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SUMMARY

Chromosome loops shift dynamically during development, homeostasis, and disease. CTCF is
known to anchor loops and construct 3D genomes, but how anchor sites are selected is not yet
understood. Here we unveil Jpx RNA as a determinant of anchor selectivity. Jpx RNA targets
thousands of genomic sites, preferentially binding promoters of active genes. Depleting Jpx RNA
causes ectopic CTCF binding, massive shifts in chromosome looping, and downregulation of >700
Jpx target genes. Without Jpx, thousands of lost loops are replaced by de novo loops anchored

by ectopic CTCF sites. Although Jpx controls CTCF binding on a genome-wide basis, it acts
selectively at the subset of developmentally sensitive CTCF sites. Specifically, Jpx targets low-
affinity CTCF motifs and displaces CTCF protein through competitive inhibition. We conclude
that Jpx acts as a CTCF release factor and shapes the 3D genome by regulating anchor site usage.
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Abstract

The Jpx noncoding RNA controls where CTCF binds across autosomes, determining the location
of chromosome loops and genome architecture.
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Jpx RNA selectively displaces CTCF from low-affinity sites
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INTRODUCTION

The mammalian genome displays many levels of architectural organization, from chromatin
loops between enhancers and promoters to higher-order structures such as “compartments”
in which active chromatin self-associates and is partitioned away from inactive chromatin
(Dekker and Mirny, 2016; Dixon et al., 2012; Lieberman-Aiden et al., 2009; Mirny et

al., 2019; Rowley and Corces, 2018). These structures are highly dynamic, changing
significantly during development, regulation of homeostasis, and response to physiological
stress. The CCCTC-binding factor, CTCF, has long been known to construct 3D chromatin
and direct long-range chromatin contacts by promoting specific loops and blocking ectopic
enhancer-promoter contacts (Handoko et al., 2011; Kurukuti et al., 2006; Phillips-Cremins
and Corces, 2013; Splinter et al., 2006). Although CTCF was originally described as

a transcription factor (Klenova et al., 1993), many of its effects can be attributed to

its architectural properties, enabling transcriptional repression in one context and gene
activation in another, as exemplified by allele-specific regulation (Bell and Felsenfeld, 2000;
Chao et al., 2002; Hark et al., 2000; Holmgren et al., 2001). More recently, CTCF has

been implicated in formation of borders around topological domains (Dixon et al., 2012;
Nora et al., 2012; Phillips-Cremins et al., 2013; Rao et al., 2014; Tang et al., 2015). In
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prevailing loop-extrusion models, cohesins form a “ring”, capture a chromatin loop, and
extrude chromatin through the loop until they encounter a pair of convergent or tandem
CTCF sites (Alipour and Marko, 2012; Davidson et al., 2019; Fudenberg et al., 2016; Kim
etal., 2019; Sanborn et al., 2015). The binding of CTCF to key sites therefore underlies the
3D organization of the mammalian genome, but how specific “anchor sites” are selected for
loop creation and how anchors shift to form new loops in a physiologically relevant manner
are not fully understood.

Notably, although CTCF has been shown to favor binding to a 20-bp consensus motif (Bell
and Felsenfeld, 2000; Kim et al., 2007), these sites are numerous in the mammalian genome.
How then does CTCF determine its sites of occupancy? DNA methylation, post-translational
modifications, and interactions with protein partners have all been proposed to play a role
(Del Rosario et al., 2019; Donohoe et al., 2007; Klenova et al., 2001; MacPherson et al.,
2009; Wang et al., 2012). Combinatorial usage of its 11-Zn fingers can also be a factor
(Nakahashi et al., 2013; Ohlsson et al., 2001). Nevertheless, these features are insufficient
to explain the full range of specificity that underlies differential binding. In recent years,
CTCF has been shown to bind RNA, raising the possibility of co-regulation by RNA. In

the first instance, Jpx RNA was shown to regulate initiation of X-chromosome inactivation
(XCI) by titrating away CTCF from the Xist promoter (Sun et al., 2013). Thousands of
mammalian transcripts have now been shown to bind CTCF, but only a few among them
have been implicated in functions, such as chromosome pairing and counting (Kung et al.,
2015; Saldana-Meyer et al., 2014; Sun et al., 2013; Xu et al., 2007; Yang et al., 2015). The
idea of an RNA cofactor is especially attractive because RNAs can provide a missing link in
the site-specific recruitment of regulatory proteins (Lee, 2012). Two recent studies reported
that mutating a domain within CTCF with putative RNA-binding activity affects formation
of topological domains (Hansen et al., 2019; Saldana-Meyer et al., 2019). However, it is
unclear whether the observed effects were due to loss of RNA binding or due instead to
secondary consequences of altering CTCF protein conformation.

Here we identify Jpx as a noncoding RNA that regulates CTCF’s architectural function on a
genome-wide scale. Jpx is an X-linked transcript (Chow et al., 2003; Chureau et al., 2002;
Johnston et al., 2002) known to be obligatory for X/stinduction during X-chromosome
inactivation (Carmona et al., 2018; Karner et al., 2019; Sun et al., 2013; Tian et al., 2010).
Because of its well-characterized X-linked activities, Jpx’s function is currently thought to
be restricted to X-inactivation (da Rocha and Heard, 2017; Disteche, 2016; Jegu et al., 2017;
Lee, 2011; Starmer and Magnuson, 2009). On the other hand, Jpx RNA has also been shown
to be diffusible, capable of migrating between X chromosomes and autosomes (Tian et al.,
2010), suggesting the possibility of non-X-linked roles. Here, by mapping Jpx binding sites
using epigenomic techniques, we discover that Jpx targets hundreds of autosomal genes and
reveal a genome-wide role in the selection of CTCF anchor sites for chromosome looping.

Jpx RNA binds thousands of chromatin sites and associates with active genes

To map Jpx binding sites in the mouse genome, we performed CHART-seq (Capture
Hybridization Analysis of RNA Targets), an epigenomic method that maps RNA-binding
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sites by pulling down chromatin with capture probes for an RNA of interest (Chu et

al., 2017; Simon et al., 2013; Simon et al., 2011). We designed a cocktail of 22~25 nt
biotinylated DNA probes that bind three proximal Jpx exons (i.e. Jpx CHART probes;

Fig. S1A). In parallel, we performed two CHART controls to exclude artifacts — first,

a Jpx “antisense (AS)” CHART (using reverse complement probes) to control for strand-
specificity and rule out hybridization to genomic DNA,; and second, a Jpx CHART elution
without RNase H (“no-RNase H™) to control for non-specific, RNase H-independent elution.
gPCR confirmed that Jpx CHART captured Jpx RNA specifically, whereas the reverse
complement did not (Fig. S1B). We performed time-course analysis in female mouse
embryonic stem (ES) cells at differentiation days (d), d0, d3 and d7 in 2-3 biological
replicates of each timepoint. Approximately 60-90 million paired-end reads were obtained
for each library and only reads uniquely mapping to the mouse genome were used (Fig.
S1C). As expected, the Jox locus showed a major peak correlating with its nascent
transcription (Fig. 1A, left; Fig. S1D).

Intriguingly, the X-inactivation center was not the only site of enrichment (Fig. 1A,B;
S1E,F). Additional CHART signals were observed across the entire genome, whether
normalized to input, Jpx-AS, or no-RNaseH control (Fig. 1B, top 3 tracks; Fig. S1F).
Thousands of statistically significant peaks for each sample were identified using MACS
software in d7 ES cells, whereas few were seen in the Jpx-AS and no-RNaseH controls (Fig.
1C; Tables S1-S3). To obtain bona fide Jpx binding sites, we filtered away peaks that were
present in Jpx-AS and no-RNase H CHART and observed ~5000 specific peaks (Fig. 1C,D).
Whereas Jpx CHART replicates showed excellent correlation (Fig. S1G, top), there was poor
correlation with control CHART samples (Fig. S1G, bottom). Thousands of Jpx binding
sites were also called in two biological replicates (Rep) of d0 and d3 ES cells (Fig. S2A).
Interestingly, whereas the correlation between biological replicates for all 3 timepoints was
high, the correlation between timepoints was more modest (Fig. S1G, top vs. Fig.S2B),
hinting at a dynamic regulation of Jpx localization during cell differentiation in light of a
10-fold increase in Jpx levels (Tian et al., 2010).

Jpx preferentially bound promoters, proximal regions of the transcription start site (TSS) or
the transcription termination site (TTS), exons and introns, relative to their representation

in the genome (Fig. 1E). There were a positive correlation with SINE-rich, gene-rich
regions (/=0.51) and negative correlations with LINE1-rich, gene-poor regions (/=—0.49)
and lamina-associated domains (r=—0.70)(Fig. 1F; S2C,D). Significantly, Jpx peak coverage
was higher within actively transcribed genes (Fig. 1G). H3K4me3, a chromatin mark that
typifies active promoters, was also strongly enriched over Jpx peaks, especially on d7 when
Jpx RNA is upregulated. In contrast, no such relationship was observed for the repressive
histone mark, H3K27me3 (Fig. 1H). To determine whether Jpx signals were visible outside
of the X-inactivation center, we performed RNA fluorescence /in situ hybridization (FISH)
and observed multiple Jpx RNA clusters in a majority of d7 cells (54%, n=425; Fig. 1I).
Additionally, a diffuse haze of Jpx signals was evident in nearly all d7 ES cells, which may
account, at least in part, for the genome-wide CHART peaks. These signals were abolished
by knockdown of Jpx (Fig. S2E), arguing for specificity of the Jpx signals. These data reveal
that Jpx RNA binds to thousands of genomic sites and preferentially associate with active
genes.
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Acute depletion of Jpx dramatically downregulates >700 target genes

To investigate function, we acutely depleted Jpx in differentiating ES cells using locked
nucleic acids (LNA) gapmers that degrade target transcripts using an RNase H-mediated
mechanism. Two independent LNA gapmers (LNA#1, LNA#2), a scrambled (Scr) gapmer
control, and two biological replicates of each were employed to enhance specificity and
exclude off-target effects (Fig. S3A,B). Both Jpx LNASs and replicates yielded >95%
depletion in differentiating ES cells after 8 hours (Fig. 2A). RNA-seq analysis identified
900 differentially expressed genes (DEGs; FDR < 0.05) between control and Jpx-depleted
cells (Table S4). Jpx-depleted cells showed a strong overall downregulation (738 of 900
genes, 82%; Fig. 2B,C) and two independent LNAs showed similar trends for down- or
up-regulation of genes (Fig. 2D; S3B). Downregulated DEGs were significantly associated
with Jpx peaks (Fig. S3C,D). Upregulated DEGs did not show a significant enrichment
relative to non-DEGs or randomized gene sets of 900 genes (Fig. S3C,D).

Metagene analysis revealed that downregulated DEGs showed the greatest Jpx coverage

at the TSS (Fig. 2E), though binding could also be seen cross the gene body and near

the TTS. The localization patterns were exemplified by Mam/3, Grip1, and Unc5c, which
showed high expression when Jpx was bound and significant downregulation following Jpx
depletion by both Jpx-specific LNAs (Fig. 2F). As the effects were evident after only 8
hours of LNA treatment, Jpx binding may be continually required to maintain gene activity.
Gene Ontology (GO) analysis (Table S4) demonstrated that 349 DEGs — predominantly the
downregulated genes — were related to general differentiation and development (Fig. S3E),
with 161 DEGs specifically related to neural differentiation and development (Fig. S3F).
These data argue that Jpx RNA localizes to and activates hundreds of target genes.

Jpx RNA antagonizes CTCF binding to target genes

De novo motif analysis of Jpx peaks identified 18 significant underlying motifs, several of
which demonstrated similarity to motifs for known transcription factors, including PRDM1,
FOXB1, ZNF263, JUN, POU3F2, CTCF and CTCFL (Fig. S4). Among them, CTCF stood
out, as this motif bore a striking resemblance to CTCF’s established motif (Fig. 3A) and Jpx
was previously implicated in evicting CTCF from the Xistpromoter (Sun et al., 2013). We
then asked if Jpx binding affected CTCF localization on a genome-wide scale by performing
CTCF ChlIP-seq in d7 ES cells depleted of Jpx RNA (LNA#1). As expected, Jpx depletion
resulted in increased CTCF binding and downregulation of Xist(Fig. S5A), consistent

with published data (Sun et al., 2013). Intriguingly, autosomal targets — specifically the
downregulated DEGs — also demonstrated significantly increased CTCF binding after

Jpx depletion (Fig. 3B), as indicated by the right shift in cumulative distribution plots
(CDPs)(Fig. 3C, left panel). The gain in CTCF peak coverage was large when compared

to unaffected genes (non-DEG; Fig. 3D). By contrast, upregulated DEGs did not change in
CTCF binding (Fig. 3C, right panel). These observations hinted that CTCF binding may be
antagonized by Jpx.

Indeed, analysis of two biological replicates indicated that 546 DEGs showed increased
CTCF peak coverage when Jpx was depleted (Fig. 3E). In wildtype cells, the 546 DEGs
had greater Jpx binding relative to a randomized gene set (Fig. S5B). Among the 546 DEGs
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with increased CTCF coverage, 472 were downregulated after Jpx depletion (Fig. 3E). The
472 genes also had high initial Jpx peak coverage, as compared to a randomized gene set
and to other DEGs (Fig. 3F). For instance, Jpx targets, Actnl, Samd4, and Tenm4, showed
significant increases in CTCF binding in multiple biological replicates and regardless of
whether LNA#1 or LNA#2 was used to deplete Jpx (Fig. 3G, S5C). Interestingly, the change
in CTCF binding was not binary (all-or-none binding). Rather, Jpx modulates the degree

of binding. We conclude that Jpx antagonizes and fine-tunes CTCF binding at target sites
across the genome.

