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Abstract

Resolution and formation of facultative heterochromatin is essential to development,
reprogramming, and oncogenesis. The mechanisms underlying these changes are poorly
understood due to the inability to study heterochromatin dynamics and structure /77 vivo. We
devised an /n vivo approach to investigate these mechanisms and found that topoisomerase Il
(TOP2), but not TOP1, synergizes with BAF (mSWI/SNF) ATP-dependent chromatin remodeling
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complexes genome-wide to resolve facultative heterochromatin to accessible chromatin
independent of transcription, indicating that changes in DNA topology through (de-)catenation
rather than release of torsional stress through swiveling is necessary for heterochromatin
resolution. In turn, TOP2 and BAF cooperate to recruit pluripotency factors, explaining some of
the instructive roles of BAF complexes. Unexpectedly, we found that TOP2, also plays a role in
the reformation of facultative heterochromatin, suggesting that facultative heterochromatin and
accessible chromatin exist at different states of catenation or other topologies, which may be
critical to their structures.

Facultative heterochromatin refers to regions of the genome that switch from compacted to
accessible states, or vice versa, during development, reprogramming, oncogenesis, or in
response to stimulil. Changes in chromatin state alter gene expression, which is important
for determining cell identity. Constitutive heterochromatin refers to regions, such as
centromeres, that are silent and inaccessible at nearly all times. Facultative heterochromatin
is marked with, and produced in part by, the histone modifications H2Aub and H3K27me3,
and the Polycomb complexes PRC1 and PRC2, respectively, that place them?:2, Constitutive
heterochromatin is typically marked by broad H3K9me3 domains, although it can also be
repressed by Polycomb complexes as in X chromosome inactivation!. H3K9me3 domains
can also mark facultative heterochromatin, along with absence of histone acetylation,
elevated DNA methylation, and the presence of histone H1. The complexity of facultative
heterochromatin has contributed to difficulty preparing it /n vitro and thus obtaining a clear
structure of compacted chromatin®. The mechanisms of resolution and formation of
facultative heterochromatin /n vivo are also poorly understood. Therefore, novel techniques
are necessary to understand the structure and mechanisms by which facultative
heterochromatin is resolved and reformed at thousands of loci during development and other
cell identity transformations.

To dissect the mechanisms underlying the dynamics of facultative heterochromatin /n vivo,
we developed a method and mouse called the Chromatin indicator and Assay (CiA) to study
the action of chromatin regulators at any haplosufficient locus of any cell type?. In this
approach we recruit a chromatin regulator to an endogenous locus with fully native
chromatin and thereby avoid the ambiguity associated with recapitulating heterochromatin at
exogenous loci or /n vitro. We used the Oct4 locus, which undergoes a dramatic transition
during development from active and accessible in embryonic stem (ES) cells to highly
repressed inaccessible facultative heterochromatin in somatic cells bound by Polycomb
complexes®. However, this locus can be reconverted back into an accessible state by induced
Pluripotent Stem (iPS) cell reprogramming®. We made use of the previously described Oct4
Chromatin indicator and Assay (CiA.Oct4) locus, in which custom zinc-finger and GAL4
binding sites have been inserted 232 bp upstream of one allele of the endogenous Oct4
promoter for recruitment of chromatin regulators, and eGFP has been inserted into the first
exon to monitor expression? (Fig. 1a). The CiA-modified and unmodified Oct4 alleles have
identical expression patterns and histone modifications, including markers of activity in ES
cells (H3K4me3 and H3K27ac) and markers of facultative heterochromatin in fibroblasts
(H2Aub, H3K27me3, and H3K9me3), indicating that this locus produces native chromatin
in its full complexity®®. We then recruit chromatin regulators by over-expressing the 97
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amino-acid FRB domain of mTOR fused to a subunit or domain of a regulatory complex or
protein, along with FKBP fused to a zinc-finger (ZnF-FKBP) that binds the custom zinc-
finger binding sites. Addition of the Chemical Inducer of Proximity (CIP) rapamycin
induces FRB/FKBP dimerization and thus rapidly recruits the FRB-fused chromatin
regulator to the locus proportionate to the concentration of rapamycin®.

To study the resolution of facultative heterochromatin, we recruited BAF (mSWI/SNF) ATP-
dependent chromatin remodeling complexes to the heterochromatinized CiA:Oct4 locus in
mouse fibroblasts. BAF complexes natively bind the Oct4 locus in ES cells but not in
differentiated cells®>. We believed we could investigate heterochromatin dynamics through
BAF recruitment because these complexes create accessible chromatin8-19, oppose
Polycomb complexes®10-13 and play essential roles in both the maintenance of cell identity
and transitions that require resolution and formation of heterochromatinl4. For example,
BAF complexes in ES cells, known as esBAF, are essential for maintaining ES cell
identity”-10.15.16 and for reprogramming somatic cells into iPS cells!”-18, Alternate BAF
assemblies, such as nBAF in post-mitotic neurons, are instructive for neurodevelopment and
neuronal reprogramming®%20, Further, exome sequencing studies have revealed that BAF
subunit mutations contribute to over ~20% of cancers?1=24, largely as tumor suppressors, but
also sometimes as oncogenes!!. Several human neurologic disorders, including autism, are
also likely caused by BAF mutations2>26, It is not fully understood how the chromatin
remodeling activities of BAF complexes translate to its instructive roles in cell identity,
although there is some evidence showing that it may involve assisting fate-determining
transcription factors to bind chromatin®10.27.28,

BAF complexes also promote decatenation of sister chromatids by recruiting topoisomerase
lla (TOP2A) to chromatin2. This function is essential for cell cycling and genome stability,
and likely contributes to the resistance of BAF mutant cancers to topoisomerase 11 (TOP2)
inhibitors3%, There are two major classes of metazoan topoisomerases. The type |1
topoisomerases TOP2A and TOP2B alter the catenation state of DNA (TOP2 can both
relieve and introduce catenation3?) by creating a double-strand break in one duplex, passing
a second duplex through the break, and then re-ligating the break32. In contrast, the type |
topoisomerase TOP1 modulates DNA supercoiling by creating a single-strand break,
swiveling one side of the double helix, before re-ligating the break. Both classes relax
supercoiling in a non-redundant fashion33-36, enhance transcription and maintain
accessibility of active long genes by relieving tangles produced by RNA polymerase37-40,
and activate poised enhancers solely by breaking DNA*142, However, it is unknown whether
TOP2 or TOP1 are involved in chromatin remodeling or resolution of facultative
heterochromatin prior to transcriptional activation, or whether they are relevant to the
instructive roles of BAF complexes in cell identity.

