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ABSTRACT

X-chromosome inactivation (XCI) epigenetically si-
lences one X chromosome in every cell in female
mammals. Although the majority of X-linked genes
are silenced, in humans 20% or more are able to
escape inactivation and continue to be expressed.
Such escape genes are important contributors to sex
differences in gene expression, and may impact the
phenotypes of X aneuploidies; yet the mechanisms
regulating escape from XCI are not understood. We
have performed an enrichment analysis of transcrip-
tion factor binding on the X chromosome, providing
new evidence for enriched factors at the transcription
start sites of escape genes. The top escape-enriched
transcription factors were detected at the RPS4X pro-
moter, a well-described human escape gene previ-
ously demonstrated to escape from XCI in a trans-
genic mouse model. Using a cell line model system
that allows for targeted integration and inactivation
of transgenes on the mouse X chromosome, we fur-
ther assessed combinations of RPS4X promoter and
genic elements for their ability to drive escape from
XCl. We identified a small transgenic construct of
only 6 kb capable of robust escape from XCI, estab-
lishing that gene-proximal elements are sufficient to
permit escape, and highlighting the additive effect
of multiple elements that work together in a context-
specific fashion.

INTRODUCTION

The mammalian sex chromosomes (X and Y) are derived
from an ancestral pair of autosomes, but have diverged sig-
nificantly throughout evolution in order to suppress recom-
bination and conserve sex-determining genes. As females
generally have two copies of the more gene-rich X chromo-
some compared to one in males, it is hypothesized that X-

chromosome inactivation (XCI) evolved to compensate for
the difference in dosage between the sexes by silencing all
but one X chromosome in every cell in female mammals.
Despite the physical condensation and heterochromatic en-
vironment of the inactive X (Xi), a substantial number of
genes are able to escape the silencing and continue to be ex-
pressed from both human X chromosomes, albeit at lower
levels from the Xi than the active X (Xa) copy (1). The
threshold to call such escape has historically been expres-
sion from the Xi of at least 10% the level of expression from
the Xa (1,2), although escape definitions continue to ex-
pand as models systems and new statistical methods evolve
(e.g. (3-5)). Comparing expression levels between males and
females (and X aneuploidies) can also provide evidence sug-
gestive of escape (6). In addition to gene expression, epige-
nomic features that differentiate active and inactive genes,
such as the inverse correlation between DNA methylation
(DNAm) of X-linked gene promoters and gene activity,
have been established as being predictive of the inactivation
status of X-linked genes (7-9).

An aggregation of multiple datasets in humans deter-
mined that about 12% of X-linked genes (~80 genes) con-
sistently escape inactivation, while another 15% (~93 genes)
are variable across tissues and/or individuals (10). The list
of escapees includes all characterized pseudoautosomal re-
gion (PAR) 1 genes (~25) (10), two (of four) PAR2 genes,
and 12 (of 14 informative, 17 total) genes with functional
X-Y gametologues outside the PAR (11), leaving many ad-
ditional genes that escape inactivation but lack expressed Y
gametologues. The two more centromeric PAR2 genes are
silenced on both the Xi and Y (12,13), demonstrating that
evading inactivation is not a basic characteristic of genes
with Y gametologues.

The extent to which XCI is shared between cells and tis-
sues was further characterized in an extensive survey of
GTEx data that found evidence for escape from XCI for
23% of X-chromosomal genes with expression heterogene-
ity between tissues, individuals and cells, resulting in a range
of sex biases in gene expression for 29 tissues ((6), reviewed
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in (14)). The differential expression of escapees in females
can manifest in profound impacts on health, such as offer-
ing a protective effect against de novo and inherited X-linked
mutations like those found in certain types of cancer (15).
However, escapees have also been proposed to contribute to
the over-representation of females for some complex traits
such as autoimmune disorders (reviewed in (16)). Deter-
mining which genes escape from inactivation reveals an im-
portant source of sexually dimorphic gene expression, and
identifying the mechanism by which these exceptions occur
will inform our understanding of XCI and broader ques-
tions of selective epigenetic repression of genes.

A recent study using DNAm of X-linked genes with CpG
islands expanded our knowledge of X-inactivation status
across 12 different species, and found that most species had
10-20% of genes (excluding PARs) escape from XCI (17).
In contrast to humans and most other species examined,
mouse is an outlier with considerably fewer genes escap-
ing inactivation. Data suggests only 3-7% of mouse genes
are expressed from the Xi, including 16 constitutive escape
genes, and approximately 10-20 variable escape genes de-
pending on origin of the cell and threshold used to call es-
cape (4,17). As approximately one half of the mouse escape
genes also escape in humans, there is likely to be some con-
servation of the elements and mechanisms involved between
species. While human genes often escape in larger blocks
clustered on the p arm of the X, mouse escapees are pre-
dominantly singletons, suggestive of local regulatory ele-
ments driving expression (reviewed in (18)). A subset of es-
cape genes which are conserved across all species also sug-
gests more proximal or gene-specific regulation as a factor.
These conserved escape genes are distributed along the p
arm in humans and most have either a conserved Y ho-
molog or Y pseudogene, suggesting relatively recent loss of
Y homology (19). However, the escape genes that are discor-
dant in XCI status between species often ‘switch’ status as a
block, suggesting some domain regulation is also involved
in their expression (17).

Some of the strongest evidence for the existence of an in-
trinsic ‘escape element’ in the DNA sequence in or near
an escape gene comes from a series of random X-linked
BAC integrations containing the mouse escape gene KdmJSc,
where it was demonstrated that escape from XCI was an in-
trinsic property of the locus (20). Indeed, other mouse stud-
ies have suggested a model of regulatory control of escape
that is mediated by genomic elements lying in close linear
proximity to escaping genes (21). We recently expanded the
use of BAC integrations to establish that mouse cells have
functional capacity to support escape of the human gene
RPS4X (and variable escape gene CITEDI) across several
tissues and developmental time points (22,23). Transgenic
mice were generated with a human BAC containing the es-
cape gene RPS4X, variable gene CITEDI and subject gene
ERCC6L (RP11-1145H7, ~158 kb), which was integrated
at a docking site 5° of the Hprt locus on the mouse X chro-
mosome. Hprt is normally subject to inactivation in mouse,
and many transgenes integrated at this locus have been sub-
ject to XCI when on the Xi (24). Analyses of Xi gene expres-
sion and promoter DNAm demonstrated that mouse was
able to correctly recapitulate the escape and subject statuses
of all three intact human genes on the BAC (22,23). This

suggested that intrinsic escape elements within the RPS4X
BAC share recognizable properties between mouse and hu-
man, despite the majority of mouse genes being subject to
inactivation, including the mouse ortholog Rps4x.