Jpx regulates low-occupancy, developmentally sensitive CTCF sites

Among tens of thousands CTCF sites in the mammalian genome, which are regulated by
Jpx? Unperturbed d7 ES cells demonstrated 60,944 CTCF binding sites (Fig. 4A). When
Jpx was depleted, the vast majority (58,325 sites) remained unchanged. However, 8,595
new CTCF peaks were gained and 2,619 were lost (Fig. 4A; Table S5). What distinguished
the 8,595 from other CTCF sites? Notably, two types of CTCF binding motifs had been
identified previously (Plasschaert et al., 2014)— (i) Low Occupancy (LowOc) sites that
have lower affinity for CTCF and are more likely to be developmentally regulated; versus
(i) High Occupancy (HighOc) sites that have higher affinity for CTCF and bind CTCF
constitutively (Fig. 4B). HighOc sites have greater similarity to the CTCF consensus
sequence. In particularly, the 71, 9t and 18 nucleotides (asterisks) were shown to be
major determinants of LowOc versus HighOc binding, with the presence of C or G at the
18 position being especially critical for stable binding.

Here we derived a consensus motif for the subset of 8,595 sites that gained CTCF binding.
Strikingly, these sites exhibited a high similarity to the LowOc sites, especially at the 7,
oth and 18! nucleotide positions (Fig. 4B). We divided CTCF peak coverages (in wildtype
cells) into four quartiles (Q1-Q4) and asked how depleting Jpx changed CTCF profiles in
each quartile (Fig. 4C). Significantly, the lowest CTCF quartile (Q1) displayed the greatest
increase in CTCF binding following Jpx depletion. Thus, Jpx controls developmentally
sensitive CTCF (ds-CTCF) binding with lowest /n vivo affinity.

To understand CTCF binding profiles around Jpx sites, we performed hierarchical clustering
analysis of CTCF coverage over £10 kb of Jpx peak centers (Fig. 4D, S6A). Five clusters
(subtypes) of Jpx sites were revealed. Cluster 1 (n=591 sites) and Cluster 2 (n=995)
exhibited broad CTCF enrichment > ~2 kb upstream and downstream of Jpx peak centers,
respectively, whereas Cluster 3 (n=533) localized over the Jpx peak center and Cluster 4
(n=289) localized just upstream. Clusters 1-4 accounted for ~44% of Jpx sites (n=2,408).
Cluster 5 accounted for the remaining 3,043 Jpx sites (~56%). Within Cluster 5, Class |
(n=1,838; Fig. S6B) had no CTCF peaks in wildtype cells but gained CTCF binding after
Jpx depletion (Fig. 4E,F). Class Il (n=1,205; Fig. S6B) showed low-level binding with peaks
called in wildtype cells and increased in CTCF binding after Jpx depletion (Fig. S6C,D).
These results were consistent between replicates and for LNA#1 versus LNA#2. For the
8,595 ectopic CTCF peaks (Fig. 4A), CDP analysis showed a right shift (increase) in CTCF
binding over Jpx-target sites (Fig. 4G). Conversely, for the 2,619 lost CTCF peaks (Fig.
4A), CDP analysis showed a left shift (decrease) in CTCF binding (Fig. S6F). Furthermore,
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metagene profiles affirmed that CTCF gains were greatest over the initially highest Jpx
quartile (Q4)(Fig. S6G). Lastly, the subgroup of downregulated DEGs showed the most
dramatic increase in CTCF peak coverage (Fig. 4H). Altogether, these data argue that Jpx
RNA regulates the developmental binding of CTCF and specifically antagonizes CTCF
binding at low-affinity CTCF sites.

Jpx RNA is a CTCF release factor

To understand mechanism, we performed electrophoretic mobility shift assay (EMSA) with
purified CTCF protein and asked whether Jpx differentially affects CTCF binding at LowOc
versus HighOc sites /n vitro. The HighOc site from Mett/21aretained strong CTCF binding
in Jpx-depleted cells, whereas the LowOc site from CaldZ only gained a CTCF site after Jpx
depletion (Fig. 5A). Mettl21aand Cald1 sites differed at the 7t, 9th, and 18t positions of
the CTCF consensus (pink shading). Notably, while Jpx RNA-CTCF interactions were of
extremely high affinity with a dissociation constant (K,) of <1.0 nM (Kung et al., 2015; Sun
et al., 2013), the HighOc (Mett/21a) DNA site showed a relatively low affinity of 18.5 nM
and the LowOc (Cald1) showed an even lower affinity of 29.9 nM (Fig. 5B-D). Additional
HighOc sites (NVarfland Kcna7) and LowOc sites (E330021D16Rik and ArhgapI) revealed
similar differences in Kybetween HighOc and LowOc probes (Fig. 5A,E,F). Indeed, the
average affinity of HighOc probes (Mettl21a, Narfl, Kcna?) significantly exceeded that of
LowOQc probes (Cald1, E330021D16Rik, ArhgapI)(Fig.5G). Thus, coverages observed by
ChiIP-seq analysis (Fig. 5A) reflect biochemical affinities of CTCF for underlying motifs.

Notably, none of the DNA affinities approached Jpx RNA’s superior affinity (Fig. 5D,F).
Whereas CTCF did not appreciably shift either Mett/21a or CaldI until the protein
concentration exceeded 24 nM, CTCF shifted Jpx RNA in concentrations as low as 23

pM. With Kdifferences of 1-2 logyg, we hypothesized that Jpx might antagonize CTCF
binding at LowOc sites through competitive inhibition. To test this hypothesis, we performed
competition experiments by mixing DNA probe and RNA competitor together prior to
adding CTCF. HighOc DNA sites robustly bound CTCF in the absence of Jpx RNA, and
addition of 2-5 nM Jpx RNA (0.4-1.0x molar excess) minimally competed away CTCF
binding (Fig. 5H bottom). By contrast, although LowOc DNA sites bound CTCF well in the
absence of Jpx, addition of sub-stoichiometric (2—-4 nM) Jpx concentrations partially titrated
away the binding (Fig. 5H top). At 5 nM of Jpx, no DNA binding was evident for LowOc
sites. To quantitate differences, we calculated an 1Cs, the concentration of Jpx at which
50% of CTCF-DNA binding is inhibited. Whereas 23-132 nM of Jpx RNA was required to
inhibit CTCF binding to HighOc sites, only 2—4 nM was necessary for LowOc sites (Fig.
51). We conclude that Jpx RNA is a CTCF release factor — specifically at low-affinity
CTCF sites (Fig. 6A). HighOc sites are immune to Jpx titration due to their higher affinity
for CTCF.

Jpx controls chromosome looping by shifting anchor sites

We hypothesized that Jpx could promote gene activation by releasing CTCF and thereby
reorganizing chromosome loops (Fig. 6B). To obtain high-resolution contact maps, we
performed /n situ Hi-C in control and Jpx-depleted d7 ES cells, with two biological
replicates yielding ~1 billion read pairs and ~900 M of valid contacts for each sample
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(Table S6). We called loops using HICCUPS (Rao et al., 2014) at 5 kb resolution and
identified 36,072 loop anchors from control cells (Fig. 6C). When Jpx was depleted, total
loop anchors increased 13% to 40,766. The apparently small increase belied major shifts in
looping patterns. Indeed, only a quarter of total loop anchors was actually shared between
control and Jpx-depleted cells (Fig. 6C). The vast majority (72—-75%) was distinct. A large
number of anchors was lost in Jpx-depleted cells (“lost anchors™). Simultaneously, a large
number (30,525) of anchors was gained (“ectopic anchors”). The characteristic loss and gain
of loops could be visualized in Hi-C contact heat maps (Fig. S7A). Similar results were
obtained when loops were called at 20 kb resolution, which yielded 22,921 and 23,722 loop
anchors from control and Jpx-depleted cells, respectively — among which were 16,972 lost
and 17,751 ectopic anchors. Therefore, consistent with conclusions made at 5 kb resolution,
the vast majority (74—75%) of loop anchors were distinct (ectopic or lost). Henceforth, all
analyses are described at 5 kb resolution. These data demonstrate that Jox RNA dramatically
shifts anchor site usage.

In keeping with loop-extrusion models, we surmised that loss of a CTCF anchor would force
cohesin to progress to a neighboring CTCF site. Conversely, gaining a CTCF site within

the original loop would “short-circuit” loop extrusion and yield a smaller loop. In either
scenario, we would expect lost anchors to reside near new anchors. To test this idea, we
performed a “nearest neighbor” analysis to quantify the physical distance from an ectopic
anchor to the nearest lost anchor (Fig. 6D). On average, the nearest-neighbor (NN) distance
between them was 166 kb. Significantly, this distance was much shorter than the average
distance (354 kb) to the nearest shared anchor site — i.e., sites that were not affected by Jpx
depletion (Fig. 6D). This distance was also significantly shorter than the average distance
(1,840 kb) for a randomized model in which loop anchor coordinates were scrambled by
randomly shuffling paired anchor coordinates. These findings demonstrate a tight linkage
between where anchors are lost and where new ones appear to create a loop. Furthermore,
the density of gained loop anchors (x) covaried with the density of lost loop anchors [p(x)]
(Fig. 6E), indicating a dependence between the new, tightly linked loop anchor and the
original. Thus, Jpx depletion causes a shift in anchor site usage to the nearest neighbor.

Interestingly, among shared CTCF anchor pairs, a majority (61.5%) was in the convergent
orientation (Rao et al., 2014; Tang et al., 2015), while 33.3% was in the tandem orientation
(Fig. 6F), an orientation associated with more dynamic regulation (Tang et al., 2015).
Among ectopic CTCF anchor pairs, tandem (44.6%) and convergent pairs (43.3%) became
nearly equal. Among lost pairs, tandem (43.3%) and convergent (44.8%) were similarly
equalized. By contrast, divergently oriented pairs did not change in usage. These data
support the idea that tandem loops are more dynamically and locally regulated (Tang et al.,
2015).

About half (4,187 of 8,595) of ds-CTCF peaks that appeared in Jpx-depleted cells became
ectopic loop anchors. We therefore predicted that anchor site usage would shift to CTCF
sites previously occupied by Jpx. To test this, we quantified Jpx coverage (in wildtype

cells) over gained versus lost anchor sites. Whereas Jpx was not enriched at lost anchors,
ectopic anchors occurred where there was once high Jpx levels (Fig. 6G), indicating that Jpx
depletion enabled a new anchor to form. Consistent with this, ~48 % of Jpx peaks called in
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CHART (2,617 of 5,451 for Repl; 2,322 of 4,818 for Rep2) overlapped with new anchors
in Jpx-depleted cells (Fig. 6H). Thus, de novo anchors formed at almost half of sites where
Jpx formerly bound. These new anchors were associated with significantly increased CTCF
peak coverage at ds-CTCF sites (Fig. 61). The findings were again similar when analyzed at
20 kb resolution: Jpx was enriched at ectopic anchor sites identified at 20 kb resolution (Fig.
6G versus S7B) and CTCF peak coverages increased at ds-CTCEF sites after Jpx knockdown
(Fig. 61 versus S7C). We conclude that Jpx loss drives a massive shift in anchor site usage,
resulting in the formation of ectopic loops associated with ds-CTCF sites.

A key corollary of our hypothesis is that shared anchors would be high-affinity CTCF sites
that are unaffected by Jpx. Approximately 25% of CTCEF sites did not change following

Jpx depletion (Fig. 6C). To determine whether these are HighOc sites, we examined CTCF
coverage at shared anchors versus lost and gained anchors. Indeed, shared loops showed the
highest CTCF coverage (Fig. 6J) and the greatest enrichment of HighOc motifs relative to
lost or ectopic loops (Fig. S7D). Jpx therefore indeed had little effect on anchor usage of
high-affinity CTCF sites.

We next examined Jpx’s effect in the context of the paired loop anchors by measuring
the strength of the CTCF pair. In a Hi-C matrix, paired loop anchors appear as “dots”
representing juxtaposition of distant CTCF pairs and creation of looping of intervening
chromatin (Fig. 6D diagram). On chr2, for example, Jpx depletion resulted in gain of CTCF
binding and creation of an ectopic loop (Fig. 6K, yellow highlight). We then performed
meta-loop analysis using Aggregation Peak Analysis (APA)(Durand et al., 2016b; Rao et
al., 2014) to quantitate the aggregate strength of all paired loop anchors (dots) across

the genome. APA and center-normed APA affirmed that aggregate strength of looping
interactions was significantly enhanced over 24, 878 anchor sites in Jpx-depleted cells
relative to controls (P2LL, 3.429 vs. 0.911) (Fig. 6L). When APA analysis was restricted
to loop anchors with lowest occupancy ds-CTCF sites, aggregate peak strength became
significant after Jpx deficiency (Fig. 6M). Thus, loss of Jpx strengthens ectopic looping
interactions across the genome.