Here, we found that recruitment of BAF complexes to facultative heterochromatin causes
rapid resolution to accessibility, and that this process requires TOP2 (de-)catenation activity
in its initial stages. Further, utilizing conditional knockouts and genome-wide studies, we
found that TOP2 synergizes with BAF complexes to resolve facultative heterochromatin at a
large swath of regulatory elements, although TOP2 does not appear to be involved in
maintenance of accessible chromatin. Synergy between TOP2 and BAF is in turn required
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for proper targeting of pioneer transcription factors important for fate-determination. To our
surprise, by reversing BAF recruitment through rapamycin washout, we found that TOP2 is
also required for reformation of facultative heterochromatin. Taken together, these data
suggest that facultative heterochromatin and accessible chromatin exist at different
catenation or topological states, as TOP2 is not required for the maintenance of either
chromatin state but is required for transitions between them in both directions.

TOP2 activity is required for the initial stage of BAF-mediated resolution of facultative
heterochromatin

To study the resolution of facultative heterochromatin /n vivo, we recruited BAF complexes
to the CiA:Oct4 locus in fibroblasts by expressing a SS18-FRB fusion, as SS18 is among the
most tightly held BAF subunits?1, along with ZnF-FKBP. Addition of 3 nM rapamycin
results in robust recruitment of BAF complexes within 1 hour (Fig. 1a,b and Supplementary
Fig. 1a,b). This strategy permits fine temporal control over BAF recruitment as well as
mimics the transient interactions that chromatin remodelers have with their endogenous
chromatin targets due to rapamycin’s high on/off rates®43-45 (see Discussion for detailed
binding kinetics by C.H.).

Consistent with our previous finding that BAF complexes are required to recruit TOP2A to
chromatin??30, recruitment of BAF complexes yielded co-recruitment of active TOP2A
(Fig. 1c). Interestingly, TOP2A binding is biased downstream of the recruitment site.
Although this is likely in part because the upstream primer sets are not specific to the CiA
allele of Oct4 or due to the orientation of the zinc-finger binding sites, this may reflect an
intrinsic bias of TOP2A to coding regions. Recruitment of BAF/TOP2A leads to the
resolution of inaccessible facultative heterochromatin to accessible chromatin within 1 hour
(Fig. 1d). Recruitment of the chromatin remodelers LSH or INO80 do not resolve this locus
(Supplementary Fig. 1c,d), indicating this is a specific feature of BAF-mediated chromatin
remodeling. However, BAF is not sufficient to re-activate expression of the locus (Fig. 1e),
or to co-recruit RNA Polymerase 1l (Supplementary Fig. 1e), demonstrating that
transcription is not required for inducing accessibility. Surprisingly, given the role of TOP2
in relieving tangles produced by transcription3’=40, inhibition of TOP2 activity by
ICRF-193, a non-covalent pan-TOP2 catalytic inhibitor that blocks both TOP2A and
TOP2B*, prevented much of the induction of accessibility (Fig. 1d), despite the lack of
transcription and RNA Pol. 1l (Fig. 1e and Supplementary Fig. 1e), without affecting BAF
recruitment (Supplementary Fig. 1f). Further, inhibition of TOP1 with topotecan did not
inhibit the development of accessibility (Supplementary Fig. 1g). As the primary role of
TOP2 is decatenation and the role of TOP1 is release of supercoiling®?, these data indicate
that decatenation rather than relief of torsional stress is critical to resolve facultative
heterochromatin, although as TOP2 has a role in relieving supercoiling that is non-redundant
with TOP133-36 other changes in DNA topology may also be involved.

To temporally resolve the role of TOP2 in BAF-mediated resolution of facultative
heterochromatin, we probed for decatenation intermediates over a short time-course of
accessibility induction (Fig. 2a). We did this by treating cells with etoposide, which
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crosslinks active TOP2 to chromatin after it creates a double-strand DNA break but before
passing the second duplex, and then performing ChIP for TOP2A29:40, |nterestingly,
maximal TOP2A strand-cleaved intermediates occurred only 5 minutes after initiation of
BAF recruitment (Fig. 2b). Fewer intermediates were observed at longer time-points,
suggesting that early intermediates quickly resolve as facultative heterochromatin becomes
accessible.

To further define the time-point when TOP2 functions, we recruited BAF and then inhibited
TOP2 after various delays (Fig. 2c). Consistent with the detection of strand-cleaved
intermediates within 5 minutes, a 5 minute delay in ICRF-193 treatment after BAF
recruitment largely eliminated the effect of TOP2 inhibition in suppressing maximal
accessibility induction, indicating that TOP2 is important for resolving heterochromatin but
not maintaining accessibility (Fig. 2d). As TOP2 executes its function very early in the
process of heterochromatin resolution, it is unlikely that its role is to relive tangles created
by BAF-mediated remodeling. As BAF recruitment leads to neither RNA Pol. 11 binding
(Supplementary Fig. 1e) nor detectable expression (Fig. 1e), it is also unlikely that the role
of TOP2 is relief of tangles generated by transcription. Rather, these data indicate that the
initial attack on heterochromatin by BAF and TOP2 involves nearly immediate strand-
cleavage to relieve tangled DNA (or alter DNA topology in other ways), which is likely
intrinsic to the structure of facultative heterochromatin.