The variability in escape from XCI for RPS4X across
species can be seen as a microcosm for evolution of the
sex chromosomes. While the ancestral mammalian sex chro-
mosomes contained a Y-linked copy of RPS4X, primates
appear to be the only lineage retaining (and duplicating)
this gene, as well as retaining ongoing expression of RPS4.X
from the Xi, as in other mammals lacking this gametologue,
including mouse, RPS4X is subject to XCI (11,17,25,26).
The transition from an autosomal pair of chromosomes to
an X-linked gene subject to inactivation (without a Y ho-
molog), has been proposed to begin with Y decay, followed
by upregulation of X-linked expression, and then spread of
XCT across the gene (25). According to such a model, escape
genes may lack features that enable silencing. However, the
vast majority of transgenes with autosomal promoters be-
come subject to XCI when integrated onto the X chromo-
some, implicating further unique features allowing ongoing
expression from the Xi. A variety of epigenetic and genetic
features have been implicated in controlling whether a gene
escapes from XCI, yet none of these features alone have had
the power to predict a gene’s XCI status. In general, bioin-
formatics analyses have identified enrichment of sequence
motifs and transcription factor (TF) peaks such as YY1 and
CTCEF near escape genes on the X (27,28), with CTCF bind-
ing thought to play a role in chromatin loops and boundary
formation between subject and escape genes (4,29,30). A
positive correlation has also been observed between SINEs
and escape from inactivation in both mouse (28) and human
(Alu elements (8,31)), in both a promoter-centric context
as well as larger domains of multiple escape genes. Alu ele-
ments have a high potential to modulate gene transcription
by binding several TFs (32), and can also contribute CTCF
binding sites (33,34), which may explain why they are found
in close vicinity to escape genes. The X chromosome as a
whole is enriched for L1 repetitive elements compared to
autosomes; however, there is a reduction in LINEs around
genes that escape inactivation (8,31,35). Combinatory mod-
els in both mouse and human have established some predic-
tive models for XCI status (5,9,31), however, they cannot
correctly predict all classes of genes, highlighting the com-
plexity of escape regulation, and that unique combinations
of elements have yet to be identified for some genes.

Many bioinformatics studies have relied upon motif and
sequence enrichment analyses; however, such analyses are
limited as they do not consider experimentally supported
binding events at their locations, and have a large number
of incorrectly predicted binding events that increases with
the length of the region analyzed (36). Additionally, some
TFs will avoid capture through these methods as they do
not have a determined DNA-binding motif, or they act in
cooperation with other factors to uniquely bind to DNA.
To reduce these limitations, we have undertaken a new en-
richment analysis of TF binding on the X utilizing the
ReMap database, which has compiled and uniformly re-
processed thousands of public DNA-binding experiments
of transcriptional regulators (37). With new evidence for
escape-enriched TFs as well as hypothesized elements from



previous literature, we revisit the RPS4.X gene region to fur-
ther refine specific regions that are necessary for escape from
XCT in a cell line model.

MATERIALS AND METHODS
Data preparation for TF analyses

The inactivation status of X-linked genes was obtained from
a previous meta-analysis (10), in which inactivation status
categories were assigned to genes based on expression level
and methylation status. We combined the two categories
with strongly reproducible evidence for escape (29 ‘Escape’
and 26 ‘Mostly Escape’) for a total of 55 escape genes. Sub-
ject genes consist of 331 ‘Subject’ and 131 ‘Mostly Subject’
genes for a total of 462 genes. Variable escape genes as well
as those in the PAR were excluded. The transcription start
sites (TSSs) of human genes were obtained from NCBI Ref-
Seq Select, which provides a single representative transcript
for every protein-coding gene (38). For genes not annotated
in NCBI RefSeq Select, the TSS coordinates were obtained
from the meta-analysis (10) and then converted from hgl9
to hg38 build using LiftOver (39). The TSS region of each
gene was denoted as the 500 bp upstream and downstream
of the TSS. The ‘upshell’ region was the 10kb upstream of
the TSS region (i.e. opposite of the direction of transcrip-
tion), whereas the ‘downshell’ region was the 10 kb down-
stream of the TSS region. All analyzed X-linked gene and
region of interest (ROI) coordinates are listed in Supple-
mentary Table 1.

The non-redundant ChIP-seq peaks were obtained from
ReMap 2022, in which clusters of duplicate peaks were used
to determine an average start, end and peak summit of coor-
dinates with peaks trimmed to the median size of peaks for
each specific TF (37). Peaks were obtained for 154 TFs char-
acterized on the X chromosome in GM 12878 cells (Supple-
mentary Table 2). As the GC percentage varies regionally in
genomes and is correlated with functionality, we matched
GC composition for the ROI in order to reduce confound-
ing influence by the GC frequency on the enrichment anal-
ysis. A background was created by matching each escape
gene with 5 random genes subject to XCI having similar
GC composition (within 3%) in the ROI to create a full
dataset to be used for enrichment analysis. Furthermore, to
allow proper comparison within the set of annotated ROI
and avoid counting multiple overlaps of ChIP-seq peaks
within a single region, the ChIP-seq peaks were intersected
with the GC-matched full dataset to retain only peaks that
overlap the ROI. Only one instance of overlap per TF was
counted, regardless of the number of overlapping Chip-seq
peaks.

TF enrichment analysis

GIGGLE (40), version 0.6.3 obtained from https://github.
com/ryanlayer/giggle, is a package that identifies and ranks
the significance of overlaps between provided genomic re-
gions of a query and features of interest. Background sets
were processed via the GIGGLE index command with de-
fault parameters. For enrichment analysis, GIGGLE was
executed with additional options: -s -g < background
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size > . -s was added to output significance per feature ana-
lyzed and -g was added to provide a more accurate genome
size for significance testing, and the input genome size was
calculated as the size of the background set multiplied by
the length of TSS region or shells, 1000 or 10 000 bp, re-
spectively.

GIGGLE outputs several metrics for the enrichment
analysis, including odds ratio, Fisher’s tail p-values and
a GIGGLE score. The GIGGLE score is the product
of —logjo(P-value) and logy(odds ratio), which can help
with interpretation as the two metrics reflect different re-
lated but complementary properties (40). Overlap ratio, the
number of overlapped TF peaks divided by the number of
TFs in the background set, was also calculated for each TF.
The thresholds for defining enrichment of a TF in escape
gene regions were: (a) odds ratio >1; (b) top 15% of TFs
based on Fisher’s left tail P-value rank in an ascending man-
ner; (c) top 15% of TFs based on GIGGLE score rank in a
descending manner; and d) overlap ratio >0.167 (% as the
ratio of number of escape genes within the background set).

TF co-binding analysis

To measure the co-binding of two TFs in a region, the Dice
similarity coefficient (DSC) was used to compare the agree-
ment between the gene set overlapped by the TFs (41). To
determine TF pairs that are specifically enriched in escape
regions, the DSCs obtained for the overlapped escape gene
set were divided by the DSCs obtained for the overlapped
background gene set, similar to the concept of an expected-
over-observed ratio. Only TF pairs with a DSC ratio over
1.5 were considered. Fisher’s exact test was performed to
evaluate the significance of co-binding. The P-values ob-
tained from the Fisher’s exact test were corrected for multi-
ple testing by the Benjamini-Hochberg method for a false
discovery rate of 0.1 (Supplementary Table 3).

TF distribution analysis

Escape and subject gene TSS regions were obtained as de-
scribed above. Autosomal and remaining X gene TSSs were
also obtained from NCBI RefSeq Select (38), and the TSS
region of each gene was denoted as the 500bp upstream
and downstream of the TSS. A Chi-Square Goodness of Fit
Test was used to compare TF distributions of the 154 TFs
in GM12878 between different categories of genes. Auto-
somal and escape genes were used as expected distributions
for comparison to X chromosome and subject genes, respec-
tively. Each distribution was divided into bin sizes of 10,
e.g. 0-9, 10-19. The frequency of each bin was determined
by dividing the count by the sum of all counts in the corre-
sponding distribution. The test statistic was compared to a
Chi-square critical value at a significance level of 0.05 with 8
degrees of freedom. The distributions were determined to be
significantly different if the chi-square test value was larger
than the chi-square critical value (Supplementary Table 3).

