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This important study has modified ChIP-seq and 4C-seq procedures with a urea step
and shows that this drastically changes the pattern of chromatin interactions
observed for SATB1 but not other proteins (CTCF, Jarid2, Suz12, Ezh2). Multiple
controls make the data convincing. The findings shed new light on the role of SATB1
in genome organization and will be of interest to those who study chromosome
structure and nuclear organization.

https://doi.org/10.7554/eLife.105915.1.sa2

Abstract

Mammalian genomes are organized by multi-level folding, yet how this organization
contributes to cell type-specific transcription remain unclear. We uncovered that the nuclear
protein SATB1 establishes two-tiered chromatin organization, one through indirect binding
and another by direct binding of base-unpairing regions (BURs), which are genomic elements
with high unwinding propensities. Published ChIP-seq datasets show SATB1 binding to highly
accessible chromatin at enhancers and CTCF sites, but not to BURs. By employing urea ChIP-
seq, which retains only directly bound protein:DNA complexes, we found that BURs, but not
CTCF sites, are direct SATB1 binding targets. SATB1-bound BUR interactions with accessible
chromatin can cross multiple topologically associated domains (TADs) and SATBI1 is required
for these megabase-scale interactions linked to cell type-specific gene expression. BURs are
mainly found within lamina associated domains (LADs) sequestered at the nuclear lamina,
but also in inter-LADs, and SATB1 binds a subset of BURs depending on cell type. Notably,
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despite the mutually exclusive SATB1-binding profiles uncovered by the two ChIP-seq
methods, we found most peaks in both profiles are real and require SATB1. Together, we
propose that SATB1 has functionally distinct modes of chromatin interaction by directly
binding BURs to form a chromatin scaffold to which it indirectly tethers open chromatin.
Such chromatin organization may provide a gene-regulatory network underlying cell type-
specific gene expression.

Introduction

Three-dimensional (3D) chromatin architecture, formed by chromatin folding at multiple
hierarchical levels, is thought to play a fundamental role in genome activity such as gene
expression(1 @ -7 (3). Whether and how genome folding contributes to gene regulation, however,
remains largely unknown. High resolution chromatin interaction maps, generated by chromosome
conformation capture methods such as Hi-C (all-to-all contacts), have revealed chromatin to be
partitioned mainly into two types of megabase (Mb)-sized compartments, A and B (8 2). The
euchromatic A compartment is gene-rich, transcriptionally active and enriched in histone marks
associated with active chromatin, conferring high chromatin accessibility. On the other hand, the B
compartment is gene-poor, transcriptionally repressive, and enriched in repressive histone marks.
The largely transcriptionally repressive lamina-associated domains (LADs) are among the B

compartment chromatin displaying the typical features of heterochromatin (9%, 102 ). LADs

to the nuclear lamina, an intermediate filament meshwork adjacent to the inner nuclear
membrane. LADs represent discrete chromatin domains of 40kb to 30 Mb in size (9 ®@).

Approximately 1000-1500 LADs have been identified in mouse and human cells and, in a given cell
type, typically cover ~30% of the genome (2 3). By sequestering chromatin to the repressive

nuclear compartment, the nuclear lamina is thought to play an important role in genome
organization.

At sub-megabase scales, using Hi-C, chromatin domains called “topological-associated domains”
(TADs) were previously detected that are relatively insulated from adjacent TADs by preferentially
making intra-domain contacts via looping (12%-14%). CTCF and cohesin are the two major
architectural proteins required for folding chromatin into loops. The loop extrusion model
postulates that cohesin functions in loop extrusion until it encounters the CCCTC-binding factor

(CTCF) bound to its target sites in a convergent orientation (15, 16 (%). CTCF- and cohesion-

results in a major loss of TADs. Unexpectedly, the majority of protein-coding genes remained
largely unchanged in their expression levels in the absence of TADs. These results challenge the
view that TADs provide a unit of gene expression control by insulating enhancer-promoter
interactions from neighboring TADs. In the last few years, using super-resolution live-cell imaging,
genome interactions were studied at the single cell levels. These studies revealed that chromatin
looping formed by CTCF and cohesin are highly dynamic and variable among individual single
cells, suggesting that TADs are an emergent property of the cell population average of

represent a stable structural unit of chromatin flanked by two boundary loci stably bound by CTCF
and cohesin [reviewed in (25, 27 3, 28 (3)]. Super-resolution microscopy detected not only
single cohesin-mediated loops but also radially stacked loops forming “rosette” like structures in
individual single cells. These loops were also transient and a single cell spends a minority of its
time in the configuration, and depletion of cohesion led to increased variability in gene expression
at single cell levels (29(@). As such, although research on CTCF and cohesin has greatly advanced

our understanding on chromatin loop formation, there is still much to learn how 3D chromatin
structure underlies gene activity, especially cell-type specific gene expression. It is increasingly
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clear that it is necessary to explore additional nuclear factors that potentially drive chromatin
folding. In this paper, we studied function of a tissue-specific architectural protein SATB1 in
genome organization.

SATB1 was originally identified by virtue of its specific binding to genomic sequences called Base
Unpairing Regions (BURs) (30 (232 (%). BURs have a strong unwinding property under negative
superhelical stress, and BURs are empirically identified using unpaired DNA-specific chemical
probes (302, 33 2) because of the lack of primary sequence consensus. However, BURs have a
unique sequence context. A typical BUR (~200-300bp) contains a cluster of short sequence
segments (25-50 bp/segment) containing exclusively As, Ts, and Cs on one strand (ATC context)
(302, 322). BURs are at least 65% AT-rich, but importantly, not all AT-rich sequences are BURs.
SATB1 binds to BURs in the double-stranded DNA form, recognizing their altered phosphate
backbone structure (32 (2). Disruption of the ATC context by mutagenesis, without affecting the AT

content, results in loss of unwinding property of a BUR and SATB1 binding. SATB1 is most
abundantly expressed in thymocytes among multiple adult progenitor cells (34 2 -36 ), as well

that are resistant to high-salt extraction. Some BURs have been identified and characterized as in
vivo SATB1 binding sites and when bound to SATB1, are also resistant to salt extraction (397,

and recruiting chromatin remodeling complexes, epigenetic factors and transcription factors to
specific gene loci (412). SATB1 regulates expression of hundreds of protein-coding genes in a cell-

in development of CD4" T cells, CD8" T cells, NKT cells, and Foxp3* regulatory T cells (Treg) in the
thymus(46 2, 47 2) as well as in promoting the pathogenic effector program of tissue Th17 cells in

architecture and in gene expression.

Although BURs have been identified to be specific binding target sequences of SATB1, mysteriously
the genome-wide SATB1 binding profiles obtained by the widely used, standard chromatin
immunoprecipitation-deep sequencing (ChIP-seq) did not detect SATB1 interaction with BURs.
Instead, SATB1 has been mapped mainly to enhancers and to a region that would become an
active super-enhancer upon differentiation (45 -47(%). In line with this, recent studies on
chromatin looping with Hi-C also shows that SATB1 mediates interactions involving a subset of
enhancers and promoters for cell identity gene expression and that SATB1 binding sites coincide
assembling transcription complexes at regulatory regions, but at the same time, are puzzling in
light of the SATB1-BUR relationship. We hypothesized that SATB1-BUR interactions are somehow
undetectable by the standard ChIP-seq approach as wells as the CUT&Tag method, and if
identified, would provide additional mechanisms for chromatin looping events in vivo that link to
gene expression.

ChIP-seq has been a gold standard for profiling chromatin-protein interactions. However,
standard ChIP-seq approaches have several drawbacks. First, chromatin structure can introduce
biases into ChIP-seq analysis. Fragmentation of crosslinked chromatin in whole cells/nuclei can
result in biased capture of transcriptionally active, highly accessible “open” chromatin and
generation of false-positive “phantom” peaks (56 % -60(% ). Second, it fails to distinguish between

direct and indirect (piggybacking) chromatin binding of a protein of interest. Here, we optimized
urea-ChIP-seq, a modified ChIP-seq that first isolate stringently purified whole intact genomic DNA
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that retains only its directly bound proteins from crosslinked cells prior to fragmentation and
immunoprecipitation. This results in an unbiased capture of the entire genome, regardless of its
original chromatin accessibility status. This approach has allowed to identify genomic sites
directly bound by SATB1 and revealed BURSs to be the primary direct SATB1 target sites, previously
hidden by standard ChIP-seq. The SATB1-bound BURs are mutually exclusive with enhancer-
enriched SATB1-bound sites mapped by standard ChIP-seq. Instead, a majority of BURs are
mapped within LADs, and depending on cell type, SATB1 binds in vivo to selective subsets of these
BURs. Using the urea 4C-seq (one-to-all contacts), select SATB1-bound BURs were found to interact
extensively over the >5.7Mb gene-rich region within DNase 1 hypersensitive (DNase 1 HS) regions,
but not over adjacent gene-poor regions. SATB1 is essential for both extensive megabase-level
chromatin interactions and proper expression of multiple genes in the gene-rich region.
Collectively, our results suggest that SATB1-mediated genome organization exhibits two distinct
features, a “skeletal framework” where SATB1 binds BURs directly, and a network of gene-rich
open chromatin that is tethered to BURs indirectly through SATB1-mediated chromatin looping,
which is correlated to gene expression.

Results

Development of urea ChIP-seq method to
detect genome-wide SATB1-binding profiles

Unlike many nuclear proteins (e.g. transcription and chromatin modifying factors), SATB1 resides
in nuclear substructures exhibiting resistance to extraction with high salt or lithium 3,5-
containing 2M NaCl that removed most of the proteins from DNA, individually cloned SATB1-
bound BURs remained anchored to the residual SATB1 nuclear architecture found in the interior
of nuclei (392 ). By contrast, in high-salt extracted Sath1 ™/~ (SATB1-KO) thymocyte nuclei, these
BURs lost their anchored sites and were exclusively found in the distended DNA halos that spread
around the residual nuclei, which is illustrated (Figure 1A %) (39 ). Thus, we hypothesized that
SATB1-BUR interactions are likely embedded in the “highly insoluble nuclear substructures” that
could not be detected to date by the widely used standard ChIP-seq methods. This is likely because
ChIP-seq experiments have inherent biases arising from chromatin structure such as

heterochromatin or transcriptionally active regions.

To detect BURs as the primary targets of SATB1 genome wide, we devised a urea ChIP-seq method
to purify genomic DNA with only its directly bound proteins. Through this apporach, we found
that a vast majority of in vivo SATB1-binding sites are BURs in the genome. In this method, cells are
first crosslinked with formaldehyde and then crosslinked chromatin in lysed cells is subjected to
8M urea ultracentrifugation. In this manner, crosslinked chromatin is stringently purified by
removing all free-floating proteins and proteins bound to DNA indirectly. Therefore, urea ChIP-seq
is performed with the pure genomic DNA fiber that retains only directly bound proteins. Without
prior formaldehyde crosslinking, urea centrifugation removes 99.9% of chromatin-associated
protein from chromatin and sediments unsheared pure genomic DNA at the bottom of the tube

(61 @), Critically, the urea ChIP-seq method (62 ) allows detection of genomic regions solely
based on their direct protein binding and is not biased by their original chromatin status, such as
accessible or inaccessible chromatin. To obtain reproducible direct binding profiles of SATB1 at
the genome-wide scale, it was necessary to make additional optimizations. The modified urea
ChIP-seq protocol allows quantitative solubilization of the unsheared crosslinked genomic DNA
fiber after urea ultracentrifugation, while still maintaining intact chromatin-protein interactions
during fragmentation. The critical steps that are different between urea and standard ChIP-seq are
highlighted (Figure 1B 2). A putative scenario as to how DNA-binding sites of chromatin-
associated factors are captured by the two different ChIP-seq method is illustrated (Figure 1C%).
Urea ChIP-seq allows detection of chromatin-bound proteins regardless of the chromatin’s
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Figure 1

Scheme of urea ChIP-seq and difference from standard ChIP-seq

A) An illustration for a BUR anchored to the high-salt extraction resistant SATB1 nuclear architecture (39

Materials and Methods) before chromatin immunoprecipitation. By contrast, in standard ChIP-seq, crosslinked chromatin in
whole nuclei is sonicated, centrifuged and the soluble fraction is isolated for chromatin immunoprecipitation. These critical
steps that are different between urea and standard ChIP-seq are highlighted in boxed texts. C) Differences in the profiles of
the peaks generated from urea ChIP-seq versus standard ChIP-seq. A diagram is shown for ChIP-seq peaks using antibodies
(a) against a DNA direct-binding protein (pink), a DNA indirect-binding protein (blue), and DNA direct-binding protein that
resides in the inaccessible chromatin region (green) Note: This diagram illustrate a hypothetical scenario where some of the
proteins (green) in the inaccessible chromatin region may also reside in the accessible chromatin binding indirectly to

chromatin.

Standard ChiP-seq
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7). DNA-FISH signals
(red dots) for a cloned SATB1-bound DNA in both alleles are shown in Satb1+/+( WT) and Satb1~ -I= (KO) thymocytes on slides
treated with 2M NaCl solution to produce DNA halos around the nuclei (blue loops). SATB1 and the SATB1-bound DNA remain
in the residual nucleus in WT thymocytes after salt treatment. However, in KO thymocytes the DNA regions normally bound
by SATB1 are located in the DNA halos after the treatment. B) A comparative overview of the urea ChIP-seq and standard
ChIP-seq protocols. In urea ChIP-seq, entire crosslinked chromatin purified by 8M urea ultracentrifugation is solubilized (see
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accessibility because the whole genome is purified intact. In contrast, in standard ChIP-seq the
insoluble fraction is discarded and only the soluble fraction is retained for analysis, resulting in a
bias toward detection of accessible “open” chromatin. Moreover, standard ChIP-seq captures both
directly- and indirectly-bound proteins, and these cannot be distinguished. Thus, urea ChIP-seq is
uniquely suited for detecting direct DNA binding profiles of SATB1 that resides in the high-salt
extraction resistant nuclear substructure.