TOP2 synergizes with BAF complexes to resolve facultative heterochromatin at regulatory
elements genome-wide

To assess the prevalence of the synergy between TOP2 and BAF complexes in resolving
facultative heterochromatin, we performed Micrococcal Nuclease (MNase) digests on native
chromatin from ES cells treated with ICRF-193 for 24 hours, as well as BrgZ conditional
knockout (BrgIVM!: actin- CreER)10 and Baf53a conditional knockout (Baf53a™ actin-
CreER) ES cells (Supplementary Fig. 2a—c). MNase preferentially releases nucleosomes
from accessible chromatin and thus can be used to assay global changes in chromatin
accessibility#’=49. BRG1 is the primary catalytic subunit in esBAF complexes, whereas
BAF53a is a non-catalytic subunit dispensable for /n vitro remodeling®®. TOP2 inhibition, as
well as BAF subunit deletion, increased the amount of chromatin refractory to MNase
digestion, especially of larger fragments, which likely reflect heterochromatin (Fig. 3a—c and
Supplementary Fig. 2d,e). This indicates that TOP2 and BAF complexes antagonize
heterochromatin.

To pinpoint the specific loci affected by TOP2 inhibition or BAF subunit deletion, we
performed ATAC-seq on two independent cell passages. Accessible sites were classified as
exhibiting “Decreased” or “Increased” accessibility upon ICRF-193 treatment or subunit
knockout if their FDR was less than 10%. Consistent with our MNase results, 24 hours of
TOP2 inhibition, as well as BrgI deletion, reproducibly reduced accessibility at 20.3% to
33.7% of sites over the genome, respectively (Fig. 3d,e, Supplementary Fig. 2f, and
Supplementary Table 1). Deletion of Baf53awas more modest, resulting in decreased
accessibility at 7.8% of sites. However, 1 hour of ICRF-193 treatment did not reproducibly
affect chromatin accessibility in three cell passages (Fig. 3e), suggesting that TOP2 is
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involved in establishment of accessibility, presumably after mitosis or DNA synthesis, rather
than maintenance of chromatin state. This is consistent with our result that maximal
decatenation intermediates occur only 5 minutes after BAF recruitment (Fig. 2b), and that
blocking full accessibility induction requires TOP2 inhibition within the first 5 minutes (Fig.
2d). Decreased (but not increased) accessibility upon 24 hours of ICRF-193 treatment is
predictive of decreased accessibility upon Brg deletion, which is in turn predictive of
changes upon Baf53a deletion (Fig. 3f). Therefore, these perturbations largely affect the
same sites (Supplementary Fig. 2g). Accessibility is decreased at all classes of enhancers, as
well as promoters to a lesser degree (Fig. 3g,h and Supplementary Fig. 2h), consistent with
the binding profiles of BAF complexes’*0. These studies confirm that TOP2 and BAF
cooperate to resolve facultative heterochromatin and promote accessibility of regulatory
regions.

TOP2 synergizes with BAF complexes to promote binding of pioneer pluripotency factors
to chromatin

Chromatin accessibility is essential for DNA binding by transcription factors®l. However,
some fate-determining transcription factors, known as pioneer factors, are able to penetrate
chromatin barriers and alter cell identity#”:52, It is unclear whether these factors are self-
sufficient for this capability or rely on other preexisting factors for creating an accessible
environment, so we tested whether TOP2 or BAF complexes regulate pioneer factor
recruitment. OCT4 (also known as POU5F1) is a key pioneer, pluripotency, and
reprogramming factor® that co-localizes with BAF complexes at 5,581 of 13,810 sites in ES
cells (p < 107397, bootstrapping) (Fig. 4a)"10. To determine if TOP2 and/or BAF complexes
can assist OCT4 binding, we made use of an OCT4 motif within the C/A:Oct4 DNA binding
array (Fig. 4b) and expressed OCT4 in CiA.Oct4 fibroblasts along with our BAF recruitment
system (Fig. 4c and Supplementary Fig. 3a). Strikingly, BAF recruitment lead to OCT4
concomitantly binding its motif in the array (Fig. 4d and Supplementary Fig. 3b). TOP2
activity is required for maximal OCT4 binding (Fig. 4e) despite the failure of both BAF and
OCT4 recruitment to re-activate expression (Fig. 4f). In contrast, direct recruitment of OCT4
by expression of OCT4-GAL4 in the absence of BAF recruitment (Supplementary Fig. 3c)
neither induced accessibility (Supplementary Fig. 3d) nor BAF occupancy (Supplementary
Fig. 3e). These studies indicate that TOP2 and BAF complexes facilitate OCT4’s pioneering
capability, which is consistent with the requirement of BAF complexes for efficient iPS cell
reprogrammingl7+18,