For a specific example, we turned to the Fix-Xist domain involved in X-chromosome
inactivation, where multiple CTCF sites occur in the Xist promoter region (P2, Xist5) and
Fix (Fig. STE) and robust contact could be seen between Fixand the Xist promoter (Fig.
S7E,F)(van Bemmel et al., 2019). It is known that Jpx evicts CTCF binding at the XistP2
promoter to induce X7stexpression (Fig. S5A)(Sun et al., 2013). Here we confirmed CTCF
binding at X/st P2 using P2-mutated cells (Fig. S7G). Using the 3C assay, we observed
increased P2-Fix interactions when Jpx was depleted, and this dependence on Jpx was lost
when P2was mutated (Fig. S7H). There was a concurrent decrease in Xist5’-Ftx interactions
when looping shifted to X7st £2, and this shift was also dependent on the A2 motif (Fig.
S71). The shift was not evident in the Hi-C matrix (Fig. S7F), as the Xist P2and 5’ sites

are too close to each other (~3kb), and was only observed by using higher resolution of

3C assay (Fig. S7H,I). These specific examples further support the notion that Jpx regulates
loop formation by selecting anchor site usage.
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Given the proposed requirement for cohesin to stabilize CTCF anchors (Li et al., 2020;
Pugacheva et al., 2020), we asked if Jpx depletion affected localization of the cohesin
subunit, RAD21. Two ChlP-seq biological replicates showed a total of 51,481 RAD21-
binding sites in wildtype d7 ES cells. While the vast majority (44,871) was not affected by
Jpx depletion, 6,216 sites were gained and 6,610 sites were lost (Fig. S7J) — reminiscent
of CTCF dynamics following Jpx depletion (Fig. 4). In control cells, 40,512 RAD21 peaks
(78.7%) overlapped CTCF peaks (Fig. S7K). Reciprocally, 41,048 CTCF sites (67.4%)
colocalized with RAD21 (Fig. S7L). Although Jpx depletion did not dramatically shift
colocalization percentages, the bulk analysis again belied underlying patterns. When RAD21
colocalization was examined among various CTCF quartiles in wildtype cells, we learned
that RAD21 occupancy was highly correlated with CTCF peak coverage, with the highest
CTCF quartile showing >98% colocalization with RAD21 and the lowest quartile only 29%
(Fig. 7A, STM). Because low-affinity CTCF sites are more dynamic, cohesin may have
reduced residence times at these sites. Indeed, RAD21 peak coverage was more dynamic

in the lower CTCF quartiles (Fig. 7B, S7N). When Jpx was depleted and CTCF bound ds-
CTCEF sites, a significant increase in RAD21 peak coverage at ds-CTCF sites was observed
(Fig. 7C,D) — suggesting that ectopic CTCF sites became stabilized by RAD21. Thus, a
majority of CTCF and cohesin sites (corresponding to high-affinity sites) are unaffected

by Jpx, but Jpx loss results in stabilization of cohesin binding to ectopic loops gained at
low-affinity CTCF sites.

Finally, we assessed phenotypic consequences by asking whether transcriptomic changes
(Fig. 2,3) occurred around shifted loops. Hi-C matrix showed that Jpx loss and CTCF
enrichment at Hpcall were accompanied by formation of a de novo loop anchor where
Jpx once bound (arrowhead, Fig. 7E). These changes corresponded to a downregulation
of Hpcall (Fig. 7E, RNA-seq). On a transcriptome-wide scale, for the 852 Jpx-associated
loop anchors over downregulated DEGs, APA revealed strengthened interactions after Jpx
depletion (Fig. 7F). To examine gene expression changes in aggregate across 3,794 genes
with ectopic loop anchors, we calculated log2 fold-changes in Jpx-depleted versus control
cells and found significantly decreased gene expression in Jpx-depleted cells (Fig. 7G). We
conclude that ectopic loops caused by Jpx loss are accompanied by suppression of gene
expression.

DISCUSSION

We have identified an RNA coregulator of 3D genome architecture. Once thought to

only control X-inactivation, our study demonstrates that Jpx RNA actually controls CTCF
binding on a genome-wide scale. Jpx determines anchor site selection and specifically
affects low-affinity CTCF sites that are associated with developmental regulation. In normal
cells, Jpx binds thousands of genomic sites, preferentially engages promoters of active
genes, modulates the looping landscape, and thereby regulates gene activation. Without Jpx,
72-75% of chromosome loops are displaced, thousands of new loops appear, and >700
genes are downregulated in expression. In our “shifting anchors” model (Fig. 7H,1), Jpx
binding precludes CTCF binding at low-affinity sites, while having no effect on cohesin’s
movement across chromatin. Cohesin progresses past Jpx and stops when it encounters a
CTCEF anchor pair. When Jpx is depleted, CTCF binds ectopically and “short-circuits” the
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advancing cohesin ring, causing an anchor shift and formation of a smaller loop. Notably,
this mechanism could yield larger or smaller loops. If the ectopic CTCF site is proximal to
the original loop anchor (e.g., Fig. 71), a shorter loop would result. If the ectopic CTCF site
is distal, a larger loop would be created.

We propose that Jpx RNA acts as a CTCF release factor — just as WAPL serves as a
release factor for cohesin (Haarhuis et al., 2017). Through its sub-nanomolar affinity for
CTCF (K of <1.0 nM, Fig. 5), Jpx outcompetes CTCF-DNA interactions at low-affinity
CTCF motifs (eg. CaldZ). On the other hand, Jpx cannot do so at higher-affinity CTCF
sites (e.g., Mett/214). Thus, its release action is highly specific and only affects a subset of
ds-CTCF anchors. CTCF is known to have much shorter residence times on chromatin
than cohesin. Whereas CTCF associates and dissociates on a timescale of ~1-2 min,
cohesin does so on a timescale of ~22 min (Hansen et al., 2018; Hansen et al., 2017).

We presume that CTCF occupancy times could be further stratified by their LowOc and
HighOc status, with the LowOc sites — i.e., the Jpx-sensitive sites — having even shorter
residence times. CTCF’s fast on/off rates would enable rapid binding to LowOc anchors
when Jpx detaches from chromatin (e.g., by 8 hours of Jpx depletion). Similarly, its
favorable on/off rates would enable CTCF to extricate from chromatin when Jpx levels
rise dramatically during cell differentiation (Tian et al., 2010). Notably, CTCF occupancy
has been correlated with extensive alternative promoter usage, which is in turn associated
with tissue- or lineage-specific gene expression (Davuluri et al., 2008; Kim et al., 2007).
These tissue-specific CTCF sites significantly overlap with enhancers, in line with CTCF’s
function in developmental regulation of enhancer-promoter interactions (Phillips-Cremins
and Corces, 2013; Shen et al., 2012). Supporting this notion, when loops shift in response
to Jpx depletion, >700 genes are downregulated, with an enrichment for development- and
differentiation-associated loci.

We predict that Jpx will not be the only RNA cofactor for CTCF’s architectural function, as
indeed CTCF has a large family of interacting transcripts (Kung et al., 2015; Saldana-Meyer
et al., 2014). Conversely, we also predict that Jpx’s action may not be limited to CTCF, as
our study identified multiple other DNA motifs enriched within Jpx binding sites (Fig. S4).
Intriguingly, some motifs have unique patterns of enrichment within the five clusters of Jpx
peaks (Fig. 4D; Table S7). For example, while motifs 1 and 2 show significant enrichment in
all clusters, motif 16 (SPDEF, ZNF410, Y'Y2) shows highest enrichment in Cluster 3 where
CTCF overlaps Jpx peaks, Motifs 3 (ESR2) and 4 (Zfp652_DBD) show high enrichment

in Cluster 1, and Motif 13 (NF1A, RFX2/3/4, MEIS3) was specifically enriched in Cluster
5. Our study thereby points the way for future investigation into potential regulators of
Jpx-CTCF interactions and other RNA determinants of 3D architecture.

LIMITATIONS OF THE STUDY

Specific experiments and controls were designed to minimize off-target hybridization
to CHART capture probes, including use of (1) Jpx-AS capture probes to control for
strand-specificity of pulldown and to rule out probe hybridization to genomic DNA
rather than RNA target, as well as (2) a no-RNase H elution to control for RNase
H-independent elution. Despite these precautions, we cannot exclude the possibility of
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off-target hybridization, as this is a known limitation of CHART (Simon et al., 2011). We
also note that, for the Jpx perturbation studies, we chose an 8 hr timepoint to focus on direct
effects and minimize secondary effects. It is possible that the overall transcriptomic profile
could differ at longer timepoints, both due to secondary effects and to long-term cellular
adaptation to Jpx loss.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for reagents should be directed to and
will be fulfilled by the Lead Contact, Jeannie T. Lee (lee@molbio.mgh.harvard.edu).

Material Availability—Requests for materials generated in this study should be directed to
and will be fulfilled by the lead contact upon completion of a Material Transfer Agreement.

Data and Code Availability

. All raw and processed high-throughput sequencing data generated in this study
have been deposited to GEO with accession number: GSE144056. Data are
publicly available as of the date of publication. This paper also analyzed existing,
publicly available data. All accession numbers are listed in the Key Resource

Table.
. This study does not report original code.
. 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

Mouse ES cell culture and differentiation—Mouse embryonic stem cells (female

M. musculus/M. castaneus hybrid 16.7, its Tsix”>"* clone with predesignated Xa and

Xi by truncated Tsix expression (Ogawa et al., 2008)) were cultured and differentiated

as previously described (Lee and Lu, 1999). Specifically, ES cells were grown on

the irradiated MEF feeders in the complete DMEM medium [DMEM (high glucose,
GlutaMAX, pyruvate, Thermo Fisher Scientific, 10569044) supplemented with 15% Fetal
Bovine Serum (HyClone), 25 mM HEPES (Thermo Fisher Scientific, 15630130), 1X MEM
NEAA (Thermo Fisher Scientific, 11140-076), 1X PEN/STREP (Thermo Fisher Scientific,
15140163), 0.1 mM R-mercaptoethanol (Thermo Fisher Scientific, 21985023) and 500
U/mL of LIF (Sigma, ESG1107)].

For differentiation of ES cells, ES cells and feeders were trypsinized, separated into single
cells and incubated on the plate in the media at 37°C for approximately 40 min. After
confirming ES cells floating in the media while most of feeders were attached, ES cells were
separated and re-plated on non-gelatinized petri dishes in the complete DMEM medium
without LIF. Embryonic bodies (EB) formed from ES cells were grown in suspension,
transferred to the gelatinized cell culture plates on day 4 of differentiation and further
differentiated until day 7.
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Generation of the P2-mutant cell line—P2 mESCs were generated by transfecting
TsixTST* mESCs with a plasmid (pSpCas9-(BB)-2A-GFP; Addgene, 48138) (Ran et al.,
2013) expressing Cas9 with an sgRNA targeted to the P2 CTCF motif. Specifically, 100,000
TST mESCs were transfected using Lipofectamine LTX reagent (Thermo Fisher Scientific,
15338100) and 500ng of the Cas9-sgRNA plasmid. Transfected cells were GFP sorted after
24 hours and the entire GFP positive pool plated. After 6 days, the pool was split and plated
at low density and, after 5 more days clones were picked from the low-density plate into

a 96-well plate. Clones were grown to confluency, then triplicate plated in 96-well plates.
Clones were screened via PCR followed by Bfal restriction digestion in order to determine
clones carrying an indel in the P2 CTCF motif. Clone A4 was thawed from one of the
triplicate plates, expanded, and re-screened by PCR and Sanger sequencing to confirm a

12 bp deletion in the P2 CTCF motif (deletion of AAACCACTAGAG in the P2 motif,
AAACCACTAGAGGGCAGGT).

SgRNA oligos (Xist P2 CTCF sgRNA top, Xist P2 CTCF sgRNA bottom) and PCR
screening primers (Xist P2 CTCF flanking F1, Xist P2 CTCF flanking R1) are listed in
Table S8.

METHOD DETAILS

RNA FISH—Differentiating d7 ES Cells were trypsinized, cytospun on slides,
permeabilized with CSKT buffer (100 mM NaCl, 300 mM sucrose, 10 mM PIPES, 3 mM
MgCl,, 0.5% Triton X-100, 2 mM ribonucleoside vanadyl complex (New England Biolabs,
S1402S), pH 6.8) and fixed with 4 % formaldehyde. Cells were hybridized with 24 ng of Jpx
probes (a 90kb BAC 399K20 subclone) (Sun et al., 2013) and 12 ng of Xist probes (pSx9-3
plasmid) (Ogawa et al., 2008), which were prepared by nick-translation, in hybridization
buffer (50% formamide, 2X SSC, 10% dextran sulfate, 240ng mouse Cot-1 DNA (Thermo
Fisher Scientific, 18440016), 2mM ribonucleoside vanadyl complex) overnight at 37°C.
Slides were washed with 2X SSC/50% formamide at 37°C for 5 min three times, washed
with 2X SSC at 37°C for 5 min three times, and mounted with Vectashield mounting media
containing DAPI (Thermo Fisher Scientific, H-1200).

LNA-mediated Jpx knockdown—>5 million ES cells on day 7 of differentiation

were transfected with 2 uM of scrambled LNA (AACACGTCTATACGC; Antisense

LNA GapmeR Control; Qiagen, 339515), Jpx-targeting LNA #1 (Jpx LNA #1,
GGACGCCGCCATTTTA; Antisense LNA GapmeR; Qiagen, 339517) or LNA #2 (Jpx
LNA #2; CAGTTTCTCCACTCTC; Antisense LNA GapmeR; Qiagen, 339517) (Table
S8) using Mouse ES cell Nucleofector Kit (Lonza, VVPH-1001) per manufacturer’s
instruction. Differentiating ES cells transfected with LNA were immediately transferred to
the gelatinized plates, incubated at 37°C for 8 hr for successful depletion of Jpx, and then
subjected to the following experiments including RT-gPCR, RNA-seq, ChlP-seq, 3C assay
and Hi-C.

RT-qPCR—Total RNA was extracted using Trizol (Thermo Fisher Scientific, 15596018),
depleted of DNA with Turbo DNA-free Kit (Thermo Fisher Scientific, AM1907),
and subjected to cDNA synthesis with random primers using SuperScript 111 Reverse
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Transcriptase (Thermo Fisher Scientific, 18080085). RNA expression was normalized to
the level of Gapdh expression. Primers for Jpx and Gapdh expression are listed in Table S8.