Urea ChIP-seq detects BURs as direct
binding targets of SATB1 in vivo

To determine whether SATB1 binds to BURS in vivo, it is essential to validate in vivo SATB1-bound
sites as BURs. We previously generated a genome-wide BUR reference map by deep sequencing
DNA fragments generated from purified genomic DNA bound by recombinant SATB1 protein in
vitro (62 (%). Since SATB1 binds specifically to BURs in vitro, we used SATB1 as a biological probe to
identify all potential BURs in the genome. Using this approach, we reproducibly identified
approximately 240,000 BURs (q<0.01), establishing a BUR reference map for both mouse and
human genomes. Comparing ChIP-seq peaks for SATB1 with the BUR reference map allows us to

assess whether SATB1 binding sites in vivo correspond to BURs.

We performed urea ChIP-seq for SATB1 in thymocytes and compared the results with standard
ChIP-seq for this protein and the BUR reference map. Strikingly, urea ChIP-seq produced SATB1
binding profiles that are entirely different from those produced by the standard ChIP-seq method
(Figure 2A(@). The genome-wide analysis in mouse thymocytes using deepTools revealed that only
0.92% (an average of two replicates per ChIP-seq method) of peaks in urea SATB1 ChIP-seq
coincided with those in standard SATB1 ChIP-seq (supplementary Table 1 and Table 2(¥).In a
large genomic region covering a 4.48Mb region in chromosome 17 (Figure 2A, top @), a gene-rich
region was found in the valley between BUR-enriched domains (Figure 2A (2, track 3), and
standard ChIP-seq detects clusters of SATB1 binding sites in this gene-rich region (Figure 2A 2,
tracks 1 and 2). In contrast, urea ChIP-seq detected SATB-binding to the domains surrounding the
gene rich region, corresponding to regions heavily enriched in BUR sites (Figure 2A (%, tracks 3-5).
In a zoomed-in view, covering a 430 kb region, SATB1 sites identified from urea ChIP-seq precisely
coincided with BUR peaks and are excluded in the standard SATB1 ChIP-seq peaks (Figure 2B,
tracks 1-3). SATB1 bound sites uncovered from urea ChIP-seq avoided CTCF sites (Figure 2B,
tracks 4 and 5 versus track 6), H3K27ac-marked sites and DNase 1 HS (Figure 2B @ tracks 7 and 8),
whereas SATBI sites from standard ChIP-seq primarily co-mapped to these sites (Figure 2B,
tracks 1,2,6-9). We confirmed the relationship of SATB1-binding sites by urea ChIP-seq and BURs at
the genome-wide level using deepTools. Among SATB1 urea ChIP-seq peaks, an average of 77% of
two replicates coincided with BURs identified in our reference maps (Figure 2C(#). The statistical
significance of enrichment of BURs compared to a random overlap in either urea ChIP-seq or
standard ChIP-seq peaks is p<0.001 or p=1, respectively, using 1000 bootstrapped genomic
distribution profile analyses show that while SATB1 binding profiles by standard ChIP-seq
specifically exclude BURs, showing a sharp indentation at the peak of BUR distribution, SATB1-
binding profiles by urea ChIP-seq coincide with BUR distribution (Figure 2D ). These results
indicate that SATB1 predominantly and directly targets BURs genome-wide in vivo and that the
SATB1-binding profiles obtained by standard and urea ChIP-seq methods are mutually exclusive.
We conclude that the unbiased feature of urea ChIP-seq, which solely captures DNA with its
directly bound proteins unmasks the SATB1 direct binding profiles.
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Figure 2.

Identification of BURs as direct targets of SATB1 in vivo by urea ChIP-seq.

A) Contrasting distributions of SATB1-binding profiles determined by urea ChIP-seq (Urea) compared to standard ChIP-seq
(Std) in mouse thymocytes. B) A zoomed-in view of the gray-highlighted region shown in (panel A). The track 3 (panels A and
B) represents all potential BUR sites serving as a reference for BUR sites. For both panels A and B, two independent urea and
standard ChIP-seq experiments show high reproducibility (tracks 1 and 2 and tracks 4 and 5). Tracks 6 and 7 [ENCODE, Bring
Ren’s Laboratory at the Ludwig Institute for Cancer Research (LICR)] and tracks 8 and 9 (ENCODE, the University of
Washington (UW) group]. C) The percentages of urea (Urea) and standard (Std) SATB1 ChIP-seq peaks that intersect with the
BUR reference map (see supplementary Table 12 ). The significance (p values) of the overlap in each of the four cases (urea
and standard ChIP-seq samples with two replicates each) with BURs is estimated as the fraction of the overlap counts greater
than or equal to the observed count over 1000 random bootstrapped genomic features. p<0.001: none of 1000 random
fragment showed greater overlap with BURs than observed in ChIP-seq samples, p=1 means all 1000 random fragments
showed greater overlap with BURs than observed in ChIP-seq, indicating avoidance of BURs (see Methods). D) Normalized
genome-wide average intensity distribution profiles (normalized relative score) of SATB1 binding sites determined by
standard ChIP-seq, urea ChIP-seq as well as BURs, over a +/- 3kb window centered at BUR peaks (top). Relative distance,
projection, and Jaccard tests all indicate strong correlation (p< 0.05) between urea ChIP-seq peaks for SATB1 and BURs, but
no overlap (p< 0.05) between standard ChIP-seq peaks for SATB1 and BUR peaks.
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CTCF-binding profiles remain unchanged

between urea and standard ChIP-seq

To investigate the potential cause for the discrepancy in the SATB1-binding profiles between the
two ChIP-seq approaches, we applied the urea ChIP-seq method to other factors and asked
whether binding profiles differed between urea and standard ChIP-seq. We investigated the DNA-
binding profile for CTCF by urea ChIP-seq and found its profile to be very similar to that obtained
by standard ChIP-seq from ENCODE, which largely overlapped with DNase 1 HS (64 (2) (Figure
3A[@, tracks 2, 4, 5 and 6). Similarly, we also found that urea ChIP-seq generated essentially
identical DNA-binding profiles for polycomb repressive complex 2 (PRC2) core subunits, SUZ12,

JARID2 and EZH2 as generated by others using standard ChIP-seq (65 ) (Figure 3—

standard ChIP-seq (ENCODE) (average of two replicates, supplementary Table 1) intersected
with CTCF peaks genome-wide. In contrast, only 0.8% of SATB1 peaks from urea ChIP-seq
coincided with CTCF peaks (average of two replicas, supplementary Table 12), confirming the
UCSC browser track views (Figure 2A (2 and 3A (2). These results verify that urea ChIP-seq can
accurately identify the DNA-binding sites of chromatin associated proteins. Thus, urea ChIP-seq,
compared to standard ChIP-seq, produces contrasting DNA-binding profiles for SATB1, but this is
not necessarily the case for other nuclear proteins. Thus, we conclude that for SATB1, urea and
standard ChIP-seq produces contrasting SATB1 binding profiles, and importantly, only urea ChIP-
seq can faithfully detect direct and specific SATB1 interactions with BURs. This highlights a
different mode of SATB1 chromatin interaction compared to that detected by standard ChIP-seq. It
is important to note that these urea ChIP-seq results support a large body of cytological data for
SATB1, indicating that SATB1 forms salt-extraction resistant nuclear architecture network, and
that the genomic sites directly bound to SATB1 reside in the “inaccessible” chromatin.

CTCF and SATB1 have distinct and independent binding profiles

Our results above indicate that CTCF and SATB1 direct binding sites do not overlap. However,
because both CTCF and SATB1 are known to affect chromatin organization, there might be a
functional link between the two proteins. Recently, CTCF-binding sites mapped by CUT&Tag were
found to be SATB1 independent in specific gene loci (55(2). We validated this result by generating
the CTCF-binding profiles by urea ChIP-seq in Sath1™/~ (SATB1-KO) and Sath1*/* (SATB1-WT)
thymocytes. These CTCF-binding profiles showed no major changes depending on SATB1 (Figure
3A@, compare tracks 2 and 3), as shown in a randomly chosen region in chromosome 17 in wild-
type (WT) and SATB1-KO thymocytes. This was confirmed by genome-wide analyses which showed
that CTCF urea ChIP-seq peak distributions from SATB1-WT and SATB1-KO thymocytes coincided
(Figure 3B (). This indicates that CTCF binding to genomic DNA is SATB1-independent genome
wide.

To corroborate the independence of CTCF/cohesin and SATB1, we next examined whether SATB1
interacts with CTCF and/or cohesin or both, components known to be important for loop
formation. Instead of protein co-immunoprecipitation (co-IP) using whole cell or nuclear extracts,
we examined the direct co-binding status of SATB1 and CTCF or cohesion on chromatin in vivo by
urea ChIP-Western. Urea-purified crosslinked-chromatin fragments immunoprecipitated with anti-
SATB1 antibody (SATB1-bound urea-ChIP fragments) contained SATB1 as expected, detected by
Western-blot of the de-crosslinked urea-ChIP sample. However, neither CTCF nor RAD21 (a cohesin
complex component) was detected in the SATB1 urea-ChIP samples. Reciprocal experiments using
either CTCF or RAD21-bound urea ChIP samples confirmed lack of SATB1 co-binding to these
chromatin fragments (Figure 3C (2, Figure 3—supplementary figure 2A 7). We confirmed that a
similar amount of urea-purified crosslinking chromatin was used for each ChIP-Western sample
with an anti-H3 antibody. Therefore, these results from urea ChIP-Western indicate that at least for
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A) Urea ChIP-seq (Urea) profiles for CTCF in Sath1+/* (WT) thymocytes and Sath17I- (KO) thymocytes (track 2 and 3), and for
SATB1 in WT thymocytes (track 1). These binding patterns were compared against CTCF-binding profiles generated by
standard ChIP-seq (Std) from ENCODE (tracks 4-6) for testis and thymocytes (ENCODE, LICR), along with the DNase1 HS
profile (ENCODE, UW) as well as the SATB1-binding profile from standard ChIP-seq (track 7). B) Genome-wide average
intensity distribution (relative score) of peaks from CTCF and SATB1 urea ChIP-seq for Satb1** thymocytes (WT), CTCF urea
ChIP-seq for satb17/- thymocytes (KO), and SATB1 standard ChIP-seq (WT) over a +/- 3kb window centered at CTCF peaks
(WT). Relative distance, projection, and Jaccard tests all indicate strong correlation (p< 0.05) between CTCF urea ChIP-seq
peaks for WT and KO thymocytes, between these peaks and standard ChIP-seq peaks for SATB1, but no overlap (p< 0.05)
between SATB1 urea ChIP-seq peaks. C) Urea-ChIP-Western results for CTCF, RAD21, and SATB1, showing that SATB1 does not
associate with CTCF nor RAD21 on chromatin. Also, CTCF and RAD21 co-binding to chromatin appears to be infrequent,
suggested by the weak ChIP-Western signals. D) Hi-C interaction heatmaps for Satb1*/*:Cd4-cre (WT) (top right triangle) and
Satb1 FIF:Cd4-cre (KO) thymocytes (bottom left triangle) show essentially identical patterns. E) Genome-wide comparison of
distributions of cis-Eigenvector 1 values shows no difference between WT and KO thymocytes (high correlation at r=0.998),
indicating that genomic compartmentalization is unaffected in Satb7 KO thymocytes. Experiments were done in two
replicates each for WT and KO samples. The data shown in D and E were generated by combining data from the replicates for

each condition.

Yoshinori Kohwi et al., 2025 eLife. https://doi.org/10.7554/eLife.105915.1

9 of 56


https://doi.org/10.7554/eLife.105915.1
https://doi.org/10.7554/eLife.105915.1

7 eLife

the direct DNA co-binding status of SATB1 with either CTCF or RAD21, SATB1 does not co-bind
chromatin with either of these proteins (Figure 3C2). These results are consistent with mutually
exclusive direct binding sites of CTCF and SATB1 (Figure 3A2 and 3B ().

If cohesin and CTCF bind directly to chromatin for loop formation according to the loop extrusion
model, then we expect that the urea ChIP-Western results will show that cohesin-bound DNA
fragments are co-bound by CTCF at the base of loops. We found that chromatin fragments co-
bound by RAD21 and CTCF represent only a small fraction of either total RAD21-bound or CTCF-
bound chromatin fragments (Figure 3C ). These results show that CTCF and RAD21 direct co-
binding to chromatin occurs much less frequently than their individual binding to chromatin. This
result agrees with a recent report which used super-resolution imaging of individual cells to show
that the stable CTCF-mediated loops are rare, and >95% of the time, the loops are either only
partially extruded, or no loops are formed (253%).

Given that CTCF deletion causes most TADs to disappear, we next examined whether SATB1
depletion has any effects on TAD formation. We compared bulk Hi-C results between thymocytes
isolated from wild-type (Sath1 *I*: Cd4-cre) and SATB1-deficient (Satb1F/F:Cd4-cre) mice in
duplicates (Figure 3—supplementary figure 2B (). Our Hi-C results revealed largely
indistinguishable TAD profiles between the two thymocytes (Figure 3D (2) examined at 10kb
resolution. Neither TAD number nor TAD sizes were changed by SATB1 depletion from thymocytes
(Figure 3—supplementary figure 2C ). Intra-TAD interactivity (the sum of Hi-C chromatin
contacts inside the TAD) also remained mostly unchanged (Figure 3—supplementary figure

2D (@). These bulk Hi-C results upon SATB1 deletion are in good agreement with recently
published studies (532, 54 3). Similar to the results from the CTCF depletion study (18(2), SATB1
depletion also did not alter segregation of active (A) and inactive chromatin compartmentalization
(B) (Figure 3E(@). Furthermore, our scaling plot displaying how the Hi-C contacts decrease as a
function of genomic distance shows that SATB1 depletion does not affect chromosome compaction
(Figure 3—supplementary figure 2F (?). These Hi-C results taken together with SATB1-
independent CTCF-binding to DNA and non-overlapping direct genomic DNA-binding of SATB1 and
CTCF/cohesion, strongly suggest that SATB1 and CTCF are two independent proteins that have
distinct roles in chromatin organization.