To determine if changes in accessibility upon TOP2 inhibition or BrgI deletion are
predictive of effects on transcription factor recruitment genome-wide, we compared our
ATAC-seq data to STAT3 ChlIP-seq in Brg1™7 ES cells. STAT3 is critical to pluripotency in
mice and most STAT3 sites are dependent on BAF complexesC. Indeed, loss of accessibility
upon Brgl deletion is strongly predictive of the magnitude of loss of STAT3 binding (Fig.
5a). Moderate loss of STAT3 binding also occurs at sites of “Unchanged” accessibility,
which may be due to changes that do not pass the threshold for “Decreased” accessibility.
Alternatively, BAF complexes may physically recruit STAT3 to chromatin in addition to
making its binding sites accessible.
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We also performed MNase-seq on Brg2™ ES cells, using constant reaction times and
enzyme units according to methods used previously to study chromatin remodelers?8:53-55,
to assess changes in nucleosome structure. We sequenced mono-nucleosomes from light
digests of native chromatin to preserve the sensitivity of MNase to chromatin accessibility,
preserve fragile nucleosomes, which often flank regulatory regions28:47-49.56 and prevent
over-digestion of accessible nucleosomes. We can then assess changes in nucleosome
positioning, which are consistent across different levels of digestion®8, as well as changes in
nucleosome “density”, which is convolved with nucleosome occupancy and
accessibility*’—49. Indeed, nucleosome density decreased around linker-bound STAT3 sites
upon Brg1 deletion, which likely reflects decreased accessibility10:47-49 (Fig. 5b).
Additionally, spacing between the nucleosomes flanking BRG1-dependent STATS3 sites
decreased substantially more than at BRG1-independent STAT3 sites. Therefore, the
reduction in spacing likely reflects reduction in STAT3 binding, which is predominantly
dependent on BAF function?0.

To assess the extent that TOP2 and BAF regulate transcription factor recruitment, we
compared our ATAC-seq and MNase-seq data to 121 publically available ChiP-seq datasets
in ES cells (Supplementary Table 2). TOP2 and BAF specifically promote accessibility of
pluripotency factor binding sites, such as SOX2, OCT4, and NANOGS® (Fig. 5¢ and
Supplementary Fig. 4). Interestingly, despite loss of accessibility at pluripotency factors as
well as widespread loss of accessibility assessed by MNase titrations (Fig. 3b,c), we did not
observe global differences in nucleosome phasing (Supplementary Fig. 5a). However, Brgl
deletion resulted in flanking nucleosomes moving into sites normally occupied by
pluripotency factors, but did not result in substantial shifts around sites of general factors
like ESET or CTCF, randomly shuffled sites, or regions beyond ~0.75 kb from pluripotency
factor sites (Fig. 5d—f and Supplementary Fig. 5b,c). Also, although BAF complexes
maintain accessibility of motifs of both OCT4 and ASCL1, a fate-determining pioneer factor
for neural progenitors that is not expressed in ES cells®’ (Supplementary Fig. 5d), BAF
promotes spacing of nucleosomes around OCT4 but not ASCL1 motifs in ES cells
(Supplementary Fig. 5e). These results indicate that, as with STAT3, BAF is critical for
specifically allowing pluripotency factors to access their binding sites. Indeed, loss of
accessibility and collapse of flanking nucleosome spacing predicts loss of both OCT4 and
SOX2 binding to their specific sites upon TOP2 inhibition or BrgZ deletion (Supplementary
Fig. 5f). This is similar to the dependence of TAL1 on BRG1 for targeting and for spacing
flanking nucleosomes during erythrocyte differentiation?8. Our finding that TOP2 and BAF
complexes promote targeting of pluripotency factors helps explain the instructive role that
BAF complexes play in ES cells”10.14-16 and iPS cell formationl7:18,

TOP2 activity is also crucial for the reformation of facultative heterochromatin

Given our discovery that TOP2 synergizes with BAF complexes to resolve facultative
heterochromatin by altering catenation or other topological states of DNA, and that TOP2
catalyzes both decatenation and catenation /7 vivc®L, we hypothesized that heterochromatin
and accessible chromatin exist at different catenation or topological states. Therefore, TOP2
may also have a role in the reformation of facultative heterochromatin. To test this, we
reversed BAF recruitment after 1 hour by washing out rapamycin while adding 100 nM
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FK506, which disrupts residual rapamycin-mediated FRB/FKBP dimerization* (Fig. 6a).
This completely reforms facultative heterochromatin within 20 hours and partially reforms it
within 2 hours as assessed by accessibility loss (Fig. 6b and Supplementary Fig. 6a), giving
us the first assay for facultative heterochromatin reformation. The rate of facultative
heterochromatin reformation is slower than accessibility induction, suggesting that assembly
of facultative heterochromatin is more complex than its resolution. Interestingly, inhibiting
TOP2 by adding ICRF-193 simultaneously with rapamycin washout and FK506 addition
(Fig. 6a) significantly impairs the loss of accessibility (Fig. 6¢), indicating that TOP2 also
has a role in heterochromatin reformation.

To further determine if TOP2 produces inaccessibility, we assayed TOP2 strand-cleaved
intermediates. Remarkably, TOP2 stand-cleaved intermediates increased two hours after
BAF washout and then subsequently resolved (Fig. 6d), indicating that TOP2 functions
during the process of reforming inaccessibility. Importantly, reformation of heterochromatin
occurs in the absence of transcription, therefore this function of TOP2 is also distinct from
the role of TOP2 in transcription. Consistently, non-bivalent H3K27me3 sites in ES cells,
which mark facultative heterochromatin®, are enriched for /ncreased accessibility upon
TOP2 inhibition (Fig. 6e and Supplementary Fig. 6b), suggesting that TOP2 has a role in
making facultative heterochromatin inaccessible genome-wide. The enrichment for
increased accessibility upon TOP2 inhibition at H3K36me3 sites, which mark gene bodies
and transcription end sites of active genes, is likely a consequence of the role of TOP2 in
facilitating transcriptional elongation37-49, and thus distinct from the role of TOP2 in
modulating facultative heterochromatin outside the context of transcription.