TF distribution analysis with matched gene expression

A subset of autosomal genes that matched the expression
level of the escape and subject genes were selected and
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TF distribution at the TSS regions was performed as de-
scribed above. The expression data was obtained from Ex-
pression Atlas under the experiment ‘RNA-seq of long
poly-adenylated RNA and long non poly-adenylated RNA
from ENCODE cell lines’ (GEO GSE26284). Specifically,
we used the processed whole-cell long polyA RNA expres-
sion data for GM12878. To match expression for compari-
son, each escape or subject gene was matched with a single
autosomal gene with the same TPM, or the closest TPM if
there was not a gene with the same expression.

X-escape construct (XEC) design and generation

Bioinformatics protocols for the RPS4X XEC designs were
adapted from previous works (42,43), with slight mod-
ifications. Identification of promoters and other regula-
tory regions was limited to within the RP11-1145H7 BAC
(hg38:chrX:72193017-72351571), previously shown to re-
capitulate human escape of RPS4X from XCI in mouse
(22). Designs relied on the integration of multiple sources
of evidence: CpG islands (44), candidate cis-regulatory ele-
ments from ENCODE (45), chromatin accessibility (DNase
I hypersensitivity) and histone modifications (H3K4mel
and H3K4me3), also from ENCODE, TF-bound regions
in GM 12878 cells from ReMap 2022 (37) for the top escape
TSS-enriched TFs (EE-TFs) plus CTCF and YY1, multi-
species conservation (46), and SINE and LINE repetitive
elements.

The PGKI promoter was cloned from pSE-hPGK, a gift
from Dr. Kryn Stankunas (Addgene plasmid #82579, (47)).
All RPS4X XEC sequences were synthesized by GenScript
and cloned into a modified Hprt homologous recombina-
tion targeting plasmid, designed to integrate constructs 5’ of
the Hprt gene on the mouse 129 X chromosome. pEMS2001
(48) was a gift from Dr Elizabeth M. Simpson (Addgene
plasmid # 105871) and was modified to reduce homology
arm length and change the reporter to EmGFP for XECs
1-3, and 5. pEMS2001 also contains a complementary se-
quence that rescues HPRTI activity through creation of a
chimaeric locus consisting of the human HPRT! promoter
and exon 1 and mouse Hprt exons 2-9 (49). Constructs were
sequence-verified across all junctions after final stages of
cloning. All XEC regulatory region coordinates are listed
in Supplementary Table 4.

Modification of embryonic stem cells (ESCs) for use as ex-
perimental model

The inducible Xist (iXist) cell line is a female F1 2-1 XX
ESC line (129/Sv-Cast/Ei) with an endogenous Xist allele
driven by a tetracycline inducible promoter on the 129-X,
gifted from Dr. Neil Brockdorff (50). During modification
of the Xist promoter, a recombination event occurred be-
tween the 129 and Cast X chromosomes, limiting SNPs
to the 103 Mb proximal to Xist. The iXist cell line was
further modified in our lab through CRISPR-Cas9 muta-
tions at each Hprt allele in order to render the gene non-
functional, with a deletion on the 129 allele similar to the
one used previously for Hprt targeting (51). Lack of func-
tional HPRT was verified by 6-thioguanine selection (6-
TG, Sigma-Aldrich) as it is toxic to cells still producing the

HPRT protein. gRNA sequences for Hprt deletion are listed
in Supplementary Table 5.

ESCs were cultured without feeders on 0.1% gelatin
(Fisher Chemical) coated plates at 37°C in a humid at-
mosphere with 5% CO,. ESCs were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Life Technologies) sup-
plemented with 15% fetal bovine serum (FBS, Wisent Bio-
products), 2 mM L-glutamine (Invitrogen), 0.1 mM MEM
nonessential amino acid solution (Invitrogen), 1000 U/ml
LIF, 3 pwm GSK3 Inhibitor (CHIR99021, Millipore Sigma),
1 pm MEK Inhibitor (PD0325901, Millipore Sigma) and
0.01% B-mercaptoethanol (Sigma-Aldrich). Cells were con-
tinuously sampled for retention of two X chromosomes
by testing genomic DNA by pyrosequencing for X-linked
allelic ratios of Zfx and Tuafl genes (Supplementary Ta-
ble 5 for primer information). Xist expression was driven
by a TetOn promoter induced by addition of 1.5 pg/ml
of doxycycline (dox, Sigma) for 6 days. ESC differenti-
ation was achieved by LIF and 2i withdrawal from the
medium and low-density cell plating after 1 full day of Xist
induction.

Generation of transgenic ESC lines

To increase homologous recombination at Hprt, a guide
RNA sequence targeting 5’ of Hprt was designed (E-
CRISP online tool (52)) and cloned into pSpCas9(BB)-
2A-Puro(PX459) V2.0 gifted from Feng Zhang (Addgene
plasmid #62988 (53)). After cloning each candidate escape
construct into the modified Hprt homology plasmid, these
plasmids were linearized with I-Scel enzyme and trans-
fected alongside the gRNA-Cas9 plasmid into ESCs at a
1:1 ratio using Lipofectamine 3000 Transfection Reagent
(Invitrogen) according to manufacturer’s protocol. After
24 h, transfected cells were passaged to a 100 mm gela-
tinized Petri dish, and media was supplemented with HAT
(Gibco, 50x) 24 h later to select for reconstitution of the
HPRTI/Hprt locus. Cells were grown under HAT selection
for 10-12 days until colonies were picked.

Selected clones were screened for retention of two X chro-
mosomes by SNP pyrosequencing, as well as PCRs to con-
firm 129-allelic integration of the escape construct. Clones
were assayed for evidence of random integration and copy
number by qPCR, as well as proper expression of either the
EmGFP reporter or RPS4X gene. After validation, three
clones were chosen as biological replicates for each escape
construct.

DNA and RNA extraction

DNA and RNA extractions were performed using DNAzol
and TRIzol Reagents (Invitrogen), according to the manu-
facturer’s protocols. Nucleic acids were quantified by UV
spectrophotometry (Ultraspec 2000, Pharmacia Biotech).
RNA extractions were diluted to concentrations of 1 wg/wl
and treated with 1 pwl DNase I with 10 pl buffer (Roche)
and 1 pl Ribolock (Thermo Fisher Scientific) in a volume
of 50 wlat 37°C for 1 h followed by heat inactivation at 75°C
for 10 min.



Gene expression analyses

For analysis of transcription, 2 g of DNase-treated RNA
was converted to cDNA using standard reverse transcrip-
tion conditions with Random Hexamer Primers (Ther-
moFisher Scientific) and 200 U M-MLYV Reverse Transcrip-
tase (Invitrogen) in a 20 wl reaction. Reactions were carried
out at 42°C for 2 h followed by 5 min incubation at 95°C.
RT-gPCR was used to determine relative transcription lev-
els of transgenes compared to the endogenous control gene
Abll (Supplementary Table 5). 1.5 pl of each sample was
added to a master mix containing 0.1 nl GoTaq G2 Hot
Start Polymerase (Promega), 4 pul 5x buffer, 1.6 pl 25 mM
MgCl,, 1 pl EvaGreen dye (Biotium), 0.16 wl 25 mM NTPs,
0.2 plof each 25 wM forward and reverse primers, and ster-
ile dH,O to 20 pl.