Non-specific peaks appear in Satb17/-
thymocytes by standard SATB1 ChIP-seq

An important question is whether SATB1-binding profiles obtained by standard ChIP-seq are
strictly SATB1 dependent. If so, these binding sites likely reflect real but indirect SATB1 association
with chromatin. To address this question, we performed standard ChIP-seq on Sath1 -~ (KO)
thymocytes using two different anti-SATB1 antibodies (1583 and ab109112, both of which are
validated for immunoprecipitation). The results are highlighted in two randomly chosen ~3Mb
regions in chromosome 17 and in X chromosome, each containing a gene-rich region surrounded
by gene-poor regions. Both antibodies generated similar peaks in KO thymocytes (KO peaks) by
standard ChIP-seq. These KO peaks (false-positive) were predominantly detected in gene-rich,
open chromatin regions in KO thymocytes, and many of them coincided with peaks originally
detected in WT thymocytes (WT peaks) (Figure 4—supplementary figure 12 A and 1B, top and
bottom, tracks 9 and 10). This is in agreement with an earlier report that ChIP-seq generate false-
positive peaks in highly accessible, transcriptionally active chromatin region (56 260 %).
Intersection analyses with deepTools show that 4.1% of SATB1 standard ChIP-seq peaks obtained
from our experiments are false-positive peaks (based on average of two standard KO ChIP-seq
samples) (supplementary Table 32 and 4(@). Besides those KO peaks that overlapped with WT
peaks, there were several thousands of KO-specific peaks generated by standard ChIP-seq in our
study. In contrast, SATB1 urea ChIP-seq had no false-positive peaks (0.0%). Also, only ~100 KO-
specific peaks (not overlapping with WT peaks) were detected (average of two samples) compared
to ~40,000 total WT peaks from SATB1 urea ChIP-seq (supplementary Table 3™ and 4@).
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Therefore, validation using knockout cells is critical to distinguish real peaks that depend on
SATB1 from SATB1-independent phantom peaks derived from the standard ChIP-seq method. The
percentages of phantom peaks in standard ChIP-seq likely depend on the specificity of antibodies
used and the condition of sample preparation.

After validation with SATB1-KO cells, we conclude that many SATBI1 sites detected from standard
ChIP-seq are bound by SATB1, but most likely through indirect binding, as these peaks are not
detected by urea ChIP-seq, which removes any indirect binding proteins by urea
ultracentrifugation. SATB1 proteins are found in high salt-resistant fraction as well as salt-
extracted fraction(40 ). Thus, it is possible that soluble SATB1 may associate with “open”

reported (Figure 4@). In addition, these genes are known to be regulated by SATB1 in thymocytes
and are thus excellent candidate regions to investigate how SATB1 is regulating chromatin and
gene expression. By either direct urea-ChIP or standard ChIP, we found SATB1-bound sites within
all three loci (Rag1/2, Foxp3, and Runx3) to be SATB1-dependent. These sites were detected only in
WT (Figure 42, track 3) but not in SATB1 KO-thymocytes (Figure 42, tracks 7 and 9 for Rag/Rag2
and Runx3, and tracks 9 and 11 for Foxp3). In these regions, input sample (without antibodies) had
no peaks (Figure 4@, tracks 8 and 10 for Ragl/Rag2 and Runx 3, and tracks 10 and 12 for Foxp3).
For the Ragl and Rag2 loci, SATB1 has been shown by standard ChIP-seq to bind the anti-silencer
element (ASE) and this binding is thought to counteract the activity of an intergenic silencer, thus
(Treg) in the thymus, SATB1 expression in Treg precursor cells is essential for the future
establishment of a Treg cell-specific super-enhancers at the Foxp3 locus in Treg cells (47 33). Thus,
thymocyte precursor-specific SATB1 deficiency, using Satb cD4-cre mice but not Satb2/V/1
Foxp3-cre mice, impairs Treg super-enhancer activation and expression of Foxp3(47 (). Impaired
Treg cell development results in autoimmune disease (46 2, 47 (3, 66 3, 67 (). Finally, SATB1 is
also essential for generation of CD4" and CD8" T cells and NKT cells (46 ). In response to T cell
receptor signaling by MHC class I and II, SATB1 regulates enhancer function in gene loci encoding
lineage-specifying factors (e.g. Runx3) and directs lineage-specific transcriptional programs in the
thymus (46 (). Strikingly, in these three regions, SATB1-bound BURSs, as detected by urea ChIP-seq,
are found infrequently, and appear as isolated single peaks within 30-50kb regions. Such SATB1-
bound BUR sites are located close to, but not overlapping with the cluster of enhancers marked by
H3K27ac and H3Kme1l modifications. These SATB1-bound BUR sites reside within 3kb of the
nearest putative SATB1-bound enhancers (detected by standard ChIP-seq) for the Ragl/Rag2 and
Runx3 loci as well as from the super-enhancer that becomes established at the Foxp3 loci in
matured Treg cells. Results from these three loci show that, while the SATB1-bound peaks
generated by urea ChIP and standard ChIP-seq did not overlap, they were nonetheless proximal to
each other, and both were SATB1 dependent. The two distinct ChIP-seq protocols are likely
detecting two different modes of DNA binding for SATBI1 i.e., direct binding to BURs and indirect

binding to open chromatin regions.

Long-distance chromatin interactions

involving a BUR depend on SATB1

We explored whether there is any relationship between SATB1-bound BURs detected by urea-ChIP-
seq and SATB1-bound sites in the open chromatin region detected by standard ChIP-seq. We
hypothesized that chromatin architecture formed by direct binding of SATB1 to BURs may recruit
open chromatin regions by indirect association with their chromatin-bound protein complexes by
SATBI. If so, such interactions would necessarily be dependent on SATB1, and they might be
correlated to gene expression. To address these questions, we studied a gene-rich region in
chromosome 2 that contains the Rag1 and Rag2 genes whose expression is SATB1 dependent
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Figure 4.

SATB1-bound sites identified by standard ChIP-seq at regulatory regions are SATB1 dependent.

SATB1-binding profiles in immature thymocytes determined by urea ChIP-seq (Urea) and standard ChIP-seq (Std) covering
three loci at Rag1/Rag2 (top) Foxp3 (middle), and Runx3 (bottom) are shown. For each of the three loci, the standard SATB1
ChIP-seq generates peaks in Satb1*/* (WT) thymocytes (track 3), but not in Satb17!~ (KO) thymocytes (tracks 9 for Rag 1/2 and
Runx3, and tracks 11 for Foxp3). Input chromatin for standard ChIP-seq in these regions did not produce any major peaks
(track 10 in Rag1/Rag2 and Runx3, and track 12 in Foxp3). The SATB1 peaks from standard ChIP-seq in Rag7/Rag2 and Runx3
loci largely overlap with enhancers (marked by H3K4me1 and H3K27ac). At the Foxp3 locus in immature thymocytes SATB1
peaks (track 3) appear in a region marked by low levels of H3K27ac and H3Kme1 (tracks 4 and 5) where super-enhancer is

2) are consistently located in distinct positions from those peaks"gt.)“t.éined by standard ChIP-seq in these gene loci. Urea ChIP-
seq did not generate peaks in KO thymocytes with anti-SATB1 antibody. Input chromatin also did not produce any peaks.
H3K27ac and H3Kme1 data (tracks 4 and 5) are from Encode, generated by Bing Ren'’s laboratory at LICR, and data for Treg
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single, strong peak (Figure 4 (2, top track2, and 5, top) as the viewpoint or bait (BUR-1). The BUR-1
primer sequence is located near the border between the 3.9 Mb gene-desert region and the 5.8Mb
gene rich region on chromosome 2 where the major BUR bound to SATB1 is located. BUR-1 resides
1.4 kb away from the ASE (Figure 42, top, track2), which is essential for proper Ragl and Rag2
expression in double-positive thymocytes and for differentiation of single-positive
thymocytes(68 =2).

To study interactions from the SATB1-bound BUR, we performed 4C-seq using urea purified
chromatin (urea 4C-seq, one-to-all) to better access and capture BUR-mediated interactions, which
are expected to emanate from the highly inaccessible nuclear substructure. In our urea 4C-seq, we
used HindlIII for initial digestion. The 6-base cutter, HindIIl, was used instead of a 4-base cutter like
DpnlI (frequently used for 4C-seq), because multiple DpnlI sites are often found within individual
SATB1-bound BURs, thus producing small fragments, likely disrupting SATB1-binding to BURs. The
“BUR-1” bait region at a SATB1-bound BUR is designed at the end of the HindIII fragment, which is
adjacent to the HindIII fragment containing ASE. We examined interaction events from the
fragment containing BUR-1 and its interaction sites were mapped on the genome for visualization.

While urea purification removes indirectly associated protein and thus may reduce some
chromatin interactions, we speculated that the overall 3D chromatin structure of fixed chromatin
will still retain its proximity events, especially in the environment of chromatin which is strongly
anchored to the nuclear substructure (as we predicted for SATB1 scaffold anchoring at BURS) to
enable detection in urea 4C-seq. In the ChIP-seq protocol (in general), we expect that in the
absence of a ligation step as is routinely done in 4C protocols (as described below), subsequent
steps for ChIP-seq (sonication, stringent washes of immunoprecipitated fragments, etc) results in
dissociation of interacting fragments. We carried out urea 4C-seq experiments to test if we could
indeed detect such strong SATB1-mediated 3D interactions. Briefly, for urea 4C-seq (outlined in
Figure 5—supplementary figure 1), crosslinked chromatin purified by urea ultracentrifugation
is first digested with a restriction enzyme (HindIII). Digestion is followed by ligation of chromatin
fragments whose physically proximity status in 3D space was fixed at the time of formaldehyde
crosslinking. After these steps, DNA was purified. Beyond this point urea-4C-seq differs from the
commonly used 4C-seq called circular chromosome conformation capture (referred to here as
circular 4C-seq)(69 2 -74 ). In circular 4C-seq, ligated DNA fragments are circularized after
second restriction enzyme digestion before PCR amplification. In contrast, in urea 4C-seq a single
strand DNA capture strategy was used to isolate a specific pool of single strand DNA, each
containing a ligation-captured DNA fragment surrounded by the bait fragment and the DNA linker
(see details in Figure 5—supplementary figure 12 legend and Materials and Methods). The
captured DNA sequences in the single strand DNA were PCR amplified using a primer from the
bait sequence and another primer from the DNA linker, thus avoiding amplification of any non-
specific DNA fragments. This was confirmed by the lack of PCR products using either primer alone
(data not shown). This critical step results in highly specific signals with very low background
signals. The high signal-to-noise ratio in urea 4C-seq contrasts with uniform and strong genome-
wide background signals typically seen with circular 4C-seq, which are thought to reflect random
chromatin interaction events. Some non-interacting sequences could also be trapped at the
circulization step, and even if such incidence is rare, would result in background signals upon PCR
amplification. Because the background signals for urea 4C-seq are extremely low in contrast to
circular 4C-seq, the visual appearances of the interacting profiles from the two methods are
greatly different. Nevertheless, urea 4C-seq detects large-scale interactions involving BURs that are
strictly dependent on SATB1 as described below.

In wild-type thymocytes, we detected BUR-1 making extensive long-distance interactions covering
most of the ~5.8Mb adjacent gene-rich region (Figure 5A ). Interestingly, BUR-1 interactions are
found to be scarce over the gene-desert region upstream of BUR-1, despite the presence of many
SATB1-bound BURs in this region (Figure 5A2, top track for urea SATB1 ChIP-seq, Figure 5—
supplementary figure 2(%). Though 4C-seq can detect both up- and downstream interactions
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from a chosen single bait site, we observed heavily direction-biased interactions of BUR-1 with the
gene-rich region, perhaps indicative of its involvement in gene regulation. BUR-1 interactions
were found particularly concentrated over the ~3 megabase (Mb) gene-rich region, containing
SATB1-dependent Ragl and Rag2 genes. These dense and strong interaction signals must not be
due to their spatial proximity from the bait because similar dense interactions were not detected
with the SATB1-KO cells. In fact, most of the BUR-1 interactions were absent in SATB1-KO cells
(Figure 5A (2, track KO-BUR1), indicating that SATB1 is required for the numerous long-distance
interactions over the gene-rich region. We also validated these interactions using a second bait
(BUR-2) as an experimental control as BUR-1 interacts with the HindIII fragment containing BUR-2,
located in the second intron of B230118H07Rik gene (see Figure 5B 2 for specific location). This
fragment contains two strong BUR peaks. Although somewhat weakly, SATB1 binds to one of these
BURs. Hence, urea 4C-seq using BUR-2 serves as a reciprocal experiment of BUR-1 to validate
reproducibility of the BUR-1 interaction profile. By comparing with the Hi-C heatmap in this 5.8Mb
region we found that BUR-1 interactions traverse multiple TADs and are not constrained by any
specific TADs (Figure 5—supplementary figure 2 @), further supporting the CTCF independent
nature of these SATB1-mediated interactions. Within this gene rich region, numerous interactions
from BUR-1 were detected within DNase 1 HS containing enhancers marked by H3K27ac and
H3Kme1l modifications. Therefore, dense chromatin looping events involving these SATB1-bound
BURs indicate a highly interactive chromatin architecture for the gene-rich region, bringing
together many gene regulatory sequences into proximity. We further examined a wider region
covering >44Mb that includes distal neighboring gene-rich regions (Figure 52 and Figure 5—
supplementary figure 3A(@ and 3B (@). Although interaction frequencies were lower than that
within the first ~5.8Mb gene-rich region, we detected BUR-1 interactions with further distal gene-
rich region coinciding with enhancer-rich DNase 1 HS regions, where clusters of SATB1 binding
sites were detected by standard ChIP-seq, skipping over gene-poor regions and a gene-rich region
containing transcriptionally silent olfactory receptor genes.