DISCUSSION

The mechanisms of the resolution and formation of facultative heterochromatin have largely
been a mystery. For the first time, our system of rapamycin-mediated BAF recruitment to a
heterochromatinized locus has given us the ability to study /n vivo chromatin state
transitions in real-time. This system is especially advantageous because we predict that it
mimics physiologic chromatin remodeler binding#344. Given the Ky for FKBP-rapamycin
binding to FRB of ~12 nM*®, and a typical rate constant &gy, for diffusion-limited
biomolecular binding of ~106 M~1 571, we estimated the mean residence time (£,) of
recruited BAF complexes:

K=
kog=K, - kon ~ 12nM - 10 M1 s71=0.012s7!
ton =T = 0725 T ~ 838

Given a concentration of 3 nM rapamycin, we estimated the equilibrium fraction (#) of
bound FKBP-rapamycin-FRB ternary complexes:

Kon - [rapamycin] 105M~1s~!.3nM

= =0.2
kon - [rapamycin|+kog 106 M—1s=1.3nM+0.012 51

f=
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Therefore only ~20% of FKBP-rapamycin-FRB ternary complexes are bound at any given
time, resulting in binding lifetimes on the order of tens of seconds, which is similar to dwell
times of chromatin remodelers binding to endogenous sites*344. Empirical evidence shows
that BAF recruitment to the CiA-Oct4 locus is dynamic as we have recently shown (and
replicated independently here) that rapamycin washout leads to loss of BAF binding in less
than an hour® (Supplementary Fig. 6a). It is likely that recruited BAF complexes remain on
chromatin longer than predicted from rapamycin’s on/off rates because of the complexes’
numerous DNA and histone binding domains!4. This system may in fact reveal a more
accurate view of chromatin remodeler binding as photobleaching measures dynamics of
freely diffusible complexes that may not reflect that of active complexes stably bound to
chromatin344,

Our studies indicate that changes in catenation are vital to chromatin state transitions
mediated by BAF chromatin remodeling (Fig. 6f). In contrast to earlier studies showing that
TOP?2 is required for transcription37-42, the resolution of inaccessible heterochromatin by
BAF/TOP2 shown here occurs in the absence of transcription, DNA replication, or RNA Pol.
I1. Given that TOP2 acts to facilitate resolution of facultative heterochromatin early in the
process, it is also unlikely that TOP2 acts to undo tangles introduced by BAF chromatin
remodeling. Rather, our data suggest that facultative heterochromatin and accessible
chromatin exist at different catenation or topological states, which may affect chromatin
compaction and might explain the difficulties in obtaining a structure for heterochromatin?.
Interestingly, TOP2 can sense the level of chromatin compaction /in7 vitro, which may
determine whether it promotes resolution or formation of facultative heterochromatin®8. Qur
discovery that TOP2 can assist both resolution and formation of repressed chromatin will
allow us to re-evaluate other intriguing observations, such as the prolonged therapeutic
activation of the dormant allele of Ube3a by transient topoisomerase inhibition®°.

Our results also suggest a new interpretation of the function of pioneer transcription factors.
These proteins are thought to be able to invade heterochromatic regions and thereby impart
instructive functions for cell identity4”-2. For example, during the first 48 hours of
reprogramming, ectopically expressed pluripotency factors can bind non-H3K9me3-
modified inaccessible chromatin®. However, our results indicate that many of these factors,
such as OCT4 and SOX28, are largely dependent on TOP2 and BAF complexes for binding
to their recognition sites. This is evident from our observation of TOP2/BAF-dependent
binding of ectopic OCT4 to an inaccessible locus and also from the genome-wide collapse
of nucleosomes toward sites of pioneer factor binding upon Brg1 deletion. Interestingly,
directed OCT4 recruitment is not sufficient for induction of accessibility or BAF binding.
These findings likely explain the instructive functions of BAF complexes in reprogramming
and development”-8:10.15-20 Fyrther study is needed to determine whether the role of BAF
complexes in facilitating iPS cell reprogramming?”:18, along with TOP2, is to assist initial
binding of pluripotency factors to H3K9me3-negative inaccessible chromatin®9, promote
subsequent binding to sites within H3K9me3-positive facultative heterochromatin, or
operate through another mechanism.

In recent other studies, we have found that BAF complexes can directly evict PRC1°13, It is
currently unclear how displacement of PRCL1 is related to recruitment of TOP2 activity or if
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these functions are independent. However, it is likely that opposition between BAF and
PRCL1 affects chromatin compaction. Interestingly, consistent with our previous study
showing that BAF activity does not necessarily affect nucleosome occupancy®, we found
here that Brg1 deletion does not affect global nucleosome phasing, suggesting that the
primary role of BAF complexes is antagonizing higher-order heterochromatic structures. As
mutations in BAF subunits cause a number of human neurodevelopmental diseases2°26 and
contribute to more than 20% of all human cancers?1-24, understanding the mechanisms of
BAF functions is critical to therapeutic development. The cooperation between BAF and
TOP2 to modulate the accessible genome and pioneer transcription factor binding that we
describe in this study likely contributes to the mechanisms of these diseases.

METHODS

Cell culture

SV40 large T antigen-transformed CiA.Oct4 adult mouse fibroblasts* and Brg1**, Brg1f/M:
actin-CreER, Baf534"M; actin-CreER, and Baf534V~; actin-CreER ES cells10 were cultured
as described previously. To delete conditional alleles, cells were treated with 0.8 uM of
tamoxifen for 24 hours, passaged, and then grown for another 48 hours in tamoxifen-free
media before harvesting for a total of 72 hours of growth after initiation of tamoxifen
treatment.

Lentiviral preparation and infection

Lentiviruses were produced in Lenti-X 293T cells (Clontech) using polyethylenimine
transfection. Media were changed 24 hours after transfection and after another 48 hours
media were collected and centrifuged for 2 hours at 20,000 RPM. Viral pellets were re-
suspended in PBS and used to infect cells in the presence of 10 pg/ml Polybrene (Santa
Cruz). Cells were selected with 2 pg/ml puromycin, 10 pug/ml blastocidin, and/or 100 pg/ml
hygromycin as appropriate beginning 48 hours after infection.