Samples were run in triplicate using a QuantStudio 3
Real-Time PCR System (ThermoFisher Scientific) with
conditions as follows for all primer sets: 95°C for 2 min;
followed by 40 cycles of 95°C for 30 s, 60°C for 30 s and
72°C for 1 min; and a melt curve stage of 95°C for 15 s,
60°C for 1 min and an increase of 0.3°C until 95°C. Test-
ing for multiple Tm peaks for primer specificity, as well as
removal of outliers from triplicate samples were performed
using QuantStudio Design and Analysis software. Negative
controls of RNA without reverse transcriptase were also
run to ensure that the samples contained no genomic DNA
contamination. Expression levels were quantified using the
comparative CT method and tested for significant differ-
ences in percent escape between groups using either one-
way ANOVA or unpaired #-tests with Welch’s correction in
GraphPad Prism 5.

RT-PCR to detect splicing patterns in XEC1 was per-
formed on cDNA with Taqg DNA polymerase (Invitrogen)
and conditions as follows for all primer sets: 95°C for 3 min;
followed by 35 cycles of 95°C for 30 s, 56°C for 30 s and
72°C for 1 min, with a 5 min extension time at 72°C. Prod-
ucts were run on a 2.0% agarose gel stained with SYBR safe
(Invitrogen) with the 100 bp plus GeneRuler DNA ladder
(ThermoFisher Scientific).

DNAm and SNP pyrosequencing

Using the EZ DNA Methylation-Gold Kit (Zymo Re-
search), 500 ng of DNA was bisulphite converted follow-
ing the manufacturer’s protocol. Internal bisulphite conver-
sion controls were included in the pyrosequencing assays to
monitor complete conversion of genomic DNA. Each 25 pl
pyrosequencing PCR was performed with 2.5 pl 10x PCR
buffer (Qiagen), 0.2l 25mM dNTPs, 0.125 wl Hot Start
Taq DNA polymerase (Qiagen), 0.25 wl each of 25 wM for-
ward and reverse primers and 12-35 ng bisulfite-converted
DNA. Conditions for PCR were 95°C for 15 min, 50 cy-
cles of 94°C for 30 s, 55°C for 30 s, 72°C for 1 min and fi-
nally 72°C for 10 min. One forward or reverse primer was bi-
otinylated, depending on which strand contained the target
region to be sequenced, to subsequently isolate the strand
of interest for pyrosequencing. Template preparation for
pyrosequencing was done according to the manufacturer’s
protocol, using 10 pl of PCR products.

Runs were performed on either the PyroMark Q96 MD
machine, or the PyroMark Q48 Autoprep (Qiagen). Each
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human promoter assay was tested in at least one mouse
sample without the target transgene to ensure the specificity
of the human primers. At least three CpGs in an island were
evaluated and averaged per assay. SNP pyrosequencing was
performed as above in both genomic and cDNA (with an-
nealing conditions of 58.3°C) using primers that amplify
a single-nucleotide polymorphism (Supplementary Table 5
for primer information). 7-tests and one-way ANOVASs were
performed using GraphPad Prism 5.

Flow cytometry

Flow cytometry of cell lines was performed on a BD LSR II
Cell Analyzer with downstream analysis in FlowJo software
(BD).

RESULTS
A subset of TFs show enrichment at the TSSs of escape genes

Given the evidence for gene-proximal regulatory elements
in enabling escape from inactivation, we sought to assess
whether there are TFs that may contribute to the ability
of certain genes to escape from XCI. We used the curated
and uniformly processed ChIP-seq data available in ReMap
(37) for human GM12878, a female lymphoblastoid cell
line with extensive data. We performed enrichment analy-
ses for binding of 154 TFs on a curated list of 55 human
escape genes (see Methods, (10)), against a background set
of genes that are known to be subject to inactivation. En-
richment analyses were performed for a 1 kb region around
each gene’s TSS (£500 bp), as well as two 10 kb regions ei-
ther upstream (upshell) or downstream (downshell) of the
TSS region. In order to reduce the confounding influence
of GC frequency on the enrichment analysis, each escape
gene was matched with 5 random subject genes with simi-
lar GC composition, and 20 iterations of GC-matching and
enrichment analysis were performed.

In the TSS region, the total number of TFs binding at
each escape gene is shown in Supplementary Figure 1A. A
subset of 19 TFs were found to be enriched with a thresh-
old of 50% of iterations (Figure 1A, purple and green cir-
cles) out of 43 TFs showing any enrichment in analysis of
at least one of the regions of interest (TSS, upshell or down-
shell). Notably, none of the 19 enriched TFs bind to all 55
escape genes; indeed, 11 of them bind to <20% of escape
genes. Although some TFs bind to a high percentage of es-
cape genes, such as ARID3A and CREM, they also show
an overall high binding frequency in background (subject)
genes and thus were not enriched, indicating that the anal-
ysis is not biased towards TFs that have many binding sites
on the X. To increase stringency, the number of escape genes
(out of 55) overlapped by a TF was considered, and the
minimum percentage of enriched iterations was increased
to 75% (Figure 1A, green circles). Of the TFs significantly
enriched in 75% of iterations, five top escape-enriched TFs
(EE-TFs), ZFP36, NIPBL, MYB, STAT1 and HSF1, were
found at >20% of escape gene TSSs (Figure 1A, marked
with asterisks).

TF enrichment was similarly analyzed in a larger shell
around the TSS. A subset of 18 TFs in the upshell region



6 NAR Genomics and Bioinformatics, 2023, Vol. 5, No. 2

% of iterations

0
® 25
® 50
@7
® 100
Tss{e 000 ° 000 o ‘9-0 000 O 0000 -9 - - - Enrichment
B LB NP P LL O L|F RS E PO RO oL N RSE0CE oocronimaione
(3] =
QEgggk&g%g&EﬁggLﬁ- QEE%QE%%%XE%EE%&EK&%ZSEE% ® > iterations
= =
Edgl™ & ZTe N gN P en INTa”T geITg0"% 8
[=
B Short Arm l Long Arm
HSF1 [ |
£ lﬁl ;
[
E MYB £
d NIPBL il S [ |
STAT1 T
@
ZFP36 - o
NOLIPUXX TN I OOCNTrDONTrDONNONTORXOXrrOXX <= ©Q N XXM IWNOQON~S -
! w o w w o o w [« Bl 2] w= - P T i | X
OBPREEIRNI3CSBRRRCURTRTRNLSRRARETORRREIRDLENS FUTEEEOREGT  §
O gxata9 2 R A TRl k- SR TR R i z3x55580 o282z &k =F agka>g
z o o © © wo e = z 20709
>0 <N .
o Subject
Escape genes (sorted by coordinates) Control
*
T
r ns
C *
110 w
100 |
@ z
§ 90 i =
o 2 : 31
5 80 : = -
20 = ¥ = i
o] = = = ==
a = = =
mso — = 55 = =
& i § — =
392 - F =
g 30 ¥ == -
.E = = = =
2ZD i = =
b = = =
— — ——
Autosomal ~ chrX Escape Subject

Figure 1. Transcription factor enrichment and binding distributions. (A) The number of escape genes overlapped by each TF is represented by a percentage,
calculated out of 55 escape genes used in the analysis (y-axis). As enrichment analysis was performed for 20 iterations, the size of the circle (x-axis) indicates
the number of iterations that a specific TF was considered enriched. The colour of the circle indicates that the TF has met enrichment thresholds (odds
ratio > 1, top 15% ranked by on Fisher’s left tail p-value, top 15% ranked on GIGGLE score, overlap ratio >0.167) in at least 50% of the iterations
(purple) or in at least 75% of the iterations (green). A subset of five TFs enriched in at least 75% of the iterations and overlapping at least 20% of escape
genes (shown to the left of vertical bar) are starred. (B) Top five enriched TFs are plotted against 55 escape genes arranged horizontally by location on
the X chromosome. Subject gene PGKI, used as a control for X-inactivation in the XEC experiments, is shown on the end for comparison, with an arrow
indicating its location on the X. (C) TF binding frequencies are shown for autosomal genes compared to X-linked genes, as well as escape and subject genes
on the X. Chi-square tests comparing TF distributions in bin sizes of 10 show a significant difference between autosomes and the X, as well as escape and

subject genes on the X.
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and 19 TFs in the downshell region were identified as en-
riched using the lower threshold of 50% of iterations (Sup-
plementary Figure 1B and C). While four of the top five TSS
EE-TFs were enriched in either the upshell or downshell re-
gions at this threshold, increasing the enrichment stringency
to greater than 75% of iterations with an overlap of at least
20% of escape genes resulted in only 1 TF in the downshell
region, SKIL, being labelled as enriched. Distribution of
SKIL across the 55 escape genes is shown in Supplemen-
tary Figure 1D.