EMSA—DNA EMSAs were performed according to the previous report (Sun et al.,

2013) with modifications. The HighOc and LowOc probe oligos (Table S8) were

ordered from Integrated DNA Technologies (IDT) in duplex form. Double-stranded DNA
probes were end-labeled with ATP[Double-stranded DNA probes were end-labeled with
ATP[y-32P] and unincorporated ATP was removed with a microspin G-50 columns

(GE Healthcare). Recombinant FLAG-CTCF-6xHis protein was purified from Rosetta-
Gami B cells (Novagen), as previous described (Sun et al., 2013). Recombinant CTCF
was incubated at room temperature (RT) with 5 pM DNA probes in CTCF binding

buffer (50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 5 mM MgCI2, 0.1 mM ZnS04,

10% glycerol, and 0.05% Tween-20). Samples were resolved at RT in a 1x TBE-5%
PAGE gel. The gel was dried prior to image capture with an Amersham Typhoon

imager using a phosphor-screen. RNA EMSASs were performed as described previously
(Sun et al., 2013) with modifications. Briefly, RNA probes were /n vitro transcribed

with a Lucigen T7 transcription kit from PCR-amplified cDNA templates created using
T7_Jpx_ex1F, TAATACGACTCACTATAGACGGCACCACCAGGCTTCT; and Jpx_ex3R,
GAGTTTATTTGGGCTTACAGTTC (Sun et al., 2013) (Table S8). /n-vitro-transcribed RNA
was purified in by size-exclusion chromatography in an Akta Pure system (Chillon et

al., 2015), treated with fast calf intestinal phosphatase (New England Biolabs; NEB), end-
labeled with ATP[y—32P], and purified through a microspin G-50 column. The resulting
RNA probes were denatured at 95°C for 2 min, incubated at 70°C for 5 min, 37°C for

15 min, 20° for 15 min, then cooled down to 4°C, and maintained in folding buffer (50
mM NaCl, 2 mM MgClI2) on ice prior to the binding reaction. Recombinant CTCF was
incubated at room temperature with 5 pM RNA probes for 30 min in CTCF binding buffer
plus 8 U RNase Inhibitor (Roche, 03335399001) per reaction. Samples were resolved at
RT by 1x TBE-5% PAGE gel. During competition experiments, 5 nM DNA probes and
the corresponding pre-folded RNA probes were mixed before addition of protein. IC50
measurements were performed using ImageJ (v1.53a)(Schneider et al., 2012).

CHART-seq

Design of CHART probes: Using computational tools (https://www.idtdna.com/calc/
analyzer, BLAST, BLAT (https://genome.ucsc.edu/cgi-bin/hgBlat)), four CHART probes
were designed to target three exons common to all Jpx variants (Fig. S1A). All probes
meet the following criteria.

i BLAST was used to screen off-target transcripts with mouse genomic plus
transcripts database. £-values for the match with the other transcripts are > 1,
indicating no significance.

ii. BLAT was used to screen off-target genomic DNA sites with mm9 and mm10
database. No other match was found.

ili.  Probes have 21-25 nucleotides in length with similar GC content (40-52.4%)
and melting temperature (54.4-56.8°C)
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iv. We also checked the specificity of probes using other search engines (http://
ggrna.dbcls.jp/help.html for RNAs, and https://gggenome.dbcls.jp/help.html for
genomic sites). No other match was found.

The 3’ biotin-TEG Jpx CHART probes and the reverse complement probes that are able to
capture the antisense strand of Jpx are listed in Table S8.

Technical improvement in CHART protocol: While optimizing our Jpx CHART protocol
we made several key protocol improvements to obtain higher signal-to-noise ratios than
previously. Our CHART protocol is based on the published ChIRP (Chu et al., 2011) or
CHART (Simon et al., 2013) protocols with the following modifications: (i) To make the
elution step compatible with RNase H activity, we used NP-40 detergent instead of SDS or
N-lauryl sarcosine. (ii) We improved the signal-to-noise ratio by using formamide during
hybridization and wash steps. (iii) We lowered the background signal by maintaining the
same salt concentration (250 mM NacCl) during elution as was used in the prior wash steps.
Reference protocols used lower salt concentrations (e.g. 150 mM NaCl). Because high salt
concentrations reduce RNase H activity by as much as ~50% at 300 nM (Berkower et al.,
1973), we used excess RNase H to compensate and improved recovery of samples during
elution.

CHART Protocol detail: Undifferentiated (d0) and differentiating (d3 and d7) ES cells
were harvested for CHART-seq. Approximately 16 million cells were crosslinked with 1%
formaldehyde (Sigma, F8775) in PBS at room temperature (RT) for 10 min and the reaction
was quenched with 0.125 M glycine at RT at 5 min. The cells were washed with cold

PBS three times, snap-frozen in liquid nitrogen and stored at —80°C. The cell pellet was
resuspended in 2 mL sucrose buffer [0.3 M sucrose, 1% Triton X-100, 100 mM HEPES

pH 7.5, 100 MM KOAc, 0.1 mM EGTA, 0.5 mM Spermidine, 0.15 mM Spermine, 1 mM
DTT, 1X Complete EDTA-free Protease Inhibitor Cocktail (Roche, 11873580001), 50 U/ml
RNase inhibitor (Roche, 3335399001), 0.5 mM PMSF], ruptured with 10 ~ 15 strokes of
an ice-cold dounce homogenizer, and incubated for 10 min on ice. 2 mL of glycerol buffer
(25% glycerol, 10 mM HEPES pH 7.5, 1 mM EDTA, 0.1 mM EGTA, 100 mM KOAc,

0.5 mM Spermidine, 0.15 mM Spermine, 1 mM DTT, 1X PIC (Sigma, 11873580001),

50 U/ml RNase inhibitor, 0.5 mM PMSF) was added to the Dounce homogenizer, and

then the subsequent mixture was loaded slowly on the top of 2 mL of glycerol buffer and
centrifugated at 1500 g for 10 min at 4°C to collect the nuclei. The nuclei pellet was washed
once with cold PBS and further crosslinked with 3% formaldehyde in 6 mL of PBS for 30
min at RT. After crosslinking, the nuclei were washed twice with cold PBS, resuspended

in 600 pL of 250 mM NaCl nuclei resuspension buffer [50 mM HEPES pH 7.5, 250 mM
NaCl, 0.1 mM EGTA, 0.5% N-laurylsarcosine, 0.1% Sodium deoxycholate, 5 mM DTT,
1X Protease Inhibitor Cocktail (Sigma, P8340), 100 U/mL RNase inhibitor] and incubated
on ice for 10 min. The nuclei were collected by centrifugation at 400 g for 5 min at 4°C,
resuspended in 300 ul of 75 mM NaCl nuclei resuspension buffer [50 mM HEPES pH 7.5,
75 mM NaCl, 0.1 mM EGTA, 0.5% N-laurylsarcosine, 0.1% Sodium deoxycholate, 5 mM
DTT, 1X Protease Inhibitor Cocktail (Sigma, P8340), 100 U/ml RNase inhibitor], aliquoted
into microtubes and sonicated using a Covaris E220 for 5 min (10 % duty cycle, 105 peak
incident power and 200 cycles/burst). After centrifugation at 16,100 g for 15 min at 4°C,
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2X volume of hybridization buffer [25 mM HEPES pH 7.5, 1.175 M NaCl, 7.5 mM EDTA,
1.25 mM DTT, 0.5% SDS, 7.5X Denhardt’s solution, 15% formamide, 1X Protease Inhibitor
Cocktail (Sigma, P8340), 100U/mL RNase inhibitor, 0.5 mM PMSF] were added to the
supernatant. The resulting CHART extracts were pre-cleared by incubation with Dynabeads
MyOne Streptavidin C1 (33 uL of beads per 100 L of extracts; Thermo Fisher Scientific,
65001) for 1.5 hr at RT. The precleared extracts were incubated with the probe sets for

Jpx or its antisense (10 pmol of probes per 100 WL of extracts) overnight at RT. After
overnight hybridization, the beads (66 pL of beads per 100 uL of extracts) were added to
the hybridized sample, incubated with rotation for 2 hr at RT and captured on a magnet
rack. The beads were washed by incubation in pre-warmed wash buffer | (30 mM HEPES
pH 7.5, 240 mM NacCl, 15% formamide, 1.5 mM EDTA, 0.75 mM EGTA, 0.65% SDS,
0.75% N-laurylsarcosine, 1X Protease Inhibitor Cocktail (Sigma, 11873580001), 0.5 mM
PMSF) once and wash buffer 11 (10 mM HEPES pH 7.5, 250 mM NaCl, 2 mM EDTA,

1 mM EGTA, 0.2% SDS, 0.1% N-laurylsarcosine, 1X Protease Inhibitor Cocktail (Sigma,
11873580001), 0.5 mM PMSF) four times with rotation for 5 min at 37 °C. After additional
two brief washes at RT with wash buffer 111 (50 mM HEPES pH 7.5, 250 mM NaCl, 0.1%
NP-40), DNA was eluted twice with 75 U of RNase H (NEB, M0297L) in 150 ul of RNase
H elution buffer (50 mM Tris-Cl pH 7.5, 250 mM NaCl, 3 mM MgCl,, 10 mM DTT,

0.5% NP-40) for 20 min at RT (RNase H was not added to the sample for No-RNase H
CHART). The eluant DNA was treated with RNase A (Thermo Fisher Scientific, 12091021)
at a concentration of 200 pg/pL for 1 hr at 37°C, incubated with Proteinase K (Sigma,
03115844001) at a concentration of 1 pug/uL for 1lhr at 55°C, and kept at 65 °C overnight.
The phenol/chloroform extraction followed by ethanol precipitation was used for CHART
DNA purification.

The CHART eluant in 10 mM Tris-Cl pH 8.0 buffer was further sheared in microtube

with a Covaris E220 for 4 min (5 % duty cycle, 175 peak incident power and 200 cycles/
burst) and subjected to library preparation. Input and CHART-seq libraries were prepared
per manufacturer’s instructions, using NEBNext ChlP-seq library Prep Master Mix Set for
[llumina (NEB, E6240S), NEBNext Multiplex Oligos for lllumina (index primers set 1,
NEB, E7335S; index primers set 2, NEB, E7500S), and AMPure beads (Beckman Coulter,
A63881) for double-size selection (0.6X-1.2X). NEBNext Ultra I1 DNA library prep kit for
Illumina (NEB, E7645) was used after NEBNext ChIP-seq library Prep Master Mix Set
for Illumina (NEB, E6240S) was discontinued. Libraries were generated in two biological
replicates for dO and d3, and three biological replicates for d7 ES cells.

CHART-seq data processing—We initially used the older Illumina HiSeq 2000 and
2500 platforms, which have paired-end 50 bp (PE50) reads. As the technology developed,
our later sequencing was performed on the newer HiSeq 4000 using paired-end 150 bp reads
(PE150). Repl and Rep2 were derived from PE50 reads, whereas Rep3 was from PE150
reads. Approximately 57—78 million, 61-69 million and 66-89 million paired-end reads per
sample were generated for repl, rep2 and rep3, respectively. The data were consistent across
all three replicates, irrespective of the platform used.

CHART-seq reads were subjected to the trimming of adaptor sequence
and removal of PCR duplicates using the software Trim Galore! (v0.4.1)
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(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) with the parameters “--
dont_gzip --stringency 12 --phred33 -e 0.2 --paired --retain_unpaired -a GATCGGAAGAGC
-a2 GATCGGAAGAGC”, which in turn called the software Cutadapt (v1.2.1 for repl and
rep2; v1.18 for rep3) (Martin, 2011). Because we used M. musculus/M. castaneus hybrid
cell line, reads were mapped to CAST/Eih (cas) and 129S1/SvJm (mus) genomes using
Novoalign (v3.00.02 for repl and rep2; v4.02.01 for rep3) with the parameters “i300 100
-F STDFQ -t180 -rRandom -h180 180 -v180” for both versions (Pinter et al., 2012). From
the independent mapping to cas and mus reads, we generated composite (sum of neutral,
cas-specific, and mus-specific) reads mapped back to the NCBI37/mm9 genome using a
previously published pipeline (Minajigi et al., 2015; Pinter et al., 2012). Composite bam
files having only uniquely aligned reads were used for the following analyses.

To obtain the mm9 chromosomal coverage of these data sets, input-subtracted coverages
for each CHART (Jpx, Jpx AS, no-RNase H) were generated using the software

SPP (v1.11) (Kharchenko et al., 2008), and visualized using Integrative Genomics
Viewer (IGV). In detail, SPP is a library (R package) of routines that uses read auto-
correlation to identify the places of the RNA/Protein/DNA complex binding. The function
“get.smoothed.tag.density” was utilized for generating smoothed Jpx CHART coverage
[get.smoothed.tag.density(CHART data, input data, bandwidth=500, step=100, tagshift),
here bandwidth is the window size, step is the step size, and tagshift shifts the peaks to
the center of the binding footprint].

To ascertain high signal-to-noise ratio (Fig.1B), Jpx CHART coverages were normalized
(subtraction method) to negative control CHARTS (Jpx AS or no-Rnase H) using SPP
(500bp of window size and 100bp of step size) in addition to normalization to input.

Jpx CHART coverage profiles were consistent regardless of whether Jpx CHART was
normalized to input or negative controls.

To determine where Jpx RNA was binding DNA with statistical significance and compare
across experiments, we called enriched peaks using the function “callpeak” of the software
MACS2 (v2.1.1.2016309) (Zhang et al., 2008) with composite CHART bam file (Jpx, Jpx
AS, no-RNAse H CHARTS) and the composite input bam file. Default parameters were
used (band width=300, model fold = [5,50], ¢-value cutoff = 0.05). Additionally, in order
to remove non-specific signals and thus ensure the use of Jpx CHART peaks with high
significance, we excluded Jpx AS and no-RNase H peaks from Jpx CHART peaks. This
was accomplished by subtracting Jpx AS and no-Rnase H MACS2 peaks from Jpx CHART
MACS?2 peaks using the function “subtract” of the software BEDTools (v2.25.0)(Quinlan
and Hall, 2010), generating filtered Jpx peaks (henceforth Jpx peaks).

To perform correlation analysis between replicates and different conditions (Fig. S1G,S2B),
the smoothed SPP-generated Jpx CHART coverages (wig) were averaged over 10 kb
windows tiled across the genome. Then we created a scatterplot in the software R after
coordinating respective experiment windows.