Assay of Transposase Accessible Chromatin (ATAC)

ATAC libraries were prepared as described previously with some modifications®L. For
sequencing, cells were stained with Annexin V-FITC (eBioscience) and 7-AAD (BD
Biosciences) and 50,000 viable cells were FACS sorted. For gPCR, cells were counted with
a VICELL Cell Counter (Beckman Coulter) and 50,000 viable cells were used. Those cells
were washed with PBS and then with RSB Buffer (10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3
mM MgCl,). Nuclei were obtained by re-suspending cells in 0.5 ml Lysis Buffer (0.1%
Tween-20/RSB Buffer) and incubated for 10 minutes on ice. Nuclei were pelleted by
centrifuging for 10 minutes at 500xg, re-suspended in 50 pl of Transposition Mix (1X
Tagmentation DNA Buffer, 2.5 ul Tagment DNA Enzyme (lllumina)), and incubated for 30
minutes at 37 °C. DNA was purified with a MinElute PCR Purification Kit (QIAGEN) and
libraries were amplified by PCR with barcoded Nextera primers (Illumina). For sequencing,
libraries were size-selected using Agencourt AMPure XP (Beckman Coulter) for fragments
between ~50 — 1000 bp according to the manufacturer’s instructions. Libraries were paired-
end sequenced by the Stanford Functional Genomics Facility on a NextSeq Desktop
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Sequencer (Illumina). For qPCR, libraries were diluted 1:100. Primers used for ATAC-qPCR
are available upon request.

Micrococcal Nuclease (MNase) digestion

MNase digests were performed as described previously2. 20 million cells were washed in
PBS and nuclei were isolated by re-suspending cells in Lysis Buffer (10 mM Tris-HCI pH
7.5, 10 MM NaCl, 3 mM MgCl,, 0.5% NP-40, 0.15 mM spermine, 0.5 M spermidine) and
incubating for 5 minutes on ice. Nuclei were washed with MNase Digestion Buffer (10 mM
Tris-HCI pH 7.5, 15 mM NaCl, 60 mM KCI, 0.15 mM spermine, 0.5 mM spermidine) and
re-suspended with 800 pl of MNase Digestion Buffer with 1 mM CaCl. Nuclei were split
into 8 tubes containing 6, 8, 10, 12, 14, 16, 18, or 20 U of MNase (New England BioLabs).
Reactions were incubated for precisely 5 minutes at 37 °C and stopped by adding 150 pl of
Stop Buffer (20 mM EDTA pH 8.0, 20 mM EGTA pH 8.0, 0.4% SDS). After Proteinase K
(New England BioLabs) digestion, DNA was purified by phenol/chloroform extraction and
ethanol precipitation. DNA was run on a 2% agarose/ethidium bromide electrophoresis gel.
For sequencing, mononucleosome bands from 12 U digests were isolated using a QIAquick
Gel Extraction Kit (QIAGEN), and libraries were constructed as described previously®3.
ImageJ (version 1.50i) was used for gel densitometry.

Chromatin Immuno-Precipitation (ChIP)

10 — 30 million cells were fixed in suspension for 15 minutes in 1% formaldehyde. Excess
formaldehyde was quenched by addition of glycine to 100 mM. Fixed cells were washed,
pelleted, and flash-frozen. Pellets were thawed, re-suspended in NP Rinse 1 buffer (50 mM
HEPES-KOH pH 8.0, 140 mM NaCl, 1 mM EDTA pH 8.0, 10% glycerol, 0.5% NP-40,
0.25% Triton X-100), and incubated for 10 minutes on ice to isolate nuclei. Nuclei were
washed once with NP Rinse 2 buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0, 0.5
mM EGTA pH 8.0, 200 mM NacCl) and then washed twice with Shearing Buffer (0.1% SDS,
1 mM EDTA pH 8.0, 10 mM Tris-HCI pH 8.0). Pellets were re-suspended in 900 pl of
Shearing Buffer with protease inhibitors and sonicated in a Covaris E220 sonicator for 10 —
12 minutes to obtain DNA fragments between approximately 200 — 1000 bp. Insoluble
material was pelleted by centrifuging for 15 minutes at 16,100xg. Chromatin was then
immunoprecipitated overnight at 4 °C with antibodies bound to Protein G Dynabeads (Life
Technologies) in ChIP Buffer (50 mM HEPES-KOH pH 7.5, 300 mM NaCl, 1 mM EDTA
pH 8.0, 1% Triton X-100, 0.1% DOC, 0.1% SDS). The chromatin-beads slurry was washed
with a magnetic rack four times with ChlP Buffer, once with DOC Buffer (10 mM Tris-HCI
pH 8.0, 250 mM LiCl, 0.5% NP-40, 0.5% DOC, 1 mM EDTA pH 8.0), and once with TE
Buffer. Chromatin was eluted with Elution Solution (0.1 M NaHCO3, 1% SDS). After
RNase A (Life Technologies) and Proteinase K (New England BioLabs) digestion and de-
crosslinking at 65 °C overnight, DNA was extracted with phenol/chloroform and
precipitated with ethanol. Primers used for ChIP-gPCR are available upon request.
Etoposide-ChIP was performed as described previously by fixing cells for 10 minutes by
adding etoposide to 100 uM directly to media instead of formaldehyde fixation and using
anti-TOP2A (Santa Cruz F-12) antibodies?®.
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Sequencing analysis

Raw reads were mapped to the mm9/NCBI37 Mus musculus genome using Bowtie (version
0.12.9)%4. Nuclear ATAC-seq fragments smaller than 235 bp were used to call accessible
sites. Accessible sites and ChIP-seq peaks were called by Model-based Analysis for ChiP-
seq 2 (MACS2) (version 2.1.0)%. Peaks overlapping ENCODE “blacklist” regions were
discarded®6. Public raw ultra-high-throughput sequencing was processed using the SRA
Toolkit (version 2.3.5)87. Downstream analysis was aided by Bedtools (version 2.17.0)58,
Genome annotations were acquired from the UCSC Genome Browser (http://
genome.ucsc.edu/)89:70, Putative enhancers were defined as H3K4mel sites overlapping
p300 that are at least 500 bp away from the nearest annotated TSS’1:72, These sites were
further partitioned as active or poised by presence or absence, respectively, of H3K27ac’1.
Super-enhancers were defined as enhancers with high Med1 density as described
previously 3.