We also examined the distribution of the top five TSS EE-
TFs across the 55 escape genes, as each was seen to be en-
riched at just over 20% of escape genes (Figure 1B). Given
that many escape genes bind either many or none of the EE-
TFs, the relative incidences of co-binding events was calcu-
lated with the DSC of the escape gene TSS regions over-
lapped by each pair of TFs, restricting reported results to
pairs including at least one of the top five EE-TFs. Ranking
these pairs based on their escape-over-background ratio of
DSC and corrected P-values (see Materials and Methods),
36 pairs of TFs met the thresholds (Supplementary Table 3).
Remarkably, 6 of the top 10 ranked pairs involved ZFP36,
highlighting its strong presence at escape regions. Interest-
ingly, over a half of the escape genes do not bind any of the
TSS EE-TFs at all (Figure 1B), consistent with previous hy-
potheses that there is not a universal mechanism for escape
from XCI (e.g (16). Only four escape genes, UBAI, SMCI A,
RPS4X and JPX, bind all five EE-TFs in their TSS regions
(Figure 1B).

The dichotomous distribution of our EE-TFs in the es-
cape genes led us to examine the genome-wide distribution
of TF binding events. The average number of EE-TFs bind-
ing at autosomal TSSs is 1.1, similar to the escape average
binding of 1.2, both standing in contrast to the binding av-
erage of 0.4 for subject genes (Supplementary Figure 2A).
To explore if this TF binding distribution replicated beyond
the EE-TFs, we used all 154 TFs available in ReMAP for
GM12878 and plotted the number of TFs binding per gene
in four different categories: autosomal, X chromosome, X-
escape, and X-subject (Figure 1C). TF binding distribution
for individual autosomes is shown in Supplementary Figure
2B. Compared to autosomal genes, the X chromosome has
a significantly different distribution (Supplementary Table
3), with a larger proportion of genes having low numbers
of TFs bound. Breaking down the X into escape and sub-
ject genes, subject genes appear to be driving the low TF-
binding on the X, with the escape gene distribution more
closely resembling the properties of autosomal genes. Sim-
ilar to the autosome to X difference, the escape gene TF
distribution is significantly different compared to the sub-
ject gene distribution (Supplementary Table 3). The appar-
ent depletion of TF-binding could be on the Xa and/or the
Xi, as the analysis could not distinguish allele-specific bind-
ing. As the X chromosome has been noted to have unique
expression patterns, we wished to determine if the differ-
ences in TF-binding were driven by differences in expres-
sion. Therefore, the TF-binding enrichments were repeated
using a set of autosomal genes with expression matched
to either the escape or subject gene sets. The distributions
(Supplementary Figure 2C,D) continued to show that es-
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cape genes were similar to autosomal genes while subject
genes had substantially less TF-binding.

Overall, these findings suggest that the promoters of
genes that escape XCI differ from those subject to XCI, so
we wished to test whether a promoter region could provide
sufficient information to drive expression from the Xi. We
previously showed RPS4X escape from a transgenic BAC
integration, and as it has binding of all 5 EE-TFs in the
TSS, we reasoned that RPS4X makes an excellent candidate
for identifying gene-proximal escape elements. We therefore
hypothesized that local elements at the RPS4 X promoter it-
self might be able to drive escape from XCI, and developed
three RPS4X promoter-based constructs to test this theory.

RPS4X region includes features enriched at escape genes

Studies using a transgenic RPS4X BAC demonstrated the
ability of mouse to recognize human elements regulating es-
cape from XCI and stably express human escapees through-
out development (22,23), yet the nature and location of
the elements themselves remained elusive. Reviewing the re-
gion between subject and escape genes on the BAC, reg-
ulatory regions (RR) containing putative escape elements
for RPS4X (and CITEDI) must lie within ~112 kb from
the subject ERCC6L promoter to the 3’ end of the BAC
(Figure 2A). A boundary element such as CTCF binding
between ERCC6L and RPS4X could help to maintain the
open escape domain (Figure 2, RR4), or a distal enhancer
with primate-specific features (Figure 2, RR2/RR3) could
conserve activity at RPS4.X despite the heterochromatic en-
vironment of the Xi. Additionally, the TF enrichment study
strongly suggested that the promoter proximal region of
RPS4X contained unique binding sites for escape-specific
factors.

To characterize the minimal region necessary for es-
cape from XCI, we focused our initial X-escape constructs
(XEC) on the promoter region of RPS4X (Figures 2B,C).
We designed three RPS4X promoter variations driving an
EmGFP reporter (Figure 3B) to test first if they were suffi-
cient to drive expression on an Xa, followed by analysis of
their functionality on an Xi. Based on previously described
design pipelines (see Methods), the first construct XEC1
includes the classical S’UTR, first exon, and majority of
the first intron (RR 1) of RPS4.X in order to capture poten-
tial enhancer elements in this area. In XEC1, the canonical
RPS4X ATG was mutated to ATC, ensuring that transla-
tion would begin at the EmGFP reporter. As XECI retains
the splice donor site at the beginning of RPS4 X intron 1, but
not the acceptor, it could splice from RPS4X intron 1 to the
end of the synthetic intron before the EmGFP reporter, or
leave RPS4X intron 1 intact as part of the 5S’UTR, splicing
only at the synthetic intron (Supplementary Figure 4).

The second construct, XEC2, placed RR1 (most of in-
tron 1) upstream of the short promoter and exon 1, con-
serving the overall sequence of XECI, but testing if the
context of the sequences was important. As the RPS4X
intronic piece was moved in front of the TSS, XEC2 will
only splice at the synthetic intron before EmGFP (Sup-
plementary Figure 4). Of note, this construct sub-divided
the RPS4X promoter CpG island (moving 31/48 CpGs),
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Figure 2. Bioinformatics design of five X-Escape Constructs (XECs) based on promoter (P) and regulatory regions (RRs) potentially regulating the expres-
sion of RPS4X. (A) Schematic overview of the BAC RP11-1145H7 (hg38:chrX:72193017-72351571, reversed), in which RPS4X and CITED] escape from
X-chromosome inactivation (22). Regulatory regions, gene definitions (60), CpG islands (44), ENCODE cis-regulatory elements (CREs) (45), histone mod-
ifications H3K4mel (an enhancer mark) and H3K4me3 (a promoter mark), chromatin accessibility state (DHS clusters; (61)), the pairwise conservation
for three model organisms (i.e. chimp, mouse and cow), and repeat elements (SINEs and LINEs) in the region are highlighted (46). (B) Zoom-in overview
of the regulatory regions included in the XECs, including tracks listed above as well as the peak coordinates of five EE-TFs, and CTCF in GM 12878 cells
from ReMap 2022 (37). (C) XEC designs 1-3 and 5 are promoter constructs driving expression of an EmGFP reporter. The ATG start codon in XEC1
and XECS has been mutated to ATC, and is not included in XEC2 and XEC3. XEC4 begins with the XEC1 sequence (ATG intact) and drives expression
of the added RPS4X gene regions (minus introns 2, 3 and 5). Total base pairs (bp) of potential RPS4X regulatory sequence listed next to each construct,