To identify genomic distribution of Jpx peaks and perform metagene analysis (Fig. 1E and
2E), we used the software CEAS (Cis-regulatory Element Annotation System)(v1.0.2) (Shin
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et al., 2009), which required a region (bed) file and a coverage (wig) file. We used Jpx peaks
for the bed file and SPP-generated Jpx CHART coverages for the wig file.

Quantification of peak signals—To quantify the CHART and ChlP signals, we used
two distinct statistics-based, peak-centered methods to derive “peak coverages”. Method 1
obtains a monotonic value for each MACS2-generated peak and then sums up over a region
of interest. Method 2 obtains the binned coverage generated by SPP around peaks. Method
1 was used to compare and contrast peak signals between experimental units (e.g. box

plot, Fig. 1D; CDP, Fig. 3B). Method 2 was used to obtain plots of peak coverage around
meta-loops anchors (e.g. meta-loop analysis using deepTools, Fig. 6J). The CHART or ChIP
signal quantified by both methods reflects the frequency of peaks in a region of interest:

i Method 1: Both width and height of peaks are taken into account for peak signal.
SignalValue (measurement of overall enrichment obtained from MACS2 output
narrowPeak) per peak was used. In detail, “BEDTools intersect -10j” command
was first used to intersect two bed files by left outer joining. The -a bed file
contains the peak regions with signalValues. The -b bed file contains the regions
of interest. To maintain enrichment structure of the peak, we used integrated
values of enrichment. This was obtained by multiplying the width of peak by its
height (signalValue). These integrated values were summed over their intersected
regions, and these sum values along with the regions of interest, including gene
bodies + 3kb, were compared and plotted (Fig. 1D, 1G, 3B-F, 4G-H, 7B-C,
S5B, S6F-G, S7N).

ii. Method 2: The binned coverages obtained using SPP were generated around the
MACS?2 peaks. By doing so, the structure of original signals that generated the
MACS2 peaks is maintained. This signal representation is based on smoothed
counts and is not spatially limited to the exact extent of a peak.

First, to define regions around peaks we tiled the mm9 genome with windows (BEDTools
makewindows) then intersected these windows with MACS2 generated peaks (BEDTools
intersect). Then we merged the windows (BEDTools merge) to generate regions surrounding
peaks. We then intersected SPP-generated coverage bins with these regions to generate

a bedGraph file of SPP-generated coverage values spatially overlapping the extent of the
peaks. The resulting bedGraph file was converted to the bigWig format of the peak-centric
Jpx or CTCF signal. We used the function “computeMatrix” of the software deepTools
(v3.1.2) (Ramirez et al., 2016) with the reference point as the center of loop anchors and the
bigWig file to generate a coverage matrix (computeMatrix reference-point —skipZeros). This
matrix was then imported into R to plot coverage around meta-loop anchors.

For Jpx peak coverage around meta-loop anchors, we used 3 kb windows with step size

300 for generating the extent around MAC2-generated Jpx peaks and -bs=300 for deepTools
(Fig. 6G, S7B). For CTCF peak coverage around meta-loop anchors, we used a 500 bp
window and step size 250 for generating the extent around either MACS2-generated CTCF
peaks (Fig. 6J) or the subset of CTCF peaks (Fig. 61, S7C) and -bs=1000 for deepTools.
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Enrichment profiles around Jpx peaks—H3K4me3 and H3K27me3 ChlP-seq data
in d0 and d7 mouse ES cells were obtained from the previous study (Pinter et al., 2012)
(GEO: GSE36905) and coverages (wig) were generated using the pipeline described in the
study (Pinter et al., 2012). These data were derived using the same mouse ES cell line

as this study. SINE and LINE1 element regions were obtained using RepeatMasker from
UCSC genome browser (http://genome.ucsc.edu/cgi-bin/hgTables). LAD (lamina-associated
domain) regions were obtained from the previous report (Peric-Hupkes et al., 2010). From
these region (bed) files, SINE, LINE1 and LAD coverages were obtained using the function
“coverage” of BEDTools over 50 kb windows. The windows were generated by tiling the
mm9 genome using the function “makewindows” of BEDTools. The resulting coverage
files were used to generate the enrichment profiles around Jpx peaks using deepTools with
the reference point as the center of Jpx peaks (computeMatrix reference-point --skipZeros,
histone marks -bs=10, rest -bs=100; plotProfile). Pearson’s rvalues are reported in the
figures (Fig. 1F,H).

Strand-specific Total RNA-seg—Differentiating ES cells (d7) were transfected as
described in LNA-mediated knockdown. From these cells, 4 ug of total RNA extracted
using TRIzol (Thermo Fisher Scientific, 15596018) was depleted of ribosomal RNA

using RiboMinus Eukaryote Kit v2 (Thermo Fisher Scientific, A15020), depleted of DNA
with TURBO DNase (Thermo Fisher Scientific, AM2238) for 15 min at 37°C, and

purified by RNeasy MinElute Cleanup kit (Qiagen, 74204). Ribosomal RNA depletion was
confirmed by Bioanalyzer (Agilent RNA 6000 Pico Kit). The resulting rRNA-depleted RNA
was fragmented by incubation in First-strand Buffer including magnesium supplied with
SuperScript 111 Reverse Transcriptase (Thermo Fisher Scientific, 18080093) for 10 min at
94°C, incubated with random primer and dNTP for 5 min at 65°C, and subjected to RT
reaction in the presence of 5mM DTT, 40 U of RNase inhibitor (Roche, 03335399001), 0.5
ug of actinomycin D (Sigma, A1410) and SuperScript 111 Reverse Transcriptase for 50 min
at 50°C. The subsequent first-strand cDNA was subjected to second strand cDNA synthesis
using NEBNext Ultra Directional RNA Second Strand Synthesis Module (NEB, E7550S)
containing dUTP mix. Library preparation was performed as described in CHART-seq. Two
biological replicates were generated for each set of RNA-seq (scrambled and Jpx LNA #1,
scrambled and Jpx LNA #2).

RNA-seq data processing—RNA-seq libraries were sequenced on the Illumina HiSeq
2000 (PES0), generating 134-151 million paired-end reads per sample (scrambled and Jpx
LNA #1) or the lllumina HiSeq 4000 (PE150), generating 87—107 million paired-end reads
per sample (scrambled and Jpx LNA #2). As noted above, we initially used the older
Illumina HiSeq 2000 platform, which has paired-end 50 bp (PE50) reads. As the technology
developed, our later sequencing was performed on the newer HiSeq 4000 using paired-end
150 bp reads (PE150). Two biological replicates from Jpx LNA #1 dataset were derived
from PE50 reads, whereas two biological replicates from Jpx LNA #2 dataset were from
PE150 reads. The data were consistent across all datasets, irrespective of the platform used.

RNA-seq reads were adaptor-trimmed using Trim Galore! (v0.4.1) and Cutadapt (v1.2.1 for
Jpx LNA #1 dataset; v1.18 for Jpx LNA #2 dataset) with the same parameters described
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in CHART-seq data processing, and then aligned to the mouse genome (NCBI37/mm9)
using the alignment software TopHat2 (v2.0.10)(Kim et al., 2013) with the parameters
“--mate-inner-dist 100 --mate-std-dev 100 --library-type fr-firststrand”. We obtained 76~94
% concordant pair alignment rate.

Only uniquely and concordantly mapped reads were selected without removal of
duplicates (Parekh et al., 2016) and converted into “Tag directory” using the function
“makeTagDirectory” in the software package HOMER (v4.8) analysis pipeline (http://
homer.ucsd.edu/homer/ngs/) (Heinz et al., 2010), Then, DE analysis was performed using
the software edgeR (utility getDiffExpression.pl) in the HOMER analysis pipeline. Counts
per million (CPM) mapped reads for each gene and log2 fold-change in gene expression
were determined by edgeR. An FDR (adjusted P-value) of < 0.05 was used to identify
significantly differentially expressed genes (DEGS).

For display purposes, strand-specific FPM (fragments per million)-normalized coverage
files (bigWig) were generated using a custom script (using linux utilities sort, sed, and

awk (coreutils/8.27)) and the software SAMtools (v.0.1.19)(Li et al., 2009) as described
previously (Kung et al., 2015), and then visualized using IGV. In detail, starting with
uniquely aligned reads without duplicates removed i) Samflags were fixed using the function
“fixmate” of SAMtools to accommodate drop outs during adaptor-trimming ii) Fragment
counts used as the scaling factor were derived from the function “flagstats” of SAMtools as:
“with itself and mate mapped”/2 + “singletons.” iii) Watson (+) and Crick (=) strands were
identified using the sam tag XS:A. iv) Wig coverage files were obtain using samtools depth.
v) Finally, FPM counts were derived by dividing by fragments scaled by 1000000.

To determine transcripts of constitutively active genes and those less expressed in d7 ES
cells (Fig. 1G), active genes were defined as having an FPKM (Fragments Per Kilobase
of transcript per Million mapped reads) >= 0.5. FPKM values were obtained by the
software Cufflinks (v2.2.1) (Trapnell et al., 2012) as outlined in the cufflinks suite of tools
work flow (http://cole-trapnell-lab.github.io/cufflinks/manual/). Both upper-quartile-norm
and compatible-hits-norm were chosen as the normalization method used.

Enrichment of Jpx peaks over down-DEGs—To determine DEGs overlapping with
Jpx peaks (Fig. S3C,D), DEGs (genes bodies +3 kb) or non-DEGs (gene bodies £3 kb)
were intersected with repl or rep2 of Jpx peak regions (extended + 10kb from Jpx peaks,
considering a 3 kb resolution of CHART) using the function “intersect” of BEDTools.

The numbers of down-DEGs, up-DEGs or non-DEGs having repl Jpx (repl), rep2 Jpx
(rep2), either repl or rep2 Jpx (union of repl+2), or both repl and rep2 Jpx (intersect of
repl+2) were indicated (Fig. S3C). Percentages of genes with Jpx peak regions out of total
down-DEGs (738), up-DEGs (162), or non-DEGs (22,824) were also indicated (Fig. S3D).
To determine whether Jpx peak regions were enriched over down-DEGs with statistical
significance, we randomly sampled 900 non-DEGs out of total 22,824 non-DEGs 100 times.
The number of random genes with Jpx peak regions (Fig. S3C) is the averaged value from
100 repeated random samplings. Using these randomized gene sets of 900 genes, p-values
were determined by Wilcoxon ranked sum test (one-sided) with null hypothesis that the
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enrichment of Jpx peak regions over down-DEGs occurs by random chance. We used an
alpha of 0.05 as the rejection value.

Gene Ontology (GO) analysis—GO analysis was performed using the R package goseq
(v1.26.0) (Young et al., 2010). Specifically, DEGs determined by edgeR were reformatted
into a vector suitable for goseq. The length bias present in the data was corrected using

the Probability Weighting Function (PWF). Significantly enriched GO terms (Biological
Process; BP) were determined using Wallenius approximation method with a cut-off of FDR
(adjusted P-value) < 0.05 (adjustment method: Benjamini-Hochberg (BH)). Among total 86
significantly enriched GO terms (Table S4), we selected 16 GO terms related to general
differentiation and developments (Fig. S3E) and 18 GO terms related to neural development
and differentiation (Fig. S3F) with a higher significance (~-value < 0.0001). Then, these GO
categories were mapped to DEGs, and the resulting matrix table with the log2 fold-change
value for each DEG was used to generate heatmap shown in Fig. S3E and S3F.

ChlP-seq of CTCF and RAD21—Differentiating ES cells (d7) were transfected as
described in LNA-mediated knockdown. CTCF and RAD21 ChiPs were performed as
described previously (Jeon and Lee, 2011; Kung et al., 2015; Wang et al., 2018).
Specifically, 10 million cells were cross-linked with 1% formaldehyde in 10 mL of complete
medium, quenched with 0.125 M glycine, washed with cold PBS and stored at -80°C

with snap-freezing in LN2. The nuclei pellet was collected by the sequential incubations

in Buffer | [50 mM HEPES pH 7.5, 1 mM EDTA pH 8.0, 150 mM NacCl, 0.5% NP-40,
0.25% Triton X-100, 1X Protease Inhibitor Cocktail (Sigma, P8340)] and Buffer 11 (10 mM
Tris pH 8.0, 200 mM NaCl, 5 mM EDTA pH 8.0, 2.5 mM EGTA pH 8.0, 1X Protease
Inhibitor Cocktail), and centrifugation at 1700 g for 5 min at 4°C after each incubation for
10 min at 4°C. The subsequent nuclei were incubated in Buffer 111 (10 mM Tris pH 8.0,

5 mM EDTA pH 8.0, 2.5 mM EGTA pH 8.0, 1X Protease Inhibitor Cocktail) with 500

ug of RNase A (Termo Fisher Scientific, 12091021) for 20 min at 37 °C, supplied with
N-lauroyl sarcosine at a concentration of 0.5%, further incubated with rotation for 15 min

at 4°C, and then sonicated. Sonication was performed using a Covaris E220 for 18 min

with the parameters of 10% duty cycle, 140 peak incident power, 200 cycles/burst (CTCF
ChiIP-seq using Jpx LNA #1), or a Qsonica (Q800R) for 6 min (on time) with the parameters
of 40% amplitude and 30 s on/30 s off (CTCF ChlIP using Jpx LNA #2, RAD21 ChIP

using Jpx LNA #1). After centrifugation at maximum speed, the same volume of IP buffer
(2% Triton X-100, 300 mM NaCl, 30 mM Tris pH 8.0 and 1X Protease Inhibitor Cocktail)
was added to the supernatant. The resulting lysates were incubated with CTCF antibody
(Cell Signaling Technology, 2899S), RAD21 antibody (Abcam, ab992) or normal rabbit IgG
(Cell signaling Technology, 2729) on the rotator at 4°C overnight (1 pL of antibody/100

uL of lysates) and then incubated with equilibrated Dynabeads protein G (Thermo Fisher
Scientific, 1003D) for 2 hr (7 uL of Dynabeads / 100 pL of lysates) at 4°C. Beads were
collected on magnet, washed with Wash buffer | (50 mM HEPES pH 7.5, 10 mM EDTA

pH 8.0, 0.5% Sodium Deoxycholate, 1% NP-40, 500 mM NaCl and 1X Roche protease
inhibitor cocktail) three times, Wash buffer 11 [50 mM HEPES pH 7.5, 10 mM EDTA pH
8.0, 0.5% Sodium Deoxycholate, 1% NP-40, 250 mM NaCl and 1X Complete EDTA-free
Protease Inhibitor Cocktail (Roche, 11873580001)] three times, and Last wash buffer (10
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mM Tris pH 8.0, ImM EDTA pH 8.0, 0.1% NP-40 and 50 mM NacCl) once. DNA was
eluted by incubation of beads in Elution buffer (50 mM Tris pH 8.0, 10 mM EDTA pH 8.0,
1% SDS) at 65 °C for 20 min twice. The DNA eluants were treated with Proteinase K (0.5
ug/uL, Sigma, 03115844001) at 55°C for 1 hr, incubated at 65°C overnight, and purified

by phenol/chloroform extraction and ethanol precipitation. Input DNA and ChIP DNA were
further subjected to library construction steps using NEBNext ChIP-seq library Prep Master
Mix Set for Illumina (NEB, E6240S) for Jpx LNA #1 CTCF ChlP-seq or NEBNext Ultra

I1 DNA library prep kit for IHlumina (NEB, E7645) for Jpx LNA #2 CTCF ChIP-seq and
RAD?21 ChlP-seq, as described in CHART-seq. Libraries were generated in two biological
replicates and one experiment for CTCF ChlP-seq using Jpx LNA #1 (scrambled vs. Jpx
LNA #1) and Jpx LNA #2 (scrambled vs. Jpx LNA #2), respectively. Libraries for RAD21
ChiIP-seq using Jpx LNA #1 were generated in two biological replicates.