A zoomed-in view (chr2:101,308,846-101,599,827; 291Kb) of BUR-1 interactions confirmed a
marked difference in BUR-1 interactions (~200Kb) over the Ragl and Rag 2 loci between wild-type
and Satb1™/ “thymocytes, confirming BUR-1 interactions require SATB1 (Figure 5B (7). In addition
to many BUR-1 interacting chromatin fragments close to or containing enhancers (marked by
H3K27ac and H3Kme1), some of these fragments contain additional BUR sites, including BUR-2
adjacent to enhancer(s) (Figure 5B, gray shaded with red stars). BUR-2 interacted heavily over
the Ragl and Rag2 loci in wild-type thymocytes and well reproduced the interactions observed
with BUR-1, consistent with the larger region (Figure 5A @), suggesting that both BUR-1 and BUR-2
are part of the common interaction network that requires SATB1. Concerning the correlation of
chromatin interactions and gene expression, among 43 genes identified with official gene symbols
mapped in the 5.8Mb gene rich region, 8 genes display various levels of SATB1-dependent
expression (p<0.05) (54 ). These genes were either up or downregulated upon SATB1 deletion in
thymocytes based on RNA-seq data (Figure 5-supplementary figure 4%), and Ragl and Rag2
were most strongly downregulated by SATB1 depletion in this region. Collectively, these data
suggest a strong correlation between SATB1-dependent gene expression and extensive looping
events over long distance linking SATB1-bound BURs and regulatory regions in the open
chromatin regions. Therefore, SATB1 function on chromatin is not limited to merely connecting a
specific target gene locus with nearby enhancers and promoters within TADs. Instead, SATB1
appears to form a large interaction network covering the entire gene-rich regions.

SATB1 binds BURs in a cell-type dependent manner

We next examined whether SATB1 binds different subsets of BURs depending on cell type, by
studying SATB1-binding profiles in three different types of mouse tissues- thymus, frontal cortex
and skin - that contain SATB1-expressing cells. SATB1 expression is primarily restricted to adult
progenitor cells, such as thymocytes and in basal layer of epidermis. SATB1 is also expressed in
differentiated neurons in specific brain subregions (e.g. frontal cortex and amygdala). We
compared UCSC browser images of two selected regions, a ~2.4 Mb region in chromosome 6
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Figure 5.

SATB1 mediates dense chromatin interactions over Rag7/2-containing gene-rich region.

A) Chromatin interactions detected by urea 4C-seq using a SATB1-bound BUR (BUR-1) and another site (BUR-2) as baits.
These baits are located near the border of a gene-poor region and a gene-rich region containing SATB1-regulated Rag7 and
Rag2 genes (pink vertical bar with arrowhead). BUR-2 was found to be one of the interacting sites of BUR-1. Therefore, it was
used as a reciprocal control for BUR-1 to check the reproducibility of BUR-1 interactions. We used Sath1** (WT) and Satb1™~
(KO) thymocytes from 2 weeks old mice for urea 4C-seq. BUR-1 and BUR-2 interacts with many sites within the ~5.8Mb gene-
rich region, containing Rag1 and Rag2 (tracks WT-BUR1 and WT-BUR?2). These interactions were greatly reduced upon SATB1
deletion (track KO-BURT1). B) A zoom-out view, focusing on the Rag? and Rag2 region, shows that BUR-1 interacts extensively
over this region in WT thymocytes. Such interactions were virtually diminished in the absence of SATB1. The pink vertical bars
with arrowheads indicate the positions of the BUR-1 and BUR-2 bait primers. Each of these primer sequences is located at the
end of the HindIII fragment containing the primer. These HindIII fragments are indicated by pink bars adjacent to pink
arrowheads pointing primer positions. The map of HindllI fragments is shown for interacting regions (track HindIII sites).
BURs bound by SATB1 (confirmed by SATB1 urea ChIP-seq peaks and BUR reference) found within those HindllI fragments
that interact with BUR-1 or BUR-2 are marked by small red stars and these HindIII fragments are light gray shaded. Note:
Reads to the HindIII fragment immediately adjacent to each of the bait primers (BUR-1 and BURs) were removed as they
comprised more than 2% of the total reads, typically derived from re-ligation of digested chromatin fragments to their
original neighboring sequences and/or from a small undigested chromatin fraction.

Yoshinori Kohwi et al., 2025 eLife. https://doi.org/10.7554/eLife.105915.1

15 of 56


https://doi.org/10.7554/eLife.105915.1
https://doi.org/10.7554/eLife.105915.1

7 eLife

containing the Cd4 locus expressed in thymocytes (Figure 6A ) and a 406kb region in
chromosome 5 containing Gabra2 and Gabrg1 loci expressed in the mammalian brain (Figure

6B ). BURs were most frequently bound by SATB1 in brain compared to thymocytes, and the least
frequently bound in skin. Whereas SATB1-bound BURs show cell-type dependency, CTCF binding
sites that largely coincide with DNasel HS were largely similar between these three types of cells
(Figure 6A(2).

We analyzed whether BURs are targeted by SATB1 depending on cell type. Consistent with the cell-
type specific function of SATB1, we observed cell-type dependent differences in BUR occupancy by
SATB1. For all three types of cells, high percentages of urea ChIP-seq peaks (close to 80%,
supplementary Table 1) correspond to BURs, as revealed by peak intersection studies using
deepTools (75%) and comparing to the BUR reference map (Figure 6C (2, supplementary Table
12). Despite similar total aligned sequence reads in urea ChIP-seq, the number of SATB1-bound
BUR peaks greatly differed between cell types (supplementary Table 2(Z). Among 238,380
mapped BURs (q<0.01), the percentage of SATB1-bound BURs in skin, thymocytes, and brain were
3.7%, 13.5% and 35.0% (based on average of two replicas/cell type), respectively (Figure 6D % and
supplementary Table 1@). These results indicate that frequency of BURs targeted by SATB1 in
vivo can vary more than 10-fold depending on cell type. Interestingly, while the number of BURs
bound by SATB1 greatly differs between cell types, the majority (83.9%) of BURs targeted by SATB1
in skin were bound to SATB1 in thymocytes, and nearly all (91.6%) SATB1-bound BURs in
thymocytes were bound to SATB1 in brain. Therefore, each cell type has an overlapping set of
SATB1-bound BURs in common, with increasing/decreasing numbers of sites depending on cell
type, rather than distinct subsets. Despite the highest BUR occupancy by SATB1 was observed in
the brain, this is not due to the brain expressing the highest levels of SATB1 protein. In fact, the
thymus expresses by far the highest levels of SATB1, which comprises ~0.3% of the total protein
(76 @).

BURs are enriched in LADs

LADs are large mostly heterochromatic domains in close contact with the nuclear lamina and are
known to be enriched in AT-rich sequences (77 ). Although AT-rich sequences are not necessarily
BURs, BURs have a minimum of 65% AT content (many of them have a higher AT content) with the
ATC sequence context with an exceptionally strong unwinding propensity (41 2). We therefore
asked whether and to what extent any of the ~240,000 BURs identified in the genome overlap with
LADs. We first visually compared the distribution of all potential BURs with LADs mapped by
lamin B1-mediated adenine methyltransferase identification (Dam ID) and noted some correlation
of BURs and LADs. As an example, the 9 Mb region in chromosome 5 containing the neuronal gene
cluster locus that encodes subunits of GABA receptor complex (Gabrg1, and Gabral, Gabas,
Gabrb2) has a BUR-enriched region coinciding closely with LAD organization (Figure 7A%). We
checked if this LAD-BUR overlap is not restricted to this specific region by examining a larger view
of a randomly chosen region covering 47.4 Mb in chromosome 3 (Figure 7—supplementary figure
1@). In this region CTCF-binding sites, DNasel HS, and standard SATB1 ChIP-seq peaks all
converge in the gene-rich inter-LAD regions, whereas LADs largely overlap with SATB1 urea ChIP-

seq peaks and BUR distributions.

We then examined the relationship between BUR and LAD distribution at the genome-wide scale.
We compared the genomic proximity to lamin B1 (as measured by Dam ID), SATB1-bound genomic
sites (from standard ChIP-seq), SATB1-bound BURs (from urea ChIP-seq) over LADs and flanking
regions (+/- 10% outside of the LADs). We found that the genome-wide distribution of LADs
coincides with the majority of SATB1-bound BURs, but it is mutually exclusive with SATB1-bound
genomic sites that are mapped by standard ChIP-seq, which avoid LADs (Figure 7B2). In
agreement with the result shown in Figure2A, CTCF-bound sites mapped by urea-ChIP-seq coincide
with those mapped by standard ChIP-seq and are found at LAD borders and inter-LAD regions, as

of potential BURs from the BUR reference map as well as directly SATB1-bound BURs overlap with
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Figure 6.

chr6:123,650,619-126,002,318

SATB1 binds to BURs in a cell-type dependent manner.

A) SATB1-binding profiles in a ~2.4 Mb region in chromosome 6 containing Cd4 in a gene-rich region from standard ChIP-seq
(Std) (track 2) and urea ChIP-seq (Urea) (tracks 3-8). Urea ChIP-seq-derived SATB1 profiles in thymocytes (track 3), brain (track
4) and skin (track 5) show difference in peak numbers depending on cell type (see supplementary Table 1 and 22 ). This
contrasts with mostly identical CTCF patterns in these cell types (tracks 11-13). B) SATB1-binding profiles in a 406kb region in
chromosome 5 containing Gabra2 and Gabrg1, highly expressed in brain, also shows much increased BUR binding in brain,
compared to thymocytes and skin similar to A). In this region, there is no SATB1-binding site detected by standard ChIP-seq
(track 2), and CTCF binding sites are mostly absent (track 9). C) Percentages of SATB1 urea-ChIP-seq peaks in skin, thymocytes
and brain intersecting with the BUR reference map, indicating that the majority of the peaks are BURs (supplementary Table
13@). D) The percentage of BURs among all BURs identified in the BUR reference map that intersected with urea SATB1 ChIP-
seq peaks identified in skin, thymocytes and brain. DNase1 HS data are from ENCODE (UW), the CTCF-binding profile and

H3K27ac data from standard ChIP-seq are from ENCODE (LICR).
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Figure 7.

BURs largely co-map with LADs

SATB1-binding sites derived from urea-ChIP-seq (Urea) (track 3 and 4) over a 8.97 Mb region in chromosome 5 containing
neuronal genes, Gabrg1, Gabra2, Gabra4, and Gabrb1. In this region, co-mapping of BURs and Lamin B1-DAM-ID regions is
confirmed. Among BURs, SATB1-bound BURs derived from urea ChIP-seq (Urea) show difference in the number of peaks
depending on cell type (see supplementary Table 12 and 22 ). SATB1-binding sites derived from urea ChIP-seq avoid
CTCF-binding sites, H3Kme1, H3K27ac sites (from Encode LICR). B) Average Lamin B1 DamID signal (black dotted), standard
ChIP signal for SATB1 (black) and urea ChIP for SATB1 (blue) signal over LADs and flanking regions (interLAD sized at10% of
adjacent LAD). C) Average Lamin B1 DamID signal (dotted black), BUR signal (red), and urea ChIP for CTCF (orange) signal
over LADs (gray shaded) and flanking regions (interLAD sized at 10% of adjacent LAD). D) Average BUR signal (red), urea ChIP
for SATB1 (blue) signal, Lamin B1 DamID (black, dotted), H3K4me1 (light green) and H3K27ac (light orange) signals over a +/-
3kb window centered at H3K4me1 peaks within LADs (LADs are gray shaded and DiPC that reside inside large LADs are
unshaded, see text). E) Average BUR signal (red), urea ChIP for SATB1 (blue) signal, H3K4me1 (light green) and H3K27ac (light
orange) signals over a +/- 3kb window centered at H3K4me1 peaks outside LADs. Relative distance, projection, and Jaccard
tests all indicate strong correlation (p< 0.05) between urea ChIP-seq peaks for SATB1 and LADs, between BURs and LADs, but
no overlap (p<0.05) between urea ChIP-seq SATB1 and H3K27ac and H3K4me3 peaks. The results in B to E represent
normalized average intensities of signals.
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LADs (Figure 7B and C(%), whereas CTCF-binding sites avoid LAD-BUR regions and are confined to
inter-LADs and LAD boundaries (Figure 7C2). We conclude that, at the genome-wide scale, the
majority of BURs overlap with LADs, suggesting that BURs represent as an important sequence
component of LADs, some of which are specifically targeted by SATB1. This agrees with earlier
findings that LADs are enriched in AT sequences as many BURs are AT-rich (>65% AT) and further
identifies LADS as specifically enriched in BURs.

