 GGGCGGCACCCGGGACTCA
C 

CACCGGGCGGCACCCGGGA
CTCAC 

AAACGTGAGTCCCGGGTGC
CGCCC 

ZFX-3 GGCACCCGGGACTCACCGG
A 

CACCGGCACCCGGGACTCA
CCGGA 

AAACTCCGGTGAGTCCCGG
GTGCC 

ZFY-1 GGCACGCGGGACTCACCCG
A 

CACCGGCACGCGGGACTCA
CCCGA 

AAACTCGGGTGAGTCCCGC
GTGCC 

ZFY-2 GTGCGGGCGGTCGGCGACA
G 

CACCGTGCGGGCGGTCGGC
GACAG 

AAACCTGTCGCCGACCGCC
CGCAC 

IG-1 GACATATAAGAGGTTCCCC
G 

CACCGACATATAAGAGGTT
CCCCG 

AAACCGGGGAACCTCTTAT
ATGTC 

IG-3 GGTGTGCGTATGAAGCAGT
G 

CACCGGTGTGCGTATGAAG
CAGTG 

AAACCACTGCTTCATACGC
ACACC 

 

  To clone guides into the sgOpti vector, we digested using FastDigest BsmBI 

(ThermoFisher) and dephosphorylated the ends with FastAP (ThermoFisher) for 30 min at 37°C. 

We gel-purified the digested plasmid using the QIAquick Gel Extraction Kit (Qiagen). Prior to 

ligation, we phosphorylated and annealed each pair of oligos using T4 Polynucleotide kinase 
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(New England BioLabs). We then ligated each insert into the backbone using Quick Ligase 

(New England BioLabs) for 10 min at room temperature, and transformed into NEB Stable Cells 

for amplification (New England BioLabs). We confirmed gRNA sequences by sequencing. 

 LentiX-293T cells (Takara) were cultured in DMEM with 2mM L-Glutamine, 100U/mL 

Penicillin-Streptomycin, and 10% FBS on plates coated with collagen (5 µg/cm2) to produce 

virus. For gRNA constructs, we plated 5x106 LentiX-293T cells in one 10 cm plate the night 

before transfection. The next day, we co-transfected 4.5 µg of sgOpti, 4 µg of pCMV-VSV-G, 

and 6.5 µg of psPAX2 using TransIT-LT1 reagent (Mirus). We harvested virus-containing media 

once at 48 h and once at 72 h, pooled, and tested for successful viral production using Lenti-X 

GoStiX (Takara). We concentrated gRNA virus 10X using Lenti-X concentrator (Takara). For 

the dCas9-KRAB and dCas9-VP64 constructs, we co-transfected five plates of LentiX-293T 

cells with 7 µg of pLX_311 or pXPR_120, 3 µg of pCMV-VSV-G, and 5 µg of psPAX2. We 

added Viral Boost reagent (Takara) 24 h post transfection, and again with replacement media 

after harvesting at 48 h. We pooled virus-containing media across all plates and concentrated 

100X. 

 

Generation of dCas9-KRAB and dCas9-VP64 fibroblast cultures 

For CRISPRi we transduced 46,XX and 46,XY fibroblasts from three individuals each. We 

performed transductions using the “spinfection” method: we added 1 mL fibroblast media with 

5-20 uL of 100X concentrated pLX_311 lentiviral vector and 8 µg/mL polybrene (hexamethrine 

bromide; Sigma) to 7.5x104 cells per well in 12-well plates or 1.875x105 cells per well in 6-well 

plates, spun at 1000 rpm for 1 h and incubated overnight. 24 h post infection, we trypsinized 

each and expanded to 6-well or 10-cm plates with fibroblast media containing 5 µg/mL 
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blasticidin (Life Technologies), which we maintained throughout the experiment for continuous 

selection. 

 

ZFX and ZFY knockdown and analysis 

We transduced control (intragenic) and ZFX- or ZFY-targeting gRNAs into the stably-expressing 

dCas9-KRAB fibroblasts as above, and selected cells using 2 µg/mL puromycin (Sigma) 

beginning 24 h post infection. We collected cells 72 h post infection. We isolated RNA and 

prepared libraries for RNA-seq as described above and sequenced using 150 bp paired-end reads 

on a NovaSeq 6000. We trimmed reads to 100 bp, pseudoaligned with kallisto, and imported the 

count data into R using tximport, as described above. We used DESeq2 to perform differential 

expression analysis including sgRNA target (ZFX, ZFY, or intergenic control) and cell line as 

covariates.  