To determine which peaks are significantly altered in knockout/treated cells versus wild-
type/control cells, we merged peaks from both cell types and all replicates. Non-redundant
read/fragment counts was calculated over the set of merged peaks that are common to all
replicates either by extending reads by the spline-smoothed mode of the distance between
opposing reads (for single-end) or by counting overlapping fragments (for paired-end). Non-
redundant fragment depth was used as normalization factors for edgeR (version 3.12.1)
analysis of differential peak density’4. Peaks were deemed altered between samples if the
False Discovery Rate (FDR) < 10%.

Where biological replicates are not available, non-redundant read/fragment density was
calculated over the set of merged peaks either by extending reads by the spline-smoothed
mode of the distance between opposing reads (for single-end) or by counting overlapping
fragments (for paired-end) and normalizing by unique sequencing depth. Peaks were
deemed altered between samples if read/fragment density is changed by more than 1.5-fold
in either direction and if the change has a FDR < 5% as determined by SICER (version
1.1)75.

Overlap enrichment scores between two sets of genomic intervals were calculated as
observed/expected number of intervals from the first set overlapped (at least one bp shared)
by intervals from the second. The expected overlap is calculated by performing 1000 trials
randomizing the locations of the first set of peaks and then counting the number of
randomized peaks overlapped by the second set. P-values are estimated by fitting a Poisson
distribution.

For MNase-seq analysis, nucleosome positions were determined using NPS (version
1.3.2)78. Dyad centers of fragments ranging from 130 — 180 bp were used to determine
average nucleosome densities around ChlP-seq peak summits. Peaks were filtered for
summits that occupy linkers as defined by summits that are > 75 bp away from NPS-called
nucleosome dyads. Shuffled sites were determined by randomly positioning 1 kb intervals
around transcription start sites to non-overlapping blacklist-subtracted genomic coordinates.
For phasogram analysis, the distances between any given read and any other nearby read on
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the same strand were tabulated as described previously’”. For this analysis, only high-
confidence nucleosome positions (at least three reads at the same position) were considered.

To locate known motifs in the genome, we used Homer (version 4.7.2)78. Motifs were
filtered for occupying linkers as with peak summits.

Western blots

Antibodies

Cells were lysed for at least 30 minutes at 4 °C in RIPA buffer (50mM Tris-HCI pH 8.0,
150mM NacCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40). Lysates were centrifuged
for 30 minutes at 14,000xg and the supernatant was flash-frozen. Total protein concentration
was measured by Bradford assay (BioRad). 10 g of protein was boiled in gel loading buffer
(Life Technologies) with 50 mM of dithiothreitol and loaded onto 4-10% BisTris NuPage
gels (Life Technologies). Bands were transferred to PVDF membranes (BioRad) and then
membranes were blocked in 5% BSA/TBST. Blots were then incubated with primary
antibodies for 1 hour at room temperature. Proteins were detected using the LI-COR
detection system.

For ChlIP, anti-BAF155, anti-BRG1 (J1B), anti-RNA Polymerase Il (Santa Cruz N-20), anti-
V5 (Life Technologies R960-25), anti-OCT4 (Santa Cruz N-19), and anti-SOX2 (Santa Cruz
Y-17) antibodies were used. For etoposide-ChlP, anti-TOP2A (Santa Cruz F-12) antibodies
were used. For western blots, anti-BRG1 (J1B), anti-HSP90 (BD Biosciences 68), anti-
BAF53a (Novus Biologicals NB100-61628), anti-SS18 (Santa Cruz H-80), anti-V5 (Life
Technologies R960-25), and anti-GAPDH (Santa Cruz 6C5) antibodies were used.

Public ChlP-seq datasets

Statistics

Raw reads from publically available sequencing datasets were acquired from the Sequence
Read Archive (http://www.ncbi.nlm.nih.gov/sra) (Supplementary Table 2)87. Datasets were
re-analyzed according to the procedure described here.

Statistical significance of differences in experiments using the BAF recruitment system,
MNase densitometry, and ChIP-gPCR was determined using two-tailed Student’s t-tests
(heteroskedastic). Overall significance for specified effects in these experiments were
determined by ANOVAs. FDR for changes in ATAC-seq density was assessed using
edgeR’4. FDR for changes in STAT3 ChlIP-seq density was assessed using SICER"®,
Significance between different cumulative distributions was determined by Kolmogorov-
Smirnov tests. Individual p-values for overlap contingency heatmaps/tables were calculated
by hypergeometric tests (right-tailed). Overall p-values for such tables were calculated by
chi-squared tests. Significance for overlap between sets of ChlP-seq peaks was determined
by bootstrapping Poisson distributions.