Within larger LAD domains identified, there are smaller regions (<10kb) that display localized
the hallmarks of poised or active promoters or enhancers and are flanked by CTCF and cohesin.
Thus, these small regions embedded in larger LADs, are akin to small inter-LADs that are
constrained at the lamina due to their short lengths. Given that SATB1 has been shown to have
both repressive and activator functions in genome regulation, we next asked if SATB1 binds BURs
in these active regions within LADs. We examined the distribution of average signals of SATB1-
bound BURs relative to enhancers within LADs marked by H3K4me1l and H3K27ac modifications
over a +/- 3kb window centered at H3K4me1 peaks. The peaks of enhancer histone marks
(H3K27ac and H3K4me1) corresponded to minimum occupancies of SATB1 within LADs and also
excluded BURs, indicating that enhancers are largely excluded from BURs and SATB1-directly
bound BURs within LADs (Figure 7D @). We also examined SATB1-bound BURs outside LADs
(inter-LADs) as well. Although less-densely distributed compared to LADs, SATB1-bound BURs are
detected in inter-LAD regions enriched in actively transcribed genes. SATB1-bound BUR
distribution in representative inter-LADs containing Rag1/Rag2, Foxp3, and Runx3 relative to
nearby LADs are shown (Figure 7—supplementary figure 2(2). Genome-wide analyses showed
that in inter-LAD regions, SATB1-bound BURs are generally excluding the peaks of enhancers
marked by H3K4me1l and H3K27ac (Figure 7E ). Although the positions are not precisely
coincident, ~10% of SATB1-bound BURSs in inter-LADs are located close (within +/- 5kb) to the
peaks of H3K4me1l or H3K27ac. We also examined the distribution of BUR-1 or BUR-2 interactions
relative to LADs. These SATB1-mediated interactions were found to be well constrained within
inter-LADs enriched in histone marks for enhancers (Figure 7—supplementary figure 3@).

Discussion

Here we used a systematic approach to compare and interrogate the chromatin binding profiles of
a genome organizing protein SATB1 detected by two alternative ChIP-seq approaches. Critically, by
establishing a urea purification-based ChIP-seq method that detects direct DNA-binding sites of
nuclear proteins, we found that SATB1 directly binds BURs genome-wide in stark contrast to
previously identified enhancers and promoters in the open chromatin by standard ChIP-seq. Our
results revealed that the two distinct DNA-binding profiles for SATB1, produced by either direct or
indirect binding, are both real and that SATB1 is required for megabase-level interactions,
connecting BURs to open chromatin associated with cell-type specific gene expression regulated by
SATB1 in thymocytes.

By urea ChIP-seq that uses stringently purified crosslinked chromatin to map DNA binding profiles
of SATB1, we found a new type of chromatin organization formed by direct binding of SATB1 with
BURSs, genomic elements distributed across the mouse genome. This SATB1-mediated chromatin
organization contrasts with the previous held notion generated by the standard ChIP-seq that
SATB1 mainly interacts with enhancers and promoters located within the “open chromatin”
regions. SATB1-binding sites generated by standard ChIP-seq or CUT&Tag co-map with CTCF-
binding sites and regulatory sequences (enhancers marked by H3K27ac and H3Kme1) within
DNasel HS (53 2 -55 (). However, SATB1’s direct binding sites identified by urea ChIP-seq
consistently avoids these regions in “open chromatin”. These SATB1 binding sites were mutually
exclusive and less than 1% of SATB1 peaks from standard ChIP-seq were found in urea ChIP-seq
(supplementary Table 1@). This striking difference in SATB1-binding profiles is due to the
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differences in the ChIP-seq protocols used. Standard ChIP-seq protocols use crosslinked whole cells
or nuclei without purification of crosslinked chromatin, and immunoprecipitation is typically
performed with the spun-down fraction of sonicated crosslinked chromatin, removing most of the
insoluble debris. We envision that SATB1 bound to inaccessible nuclear regions may be lost in the
insoluble fraction, while SATB1 bound to open chromatin regions, albeit indirectly, may become
the predominantly captured fraction that is amplified during PCR-based library preparations.
Thus, SATB1 directly bound to BURs in the high-salt extraction resistant nuclear substructure is
likely missed by standard ChIP-seq (532, 54(3) and by CUT&Tag (552 ), which is also known to
preferentially detect protein interactions in open chromatin regions. In contrast, in urea ChIP-seq,
whole, intact crosslinked chromatin is purified through urea ultracentrifugation, first removing all
indirectly bound proteins from chromatin. Subsequently, the entire urea-purified crosslinked

associated with nuclear substructures, which are typically discarded in the insoluble fractions in
standard ChIP-seq, are retained as whole intact crosslinked genomic DNA in urea ChIP-seq.
Therefore, all chromatin binding profiles can be obtained, regardless of the original chromatin
state (i.e. no bias toward open chromatin). Thus, urea ChIP-seq is uniquely suited to detect SATB1’s
direct binding sites genome wide. This is not the case for non-BUR-binding proteins (e.g. CTCF and
PRC2 core subunits) and urea ChIP-seq generate identical DNA binding profiles as standard ChIP-
seq.

CTCF is a widely studied chromatin organizer. Results obtained using urea-purified crosslinked
chromatin show no relationship between CTCF and SATB1. Several pieces of evidence support this
conclusion. First, genome-wide CTCF-binding profiles and Hi-C profiles remained largely unaltered
Second, by urea ChIP-seq, SATB1:BUR binding sites precisely exclude CTCF-binding sites, which
contrasts with recent findings that SATB1 and CTCF-binding profiles overlap by standard ChIP-
seq(54 (2, 55 @) or by CUT&Tag (55 %).Third, chromatin interactions (>5.7Mb) from a SATB1-
bound BUR are not constrained to individual TADs but span multiple TADs. Fourth, by urea ChIP-
Western, SATB1 does not interact with CTCF or cohesin on chromatin. Therefore, chromatin
organization mediated by SATB1 through direct binding to BURs is distinct from that mediated by
CTCF and cohesin.

We also identify BURs as genomic elements enriched in LADs located proximal to the nuclear
lamina. LADs and LAD borders have critical roles in gene regulation (e.g. the Tcrb locus) (22,

characterized. BURs are not simply any AT-rich sequence, but rather, are characterized by a
specific ATC sequence context that is specifically targeted by SATB1 having a role in cell-type
specific gene expression(41 ). Thus, discovering BUR enrichment in LADs uncovers mechanistic
insights into the biological function of LADs in gene regulation. Although LADs form
heterochromatin proximal to the nuclear envelope, some LAD organization is dynamic. For
instance, during differentiation of mouse cells, hundreds of genes display dynamic intranuclear
spatial repositioning relative to the nuclear lamina (82(2). Some LAD regions dynamically contact
the nuclear lamina, and gene movement in and out of the nuclear periphery in a circadian rhythm
has been reported (83 %). Recently, relocation of the hunchback gene in Drosophila neuroblasts to
nuclear lamina has been shown to require polycomb proteins binding to a specific intronic
element of the gene locus. This process is important for heritable gene silencing to regulate

neuroblast competence (84 (7). The organization of genomic DNA at the lamina has been linked to

from the lamina, little information is available concerning in vivo mechanisms specifying which
regions within LADs could be targeted for de-localization and subsequent cell-type specific gene
activation. The SATB1 protein network is found mostly in the nuclear interior of thymocytes where
many individually cloned BURs have been detected by DNA-FISH. Among such interiorly localized
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BURs, a BUR 5’ of Myc was confirmed to co-localize with SATB1 by immunoDNA-FISH in
thymocytes (39 @, 40 ). Interaction of select BURs with SATB1 may, thus, provide a mechanism
by which a subset of genes (e.g. Gabrgl and Gabra2 in neurons, Figure 7A@ ) within LADs can be
re-localized to the nuclear interior. A closer look at immunostaining profiles of SATB1 distribution
in thymocyte nuclei, however, shows that a small reproducible fraction of SATB1 resides in the
peripheral zone of nuclei and in some cells the tip of the SATB1 network extends to and touches
within LADs at the nuclear periphery. In addition to LADs, we note that inter-LAD regions also
contain BURs, albeit at a considerably lower density compared to LADs. Some of these BURs are
directly SATB1 bound and located near enhancers. As we show for an inter-LAD containing the
Ragl/Rag2 locus, for instance, we speculate that these BURs in inter-LADs, enriched in actively
transcribing genes, may be important for cell-type specific gene regulation. Given the unique
network-like distribution of SATB1, we envision that some transcriptionally active gene loci in the
inter-LADs are pinned down to the SATB1 nuclear architecture via SATB1 binding to BURs. How
the subset of BURs that interact with SATB1 are determined, and how SATB1 regulates gene
expression in the nuclear interior or the periphery, and ultimately, how these interactions are
regulated in distinct SATB1-expressing cell types are important topics for future research.

It is of interest that the number of BURs targeted by SATB1 greatly varies depending on cell type,
where neurons have by far the greatest number of BURs captured by SATB1. This may reflect the
level of plasticity for gene transcription or number of genes that must be dynamically regulated in
each cell type in which SATB1 is expressed. There is growing evidence supporting the critical roles
of chromatin topology and nuclear architecture in neuronal response to external stimuli to
establish precise expression program associated with cognition (91 ). In fact, SATB1 has roles in

exceptionally large number of BURs directly interacting with SATB1 in cortical neurons may
reflect specialized function of neurons that might require highly dynamic transcriptional
regulation to enable rapid response to a wide variety of environmental stimuli.

Besides BURs, SATB1 may also bind to other genomic loci as suggested by standard ChIP-seq.
Standard ChIP-seq is known to generate “phantom” or false-positive peaks (56 3—60 (7). Although
we detected such peaks using SATB1-KO cells by standard ChIP-seq (Table 3 and 4), under our
experimental condition, we confirmed that the majority of SATB1-binding peaks are SATB1-
dependent. Importantly, these SATB1 peaks from standard ChIP-seq were essentially undetected by
urea ChIP-seq. Therefore, it is likely that SATB1 indirectly binds to these sites by associating with
nuclear proteins bound to their target sites in open chromatin. SATB1 is equipped with domains
responsible for specific binding to BURs (93(2-96 (Z) as well as for associating with and recruiting
chromatin binding proteins to specific genomic sites (e.g. CHRAC and ACF1 nucleosome mobilizing
complex subunits, Brgl, p300, Hdac1, Gata3, Stat6, c-Maf, Pit1, etc) (393, 42 (2, 443, 502, 97 2 -
101 ). Therefore, we anticipate that SATB1 binds indirectly and dynamically to regulatory

regions in open chromatin by associating with many chromatin-modifying and transcription
factors to form protein complexes to support tissue-specific gene expression.

Considering that the two contrasting SATB1-binding profiles are both real, an important question
emerges as to whether there is a functional or structural link between the two chromatin regions.
We conceive that SATB1 might have a role in bringing together chromatin structure formed by
BURSs tightly bound to nuclear substructure and a highly accessible “open” chromatin enriched in
transcription related proteins. Our urea 4C-seq results suggest that these two regions are
connected via SATB1-mediated interactions involving BURs. The ligation step in urea 4C-seq
enabled us to capture chromatin sites that were in close spatial proximity to the bait site (e.g. a
BUR) at the time of crosslinking. Apparently, 3D structure fixed by formaldehyde retained
sufficient chromatin proximity after urea purification to enable capture of BUR-interacting
fragments. The urea 4C-seq revealed that a SATB1-bound BUR site (BUR-1 as a bait), located at the
border of a gene desert and a gene-rich region containing SATB1-regulated genes (Rag 1 and Rag?2),
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interacts extensively over a 5.8Mb gene-rich region with many gene loci, such as enhancers,
promoters, BURs and intergenic regions. Such ultra-long-distance interactions from BUR-1
predominantly cover the entire 5.8Mb gene-rich region, mostly avoiding the gene desert region.

The SATB1-mediated chromatin interactions from BUR-1 and BUR-2 (validation control) as baits,
covering the 5.8Mb Ragl/Rag2-containing gene-rich region, are tightly linked to SATB1-dependent
expression of eight genes including Ragl and Rag2 (P<0.05) out of 43 genes in this region in
thymocytes. BUR-1 further interacts with far distal gene-rich regions in cis in chromosome 2
(>44Mb), skipping interstitial gene desert regions in a SATB1-dependent manner, albeit through
weaker interactions (Figure 5—supplementary figure 3(2). These chromatin interactions are at a
much greater scale than those previously observed, such as T helper 2 cell activation induced
dense chromatin looping in the 200kb cytokine gene cluster, including several BURs and
regulatory regions, tightly linked to activation of the cytokine genes (42 %) and interactions at the
subTAD levels (or <~500Kb) between specific enhancers or enhancers to promoters in thymocytes
(53 @ -55%). Combining results from SATB1-binding profiles derived from urea ChIP-seq and
standard ChIP-seq as well as urea 4C-seq, a model is illustrated how the two chromatin regions
might interact depending on SATB1 (Figure 8 ). In this model, the stable SATB1 binding to BURs
in the inaccessible nuclear substructure forms a foundational chromatin scaffold and SATB1
tethers highly accessible “open” chromatin regions to this scaffold by binding to regulatory protein
complexes. We anticipate that the latter interactions to be dynamic and form the highly interacting
chromatin architecture over gene-rich inter-LADs, bringing regulatory sequences in close
vicinities. Both components of SATB1-mediated chromatin organization likely underlie regulation
of gene expression. SATB1 proteins may be heterogeneous with regards to protein mobility.
Consistent with the results that some SATB1 proteins can be extracted by high salt (40%), we
observed at least two groups of SATB1 proteins based on mobility, one essentially immobile and
the other with high mobility by fluorescence recovery after photobleaching (FRAP) assay in
thymocytes (our unpublished results). Future studies are required to understand how SATB1-
mediated 3D chromatin structure is formed. We need to examine the potential role of the soluble
(highly mobile) SATB1 proteins act as a bridge connecting the SATB1-bound BURs on the nuclear
substructure to “open” chromatin. Although the current study focused on SATB1 targeting select
BURs to form 3D chromatin structures in the inter-LADs, it is of great interest to study how SATB1
binding to BURs within LAD affects 3D chromatin structure. We observed specific RNA to remain
associated with crosslinked chromatin after urea purification (unpublished). Since RNA is known
to play an important role in the maintenance of 3D chromatin structure by acting as a scaffold to

RNA in SATB1-mediated chromatin organization.