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

We used various statistical tests to calculate P values as indicated in the methods section, figure 

legend, or text, where appropriate. To calculate all statistics and generate plots, we used R 

software, version 3.6.3.69 We considered results statistically significant when P<0.05 or, when 

using multiple hypothesis correction, Padj<0.05 or FDR<0.05. Unless otherwise stated, we plotted 

data summaries as median and interquartile range. We used Deming regressions to compare 

variables that measured with error (e.g., log2 fold change per chrX vs log2 fold change per chrY). 

We calculated Deming regressions using the R package “deming” v1.4. For weighted Deming 

regressions, we included error values using the “xstd” and “ystd” arguments.  
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KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Experimental models: Cell lines   
Lymphoblastoid cell lines and primary fibroblast cell 
cultures 

This paper N/A 

Lymphoblastoid cell lines Colorado Children’s 
Hospital Biobank 

N/A 

Lymphoblastoid cell lines and primary fibroblast cell 
cultures 

Coriell Cell Repository See Table S1 

EBV-producing lymphoblasts Coriell Cell Repository B95-8 
(RRID:CVCL_1953) 

Lenti-X 293T cells Takara Cat# 632180 
Bacterial strains 
Stable cells New England Biolabs Cat# C3040I 
Chemicals, peptides, and recombinant proteins 
Percoll Cytiva Cat# 17-0891-01 
RPMI 1640 Gibco Cat# 31800-089 
HEPES SAFC Cat# RES6008H-

A702X 
FBS Hyclone Cat# SH30071 
Amphotericin B Gibco Cat# 15290-018 
Gentamicin Gibco Cat# 15710-072 
Penicillin-Streptomycin Lonza Cat# 11140-076 
Cyclosporine LC Laboratories Cat# C-6000 
DMEM/F12 Gibco Cat# 11320-033 
DMEM High Glucose Gibco Cat# 11960-069 
L-Glutamine MP Biomedicals Cat# IC10180683 
MEM Non-essential amino acids Gibco Cat# 15140-163 
Gelatin Sigma Cat# G2500 
TRIzol  ThermoFisher Cat# 15596026 
RNAprotect Cell Reagent Qiagen Cat# 76526 
TransIT-LT1 Transfection Reagent Mirus Bio Cat# MIR2305 
FastDigest Esp3I (BsmBI) ThermoFisher Cat# FD0454 
FastAP ThermoFisher Cat# EF0654 
T4 polynucleotide kinase New England Biolabs Cat# M0201S 
Quick Ligase New England Biolabs Cat# M2200S 
Lenti-X concentrator Takara Cat# 631231 
Viral boost reagent Alstem Bio Cat# VB100 
Polybrene (hexamethrine bromide) Sigma Cat# H9268 
Blasticidin Gibco Cat# A1113903 
Puromycin Sigma Cat# P9620 
Cell Titer Glo reagent Promega Cat# G7570 
Biotin-dUTP Sigma Cat# 11093070910 
Cy3-dUTP Amersham Cat# PA53022 
Avidin-FITC Invitrogen Cat# A821 
Critical commercial assays 
Vacutainer ACD Tubes BD Biosciences Cat# 364606 
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MycoAlert Kit Lonza Cat# LT07-318 
SapphireAmp Fast PCR Master Mix Takara Cat# RR350A 
RNeasy Plus Mini Kit Qiagen Cat# 74134 
QIAshredder Columns Qiagen Cat# 79654 
Qubit RNA HS Assay Kit ThermoFisher Cat# Q32855 
Fragment Analyzer RNA Kit Agilent Cat# DNF-471 
HS NGS Fragment Kit Agilent Cat # DNF-474 
TruSeq RNA Library Preparation Kit v2 Illumina Cat# RS-122-2001 
KAPA mRNA HyperPrep Kit Roche Cat# KK8581 
PippinHT 2% Agarose Gel Cassettes Sage Science Cat# HTC2010 
EndoFree Maxi Kit Qiagen Cat# 12362 
QIAquick Gel Extraction Kit Qiagen Cat# 28704 
Lenti-X GoStiX Takara Cat# 631280 
Deposited data 
Raw, de-identified RNA-seq data This paper dbGaP: phs002481 
Processed data This paper https://github.com/aks

anroman/The-human-
Y-and-inactive-X-
chromosomes-
similarly-modulate-
autosomal-gene-
expression 

Custom GENCODE v24 transcriptome annotation Godfrey et al., 2020 https://doi.org/10.528
1/zenodo.3627233 

RNA-seq and estrogen receptor alpha ChIP-seq in 
MCF7 cells with and without estradiol 

Guan et al. 2019 GSE117943 

RNA-seq and androgen receptor ChIP-seq in LNCaP 
cells with and without testosterone 