ChlP-seq data processing—CTCF ChlP-seq libraries were sequenced on the Illumina
HiSeq 2000 (PE50) for CTCF ChlIP-seq using Jpx LNA #1, or 4000 (PE150) platform for
CTCEF ChlIP-seq using Jpx LNA #2. Approximately 89-113 million and 116-152 million
paired-end reads per sample were generated for Jpx LNA #1 ChlIP-seq dataset and Jpx LNA
#2 ChIP-seq dataset, respectively.

CTCF ChlP-seq reads were subjected to the trimming of adaptor sequence and removal of
PCR duplicates using the software Trim Galore! (v0.4.1) and the software Cutadapt (v1.2.1
for Jpx LNA #1 dataset; v1.18 for Jpx LNA #2 dataset) with the same parameters described
in CHART-seq analysis. As described in CHART-seq data processing, adaptor-trimmed
reads without duplicates were mapped to CAST/Eih (cas) and 129S1/Svim (mus) genomes
(mm39) using Novoalign (v3.00.02 for CTCF ChiP-seq using Jpx LNA #1; v4.02.01 for
CTCF ChlIP-seq using Jpx LNA #2) with the parameter “i300 100 -F STDFQ -t180
-rRandom -h180 180 -v180” for both versions. The composite (sum of neutral, cas-specific
and mus-specific) bam files having uniquely mapped reads were generated for each library
and then used for the following analyses.

CTCF ChIP coverage was derived using the

function “get.conservative.fold.enrichment.profile” of SPP (v1.11)
[get.conservative.fold.enrichment.profile (ChIP data, input.data, fws=150, step=25,
alpha=0.01), here fws is the window size, step is the step size, and alpha is the cutoff, which
generated log2 fold-enrichment estimates (ratio of signal tag density (IP) over background
tag density (Input)) with statistical significance (alpha=0.01) under the assumption of
Poisson distribution]. Coverage profiles were visualized with IGV (Fig. 3G,4G, S5C, S6A,
S6D). FPM (fragments per million)-normalized CTCF coverages were averaged from all
three CTCF ChlP-seq datasets (two biological replicates using Jpx LNA #1 one using Jpx
LNA #2 ChIP-seq dataset), and then visualized with IGV (Fig. S5A, S7C).

Enriched CTCF peaks were identified in each replicate of Jpx LNA #1-associated control
and Jpx KD samples. MACS2 (v2.1.1.2016309) was used to call the significant peaks with
the default parameters (callpeak; band width=300, model fold = [5,50], g-value cutoff =
0.05). We only consider the regions where both biological replicates have a peak called in
either control or Jpx KD, using the function “intersect” of BEDTools (-a repl bed file -b
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rep2 bed file). This resulted in two bed files, one for control and one for Jpx KD. We defined
three categories of differential binding peaks (lost, shared and ectopic peaks) (Fig.4A). Lost
and ectopic peaks were derived using intersect complement (BEDTools intersect -v). Shared
peaks were derived using union of intersects (BEDTools intersect -wa; BEDTools intersect
-wh; BEDTools merge).

RAD21 ChlP-seq libraries using Jpx LNA #1 were sequenced on the Illumina HiSeq

4000 (PE150) platform, generating 62—106 million paired-end reads per sample. Adaptor-
trimming, removal of PCR duplicates and alignment using Novoalign (v4.02.01) were
performed exactly as CTCF ChIP-seq data processing above. The resulting composite bam
files having unique reads were merged from two biological replicated in order to increase
the sequencing depth, and then used to generate coverage and call peaks. Coverages (log2
fold-enrichment estimate) were generated using SPP (v1.11) with the same command and
parameters as CTCF. Enriched RAD21 peaks were called using MACS2 (v2.1.1.2016309)
with the default parameters.

Analysis of peak coverage quartiles—To group Jpx or CTCF peak regions into
quartiles based on the degree of their signals in wildtype (control) cells (Fig. 4C, 7A, 7B,
S6G, S7TM, S7N), we used “Method 1” described above. We made one madification to
“Method 1” for CTCF peak quartiles: All regions with CTCF peaks in either control or Jpx
KD cells (i.e. lost, shared and ectopic peak regions; See Fig. 4A) were taken into account.
This required us to use a non-peak based signalValue because signalValues are absent (null)
for ectopic peak regions in control cells. The signalValues used were log2 fold-enrichment
estimates over input, generated by SPP.

Hierarchical cluster analysis—For hierarchical cluster analysis of CTCF signal around
Jpx peaks (Fig. 4E), we used the non-peak centric SPP-generated CTCF signal instead of
the CTCF peak coverages. This was done so that we could identify all clusters including
those with little CTCF signal. Jpx peaks were extended +10 kb from the center of Jpx peaks
(Jpx peak regions). Cluster analysis was performed using deepTools with the reference point
as the center of Jpx peaks (computeMatrix reference-point -bs=50; plotProfile --hclust 5).
For further analysis of the clusters (Fig. 4F, S6C, S6E), control or Jpx KD CTCF coverages
generated by SPP were integrated by breadth of their bins, and then summed up over the
indicated Jpx peak regions (cluster 5, class I or I1), as described above.

De novo motif analysis—Ectopic CTCF motifs (Fig. 4B) were analyzed using the
software MEME-ChIP (v4.10.1) from the MEME Suite (http://meme-suite.org/index.html)
(Machanick and Bailey, 2011). De novo motif analysis for Jpx binding sites (Fig. 3A, S4)
were performed MEME-ChIP (v5.3.0) with the threshold of E-value (adjusted p-value) <
0.05. Jpx peaks longer than 8 bp were used as input with the parameters “-minw 6 -maxw 20
-meme-mod anr”.

For each Jpx binding motif, the similarity to the binding motifs of the known vertebrate
transcription factors (JASPAR database, Uniprobe database and the previous report (Jolma et
al., 2013) were assessed by Tomtom software (v5.3.0) (https://meme-suite.org/meme/tools/
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tomtom) with the parameters “-min-overlap 5 -dist pearson”. We included up to three
non-redundant motifs matched with each Jpx motif (p-value for match < 0.05) in Fig. S4.

To investigate the relationship between de novo Jpx motifs (Fig. S4) and Jpx peak clusters
(Fig. 4E), we determined which motifs were enriched in each cluster (Table S7). Significant
enrichment was determined using a cut-off of p-value < 0.001. P-values were calculated by
the software AME (Analysis of Motif Enrichment) (https://meme-suite.org/meme/tools/ame)
from MEME suite (v4.10.1) with the parameters “ame --pvalue-report-threshold 1 --verbose
1 --scoring avg --method fisher”.

In situ Hi-C—/n situ Hi-C was performed essentially as described (Rao et al., 2014;
Wang et al., 2018) with minor modifications. Specifically, differentiating (d7) ES cells were
transfected with scrambled or Jpx-targeting LNA #1 using the transfection method described
in LNA-mediated knockdown. At 8hr after transfection, 3 million cells for each sample
were crosslinked with 1 % formaldehyde in complete medium (1 million cells/ 1 mL) for
10 min at RT, quenched with 0.125 M glycine for 5 min at RT, washed with cold PBS

and stored at —80°C with snap-freezing in LN2. Cells were lysed in 250 pl of Hi-C lysis
buffer (10 mM Tris-Cl pH 8.0, 10 mM NaCl, 0.2% NP-40) supplemented with 50 ul of
PIC (Sigma, P8340) for 30 min on ice. The nuclei pellet was collected by centrifugation

at 2500 g for 5 min, washed once with 500 pl of ice-cold Hi-C lysis buffer, incubated in

50 pl of 0.5% SDS buffer (0.5% SDS, 10mM Tris-Cl pH8.0) at 62°C for 10 min, and then
further incubated at 37°C for 15 min after 145 pl of DW and 25 ul of 10% TritonX-100
were added. To digest the nuclei, 25.3 pl of 10X NEBuffer2 and 200 U (8 ul) of Mbol
restriction enzyme (25 U/ul; NEB, R0147M) were added to the resuspended nuclei. After
incubation on thermomixer with 900 rpm at 37°C overnight, Mbol was inactivated at 62°C
for 20 min. The resulting nuclei in the digestion buffer was subjected to the fill-in reaction
with biotin-14-dATP (19524016, Thermo Fisher Scientific) by adding 50 pl of fill-in master
mix (15 mM of bioin-14-dATP, 15 mM of dCTP, 15 mM of dGTP, 15 mM of dTTP, 40 U
of DNA Polymerase I, Large (Klenow) Fragment (NEB, M0210S)). After incubation with
rotation at 37°C for 1 hr, ligation was performed by adding 900 ul of ligation master mix
(120 pl of 10X NEB T4 DNA ligase buffer, 100 ul of 10% Triton X-100, 6 ul of 20mg/mi
BSA (NEB, B9000S), 2000 U of T4 DNA ligase (NEB, M0202S), up to 900ul of water)

at RT for 4 hr with rotation. The nuclei pellet was collected by centrifugation at 4000 rpm
for 5 min, incubated in TES buffer (50 mM Tris pH 8.0, 10 mM EDTA pH 8.0, 1% SDS)
with Proteinase K at a concentration of 1 pg/pl at 55°C for 1 hr, supplied with NaCl at a
concentration of 0.3 M, and then subjected to decrosslinking at 65°C overnight. DNA was
purified by phenol/chloroform extraction and ethanol precipitation, treated with RNase A
(Thermo Fisher Scientific, 12091021) at a concentration of 200 ng/uL for 1 hr at 37°C,
and purified again phenol/chloroform and ethanol precipitation. Purified DNA was sheared
to 300-500 bp in microtube with a Covaris E220 for 110 s (10% duty cycle, 140W peak
incident power, 200 cycles/burst), and subjected to double-size selection using AMPure
beads (0.55X-0.8X).

Pull-down of biotinylated ligation fragments and library preparation were performed exactly
as Rao et al. (Rao et al., 2014) performed. The exceptions are i) 30 uL of Dynabeads MyOne
Streptavidin C1 beads was used per sample, ii) After adaptor-ligation with 3 pl of 15 pM
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NEBNext adaptor for IHlumina (included in NEBNext Multiplex Oligos for lllumina; NEB,
E7335S) at RT for 15 min, the C1 beads were separated o n a magnet, washed with 600 pl
of 1X TWB (5mM Tris-HCI, pH 7.5, 0.5mM EDTA, 1M NacCl, 0.05% Tween 20) twice at
55°C for 2 min and washed briefly with 100 pl of 1X NEBuffer 2.1 at RT. The resulting

C1 beads were resuspended in 50 pl of 1X NEBuffer 2.1 with 3 ul USER enzyme (included
in NEBNext Multiplex Oligos for lllumina; NEB, E7335S) and incubated at 37°C for 20
min with rotation. After the buffer was discarded, the beads were resuspended in 100 pl

of 1X PCR master mix [50 pl of Phusion High-Fidelity PCR Master Mix with HF Buffer
(NEB, 0531S), 2.5 pl of universal primer (NEBNext Multiplex Oligos for Illumina; NEB,
E7335S), 2.5 ul of index primer (NEBNext Multiplex Oligos for Illumina; NEB, E7335S,
45 ul of water]. /n situ Hi-C libraries were directly amplified from the beads with 12 cycles.
Libraries were generated in two biological replicates.