Importantly, SATB1 is not the only BUR-binding protein, indicating the broader biological
significance of BURs as genomic elements. Although SATB1 confers by far the highest affinity to
BURs, several other nuclear factors (e.g. nucleolin, HMGI/Y, PARP1, Ku70/86 heterodimer) have also
been verified to directly and specifically bind BURSs in vitro (76 2, 104 3, 105 ). Recently, we
identified Tip5/Baz2a as an additional strong BUR-direct binding protein from mouse embryonic
stem cells (mESCs) that is essential for pluripotency (submitted for publication). Similar to SATB1,
this nuclear protein also binds specifically to BURs in mESCs, and identification of BURs as its
direct targets in mESCs requires urea ChIP-seq as well. Despite the identical BUR binding
specificity of SATB1 and this stem cell factor, these two proteins confer entirely different functions
in distinct cell types. Therefore, BURs may serve as core genomic marks that can be selectively
targeted by distinct BUR-binding proteins to form unique 3D chromatin regulatory network
depending on the BUR-binding protein for specific cell functions. BURs in the mammalian genome
may have similarities in function with the “tethering elements” in Drosophila (106 2,

proteins and were shown promote interactions of regulatory regions up to ~250kb within TADs to
regulate transcription of genes. Most recently, meta-loops constituting a meta-domain spanning
numerous TADs in CNS of Drosophila were reported (108 2, 109 2). Although meta-loops are
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Figure 8.

A model for SATB1-mediated chromatin organization
with direct and indirect binding of SATB1 with chromatin.

The model shown is based on the results from urea ChIP-seq showing direct binding of SATB1 to BURs and standard ChIP-seq
showing presumably indirect binding of SATB1 to gene-rich regions. In the inaccessible chromatin regions of nuclei, selected
BURs are tightly anchored to the SATB1 nuclear architecture that resists high salt extraction. Therefore, we speculate that
SATB1-BUR interactions are presumably stable, forming a chromatin scaffold. Such SATB1 chromatin scaffold further interacts
dynamically with active gene-rich regions through indirect binding to form functional chromatin complexes (or hubs) to

regulate gene expression. Future studies are required to determine the potential role of soluble SATB1 proteins in these
interaction events.
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similar in size with SATB1-mediated chromatin interactions, the CNS meta-loops have different
features. They are formed by transcription factors (e.g. CTCF and GAF), the half of them is
anchored at the TAD borders, and the metadomain boundaries are CTCF-bound. It appears that
clusters of very long chromatin looping events linked to gene expression may form by multiple
mechanisms across species. Future research on BUR-mediated genome organization regulated by
distinct BUR-binding proteins will likely provide more in-depth understanding about cell-type
specific mechanisms driving 3D chromatin architecture that contributes to major changes in gene
expression and cell phenotypes.

Materials and Methods

Experimental design

Primary cells

All animal studies were performed under Institutional Animal Care & Use Program at University
of California San Francisco for collecting brain and thymus and the Boston University for
collecting skin. Thymi were isolated from 2 weeks-old Satb1 ** and Satb1”/~ mice, as well as from
Satb1**:Cd4-cre and Satb1 F/F:Cd4-cre mice. Brain was isolated from 6-10 weeks-old Sath1*/* mice.
Thymocytes were prepared from thymi and cortex was excised from brain for this study. Skin was
isolated from postnatal day 0.5 of C57Bl/6 mice.

Antibodies

Antibodies used and for their purposes are the followings. CTCF for ChIP-seq: Active MOTIF (61311.
lot# 34614003), CTCF for Western: Millipore (07-729; lot#-3429114), RAD21 for ChIP-seq and
Western: ABclonal (A18850, lot# 3521809001), SATB1 for ChIP-seq and Western: rabbit polyclonal
1583 prepared by Kohwi-Shigematsu’s laboratory and Abcam (ab109122, lot#GR137720-13) and
Histone H3 for Western: Abcam(ab1791, 1otGR3236305-2).

Urea-purified chromatin immunoprecipitation and urea ChIP-seq

Thymocytes and single cell suspension prepared for cortex and skin were cross-linked with 1%
formaldehyde for 10 min at room temperature, followed by addition of glycine at 0.125 M for 5
min to quench cross-linking reaction. These cells were washed with 1X PBS, suspended in 1% BSA-
PBS and cells were precipitated in a tube. These cells were re-suspended in lysis buffer (4% SDS, 50
mM Tris-HCl [pH 8.0], 10 mM EDTA, 100 mM NaCl) with Protease inhibitor (Roche) and RNase
inhibitor. The resulting cell lysate was incubated for 30 min at room temperature and loaded on
top of 8 M urea followed by ultracentrifugation in a Beckman TL-100 Ultracentrifuge for 4-5 hrs at
45K rpm (181,000g, g=relative centrifugation force or RCF; TLS55 rotor). Recovered chromatin
pellet was sonicated to generate fragment size ranging 300-1,000bp using Branson sonifier (20%
power, 10 sec on and 30 sec off for 4-6 cycles) in 300ul of sonication buffer [0.5% Na-
laurylsarcosine, 0.1% deoxycholate (DOC), ImM EDTA, 0.5mM EGTA, 10mM TrisHCl, 100mM Nacl]
with Protease inhibitor and RNase inhibitor. Note: urea-purified crosslinked chromatin is highly
vulnerable to sonication, therefore, it needs to adjust the sonication condition depending on cell
type and/or the size of the precipitate DNA. The sonicated chromatin with 1% Triton X-100 were
dialyzed against dialysis buffer (10 mM Tris-HCI [pH 8.0], 100 mM NaCl, 1 mM EDTA, 5% glycerol),
and dialyzed for 16 hrs at 4°C (this dialysis is optional). The chromatin sample was centrifuged at
15,000g for 5 min at 4°C to remove a trace amount of residual insoluble components. After reverse
crosslinking an aliquot of sonicated chromatin, shearing efficiency was examined by Bioanalyzer
2100 (Agilent Technologies Inc.). The test-reverse cross-linking of chromatin aliquot (5-10pl of the
final volume) was done at 65°C for 2-3 hrs in buffer containing 1% SDS, 100 mM NaCl, 1 mM EDTA,
10mMTris. Samples were further treated by 100 pug/ml RNase A at 37°C for 1 hr, 200 pg/ml
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proteinase K at 60°C for more than 3 hrs, followed by DNA purification using QIAquick PCR
purification kit (Qiagen), and shearing efficiency was examined by Bioanalyzer 2100 (Agilent
Technologies Inc.). For chromatin-immunoprecipitation, 1 pg of an antibody of choice were added
to 10 ~ 20 pg of sonicated solubilized chromatin in 350 pl in dilution buffer (1% Triton X-100,
0.01% SDS, 1 mM EDTA, 15 mM Tris-HCL, 100 mM NaCl) and incubated overnight with rotation at
4°C. At least three chromatin samples were prepared for ChIP-seq from independent experiments
to confirm the results. The chromatin fragments bound to antibodies (after incubation overnight)
were captured using 20 ul of protein-A, protein-G or protein AG Dynabeads (Invitrogen; pre-
washed with 0.1% BSA [Fraction V, Sigma), by 4 hrs incubation time at 4°C. Dynabeads bound to
chromatin fragments were washed twice with Binding buffer (10 mM Tris, pH8.0, 1 mM EDTA, 1
mM EGTA, 0.5% Triton X-100, 0.1% DOC, 100 mM Nacl), twice with LiCl buffer (100 mM Tris [pH
8.0], 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, and 0.5% DOC). The tubes were changed and washed
twice with 0.1M NaCl-TE buffer. The immunoprecipitated samples were eluted from Dynabeads by
elution buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 100 mM NaCl and 1% SDS) at 65°C for 20 min.
After elution, ChIP DNAs was reverse-crosslinked at 65°C for 6 hrs, followed by RNase-A treatment
at 37°C for 1 hr and proteinase K treatments for 3 hrs at 60°C. The recovered DNA was further
purified with a QIAquick PCR purification kit (Qiagen), with elution in 15ul of Qiagen Elution
Buffer (alternatively, phenol-chloroform extraction and ethanol precipitation). Briefly for library
construction, ChIP DNA fragments were end-repaired and ligated to indexed sequencing adapters
(NEB or Rubicon kit) and amplified with 8-11 rounds of PCR, depending on the DNA amount. Using
SPRI beads (Beckman coulter), small fragments (<200bp) were removed from the amplified library.
The size-selected library was sequenced to 50bp single-end read lengths on an HiSeq4000 (Vincent
]J. Coates Genomic Sequencing Laboratory, UC Berkeley).

Standard ChIP-seq

For standard ChIP-seq, the protocol described by Kitagawa et al was employed (47 (2).

Urea Chromatin immunoprecipitation (urea ChIP)-Western analysis

Urea-purified chromatin prepared as described above (~10ug of chromatin-DNA) was
Immunoprecipitated with indicated antibody to produce urea ChIP samples, and the chromatin
fragments bound by the antibody was trapped by Protein-A beads. The antibody-bound chromatin
fragment-trapped beads were washed with binding buffer/washing buffer/NaCL-TE (total 6 times),
and the chromatin fragments were released and isolated from beads (65°C for 20 min) in 100 pl of
1% SDS, 10 mM Tris, pH7.6, 1mM EDTA, 100mM NacCl solution. The isolated chromatin fragments
were subjected to reverse-crosslinking by incubation at 65°C for additional 6 hrs. The released
proteins were dissolved in the Laemmli buffer, boiled and subjected to Western blot assay. To
compare multiple samples, we confirmed that we used a similar amount of original urea-purified
crosslinked chromatin before ChIP by subjecting each chromatin sample to Western blot using
anti-H3 antibody. The similar amount of urea-purified crosslinked chromatin was then used for
ChIP-Western studies.

Urea 4C-seq

Urea-purified crosslinked chromatin (described above for its preparation) was processed for urea-
purified crosslinked chromatin (appears as a transparent pellet at the bottom of a centrifugation
tube) after urea centrifugation was briefly sonicated in 100ul of the HindIII digestion buffer with
Branson sonifier (20% power, 10 sec, once). Next, HindIII was added to digest chromatin (10-20
units/ug DNA) overnight at 37°C. HindIII was heat inactivated at 80°C for 20 min, ligation was
performed in 1.0 ml with 1X ligation buffer with ligase (600 units) at 16°C for overnight, followed
by reverse-crosslinking at 65°C for overnight. The DNA was then purified by phenol-chloroform
extraction or by spin column (NucleoSpin, Macherey-Nagel). The purified DNAs (1-4ug) was
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further digested with Haelll (100-125 units) overnight. The HindIII-Haelll digested DNA fragments
were treated with Klenow. The resulting blunt-end HindIII-HaeIll DNA fragments were ligated
with our custom double-stranded (ds) Linker DNA with one strand-Biotin modified,

Linker-top strand sequence with Biotin modified (marked by *):
5’-aattcggtacctctagagat*at™ccgatcgcetcgag(Xhol)aagett(HindII)-3’;
Linker-bottom strand sequence: 5’-aagcttctcgagcgatcggatatctctagaggtaccgaatt-3’

as described (62 ). The Linker-ligated dsDNA fragments were purified by spin column to remove
free Linker. The Linker-ligated dsDNA fragments were further digested with Xhol at the linker site
(next site from HindlIII). Single stranded DNAs were isolated from the Xhol digested DNA
fragments by coupling to StreptAvidin Dynabeads (Invitrogen, Dynabeads M-280 streptavidin)
followed by incubation in 40pul of 0.15M NaOH for 10 min at 25°C, followed by neutralization. Only
single-stranded DNA, containing biotin coupled with streptavidin, were retained on the
Dynabeads, releasing the non-biotin modified single-stranded DNA (single strand DNA capture)
(62 ). The released non-biotin modified single strand DNAs were amplified by PCR (AmpliTaq
Gold system, Applied Biosystems); 10 cycles at 94C for 30”, 55°C for 60” and 72°C for 60”, followed
by 15-20 cycles at 94°C for 30”7, 65°C for 607, 72°C for 60”, using the custom Illumina sequence-bait
oligomers and Illumina sequence-linker oligomer for library preparations as described below. The
PCR amplified DNAs were purified by high and low size selection by beads (SPRIselect, Beckman
Coulter). The purified DNAs were analyzed by Bioanalyzer to confirm their average size of ~300-
500 bp with mostly uniform distribution, followed by the Illumina sequencing using custom bait-
specific sequence oligomers and Linker specific barcode oligomer. We used two bait sequences: 5’
gaagggggtaggaaagaaagctt 3’ (BUR-1 bait: adjacent to a SATB1-bound BUR, located1.4 kb from ASE)
and 5’ cgactcattcctactgaagctt 3’ (BUR-2-bait: enhancer located in the second intron of

B230118HO7Rik close to a SATB1-bound BUR), both including a HindIII site.

The library was constructed by amplification using either Illumina sequence-BUR-1-bait or
Nlumina sequence-BUR-2-bait primer with Illumina sequence-linker oligomer. (Capital letters
represent Illumina sequence, lower case letters represent bait sequences or the linker sequence)

Ilumina sequence-BUR-1-bait oligomer:
5-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC-gaagggggtaggaaagaaagctt
Nlumina sequence-BUR-2-bait oligomer:
5’-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC-cgactcattcctactgaagcett

Nlumina sequence-linker oligomer: 5’-CAAGCAGAAGACGGCATACGAGAT (barcode; e.g. CGTGAT)
GTGACTGGAGTTC-gcgatcggatatctctagaggtaccgaattc

To validate successful experiments, we confirmed that no PCR amplified product was generated by
using either the bait oligomer or linker oligomer alone.