hg38 coordinates listed in Supplementary Table 4.
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ANOVA with Bonferroni’s Multiple Comparison Test, significance denoted by asterisks; P-value <0.001 ***,0.001 to 0.01 **, 0.01 to 0.05 *, >0.05 ns.
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although all CpGs are retained in the sequence. The third
promoter construct, XEC3, contained the smallest region
posited to drive transcription and so was our most minimal
promoter design. As it contains no intronic sequences from
RPS4X, XEC3 will only splice at the synthetic intron before
EmGFP. The promoter CpG island is truncated in this con-
struct (removing 31/48 CpGs). We also included a control
promoter from a gene that is normally subject to XCI, to
validate that any expression observed from the Xi was due
to the RPS4X sequences rather than the mouse integration
site. We chose a commonly available PGKI promoter (47)
known to drive expression, and cloned it into the same re-
porter gene construct.

RPS4X promoter constructs demonstrate different potential
for escape from XCI

To screen our promoter constructs for escape from XCI
at the same genomic location as our previous BAC inte-
grations, we used a homologous recombination and com-
plementation system to dock transgenes 5’ of the X-linked
Hprt gene. Using CRISPR-Cas9 technology, we modified
an existing female 129 x Cast XX ESC model containing
an inducible endogenous Xist on the 129-X (iXist, (50)) by
mutating each Hprt allele in order to render the gene non-
functional. Our XEC constructs were cloned into a plasmid
containing 129-derived homology arms flanking the Hprt
deletion on the 129-X, as well as a human HPRTI com-
plementary sequence (48). The transgenes recombine just
5” of Hprt, creating a chimaeric locus consisting of the hu-
man HPRTI promoter and exon 1, and mouse Hprt ex-
ons 2-9. Recombination of our constructs at the Hprt lo-
cus reconstitutes HPRT activity, and thus correctly targeted
clones can be selected with media containing hypoxanthine
aminopterin thymidine (HAT). To increase recombination
at Hprt, we co-transfected constructs with a plasmid ex-
pressing Cas9 and a gRNA targeting adjacent to the 5’ ho-
mology arm (Figure 3A). Figure 3B shows all three RPS4X
promoter escape constructs (XECs1-3), as well as control
promoter PGK1, driving the EmGFP reporter, up until the
HPRT complementary sequence. Of note, the promoter se-
quences are followed by a synthetic intron for splicing be-
fore the EmGFP reporter gene, as well as two insulators in
tandem flanking the promoter and reporter. CTCF motifs
are present in the same orientation in both insulators as well
as in all four promoter constructs.

Three ESC clones were chosen for each construct based
on screening for single-copy, 129-X integration of the escape
construct, in cell lines with stable retention of both X chro-
mosomes (Supplementary Table 5 for primer information).
Interestingly, all three RPS4X promoters drove EmGFP ex-
pression to a similar extent when on the undifferentiated
active X (Xa) in ESCs (Figure 3C, orange bars). Xist was
then induced with doxycycline (dox) for 6 days under dif-
ferentiating conditions to drive inactivation of the 129-X,
and reporter expression was measured again, this time from
the inactive X (Xi). We generally define escape from XCI as
Xi expression being at least 10% of the expression from an
Xa, and while not reaching that threshold to call escape,
XEC1 D6/D0 expression was significantly different from
the other RPS4X promoter constructs as well as the subject

control promoter PGKI (Figure 3C, green bars). To confirm
that this expression is not due to incomplete XCI, adjacent
subject gene HPRT1 with a human promoter was also an-
alyzed. HPRT1I has less than 1% expression from the Xi,
as expected being normally subject to XCI in both mouse
and humans, and has no significant difference between pro-
moter constructs. Additionally, Xist upregulation as well
as downregulation of pluripotency marker Rex/ were ex-
amined at D6 to verify proper Xist induction and differ-
entiation of cells (Supplementary Figure 3A). In compar-
ison to non-induced differentiated controls, the inducible
Xist system demonstrates a large increase in Xist expres-
sion, prompting us to question whether the overproduction
of Xist RNA influenced the ability of any gene, including
endogenous escapees, to escape from XCI. We examined the
allelic ratios of mouse Kdm6a, a well-established and consis-
tent escape gene (4), after 6 days of dox-induction with dif-
ferentiating conditions. Despite increased presence of Xist
in this system, mouse Kdmo6a escapes from XCI at ~22%
demonstrating that a higher level of escape is achievable
than what we saw with our XECI transgene (Supplemen-
tary Figure 3B).

For genes that have promoter CpG islands, measuring
DNAm of the region is an indirect approach to examine
XCI status, as genes that escape from XCI generally have
less than 10% DNAm (7). To reinforce our expression stud-
ies, DNAm was analyzed in the promoter CpG islands for
RPS4X or PGKI, as well as the human component of the
fusion HPRTI1/Hprt gene, and mouse gene Phf6, which is
the closest endogenous mouse gene to the integration site
(Figure 3D). We see a modest increase in RPS4X and PGK1
DNAm from DO to D6 except for XEC1. In agreement with
the gene expression data, the change in DNAm at the XEC1
promoter is significantly different than the other three con-
structs as it only gains about 6%, remaining under 10%
methylated at D6 (Supplementary Table 5). For the HPRT1
and Phf6, genes, which are normally subject to inactivation,
there is a gain in methylation to greater than 10% at D6 that
is not significantly influenced by the promoter construct in
each cell line.

To establish whether the Xi expression from XEC] is a re-
sult of many cells with low expression, or few highly express-
ing cells, one transgenic line from each of PGK 1 and XECI1
were FLOW sorted based on EmGFP. Results showed that
the small amount of expression driven by the XECI1 pro-
moter at D6 is due to a normal population of cells express-
ing a small amount, rather than a small population of out-
lier cells expressing at high levels (Supplementary Figure
3C). We further addressed whether the intron 1 region RR1
retained in XEC1 was spliced out (as it does in the full gene),
or is retained as a longer S’UTR with splicing occurring
only at the synthetic intron as used in XEC2 and XEC3.
RT-PCR results suggest that XEC1 uses multiple splice sites
within RR1 as well as the synthetic intron at both D0 and
D6 (Supplementary Figure 4), thus isoforms containing ei-
ther an extended S"UTR or the splicing pattern normally
observed for RPS4X show escape from XCI. In summary,
XECI had detectable Xi EmGFP expression and lower pro-
moter DNAm than the PGKI control, and both XEC2 and
XEC3; however, it failed to cross the standard threshold for
escape. Despite all three RPS4X promoters driving similar



EmGFP expression in ESCs, and XEC2 having the same se-
quences as XEC1 but in a different order, XECI stands out
with the most potential for escape, and so was chosen to fur-
ther develop to better define the elements involved in escape
from XCI.