In situ Hi-C data processing—/n situ Hi-C libraries were sequenced on the Illumina
HiSeq 4000 (PE150) platforms. See Table S6 for Hi-C statistics. [llumina adaptor-trimmed
reads were further trimmed with the options “-a GATCGATC (Mbol ligation junction) and
-m 20”. Individual reads of each pair were separately mapped to the mus and cas genomes
(mm39) using Novoalign (v4.02.01) with the parameters “-F STDFQ -r None”. Composite
reads having only uniquely aligned reads were generated as described in CHART-seq data
processing, and then merged into Hi-C summary files and filtered using HOMER (v4.10)
with the parameters “makeTagDirectory -tbpl; makeTagDirectory -update -removePEDbg
-restrictionSite GATC -both -removeSelfLigation” as previously described (Kriz et al., 2021;
Minajigi et al., 2015). To increase sequencing depth, HOMER tag directories from the two
biological replicates were combined. To obtain the same number of valid contacts for control
and Jpx-depleted cells, down-sampling of the larger HOMER tag file (control sample)

was performed as follows. First, the linux command shuf (coreutils/8.27) was used to
randomize tags. Then, because there are paired-tags in HOMER directory, both paired-tags
were removed until the number of tags were reduced to the same size of the smaller tag

file. As a result, we used the exact same number (898,009,206) of valid contacts for both
control and Jpx KD Hi-C. Hi-C contact maps in “//c” format were generated using the
command “Juicer.sh pre mm9” of Juicer tools (v1.5.3)(Durand et al., 2016b), and visualized
with the “Balanced (KR)” normalization option using the Juicebox tool (v1.9.8) (Durand et
al., 2016a).

In situ Hi-C Loop analysis—HiCCUPS (GPU version from Juicer (v1.7.6)) was used

to call loops with the following parameters: “-m 500 -k KR -r 5000 -f 0.1 -p 4 -i 7 -d
20000” for 5 kb resolution and “-m 500 -k KR -r 20000 -f 0.1 -p 2 -i 5 -d 40000” for 20 kb
resolution (Durand et al., 2016b). Then we determined shared and distinct (ectopic or lost)
loops after calling loops from control and Jpx-depleted cells. Because looping interactions
appear as a punctate signal spanning several pixels, the loops were considered shared loops
when the anchors of control loops and Jpx KD loops are <40kb apart. Ectopic and lost loops
were defined as Jpx KD loops and control loops excluding shared loops, respectively. Shared
loops for control or Jpx KD were derived using the function “intersect” of the software
pgltools (Greenwald et al., 2017). Then, lost and ectopic loops were derived using intersect
complement (pgltools intersect -v).
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As a meta-loop analysis, APA was performed with parameters *“-n 30 -w 10 -r 5000 -q 3

-k KR” for the loops called at 5 kb resolution using Juicer (v1.5.3) (Durand et al., 2016b).
Center-normed APA is generated by dividing all entries of each submatrix by the mean
value of the central pixel (https://github.com/aidenlab/juicer/wiki/APA). Therefore, a high
contrast ratio to the nearby regions is important to interpret the strength of enrichment at

the center. APA and Center-Normed APA matrix values were imported and presented as
heat map using the R package gplots (v3.0.1). Nearest-neighbor (NN) search was conducted
using the function “closest1D” of pgltools. To generate random loop anchors, individual
coordinates of each NN lost loop anchors were randomly shuffled. The NN distance between
them was determined by calculating the shortest distance (the hypotenuse of the triangle). In
order to examine the dependence of the loss of loops on the gain of loops, the R package
spatstat (v1.54-0)(https://spatstat.org/about.html) was used. A plot of the density of ectopic
loop anchors (x) versus density of lost loop anchors p(x) was generated with the assumption
that x=Z(u) where Z=covariate and u=locus. Rho (p) was computed by the ratio method.

To examine whether HighOc CTCF motif is enriched in shared loops (Fig. S7D), we

first generated the Position Weight Matrices (PWM) for constitutive HighOc and regulated
LowOc CTCF sites with top 10 % scores as previously described (Plasschaert et al., 2014)
by using MEME (v5.3.0) with the parameters “ -mod zoops -minw 6 -maxw 50 -objfun
classic -revcomp -markov_order 0”. Using this PWM, the software AME (Analysis of
Motif Enrichment) (https://meme-suite.org/meme/tools/ame)(v5.3.0) was employed to test
the relative enrichment of constitutive HighOc motif in shared loops to that in in lost or
ectopic loops.

To investigate the directionality of CTCF pairs in loop anchor sites (Fig. 6F), we adapted
the method described in (Rao et al., 2014) with modification. To assign a single motif to
each loop anchor, the strongest CTCF peak among multiple CTCF peak candidates was
chosen for each loop anchor (10 kb) and matched to the CTCF consensus motif (shown

in Fig.3A) with significance (p-value < 1e-5). CTCF motif search was conducted using
PWMscan (https://ccg.epfl.ch/pwmtools/pwmscan.php) and CTCF PWM from JasparDB
2020 vertebrate (MA0139) with default parameters (p-value < 1e-5) (Ambrosini et al.,
2018). CTCF peaks with no significance (p-value > 1e-5) for motif match were not
considered. In this manner, we only selected a pair of CTCF peaks each of which has a
motif with significant confidence in order to ensure directions. As a result, we obtained total
8,589 of CTCF pairs for shared loop anchors, a total of 6,007 of CTCF pairs for ectopic loop
anchors, and a total 5,609 of CTCF pairs for lost loop anchors. Among total CTCF pairs

for shared, ectopic, lost loop anchors, the directions of CTCF motif pairs were classified as
convergent, divergent, or tandem orientation.

3C assay—Differentiating (d7) ES cells (WT P2 or mutant P2) were transfected with
scrambled or Jpx LNA #1 as described in LNA-mediated knockdown. At 8hr after
transfection, 3 million cells for each sample were crosslinked with 1% formaldehyde in
complete medium (one million cells/ 1 mL) for 10 min at RT and quenched with 0.125
M glycine for 5 min at RT. To construct /n situ 3C library, we essentially performed

in situ Hi-C (Rao et al., 2014) described above, omitting the biotin fill-in step. Briefly,
nuclei collected from 3 million cells for each condition were digested with 200 U Mbol
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(NEB, R0147M) at 37°C overnight. After heat inactivation of enzyme next day, ligation
was performed with 10,000 U T4 DNA ligase (NEB, M0202L) for 4 hr at RT, followed by
Proteinase K treatment at 55°C for 1 hr and overnight decrosslinking at 68°C. DNA was
purified by phenol/chloroform extraction and ethanol precipitation, treated with RNase A
at a concentration of 200 ng/uL for 1 hr at 37°C, and purified again by phenol/chloroform
and ethanol precipitation. In order to generate the positive control for comparison of size
on agarose gel, 10 ug of the BAC 399K20 (Augui et al., 2007) clone was digested with
100 U of Sau3Al (NEB, R0169S) and randomly ligated with 20 U of T4 DNA ligase
(Promega, M1794), as previously described (Naumova et al., 2012). 3C-PCR primers were
unidirectionally designed to target the region 40~60 bp away from the restriction site
(Hagege et al., 2007; Naumova et al., 2012). Because there are 6 Mbol sites between the
P2and Xist 5, we were able to distinguish the interactions mediated by the P2vs. Xist

5 CTCF. 3C primers (shown in Fig. S7E) are listed in Table S8. The primers targeting a
Gapdh region (Table S8) (Li et al., 2014) were used to control the amount of input DNA and
normalize the interactions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification methods, statistical parameters and the exact values of p and Pearson’s rare
described in figures, figure legends, associated method details, or main texts. Randomized
controls were generated to compare the same number of data points. Statistical tests were
performed using R or GraphPad Prism software. A one-sided alternative hypothesis was
used for the KS test, Student’s t test and Wilcoxon ranked sum test. Statistical significance
was determined by the value of p or adjusted p < 0.05 unless otherwise indicated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHT

Jpx RNA binds and activates hundreds of mammalian genes in the mouse
genome.

Jpx selectively evicts CTCF bound to low-affinity, developmentally sensitive
sites.

Jpx loss causes genome-wide shifts in CTCF binding and chromosome
looping.

Jpx determines anchor site usage by serving as a CTCF release factor.

Jpx RNA regulates chromatin architecture via CTCF on autosomes
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Figure 1. Jpx RNA binds thousands of genomic sites and targets active promoters.
(A) Input-subtracted coverage for Jpx CHART in d7 ES cells. Two biological replicates

shown (Rep1l, Rep2). Negative controls: antisense (AS) and no-RNase H.

(B) Jpx CHART coverage for the whole genome, normalized to input, AS, or no-RNase H
controls. Input-subtracted coverage for no-RNase H CHART also shown.

(C) Number of significant Jpx peaks in two d7 CHART replicates, after subtraction of AS
and no-RNase H background peaks.

(D) 2D Kernel density scatterplot showing Jpx peak coverage (log2 scale) between
unfiltered peaks and bona fide peaks described in (C). Bins, 10 kb. Pearson’s correlation
coefficient (/) indicated.
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(E) CEAS analysis: Pie charts show percentage of Jpx peaks with indicated genomic
features compared to the reference genome.

(F) Plots representing SINE, LINEL, and LAD coverages within £500 kb of Jpx peaks. Bins,
50 kb. Pearson’s correlation coefficient (/) indicated.

(G) Boxplot comparing log2 Jpx peak coverage between active (FPKM = 0.5, n=12,907) or
inactive (FPKM < 0.5, n=10,636) genes in d7 ES cells. P-value, Wilcoxon ranked sum test.
(H) Significant H3K4me3 enrichment around Jpx peaks in d7 ES cells compared to
undifferentiated (d0) ES cells. No H3K27me3 enrichment was detected.

(I) Representative Xist and Jpx RNA-FISH of d7 ES cells. Nuclei were stained with DAPI
(blue).
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Figure 2. Acute Jpx depletion results in downregulation of >700 genes.
(A) Relative Jpx expression (normalized to Gapdh) in d7 ES cells transfected with

scrambled (con) or two distinct Jpx LNA#1 or LNA#2 for 8 hr. Means + SEM from three
independent experiments shown. P-value, Student’s t-test.
(B) MA Bland-Altman plot showing log2 fold-change (FC) and average log2 counts per
million (CPM) mapped reads for each gene after Jpx LNA#1 vs. scrambled (con) LNA
treatment in d7 ES cells. Two biological replicates shown. Green, upregulated DEGs. Red,
downregulated DEGs.
(C) Heatmap of normalized expression values (row-based Z-scores) for 900 DEGSs in two
biological replicates.
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(D) Boxplot of transcriptomic changes between two Jpx LNAs (#1, #2). 738 downregulated
DEGs and 162 upregulated DEGs from LNA#1 compared to Log2 FC in CPM for LNA#2.
(E) Metagene analysis of d7 Jpx coverage around TSS and TTS for downregulated DEGs,
upregulated DEGs, and non-DEGs.

(F) Genome browser (IGV) views of d7 Jpx CHART-seq and RNA-seq data for
representative DEGs following Jpx LNA treatment (#1, #2). Significant enrichment peaks as
noted. Antisense CHART background serves as control.
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Figure 3. Jpx loss causes a massive global displacement of CTCF.
(A) Logograms reveal sequence similarities between CTCF motif (JASPAR database) and

Jpx motif.

(B) Heatmap depicting log2 FC in CTCF peak coverage for DEGs between control and
Jpx-depleted d7 ES cells in two biological replicates.
(C) Cumulative distribution plots (CDP) comparing CTCF peak coverage between control
and Jpx-depleted cells for downregulated (left) or upregulated (right) DEGs. P determined
by Kolmogorov-Smirnov (KS) test.
(D) Histogram showing the percentage of down-DEGs vs. non-DEGs with the indicated log2
FC in CTCF peak coverage. P-value, KS test.
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(E) Venn diagrams showing the overlap of DEGs with increased or decreased CTCF peak
coverage across two biological replicate experiments. DEGs exhibiting the reproducible
increase in CTCF peak coverage were further categorized into downregulated (n=472) or
upregulated (n=74) genes.

(F) CDP of log2 Jpx peak coverage for downregulated 472 DEGs with increased CTCF
binding compared to 472 genes randomly selected from non-DEGs (left) or remaining 428
DEGs (right). Randomizing gene subset was generated by random selection from non-DEG
(n=22,824). P-values, KS test.

(G) Genome browser views of d7 Jpx CHART-seq, CTCF ChlIP-seq and RNA-seq data
for the indicated down-DEGs. See also Fig. S5C. CTCF coverage, log2 fold-enrichment
estimates relative to input. Significant CTCF and Jpx peaks shown as bars. Two biological
replicates and two distinct Jpx LNAs shown.
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Figure 4. Jpx selectively controls a subset of developmentally sensitive CTCF motifs.
(A) Venn diagram representing the number of overlapping or exclusive CTCF sites in

control and Jpx-depleted d7 ES cells. CTCF peaks common to two biological replicates
were used.

(B) Logograms of sequence motifs for 8,595 ectopic CTCF peaks described in (A). LowOc
and HighOc sites as defined by Plasschaert et al.

(C) CDP comparing log2 FC in CTCF peak coverage over Q1, Q2, Q3 and Q4 CTCF
quartiles. CTCF sites were divided into quartiles based on peak coverage. ~-values, the KS
test.

(D) Five hierarchical clusters defined by CTCF’s relationship to Jpx peaks in d7 ES cells.
See also Fig. S6A.
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(E) CTCF coverage values calculated over Cluster 5-Class | genes in control vs. Jpx LNA#1
cells. See also Fig. S6E. Black crossbar, mean. P-value, Wilcoxon ranked sum test.

(F) Cluster 5-Class I: Increased CTCF coverages following Jpx depletion.

(G) CDP comparing log2 coverage of ectopic CTCF peaks between Jpx-targets and non-
targets (20 kb bins). P-value, KS test.

(H) CDP showing log2 coverage of ectopic CTCF peaks for down-DEGs (n=738), up-DEGs
(n=162) and randomly selected non-DEGs (n=900). AP-values, KS test: Green, down vs. up.
Black, down vs. random.
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Figure 5. Jpx RNA is a CTCF release factor.
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(A) Representative HighOc and LowOc CTCF sites used in EMSA experiments. d7 Jpx
CHART-seq and CTCF ChlP-seq data shown. For Kcna7 DNA probe, middle site (marked
by arrowhead) chosen. Bottom: Probe sequences. Red bases highlight CTCF core binding
motifs. Pink shading marks critical bases.