For the library construction, Taq-Gold polymerase (NEB) was used for PCR by the following
condition: 94°C for 5-10min (one cycle), 94C for 30 seconds, 55C for 30 seconds, 72C for 60 seconds
(for 5-10 cycles), 94°C for 30 second, 65°C for 30 seconds, 72°C for 60 seconds (for 20 cycles),
followed by 72°C for 10 min. PCR products were purified by phenol-chloroform extraction twice,
CHCI3 extraction once, followed by EtOH precipitation (Optional; PCR purification by spin column,
Qiagen).
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The 4C libraries were sequenced by Illumina-HiSeq4000, using BUR-1-bait sequence and BUR-2-
bait sequence as custom sequence oligomers as follows:

BUR-1-bait sequence oligomer: 5°-CTTTCCCTACACGAC-gaagggggtaggaaagaaagctt
BUR-2-bait sequence oligomer: 5-ACTCTTTCCCTACACGAC-cgactcattcctactgaagcett
Each library sequence was identified with Linker specific barcode oligomer;

5’-gaattcggtacctctagagatatccgatcgc-GAACTCCAGTCAC. (Capital letters represent Illumina sequence
and lower-case letters represent linker sequence). For sequencing, the above custom barcode
sequence oligomer was required instead of the common Illumina barcode sequencing oligomer.

Hi-C

Hi-C was performed as described (17 ). Primary thymocyte samples from Satb1 **:Cd4-cre and
Satb1¥/F:cd4-cre mice were formaldehyde crosslinked at 2% at room temperature for 10 min. Two
biological replica per sample were prepared for Hi-C. Hi-C libraries was prepared using the Arima
HiC" kit (Arima Genomics) exactly following the associated protocol. Paired-end sequencing was

performed by Illumina NovaSeq 6000.

Statistical analysis

Significance of overlap of two sets of genomic features

We used the bootRanges function that is part of the nullranges bioconductor package (63 ). It was
used to compute the significance of overlap of two sets of genomic regions (e.g., BUR versus the
called peaks for each of the ChIP-seq data sets). This method is based on subsampling genomic
regions of a given size from within genomic segments of the same state. Here the mouse genome
mm9 was segmented into regions capturing 3 states based on density of known genes using the
Regions represented blacklisted regions (queried using the terms “excluderanges” and “mm9”) in
the AnnotationHub package were excluded from the analysis. For each comparison [reference
regions (known BUR peak calls) versus query regions (SATB1 Urea or Standard Chip-seq peak
calls), the observed number of overlapping regions is first computed, 1000 sets of random query
region peak calls were sampled given the estimated genome segmentation using blocks of length
300Kkb, the overlaps for each of these 1000 random query regions with the reference regions were
then computed and finally, the estimated p-value is based on the fraction of 1000 random overlaps
greater than or equal to the observed number of overlaps.

Hi-C data processing

filter command integrated in HiC-bench. Interaction matrices for each chromosome separately
were created by the HiC-bench platform at a 10kb resolution. The Hi-C filtered contact matrices
were normalized using “iterative correction and eigenvector decomposition” (ICE) algorithm
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Quality Control

The total numbers of reads per biological replicate for each genotype ranged from 200 to 230
million reads. The percentage of reads aligned was >98% in all samples. The percentage of
accepted reads (ds-accepted-intra” and “ds-accepted-inter”) was in the range of 50% to 55.5%. The
absolute number of accepted intra-chromosomal read-pairs were ~90-100 million reads for each
sample. We analyzed data from individual samples as well as combined data from two replicates
(~200 million reads) for each genotype.

Scaling plot was performed by aggregating the counts per 10kb distance bins. Values were cpm-
normalized by dividing by the total number of valid intra-chromosomal pairs.

Compartments

Compartment analysis was performed using the Homer pipeline (v4.6)(118 (Z). Homer performs a
principal component analysis of the normalized interaction matrices and uses the PCA1
component (cis-Eigenvector 1) to predict regions of transcriptionally active (A compartments) and
transcriptionally inactive chromatin (B compartments). Homer works under the assumption that
gene-rich regions with active chromatin marks have similar PC1 values, while gene deserts show
the opposite (http://homer.ucsd.edu/homer/interactions/HiCpca.html! ). HiC filtered matrices were
given as input to Homer together with a list of house-keeping genes for compartment prediction.
The house-keeping genes coordinates are used by Homer as prior information of active regions.
We generated density plots to compare the cis-eigenvector 1 values of the knock-out and wild-type
samples with 10kb genomic bins. Pearson correlation coefficients were calculated (‘Cor’ function
in R) between the counts for every pair of 10kb bins on chromosome 2. Heatmaps representing the
Pearson correlation of interactions of chromosome 2 for WT and KO thymocytes are displayed by
juice box (500kb resolution).

urea ChIP-seq analysis

Sequenced reads were quality-checked using FastQC prior to downstream analysis. Unaligned
reads were mapped to the mouse reference genome (NCBI37/mm9) using bowtie2 (version 2.3.1)

(%) using a g-value threshold of 0.01. Coverage
tracks are presented in RPM (read pileups per million reads) and utilities from UCSC were used for
creating browser tracks (120 ). To determine intersection of peaks across ChIP-seq samples,

urea 4C-seq analysis

Reads were mapped with Bowtie, then assigned to HindIII sites with the same utility tools used in
(69 @). These same tools also normalized the counts to per million intrachromosomal reads and
removed reads to restriction fragments comprising more than 2% of the total reads (namely the
contiguous adjacent restriction fragment corresponding to undigested chromatin during the urea
4C, and a rare (<5) numbers of fragments with extreme PCR duplications). The generated
bedGraph files and these were converted to bigWig format using the bedGraphToBigWig program

for direct visualization of the peaks on the UCSC browser.

Analysis of SATB1 bound sites and genomic features

LADs were identified as genomic intervals using the previously described LADetector algorithm
(https://github.com/thereddylab/pyLAD (%) or sequencing data (https://github.com/thereddylab
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SATB1 urea-ChIP data from thymocytes were tested for statistically significant overlap of LADs
using the GenometriCorr package(122 %). The GenometriCorr package applies multiple spatial
tests of independence including a relative distance test (i.e., if two elements such as LADs and
SatB1 sites are spaced more often than expected at a certain relative distance from each other),
projection test (i.e., testing for significant overlap between these two positions assuming they
represent single points points), and the Jaccard test (testing for correlation of these two positions

assuming that they are not points but instead occupy some interval of the genome).

Genome wide averages of intensities (relative score) of DamID and ChIP-seq peak data were
generated over interLAD (10% of the size of the adjacent LAD)/border flanked LADs scaled to the
same relative size using the Genomation R package(123 ). The average intensities were then

normalized to fit a scale of -1 to 1 and plotted over the LADs (normalized relative score).

To plot genomic features in the vicinity of enhancers, H3K4me1 peaks outside of LADs were
genomic features in the vicinity DiPS in LADs, regions within LADs and DiPS V\;gfé..{glentiﬁed by
LADetector. DiPS were then mapped. Genome wide averages of the respective ChIPseq/DamID
signal data were then generated within a +/- 3kb window centered at H3K4me1 peaks, using
Genomation R package and plotted on a vertical scale ranging from -1 to 1.

Supplementary figures and tables
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Figure 3—supplementary figure 1.

Similar DNA binding profiles for PRC2 core subunits ained by stardard ChIP-seq and Urea ChIP-seq

Cell, 2009, GEO repository (GSE18776)] were compared against the DNA binding profiles of these proteins by urea ChIP-seq.
Their binding profiles in the Hoxd cluster region on chromosome 2 (mm9) are shown. Their DNA binding profiles by urea
ChIP-seq and by standard ChIP-seq are very similar.
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Figure 3—supplementary figure 2.

SATB1 does not directly co-bind chromatin with CTCF and RAD21 or has a role in TAD formation.

(A) Urea ChIP-Western studies for CTCF, RAD21 and SATB1. Original data for Figure 2C &2
indicated by dotted boxes (first three panels). Western blot with the anti-H3 antibody shows that the original urea-purified
chromatin samples before ChIP were similar in amount (right panel). (B) Read alignment statistics for Hi-C datasets, as

absolute reads (left) and relative reads (in %, right). “ds.accepted.intra” are all intra-chromosomal reads used for all

downstream analyses. (C) Distribution of TAD sizes and number of TAD calls per sample using hic-ratio TAD caller at 10kb bin
resolution and the insulation score of 100kb windows. (D) Scatter plot of pair-wise comparisons of TAD activities (the sum of
normalized Hi-C chromatin contacts inside the TAD in WT) between WT and KO thymocyte samples, showing well-conserved
intra-TAD activity in KO thymocytes. (E) The Pearson correlation estimates computed between the counts for every pair of
10kb bins on chromosome 2 shows that WT (control: upper right triangle) and KO (observed:lower left triangle) thymocytes
have no difference in compartmentalization. The compartment A (red) and compartment B (blue). (F) The scaling plots

displaying how the Hi-C contacts decrease as a function of genomic distance.

is shown. The excised areas are
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Figure 4—supplementary figure 1.

Standard ChIP-seq for SATB1 produces non-specific peaks in Sath1~/- thymocytes.

(A) Urea ChIP-seq (Urea) and std ChIP-seq (Std) profiles for SATB1 and input chromatin in a randomly chosen, 3.12 Mb region
in chromosome 17 shows appearance of some peaks in input chromatin from std ChIP-seq that match with peaks for SATB1
in std ChIP-seq (top). For Satb17/~ thymocytes (KO), using either anti-SATB1 antibody 1583 (rabbit polyclonal, SATB1-1) or
rabbit monoclonal ab109122 (SATB1-2), urea and std ChIP-seq experiments for SATB1 were performed. With std ChIP-seq,
multiple peaks were generated in KO thymocytes in the similar regions observed in WT thymocytes (panel A track 7 versus 9
and 10), while urea ChIP-seq produced only few peaks (panel A top, track 2 versus 4 and 5). A zoom-in view of blue-
highlighted SATB1-clustered regions (bottom) shows that for standard ChIP-seq, multiple peaks in KO thymocytes co-mapped
with peaks in WT thymocytes, but others did not (panel A bottom, track 7 versus 9 and 10). (B) Another randomly chosen 3.45
Mb region in X chromosome (panel B top) and its zoom-in view (panel B bottom) shows high incidence of std ChIP-seq peaks
in KO thymocytes co-mapping with std ChIP-seq peaks in WT thymocytes (tracks 7 versus 9 and 10).
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Figure 5—supplementary figure 1.

Urea 4C-seq protocol.

Starting with urea-ultracentrifugation purified formaldehyde crosslinked chromatin: (1) A bait sequence is designed
adjacent to a Hindlll site of a HindIlI-Hindlll fragment containing SATB1 bound site (e.g. BUR-1). (2) Ligation is performed to
ligate the original SATB1-bound fragment (bait) with other fragments whose close proximity was fixed by formaldehyde at
the time of crosslinking and presumably retained after urea purification. The fixed chromatin structure with proximity is
illustrated by pink shade. (3) Chromatin is decrosslinked and purified. (4) Ligated genomic DNA fragments are digested with
Haelll (secondary restriction enzyme). (5) A Linker fragment containing an Xho1 site and Biotin labeled on one strand is blunt-
end ligated to Haelll sites of the ligated genomic DNA fragments shown in step 4 to generate A, B, C, D double stranded
fragments. o 1 sites are indicated by red arrowhead. (6) The ligated products are digested with Xho1. (7)Biotin-labeled double
stranded DNA (B, C, and D) are captured by Streptavidin-Dynabeads. (8) The beads are treated with NaOH to convert DNA to
single strand DNA. This will result in dissociation and elution of non-biotinylated single strand DNA (derived from B and C)
from the Dyanbeads. (9) Using a specific primer including the HindIII of the bait sequence at the end and another primer
from the Linker, captured DNA fragments are PCR amplified. (10) Control experiment is performed to confirm that Linker
primer alone does not generate any amplified products. Once this is confirmed, the experiment is expected to contain
minimum background signals from non-specific sequences.
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Figure 5—supplementary figure 2.

Long-range chromatin interactions from BUR-1 traverse TADs.

1449

BUR-1 interactions determined by urea4C-seq for wild type (WT) and SATB1-KO thymocytes covers the entire 5.75 Mb gene-

rich region and these interactions bypass multiple small TADs revealed by the Hi-C heatmap (mm10) generated in the same
region. Dotted line indicates the position of BUR-1
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Figure 5—supplement figure 3.

Long-distance interactions covering distal gene-rich regions by BUR-1.

(A) A wide view (44.61 Mb) covering distal gene-rich regions shows BUR-1 (red bracket) interacts with distal gene-rich DNase
1 HS regions marked by clusters of H3Kme1 and H3K27a (indicated by blue horizontal bars). These interactions were greatly
reduced in SATB1 deficient thymocytes (KO). A gene-rich region (indicated by a black horizontal bar) that does not
correspond to DNase 1 HS is enriched in olfactory receptor genes. DNase 1 hypersensitive (HS) regions, which indicate highly
accessive chromatin (or “open” chromatin). H3Kme1 and H3K27ac data are from ENCODE (LICR) and DNase 1 HS data are
from ENCODE (University of Washington). (B) SATB1 peaks identified by standard (Std) ChIP-seq in this region are mostly real
and only detected in wildtype (WT) and not in SATB1-null (KO) thymocytes.