RPS4X gene construct escapes from XCI

Starting with the promoter region of XECI, we included
the remainder of the RPS4.X gene sequence minus the less-
conserved introns 2, 3 and 5 to create a mini gene escape
construct termed XEC4 (Figure 2C, and Figure 4A). Given
that Alu elements have been previously identified as en-
riched near genes that escape from XCI, an additional re-
gion containing two primate-specific Alu elements with po-
tential enhancer activity was added to the end of the gene
region (Figure 2, RR2). As all CTCF motifs in the XECI-
3 promoter constructs had been in the same orientation,
we decided to also include a small region from the orig-
inal BAC construct containing a potential boundary ele-
ment between RPS4X and subject gene ERCC6L (Figure
2, RR4). This places a divergent CTCF after the Alu ele-
ments, but before the second insulator to potentially inter-
act with the 5’CTCFs either in the 5’insulator or the RPS4.X
promoter region.

As with our promoter constructs, XEC4 was cloned into
a plasmid containing 129 homology arms, and a comple-
mentary sequence that rescues HPRTI activity, allowing
correctly targeted clones to be selected for with HAT me-
dia. Three ESC clones were chosen as biological replicates
based on screening for single-copy, 129-X integration of the
escape construct, in cell lines with stable retention of both X
chromosomes (Supplementary Table 5 for primer informa-
tion). RPS4X gene expression was tested in ESCs at D0 and
Xist was then dox-induced for 6 days under differentiating
conditions to force inactivation of the 129-X, and RPS4X
gene expression was measured again from the Xi.

Impressively, the RPS4X gene construct XEC4 robustly
escaped from XCI with an Xi/Xa expression ratio of about
26% after dox-induction and differentiation (Figure 4B).
HPRTI remained subject to XCI, as expected, with <1%
expression from the Xi. Xist upregulation as well as down-
regulation of pluripotency marker Rex/ were also verified at
D6 (Supplementary Figure 5). The Xi expression is corrob-
orated by hypomethylation of the RPS4X promoter in all
three clones with no significant gain in DNAm from DO to
D6. At HPRTI there was only a slight gain in DNAm, not
as high as seen with XECs 1-3 (Figure 4C). Previously we
have noted that while HPRTI remains subject to XCI, lower
DNAm could be a consequence of open chromatin from an
escape gene in close proximity to the HPRT1 promoter is-
land (24). Phf6 also gained DNAm, to a similar extent as
what has been seen previously.

To test whether it was the RPS4X gene itself, or the pu-
tative boundary and enhancer elements that contributed
to escape from XCI, we modified our original PGKI and
RPS4X XECI promoters to include variations of these el-
ements (Figure 2, XECS5), and examined whether or not
EmGFP reporter activity could be detected from the Xi
(Supplementary Figure 6A). Additional potential enhancer
and boundary elements do not increase XEC1 EmGFP es-
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cape from XCI nor do they affect silencing of the PGK1I re-
porter (Supplementary Figure 6B). Both promoters gained
DNAm in the same manner as the original constructs re-
flecting the consistency of the previous data (Supplemen-
tary Figure 6C). Overall we refined the sequence sufficient
for RPS4X to escape from XCI from a nearly 160 kb BAC
to a minimal region of ~6 kb.

DISCUSSION

Up to a quarter of X-linked genes evade complete silencing
from the Xi and are still expressed in some cells or individu-
als, despite the stable epigenetic silencing of the majority of
the X across the lifespan of the individual. To understand
the DNA elements that allow these escapees to avoid silenc-
ing, we have combined bioinformatic studies with a mouse
ESC-based model to test the ability of human transgenes
to escape XCI. Analysis of ChIP-seq TF binding data high-
lighted a set of five TFs with enriched binding observed in
the vicinity of escape gene TSSs. Multiple TFs may be in-
volved in regulating escape, as no single TF exhibited bind-
ing across all of the diverse escape genes. Comparison of
binding at escape, subject and autosomal TSSss indicate
that subject genes have lower observed TF binding, while es-
cape genes are similar to autosomal gene properties. All five
of the EE-TFs were observed to bind to the RPS4X TSS,
motivating continued focus on how the compact gene can
escape silencing when introduced transgenically to a distinct
location on the X chromosome. Design of an RPS4X mini
gene was able to reproduce escape with only 6 kb of endoge-
nous DNA sequence, providing the most compact DNA se-
quence sufficient for mediating escape.

Access to the curated ChIP-seq data from ReMap al-
lowed us to bypass reliance on motif enrichment, instead
providing empirical data of TF binding at TSSs. Our en-
richment analysis of TF peaks along the X chromosome
highlighted five TFs as being enriched at escape gene TSSs
relative to subject genes, thus they may be contributors to
escape gene regulation. None of the EE-TFs overlap all an-
notated escape genes, reinforcing current hypotheses that
there are multiple possible pathways to escape from XCI.
For our enrichment analysis we chose to focus on ChIP-seq
data from GM 12878 cells as it is a well-studied human fe-
male cell line; however, there are limitations that come with
this choice. The 154 TFs for which there is data in ReMap
for GM 12878 still encompass less than 10% of the TFs in
the human genome. As this is a female cell line, the ChIP
data will be derived from binding on both the active and
inactive X. When a gene escapes inactivation it will have
two instances of binding vs a subject gene which will have
only one (on the Xa), and thus stringent parameters in some
data sets might bias towards those TFs that bind escape
genes. However, since expression from the Xi is generally
less than from the Xa, we considered it worth using a female
(Xa + Xi) line rather than a male (Xa only) line which might
miss Xi-specific binding. Furthermore, ChIP-seq data for
some available TFs, including YY1, was sparse, resulting
in an inability to assess YY1 enrichment, despite the mo-
tif having been highlighted in previous studies of escape
(27). Additionally, as GM 12878 is a somatic cell line, TFs
that may only bind early in development to establish escape,
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Figure 4. RPS4X gene construct escapes from XCI at Hprt. (A) XEC4 design begins with the sequence of XECI (now with intact ATG), and includes
the remainder of the RPS4X gene sequence minus introns 2, 3 and 5. Additional regulatory regions with potential enhancer (RR2) and boundary (RR4)
activity are included 3’ of the gene. Arrowheads within boxes denote directionality of CTCF motifs. (B) Normalized to endogenous control 4b//, RT-
qPCR of RPS4X expression at DO (Xa) and D6 (Xi) of Xist induction and differentiation shows robust escape from XCI of ~26% averaged for three
biological triplicates. HPRT1 (human component of the fusion HPRT1/Hprt gene) is expressed from the Xi at less than 1% of the Xa consistent with it
being normally subject to inactivation. (C) Average DNAm of RPS4X shows promoter hypomethylation at D6, which supports its expression from the
Xi. HPRTI and Phf6 show a significant increase in promoter DNAm from DO to D6 as expected for genes that are being silenced on the Xi (paired t-test,
significance denoted by asterisks; P-value < 0.001 ***,0.001 to 0.01 **, 0.01 to 0.05 *, >0.05 ns).

rather than maintain, would also have been missed. Lym-
phocytes have been shown to have weaker maintenance of
XCI, and GM 12878 is a lymphoblastoid cell line, which has
been shown to require distinct XIST-interacting proteins
from other cell types examined (54,55). While the mouse
provides an opportunity to examine XCI dynamics early in
development, enrichment studies are underpowered by the
limited number of constitutive escape genes in mouse, as
well as less comprehensive ChIP data sets. With the growth
in genomics data and supporting database resources, it will
be important to continue to analyze new data on the X to fill
in missing important information regarding TFs that could
be involved in the regulation of escape from XCI.