(B) RNA EMSA with 5pM Jpx RNA (E1-E3, 383nt) with increasing CTCF amounts as
indicated. U, unbound probe. *, CTCF-probe shift. **, well position.

(C) DNA EMSA using 5 pM Mettl21a or Caldl DNA probe with increasing amounts of
CTCF.

(D) Relative Kq values for indicated probes, as determined by EMSAs in (B) and (C).
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(E) DNA EMSA with 5 pM of HighOc (NMarfland Kcna?7) or LowOc (£330021D16Rik and
ArhgapI) DNA probes with increasing amounts of CTCF.

(F) Relative Ky values for the indicated probes, as determined by EMSAs shown in (E).
(G) Differential affinities (K, of HighOc vs. LowOc DNA probes for CTCF. Crossbar,
mean. P-value, Student’s t test.

(H) Competition EMSA. 32P-labeled LowOc or HighOc DNA probes were mixed with
increasing amounts of cold Jpx RNA (E1-E3, 383 nt) competitor. U, unbound probe., *,
CTCF-probe shift. **, well also indicated. Arrowheads, Jpx-mediated competition.

() ICsq for Jpx RNA inhibiting CTCF binding to LowOc and HighOc sites. %DNA bound
was determined from EMSA in (H).
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Figure 6. Jpx controls chromosomal looping on a genome-wide scale.
(A) Model: Jpx RNA operates as a CTCF release factor for ds-CTCF sites. Jpx transiently

contacts CTCF on chromatin and evicts CTCF from LowOc sites through competitive
inhibition. HighOc sites are resistant.

(B) Hypothesis: Jpx controls chromosome looping by controlling CTCF anchor site
selection.

(C) Venn diagram showing the number of loop anchors in control and Jpx-depleted d7 ES
cells at 5 kb resolution. N, total number of loop anchors. Anchors are considered “shared’
between control and Jpx-depleted cells if anchors occur within a 40 kb window.
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(D) Left: Nearest neighbor (NN) analysis to determine distance between an ectopic anchor
and the closest lost or shared anchor. Right: Dot plot of measured distances for each
category as shown. Crossbar, mean. P-values, Wilcoxon ranked sum test.

(E) Covariation of density of ectopic loop anchors (x) with density of lost loop anchors p(x).
Grey-shaded region indicates 95% confidence interval.

(F) Percentage of CTCF anchor pairs in convergent, tandem, and divergent orientations in
shared, lost, or ectopic categories. P-values, Chi-square test.

(G) Plot comparing Jpx peak coverage in d7 ES cells over anchors associated with ectopic
vs. lost loops. Vertical dash lines, 5 kb anchor region.

(H) Number of Jpx binding sites (Jpx peaks +10 kb in repl, 2) overlapping ectopic anchors.
N = total number of Jpx peaks.

(I) Plot comparing CTCF peak coverage at ds-CTCF sites over ectopic anchors in control vs.
Jpx-depleted cells. Vertical dash lines, 5 kb anchor region.

(J) Plot showing CTCF peak coverage normally found in WT cells over ectopic, lost, and
shared anchors. Vertical dash lines, 5 kb anchor region.

(K) Hi-C contact matrix at 5 kb resolution showing a significant de novo interaction (arrow)
at the region bound by Jpx and increased CTCF (shaded) in Jpx-depleted cells. White and
Red squares, minimum and maximum intensity, respectively.

(L) Top: APA showing aggregate strength of looping interactions between paired CTCF
sites. Bottom: Center-normed APA. P2LL ratio shown. N, number of the ectopic anchor sites
after filtering for distance threshold relative to diagonal.

(M) Center-normed APA showing the normalized-aggregate strength of paired anchor
interactions at ds-CTCF anchor sites of the lowest CTCF decile. P2LL ratio and N (6,501
loop anchors) shown.
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Figure 7. Jpx controls looping and gene expression by shifting anchor site usage.
(A) RAD21 colocalizes with CTCEF sites, with greatest overall coverage in higher CTCF

peak quartiles in d7 ES cells. P-values, Chi-square test for observed vs. expected values.
(B) CDP comparing log2 FC in RAD21 peak coverages over Q1 vs. Q4 CTCF sites. P-value,

KS test. See also Fig.S7N.

(C) Box and whisker plot for coverages of RAD21 peaks (control-only vs. KD-only shown
in Fig. S7J) at ds-CTCEF sites in control vs. Jpx-depleted d7 ES cells. P-value, Wilcoxon

ranked sum test.

(D) Two representative loci showing colocalization of Jpx, CTCF and RAD21 peaks. Jpx
depletion results in increased CTCF and RAD21 coverages over ectopic CTCF sites.
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(E) Hi-C matrix at 5 kb resolution for Hpcall showing the relationship between increased
CTCF binding, Jpx binding, ectopic loop formation, and gene downregulation. Arrows,
changes in looping interactions coincide with Jpx binding sites (in wildtype state) and
increased CTCF upon Jpx KD. **, ectopic, ds-CTCF peak. RNA-seq, CTCF ChlP-seq, Jpx
CHART tracks, with significant peaks shown in magnified views.

(F) Center-normed APA showing the normalized-aggregate strength of paired anchor
interactions at Jpx binding sites overlapping down-DEGs. P2LL ratio and N (852 loop
anchors) shown.

(G) Log2 FC in CPM values for Jpx target genes with ectopic loops anchors (n=3,794). P
(KS test) compares genes with ectopic loops to 3,794 randomized genes.

(G) Shifting loops caused by Jpx depletion, as shown by Hi-C matrix at 5 kb resolution.
Blue box, shifting loop. Arrow, strengthened loop following Jpx depletion at the expense of
upstream loop.

(1) Shifting Loops Model. See Discussion for description.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-CTCF

Cell Signaling Technology

Cat#2899S; RRID:AB_2086794

Rabbit polyclonal anti-RAD21 Abcam Cat#ab992; RRID:AB_2176601
Chemicals, peptides, and recombinant proteins

Formaldehyde solution Sigma-Aldrich Cat#F8775
Recombinant mouse LIF Sigma-Aldrich Cat#ESG1107
Protector RNase Inhibitor Sigma-Aldrich Cat#3335402001
cOmplete EDTA-free Protease Inhibitor Cocktail Sigma-Aldrich Cat#11873580001
Protease Inhibitor Cocktail Sigma-Aldrich Cat#P8340
Proteinase K Sigma-Aldrich Cat#03115844001
RNase A Thermo Fisher Scientific Cat#12091021
RNase H New England Biolabs Cat#M0297L
Superscript 11 Reverse Transcriptase Thermo Fisher Scientific Cat#18080085
TRIzol Thermo Fisher Scientific Cat#15596018
Turbo DNase Thermo Fisher Scientific Cat#AM2238
Ribonucleoside vanadyl complex New England Biolabs Cat#51402S
Critical commercial assays

Agencourt AMPure XP Beckman Coulter Cat#A63881

Mouse ES Cell Nucleofector Kit

NEBNext ChIP-Seq Library Prep Master Mix Set for

IHlumina

NEBNext Ultra I directional RNA Second Strand
Synthesis Module

NEBNext Multiplex Oligos for Illumina
NEBNext Multiplex Oligos for lllumina

NEBNext Ultra Il DNA Library Prep Kit for [llumina

Ribominus Eukaryote Kit v2
RNeasy MinElute Cleanup kit

Lonza-Walkersville

New England Biolabs

New England Biolabs

New England Biolabs
New England Biolabs
New England Biolabs
Thermo Fisher Scientific
QIAGEN

Cat#VPH-1001
Cat#E6240S

Cat#E7550S

Cat#E7335S (Index Primers Setl)
Cat#E7500S (Index Primers Set2)

Cat#E7645S
Cat#A15020
Cat#74204

Deposited data

Jpx CHART-seq in d0 ES cells

Jpx CHART-seq in d3 differentiating ES cells

Jpx CHART-seq in d7 differentiating ES cells
H3K4me3 ChlIP-seq in dO ES cells

H3K4me3 ChlP-seq in d7 differentiating ES cells
H3K27me3 ChIP-seq in dO ES cells

H3K27me3 ChlP-seq in d7 differentiating ES cells

LAD (Lamina-Associated Domain) regions

RNA-seq in d7 differentiating ES cells transfected with

scrambled LNA (control for Jpx LNA #1)

Jpx KD RNA-seq in d7 differentiating ES cells
transfected with Jpx LNA #1

This study

This study

This study

Pinter et al., 2012

Pinter et al., 2012

Pinter et al., 2012

Pinter et al., 2012
Peric-Hupkes et al., 2010
This study

This study

GEO: GSE144056
GEO: GSE144056
GEO: GSE144056
GEO: GSE36905
GEO: GSE36905
GEO: GSE36905
GEO: GSE36905
GEO: GSE17051
GEO: GSE144056

GEO: GSE144056
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REAGENT or RESOURCE SOURCE IDENTIFIER
RNA-seq in d7 differentiating ES cells transfected with This study GEO: GSE144056
scrambled LNA (control for Jpx LNA #2)

Jpx KD RNA-seq in d7 differentiating ES cells This study GEO: GSE144056
transfected with Jpx LNA #2

CTCF ChlIP-seq in d7 differentiating ES cells This study GEO: GSE144056
transfected with scrambled LNA (control for Jpx LNA

#1)

Jpx KD CTCF ChIP-seq in d7 differentiating ES cells This study GEO: GSE144056
transfected with Jpx LNA #1

CTCF ChlP-seq in d7 differentiating ES cells This study GEO: GSE144056
transfected with scrambled LNA (control for Jpx LNA

#2)

Jpx KD CTCF ChlP-seq in d7 differentiating ES cells This study GEO: GSE144056
transfected with Jpx LNA #2

RAD21 ChlP-seq in d7 differentiating ES cells This study GEO: GSE144056
transfected with scrambled LNA (control for Jpx LNA

#1)

Jpx KD RAD21 ChiP-seq in d7 differentiating ES cells This study GEO: GSE144056
transfected with Jpx LNA #1

in situ Hi-C in d7 differentiating ES cells transfected This study GEO: GSE144056
with scrambled LNA (control for Jpx LNA #1)

Jpx KD /n situ Hi-C in d7 differentiating ES cells This study GEO: GSE144056

transfected with Jpx LNA #1

Experimental models: Cell lines

Mouse ES cells (female, 16.7 7six™>7*) Strain: M. Ogawa et al., 2008 N/A

musculusl M. castaneus

Xist P2-mutant mouse ES cells (female, 16.7 Tsix’S™)  This study N/A

Oligonucleotides

3’ biotin-TEG Jpx CAHRT probes, see Table S8 Integrated DNA Technologies  N/A

3’ biotin-TEG Jpx AS CHART (negative control) Integrated DNA Technologies  N/A

probes, see Table S8

Antisense LNA GapmeR Control, see Table S8 QIAGEN Cat#339515

Antisense LNA GapmeR Jpx LNAs, see Table S8 QIAGEN Sequences designed in this study; Cat#339517

Primers used for RT-gPCR, see Table S8
DNA EMSA probes, see Table S8

Primers used to amplify Jpx (383 nt) for EMSA, see
Table S8

Xist P2 CTCF sgRNAs used to generate the P2-mutant
cell line, see Table S8

PCR screening primers used to generate the P2-mutant
cell line, see Table S8

Primers for 3C assay, see Table S8

Integrated DNA Technologies
Integrated DNA Technologies
Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

N/A
N/A
N/A

N/A

N/A

N/A

Recombinant DNA

pSpCas9-(BB)-2A-GFP (PX458)

Ran et al., 2013

Addgene Cat#48138

Software and algorithms

BEDTools v2.25.0
CEAS v1.0.2
Cutadapt v1.2.1
Cutadapt v1.8.1

Quinlan and Hall, 2010
Shin et al., 2009
Martin, 2011

Martin, 2011

https://bedtools.readthedocs.io/en/latest/
N/A
https://cutadapt.readthedocs.io/en/stable/#
https://cutadapt.readthedocs.io/en/stable/#
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Cufflinks v2.2.1
deepTools v3.1.2
Homer v4.8

Homer v4.10

ImageJ v1.53a

Juicebox v1.9.8

Juicer v1.5.3

Juicer v1.7.6 for HICCUPS (GPU version)
MACS2 v2.1.1.2016309
MEME suite v4.10.1
MEME suite v5.3.0
NovoAlign v3.00.02
NovoAlign v4.02.01
Pgltools

SAMtools v0.1.19
SAMtools v1.4.1
SPPv1.11

TopHat2 v2.0.10
Trim Galore! v0.4.1

Trapnell et al., 2012
Ramirez et al., 2016

Heinz et al., 2010

Heinz et al., 2010

Schneider et al., 2012
Durand et al., 2016a

Durand et al., 2016b

Durand et al., 2016b

Zhang et al., 2008
Machanick and Bailey, 2011
Machanick and Bailey, 2011
Novocraft

Novocraft

Greenwald et al., 2017
Lietal., 2009

Li et al., 2009

Kharchenko et al., 2008

Kim et al., 2013

Babraham Bioinformatics

http://cole-trapnell-lab.github.io/cufflinks/
https://deeptools.readthedocs.io/en/develop/
http://homer.ucsd.edu/homer/ngs/
http://homer.ucsd.edu/homer/ngs/
https://imagej.nih.gov/ij/
https://github.com/aidenlab/Juicebox
https://github.com/aidenlab/juicer
https://github.com/aidenlab/juicer
https://pypi.org/project MACS2/
https://meme-suite.org/index.html
https://meme-suite.org/index.html
http://www.novocraft.com/products/novoalign/
http://www.novocraft.com/products/novoalign/
https://github.com/billgreenwald/pgltools
http://samtools.sourceforge.net/
http://samtools.sourceforge.net/

http://compbio.med.harvard.edu/Supplements/
ChIP-seq/

https://cch.jhu.edu/software/tophat/index.shtml

https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/
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