Yoshinori Kohwi et al., 2025 eLife. https://doi.org/10.7554/eLife.105915.1

35 of 56


https://doi.org/10.7554/eLife.105915.1
https://doi.org/10.7554/eLife.105915.1

chr2:98,542,232-108,455,449

Gene Name | log2FoldChange | KO vs WT p value
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= Pamr1 -0.657 0.634 0.0865
Z |l Mpped2 -0.541 0.688 0.1919
g Cd44 -0.521 0.697 0.0299
@ Abtb2 -0.502 0.706 0.0055
Cd59a -0.369 0.774 0.3787
81 Reni 0.472 1.387 0.0339
o Depdc? 0.518 1.432 0.2204
3 Apip 0.543 1.457 0.0224
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Figure 5—supplement figure 4.
Genes within the gene-rich region (chr2:98,542,232-
108,455,449) that exhibit SATB1-dependent expression.

Genes showing differential expression for SATB1 with p<0.05 are shown in red (SATB1 activated) and in blue (SATB1
repressed). Data are from Zelenka et al., Nat Commun.,13, 6954, 2022 (54).
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Figure 7—supplementary figure 1.

BURs and BUR-bound SATB1 largely co-map with LaminB1-DamID.

The BUR distribution assessed by the BUR reference map (tracks 2) was compared against Lamin B1-DamID (track 1) over a
47.4Mbp region in chromosome 3. Lamin B1-DamID data are from Hao et al., J. Exp. Med, 212, 809, 2015 (45). The BUR
distribution shows very similar overall distribution of LADs mapped by Lamin B1-DamID. BUR-binding frequency of SATB1 in
thymocytes (track 3) is lower than that in brain (track 4). Distribution of BURs (track 2) and SATB1-binding regions determined
by urea ChIP-seq (Urea) (track 3, 4, and 5) largely overlap with LADs (track 1). These regions mostly avoid DNase
hypersensitive regions (HS) (track 10), which overlap with SATB1-binding sites determined by standard ChIP-seq (Std) (track
6), CTCF-binding sites (track 7), enhancer marks (H3Kme1 and H3K27ac (tracks 8 and 9, respectively). Data for CTCF, H3Kme1
and H3K27ac are from ENCODE (LICR) and for DNase 1 hypersensitive sites (HS) is from ENCODE (University of Washington).
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Figure 7—supplementary figure 2.

Some SATB1-bound BURs located in SATB1-dependent gene loci are outside of LADs.

SATB1-bound BURs shown in Figure 42 (indicated by black box) in the Rag1/Rag2, Foxp3, and Runx3 gene loci are found
outside LADs mapped by LaminB1-DamID. These are close to H3Kme1 and H3K27ac sites. H3Kme1 and H3K27ac data are

from ENCODE (LICR).
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nt figure 3.

Interaction sites from BUR-1 or BUR-2 are mostly confined to the inter-LAD region.

The region containing BUR-1 and BUR-2 as baits is light gray shaded with a pink arrowhead. This region is near the border of
a LAD and an inter-LAD region, shown by LADs identified by Lamin B-DamID. Interaction profiles from either BUR-1 and BUR-
2 obtained in wild-type thymocytes (WT) are found in a region surrounded by LADs. These interactions are greatly reduced in
Satb1-KO thymocytes (KO). Many interaction sites are close to H3Kme1 and H3K27ac sites. H3Kme1 and H3K27ac data are

from ENCODE (LICR).

Yoshinori Kohwi et al., 2025 eLife. https://doi.org/10.7554/eLife.105915.1

39 of 56


https://doi.org/10.7554/eLife.105915.1
https://doi.org/10.7554/eLife.105915.1

Supplementary Table 1.

Intersection analysis of ChIP-seq samples

Intersection of peaks were determined by GeneTool between two samples of choice. Percent of peaks in each sample on the
left column intersected with peaks in each of the samples on the top row are indicated.

UREA UREA Standard Standard UREA UREA UREA UREA UREA UREA Standard
SATB1 SATB1 SATB1 SATB1 SATB1 SATB1 SATB SATB1 CTCF CTCF CTCF

BUR-L thymus thymus thymus thymus brain brain skin skin thymus skin thymus

A-120A 12.68| 14.34 0.77 0.60( 36.41| 33.54| 3.69( 3.62| 0.25| 0.58 0.60
B-355B 77.71 85.02 1.12 0.86| 92.07| 90.28| 24.13| 23.56| 0.77| 1.00 0.86
C-355C 75.87| 73.38 0.96 0.75( 92.39| 91.74| 20.82| 20.17| 0.68 0.93 0.77
D-328B 3.83 0.91| 0.90 47.92| 1.28 111 1.93| 1.91| 22.35| 23.31| 36.39
E-408B 5.23 1.23| 1.25| 85.04 1.72 1.57| 3.96] 3.59| 18.08| 21.99| 37.71
F-345A 73.58| 30.35( 35.28 0.52 0.40 78.12| 7.80| 7.59| 0.31| 0.58 0.56
G-345B 73.25| 32.16| 37.86 0.49 0.39( 84.42 8.33| 8.09| 0.30| 0.56 0.56
H-404B 78.54| 83.69( 83.65 8.30 9.59| 82.06| 81.13 81.06| 2.35( 12.85 1.78
1-404E 79.49| 84.45| 83.79 8.47 8.98| 82.60| 81.45| 83.78 2.38| 12.17 1.70
L-Encode LICR| 2.68 0.63| 0.65| 33.00{ 19.27| 1.24 1.14| 0.37| 0.35| 23.04| 25.42

Supplementary Table 2.

ChIP-seq sample identification and peak number

Identification of each sample and their total number of peaks shown.

Sample ID Total #Peaks
A. BUR-L A-120A 238380
B. UREA SATB1 thymus |replica 1 B-355B 38882
C. UREA SATB1 thymus |replica 2 C-355C 45049
D. Std SATB1 thymus replica 1 D-328B 48175
E. Std SATB1 thymus replica 2 E-408B 27147
F. UREA SATB1 brain replica 1 F-345A 117963
G. UREA SATB1 brain replica 2 G-345B 109154
H. UREA SATB1 skin replica 1 H-404B 11210
. UREA SATB1 skin replica 2 1-404E 10846
L. Std CTCF thymus Encode L-Encode LICR 53124
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Supplementary Table 3.

Intersection analysis of WT and KO ChIP-seq samples

Intersection of peaks were determined by GeneTool between two samples of choice. Percent of peaks in each sample on the
left column that intersected with peaks in each sample on the top row are indicated. Important sets of data for comparison
are highlighted in blue for urea ChIP-seq and pink for standard ChIP-seq.

<«——— urea ChlP-seq B < standard ChIP-seq —»
TKS355B |TKS400B |TKS400D |TKS340A|TKS356A|TKS408B [TKS407D [TKS407B |TKS390A [TKS407C
SATB1 ChIP F;E";?gérpc)’ :T’T"é:"gr(‘:;? Urea Input |Urea Input|SATB1 ChiP ;’I‘G,"B':’g'(‘:;? :':.‘T"B':u:;? St?n"pduird Strn"pduatrd
OneA an::f:y 1 antl::::y 2 e £ DIANEARY A?lttai:::;d1 Asn'(ai:::;dZ il o

TKS355B 0.0 0.0 0.4 0.4 0.8 0.1 0.1 0.5 0.3
TKS400B 1.0 78.5 33.6 6.1 85.7 89.7 93.8 53.0 15.3
TKS400D 0.8 66.1 25.4 4.2 88.9 93.2 93.2 41.5 11.8
TKS340A 10.7 1.4 1.3 51.2 55.6 7.8 10.6 79.2 39.3
TKS356A LT 0.4 0.3 90.8 76.1 8.3 12.3 93.4 59.4
TKS408B 1.2 0.3 0.3 4.1 3.1 3.6 4.5 12.7 3.0
TKS407D 2.3 3.1 3.8 6.7 4.3 36.4 90.9 9.6 4.1
TKS407B 13 1.3 1.5 3.5 2.3 18.2 37.2 4.9 2.2
TKS390A 3.6 0.7 0.6 25.2 16.9 52.0 3.6 4.6 14.3
TKS407C 16.7 1.2 1.1 75.7 63.9 79.8 8.3 12.0 86.5
Supplementary Table 4.
WT and KO ChIP-seq sample identification and total peak number
Identification of each sample and their total number of peaks are shown.

Sample ID Description Total # Peaks

TKS355B SATB1 ureaChlP-seq 38882

TKS400B KO SATB1 ureaChlP-seq 1 98

TKS400D KO SATB1 ureaChlIP-seq 2 118

TKS340A WT Input ureaChlP-seq 1 2381

TKS356A KO Input ureaChlP-seq 1 1372

TKS408B SATB1 standard ChIP-seq 27147

TKS407D KO SATB1 standard ChIP-seq 1 2884

TKS407B KO SATB1 standard ChIP-seq 2 7003

TKS390A WT Input Standard ChIP-seq 1 7377

TKS407C KO Input Standard ChIP-seq 1 1224
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Data availability

All sequencing data for ChIP-seq and Hi-C in this study was uploaded to NCBI Gene Expression
Omnibus (GEO) and is available under the accession GSE191146 (2.
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Senior Editor
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Reviewer #1 (Public review):
Summary:

The nuclear protein SATB-1 was originally identified as a protein of the nuclear matrix', an
aggregate of nuclear components that arose upon extracting nuclei with high salt. While the
protein was assumed to have a global function in chromatin organization, it has
subsequently been linked to a variety of pathological conditions, notably cancer. The
mapping of the factor by conventional ChIP procedures showed strong enrichment in active,
accessible chromatin, suggesting a direct role in gene regulation, perhaps in enhancer-
promoter communication. These findings did not explain why SATB-1-chromatin interaction
resisted the 2 M salt extraction during early biochemical fractionation of nuclei.

The authors, who have studied SATB-1 for many years, now developed an unusual variation
of the ChIP procedure, in which they purify crosslinked chromatin by centrifugation through
8 M urea. Remarkably, while they lose all previously mapped signals for SATB-1 in active
chromatin, they now gain many binding events in silent regions of the genome, represented
by lamin-associated domains (LADs).

SATB-1 had previously been shown by the authors and others to bind to DNA with special
properties, termed BUR (for 'base-unpairing regions'). BURs are AT-rich and apparently
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enriched in equally AT-rich LADs. The 'urea-ChIP' pattern is essentially complementary to the
classical ChIP pattern. The authors now speculate that the previously known SATB-1 binding
pattern, which does not overlap BURs particularly well, is due to indirect chromatin binding,
whereas they consider the urea-ChIP profile that fits better to the BUR distribution on the
chromosome to be due to direct binding.

Building on the success with urea-ChIP the authors adapted the 4C-procedure of chromosome
conformation mapping to work with urea-purified chromatin. The data suggest that BUR-
bound SATB-1 in heterochromatin mediates long-distance interaction with loci in active
chromatin. They close with a model, whereby SATB-1 tethers active chromatin to the nuclear
lamina. Because cell type-specific differences are observed, they suggest that the SATB-1
interactions are functionally relevant.

Strengths:

Given the unusual finding of essentially mutually exclusive 'standard ChIP' and 'urea-ChIP’
profiles for SATB-1, the authors conducted many appropriate controls. They showed that all
SATB-1 peaks in urea-ChIP and 96% of peaks in standard-ChIP represent true signals, as they
are not observed in a SATB-1 knockout cell line. They also show that urea-ChIP and standard
ChIP yield similar profiles for CTCF. The data appear reproducible, judged by at least two
replicates and triangulation. The SATB-1 KO cells provide a nice control for the specificity of
signals, including those that arise from their elaborately modified 4C protocol.

Weaknesses:

The weaknesses mainly relate to missing qualifier statements and overinterpretations. I also
found some aspects of the model not yet well supported by the data.

(1) Under high urea conditions the BUR elements should be rendered single-stranded, and
one wonders whether this has any effect on the procedure. The authors should alert the
reader of these circumstances.

(2) An important conclusion is that urea-ChIP reveals direct DNA binding events, whereas
standard ChIP shows indirect binding (which is stripped off by urea). I do not yet see any
evidence for direct binding. It cannot be excluded, for example, that the binding is RNA-
mediated. The authors mention in passing that urea-ChIP material still contains (specific!)
RNA. Given that this is a new procedure, the authors should document the RNA content of
urea-ChIP and RNase-treat their samples prior to ChIP to monitor an RNA contribution.

(3) An important aspect of the model is that SATB-1 tethers active genes to inactive LADs.
However, in the 4C experiment the BUR elements used to anchor the looping are both in the
accessible, active chromatin domain.

https://doi.org/10.7554/eLife.105915.1.sa1

Reviewer #2 (Public review):
Summary:

The report by Kohwi-Shigematsu et al. describes the key observation that SATB1 binds
directly to so-called BUR elements. This is in contrast to several other reports describing
SATB1 binding to promoters and enhancers. This discrepancy is explained by the authors to
depend on the features of the ChIP technique being used. Urea-ChIP, innovated by the
authors, strips off protein-protein interactions that are maintained in conventional ChIP. The
authors convincingly make the case that SATB1 and the key genome organiser CTCF co-
localize by conventional ChIP but not urea ChIP, as particularly evident in Figure 2A. SATB1
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controls long-range interactions in thymocytes and the expression of gene clusters. This
feature is independent of TADs, as the knockdown of SATB1 expression does not affect the
TAD patterns.

Strengths:

A new and innovative adaptation of the urea ChIP-seq technique has enabled the authors to
reveal a new aspect of SATB1 binding to the genome. The authors provide a wealth of data to
reinforce their claims. This report thus sheds new light on SATB1 function, which is
particularly important given its role in metastasising cancer cells.

Weaknesses:
No weaknesses were identified by this reviewer.

https://doi.org/10.7554/eLife.105915.1.sa0
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