Cato et al. 2017 GSE89939 

Molecular Signatures Database (MSigDB) v2022.1.Hs Subramanian et al. 
2005 and Liberzon et 
al, 2011 

https://www.gsea-
msigdb.org/gsea/msig
db/ 

Allelic expression data in fibroblasts and hybrid cell 
lines 

Carrel et al., 2005 n/a 

Allelic expression data in LCLs and fibroblasts from 
paired genomic and cDNA SNP-chips 

Cotton et al., 2013 n/a 

Allelic expression data from bulk and single LCLs in 
GTEx 

Tukiainen et al., 2017 n/a 

Allelic expression data in single fibroblasts  Garieri et al., 2018 n/a 
Allelic expression data in bulk LCLs  Sauteraud et al., 2021 n/a 
Meta-analysis of expression from the inactive X 
chromosome 

Balaton et al., 2015 n/a 

1000 Genomes Project The 1000 Genomes 
Project Consortium, 
2015 

https://www.internatio
nalgenome.org/ 

Geuvadis RNA-seq data Lappalainen et al. 2013 https://www.internatio
nalgenome.org/data-
portal/data-
collection/geuvadis 

ZFX ChIP-seq HCT116 ENCODE ENCFF858YWR, 
ENCFF102UZB 

ZFX ChIP-seq C4-2B ENCODE ENCFF160AXQ, 
ENCFF264NUJ 
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ZFX ChIP-seq MCF-7 ENCODE ENCFF861DOL, 
ENCFF429AXS 

ZFX ChIP-seq HEK-293T ENCODE ENCFF292HYE, 
ENCFF625XHP 

RNA-seq HCT-116 ENCODE ENCFF435PHM 
RNA-seq C4-2B Rhie et al., 2018 GSE102616 
RNA-seq MCF-7 ENCODE ENCFF721BRA 
RNA-seq MCF-7 Rhie et al., 2018 GSE102616 
RNA-seq HEK-293T Ni et al., 2020 GSE145160 
Recombinant DNA 
pLX_311-KRAB-dCas9 Addgene Cat# 96918 
sgOpti Addgene Cat# 85681 
psPAX2 Addgene Cat# 12260 
pCMV-VSV-G Addgene Cat# 8454 
Whole X or Y chromosome FISH probes Applied Spectral 

Imaging 
Cat# FPRPR0167 

Bacterial artificial chromosomes used as FISH probes See Table S7C n/a 
Oligonucleotides 
ERCC RNA Sike-In Mix Invitrogen Cat#: 4456740 
Mycoplasma primer, F: CTT CWT CGA CTT YCA 
GAC CCA AGG CAT 

This paper n/a 

Mycoplasma primer, R: ACA CCA TGG GAG YTG 
GTA AT 

This paper n/a 

hGAPDH primer, F: TGT CGC TGT TGA AGT CAG 
AGG AGA 

This paper n/a 

hGAPDH primer, R: AGA ACA TCA TCC CTG CCT 
CTA CTG 

This paper n/a 

See methods for table of gRNA sequences and 
primers used in this study 

This paper; Horlbeck et 
al, 2016; Price et al., 
2019 

n/a 

Software and algorithms 
Custom code to process RNA-seq data and generate 
figures 

This paper https://github.com/aks
anroman/The-human-
Y-and-inactive-X-
chromosomes-
similarly-modulate-
autosomal-gene-
expression 

R v3.6.3 The R Foundation https://www.r-
project.org 

Kallisto v0.42.5 Bray et al., 2016 https://pachterlab.gith
ub.io/kallisto/ 

DESeq2 v1.26.0 Love et al., 2014 https://bioconductor.or
g/packages/release/bi
oc/html/DESeq2.html 

Bowtie2 v2.3.4.1 Langmead and 
Salzberg, 2012 

https://bowtie-
bio.sourceforge.net/b
owtie2/index.shtml  

MACS2 v2.2.7.1 Zhang et al. 2008 https://github.com/ma
cs3-project/MACS 

BEDTools v2.26.0 Quinlan et al., 2010 https://bedtools.readth
edocs.io/ 
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Homer v4.11.1 Heinz et al., 2010 http://homer.ucsd.edu
/homer/ 

Deming R package v1.4 Terry Therneau https://cran.r-
project.org/web/packa
ges/deming/index.htm
l 

ClustVis beta Metsalu et al, 2015 https://biit.cs.ut.ee/clu
stvis/ 

Illustrator Adobe https://www.adobe.co
m/products/illustrator.
html 

Other 
QuBit 4 Fluorometer ThermoFisher n/a 
5200 Fragment Analyzer System Agilent n/a 
PippinHT system Sage Sciences n/a 
HiSeq 2500 Illumina n/a 
NovaSeq 6000 Illumina n/a 
DeltaVision deconvolution microscope GE Healthcare n/a 
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