Data availability

Sequencing data have been deposited in the Gene Expression Omnibus under accession code
GSE94041. Other data is available upon request.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TOP2 isrequired for transcription-independent BAF-mediated resolution of facultative
heterochromatin to accessible chromatin

(a) Strategy for BAF recruitment to the CiA. Oct4 locus in fibroblasts. The recruitment site is
—-638 to —232 bp from the TSS. The two primer sets upstream of the recruitment sites target
both the CiA-Oct4 and unmodified Oct4 alleles, whereas the other primer sets target only the
CiA.Oct4locus. BRG1 ChIP (b) or TOP2A etoposide-ChlP (c) in fibroblasts with the BAF
recruitment system treated with 3 nM rapamycin (Rap) for 1 hour. (d) ATAC-gPCR in cells
treated with rapamycin and 1 uM ICRF-193 for 1 hour to inhibit TOP2. (€) eGFP flow
cytometry of cells treated with rapamycin for 1 hour. Significance assessed by two-tailed t-
tests versus no rapamycin control or as specified: n.s: p=>0.1, @: p<0.1, *: p<0.05, **: p
<0.01, ***: p < 0.001. Lines represent means and error bars represent s.e.m. from 4 (b,d) or
6 (c) cell passages.
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Figure 2. Active TOP2 isrecruited immediately upon BAF recruitment and isrequired for the
initial stage of accessibility induction

(a) Strategy for timecourse of active TOP2/strand-cleaved decatenation intermediate
detection during BAF recruitment. (b) TOP2A etoposide-ChlP in cells treated with 3 nM
rapamycin for various times before fixation with 100 pM etoposide. (c) Strategy for
timecourse of TOP2 inhibition during BAF recruitment. (d) ATAC-qPCR in cells treated
with rapamycin and 1 uM ICRF-193 after various delays. Significance assessed by t-tests as
before. Bars represent means and error bars represent s.e.m. from 6 (b) or 3 (d) cell
passages.
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Figure 3. TOP2 and BAF promote accessibility of enhancersand promoters genome-wide
DNA gel electrophoresis of MNase digests of ES cells treated with 1 uM ICRF-193 for 24

hours (a) or Brg1M/T: actin- CreER (b) ES cells treated with tamoxifen (Tax) to knockout
Brg1using 6, 8, 10, or 12 units of MNase. Arrowheads point to different nucleosome
species. M: DNA marker. Uncropped gel images are shown in Supplementary Data Set 1. (c)
Fold-change densitometry of MNase digests in log-scale. Significance of treatment assessed
by t-tests as before. Overall significance of the interaction effect of treatment and size range
assessed by three-way ANOVA. Bars represent actual values from 2 cell passages (ICRF) or
means (Brg1™™ and error bars represent s.e.m. from 4 cell passages. (d) Row-wise z-score
heatmaps of ATAC-seq fragment density at ATAC-seq peaks sorted by edgeR-adjusted fold-
change. (e) Percentage of ATAC-seq peaks altered upon ICRF-193 or tamoxifen treatment.
(f) Cumulative probability distributions of specified log, fold-change ATAC-seq fragment
density over specified ATAC-seq peaks. Significance between “Decreased” and
“Unchanged” distributions assessed by Kolmogorov-Smirnov tests. (g) Classification of
ATAC-seq peaks by genome element. (h) log, observed/expected overlap of ATAC-seq
peaks by genome elements.
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Figure4. TOP2 isrequired for optimal BAF-mediated recruitment of OCT4
(a) Venn diagram of overlapping BRG1 and OCT4 ChiIP-seq peaks in ES cells. (b) Diagram

of OCT4 motifs at the CiA.Oct4 locus. Red arrowhead indicates the OCT4 motif in the
DNA binding 19 bp downstream from the zinc-finger recruitment site. (c) Strategy for
testing BAF/TOP2 pioneering for OCT4 using BAF recruitment to the CiA:-Oct4 locus in
fibroblasts while expressing exogenous OCT4. OCT4 ChlP in fibroblasts with the BAF
recruitment system over-expressing OCT4 treated with 3 nM rapamycin (d) in the presence
of 1 pM ICRF-193 (e). (f) eGFP flow cytometry of fibroblasts over-expressing OCT4 treated
with rapamycin for 1 hour. Significance assessed by t-tests as before. Lines represent means
and error bars represent s.e.m. from 3 cell passages (d,e).
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Figure5. TOP2 and BAF arerequired for recruitment of pluripotency factors genome-wide
(a) Cumulative probability distributions of log, fold-change STAT3 ChlIP-seq fragment

density in Brg1™fES cells at STAT3 peaks overlapping specified ATAC-seq peaks. (b)
MNase-seq nucleosome dyad density across specified subsets of linker-bound STAT3 sites
in Brg1™ ES cells. Vertical lines indicate nucleosome positions and values are changes in
nucleosome positioning (bp, tamoxifen — EtOH). (c) Heatmap of log, observed/expected
change in accessibility of accessible ChIP-seq peaks from various datasets, sorted by
enrichment for decreased accessibility upon ICRF-193 treatment. Top 20 ChlP-seq datasets
are shown. Changes in Brg1™" MNase-seq mean flanking nucleosome positions (d) and
nucleosome dyad density profiles (€) around specified linker-bound ChIP-seq peaks or
38,864 randomly shuffled sites that exclude TSSs, TESs, or enhancers. (f) Model for loss
accessibility, nucleosome spacing, and transcription factor binding.
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Figure 6. TOP2isrequired for reformation of facultative heterochromatin
(a) Strategy for BAF recruitment and rapamycin washout using 100 nM FK506 with TOP2

inhibition using 1 uM ICRF-193. ATAC-gPCR in fibroblasts treated with 3 nM rapamycin
for 1 hour and subsequently washed out with FK506 (b) in the presence of ICRF-193 (c). (d)
TOP2A etoposide-ChlP in cells treated with rapamycin and subsequently washed out with
FK506. (e) Heatmap of log, observed/expected change in accessibility of various ChiP-seq
peaks, sorted by enrichment for increased accessibility upon ICRF-193 treatment. Top 10
ChlP-seq datasets are shown. *: does not include bivalent peaks. (f) Model for the role of
TOP2 and BAF in resolution and reformation of heterochromatin. Significance of individual
primer sets assessed by t-tests as specified (b), versus control washout (c), or versus no
rapamycin control (d). Overall significance of the effect of washout (b,d) or ICRF-193 (c)
assessed by three-way ANOVA. Lines and bars represent means and error bars represent
s.e.m. from 5 (b,c) or 9 (d) cell passages.
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