Overall TF binding was seen to be dichotomous with
some genes binding many TFs while other genes were
bound by few or none. This dichotomy was seen for both the
EE-TFs and also for all TFs across the genome. However,
the pattern on autosomes was significantly different from
that of the X, with reduced TF binding for the X chromo-
some, although the escape genes retained more similarity
in TF binding distribution to the autosomal pattern. There
was some correlation between expression and TF binding;
however, expression-matched autosomal genes revealed this
same disparity with X-subject genes generally having fewer
TF bindings (Supplemental Figure S2). This may reflect
that as genes became responsive to XCI they tended to lose
TF binding, and that the EE-TFs have more consistently
lost their binding to genes subject to XCI, but are retained
on the Xi. It is likely that the EE-TFs bind both the Xa and
Xi, but future studies will be required to assess the allelic
binding specificity. In general, there is a large overlap of TFs
at regulatory regions, making dissection by deletion of a sin-
gle motif challenging.

Of particular interest is ZFP36, also known as Triste-
traprolin (TTP), an RNA-binding protein involved in RNA
degradation (56). The term TF is at times perceived to be re-
stricted to DNA binding proteins, but formally is inclusive
of all proteins involved in transcription and thus the pres-
ence of an RNA binding protein in the ReMap resource
is fully appropriate. As XCI is initiated by the IncRNA
XIST, the binding of ZFP36 could potentially direct the lo-
cal degradation of XIST or other IncRNAs, thereby allow-
ing a region to remain more accessible to the transcription
machinery and escape from XCI. Both enrichment and co-
binding analysis highlighted that ZFP36 has a strong pres-
ence at escape regions; ZFP36 was one of the five EE-TFs
that passed the stringent thresholds, while in the co-binding
analysis, pairs that involve ZFP36 were observed more often
than pairs for the other four EE-TFs. It is noteworthy that
previous motif enrichment analyses could not consider the
presence of RNA binding proteins, and thus the potential
role for ZFP36 was enabled by the focus on experimental
binding data. ZFP36 is a member of the conserved ZFP36
family of RNA binding proteins, which have been shown to
have direct and indirect roles in transcription, RNA stability
and translation, particularly in T cells (57). Zfp36 knock-
out mice are viable, with no reported sex biases. However,
as mice have fewer escape genes, impact on escapee expres-
sion might not result in a distinctive phenotype, given that
39,X mice have less of a phenotype than 45,X females (58).

While the role for these EE-TFs remains speculative, all
were seen enriched at the RPS4X TSS, lending further sup-
port to use of the RPS4X gene as a model to experimen-
tally test and characterize the DNA elements involved in es-
cape from XCI. Starting with several promoter-based con-
structs, we identified a minimal promoter region (XEC3) of
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680 bp sufficient for expression on the Xa. Extending this
promoter to include regulatory elements in intron 1 (RR1,
see Figure 2) demonstrated surprising context-dependent
effects. XEC1 (with RR1 following the minimal promoter)
had low promoter DNAm and slight expression from the
Xi, while XEC2 (with RR1 preceding the minimal pro-
moter) had increased DNAm and no expression. This could
reflect that transcription of RR1 is required for it to func-
tion as a component of escape gene regulation. Alterna-
tively, a critical site may have been broken in XEC2. In
this regard it is notable that the five EE-TFs do not have
well-established recognition motifs. Furthermore, in XEC2
the CpG island is split; however, having an intact CpG is-
land is not a requirement for all genes that escape from
XCI. There is an ongoing correlation between low promoter
DNAm and gene expression, but it is important to note that
DNAm thresholds for calling escape from XCI have a wide
‘uncallable’ zone between hypo- and hyper-methylated is-
lands (7), that could be dependent on individual genes, tis-
sues or developmental time point being examined. Indeed
overall DNAm accumulation across all promoters in this
study was not as high as seen in adult tissues (22), with the
differentiated ESC model more closely resembling DNAmM
at embryonic day 9.5 (23), and so using DNAm to call es-
cape in early developmental time points is more challenging
as the gain in DNAm is unlikely to be complete for most
genes. Promoter DNAm at HPRT] specifically appears to
be mildly influenced by presence of an escape gene in its im-
mediate S’region as it gained less DNAm in XEC4 (remain-
ing under 10% methylated) than the other constructs with
less Xi expression. This has been previously documented
with another escape transgene at Hprt (24), yet in both cases
HPRTI expression remains subject to XCI.

While the XECI promoter seemed primed for Xi ex-
pression, increasing the size of our escape construct to en-
compass more of the RPS4X gene and surrounding ele-
ments (XEC4), including a CTCF-binding boundary ele-
ment (RR4) consistently gave us robust escape from XCI.
CTCF has shown enrichment at promoters (28) and en-
hancers (5) of escape genes, and has also been suggested
to serve as a boundary element between subject and es-
cape promoters. The original chicken hypersensitive site-4
(cHS4) insulators contained in our homology plasmid con-
tain CTCF motifs and have been shown to have protective
effects against transgene silencing on an active X chromo-
some; however, they were not able to block XCI or prevent
DNAm on the inactive X on their own (24,59). A second
set of promoter constructs (XECS and PGK]I) testing the
putative boundary (RR4) and enhancer elements (RR2/3)
failed to increase escape from the Xi, again suggesting that
CTCF insulator regions are insufficient to enable escape
from XCI. However, the differing distances between CTCF
motifs within our XECs could have impacted their ability
to establish chromatin loops. We further observed a small
impact on HPRTI promoter DNAm with escape from XCI
of XEC4. Thus, we consider it is unlikely that the RR4 ele-
ment is functioning as a boundary between these genes. Fur-
thermore, the failure of our putative regulatory elements to
augment escape suggests that the additional elements en-
abling the ability to escape lie within the RPS4X gene itself,
consistent with previous hypotheses of proximal regulatory
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elements (21). Our downshell analysis identified only one
TF, SKIL, as being consistently enriched at the 10 kb down-
stream of the TSS (Supplementary Figure 1) which was not
observed at RPS4X. For RPS4X the 10 kb downshell would
include the whole gene; however, for other genes intragenic
enhancer elements could be missed if they lay further away.
Previous studies have used different window sizes for their
analysis of enriched motifs, and thus are difficult to com-
pare to our analysis using ReMap data.

The variation in EE-TF binding between escape genes,
and indeed global TF binding between the X and au-
tosomes, highlights some of the considerable differences
amongst X-linked promoters and emphasizes the idea that
there will also be considerable differences in mechanisms of
escape between genes. This work with the RPS4.X gene has
demonstrated that gene-proximal elements are sufficient to
permit its escape from XCI, but there is likely an additive ef-
fect from multiple elements that need to reside in a specific
position in order to function. The inclusion and placement
of RR1 (most of RPS4 X intronl) in XEC1 appears to be re-
sponsible for minimal escape, but an additional factor con-
tained in the rest of the RPS4X sequence in XEC4 is needed
to boost expression to meet established thresholds for es-
cape. The context-dependence of elements and their interac-
tions hints at ultrastructure effects, which could be mediated
by DNA or RNA. Future studies will be informative in in-
vestigating whether an escape-specific enhancer element(s)
was added in the sequence after the XECI promoter, or if
transcription through the rest of the gene, or potential sec-
ondary structure formation, is responsible for resisting the
effects of silencing in the region. Despite lack of conserva-
tion in number and distribution of escapees between species,
experiments such as these demonstrate the utility of a trans-
genic human-in-mouse model and have added several im-
portant considerations as to what elements promote a gene
to escape from XCI. To the best of our knowledge, we have
synthesized the smallest transgenic escape construct to date
and described a functional model system for further char-
acterization of regulatory elements and testing of their ap-
plicability across other genes.
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