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Abstract

The histone variant macroH2A occupies large repressive domains throughout the genome,
however mechanisms underlying its precise deposition remain poorly understood. Here, we
characterized de novo chromatin deposition of macroH2A2 using temporal genomic profiling in
murine-derived fibroblasts devoid of all macroH2A isoforms. We find that macroH2A2 is first
pervasively deposited genome-wide at both steady state domains and adjacent transcribed regions,
the latter of which are subsequently pruned, establishing mature macroH2A2 domains. Pruning of
macroH2Az2 can be counteracted by chemical inhibition of transcription. Further, CRISPR/Cas9-
based locus-specific transcriptional manipulation reveals that gene activation depletes pre-existing
macroH2Az2, while silencing triggers ectopic macroH2A2 accumulation. We demonstrate that the
FACT (facilitates chromatin transcription) complex is required for macroH2A2 pruning within
transcribed chromatin. Taken together, we have identified active chromatin as a boundary for
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macroH2A domains through a transcription-associated ‘pruning’ mechanism that establishes and
maintains the faithful genomic localization of macroH2A variants.
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Incorporation of histone variants plays an important role in chromatin organization and
transcriptional output!-2. MacroH2A variants differ from canonical H2A by the presence of a
unique C-terminal macro domain, which is approximately twice the size of its H2A-like
histone fold region?. In mammals, three macroH2A isoforms are encoded by two genes,
H2afy (macroH2A1.1, macroH2A1.2) and H2afy2 (macroH2A2)2. MacroH2A histones are
generally regarded as repressive variants that interfere with chromatin remodeling and
transcription factor binding34, but have also been implicated in transcriptional activation®®
and DNA repair’-8. Functionally, macroH2A isoforms maintain cellular identity by impeding
the reactivation of pluripotent genes during somatic cell reprogramming?910 and act as
tumor suppressors across multiple cancer types?11,

MacroH2A variants are enriched in distinct domains that can span hundreds of kilobases in
mammalian chromatin®10, These variants associate with several types of repressed
chromatin in both genic and intergenic regions®12-14, while depleted from actively
transcribed locil0:15, Most notably, macroH2A variants are enriched on the inactive X
chromosome (Xi) in female mammals!® and co-localize with H3K27me3-decorated
autosomal chromatin across the genome®19:12_ Dye to the extensive overlap with repressive
chromatin modifications, macroH2A deposition has been considered a redundant mechanism
of transcriptional repression®10.17.18,

Despite our understanding of the steady state localization of macroH2A variants, the
dynamics of establishing and maintaining such extended chromatin domains remain poorly
understood. While nucleation and spreading has been suggested as a model for the
establishment of repressive domains decorated by H3K27me319 or H3K9me320, it remains
unclear whether spreading applies to macroH2A. Furthermore, the mechanisms underlying
the demarcation of macroH2A domains are ill defined. In this study, we utilized cells
isolated from a macroH2A1/2 double knockout (dKO) mouse model1%18 to inducibly
express macroH2A2 and perform temporal genomic profiling in order to unravel the de novo
deposition dynamics of macroH2A2 into macroH2A-naive chromatin. We uncovered that
macroH2A2 is first pervasively deposited across the genome and subsequently pruned at
actively transcribed loci to form mature chromatin domains. We demonstrated that
macroH2A2 is depleted from transcribed regions, while its accumulation occurs in the
absence of transcription. Through proteomic analyses, we identified the FACT complex as a
contributing factor to macroH2A2’s distinct deposition pattern. Thus, by systematically
monitoring de novo macroH2A deposition, we have identified a novel ‘pruning’ mechanism
that establishes and maintains precisely demarcated macroH2A2 domains throughout the
mammalian genome.
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Replication-independent deposition of macroH2A histone variants

To accurately study macroH2A2 deposition, we first determined whether its incorporation
into chromatin is regulated during the cell cycle utilizing SNAP-tag technology to track
newly synthesized histones?!. We generated NIH 3T3 mouse fibroblasts stably expressing
either SNAP-tagged H3.1, which has replication-dependent chromatin incorporation??, or
SNAP-tagged macroH2A2 (Supplementary Fig. 1a). We carried out quench-chase-pulse
(QCP) for newly synthesized histones, pulse labeling (P) for the total histone pool, or
quench-pulse (QP) to control for background fluorescence (Fig. 1a). Soluble proteins were
eliminated to ensure exclusive detection of chromatin-incorporated histones. We performed
flow cytometry to correlate SNAP signal and DNA content in asynchronously growing cells.
When labeled by QCP, SNAP-H3.1 signal corresponding to new histone deposition was
markedly increased in S phase, whereas total H3.1 levels were stable across the cell cycle
(Fig. 1b and Supplementary Fig. 1b,c). In contrast, macroH2A2-SNAP revealed similar
proportions of newly synthesized histone deposition in G1, S and G2 phases (Fig. 1b and
Supplementary Fig. 1b,c), suggesting that macroH2A2 is deposited throughout the cell
cycle, like histone variants H3.322 and H2A.Z2L,

We also established wild type (WT) mouse immortalized dermal fibroblasts (iDFs) stably
expressing SNAP-tagged H3.1, macroH2A1.1, macroH2A1.2 or macroH2A2
(Supplementary Fig. 1d). Here, we coupled the QCP strategy with EdU labeling and Aurora
B immunostaining to mark distinct cell cycle stages?t. Microscopic analyses confirmed the
replication-independent deposition pattern of all macroH2A variants (Fig. 1c). Furthermore,
in asynchronously growing iDFs sorted by DNA content, mRNA levels of all endogenous
macroH2A isoforms were similar across G1, S and G2 (Supplementary Fig. 1e). Therefore,
we used asynchronous cell populations to investigate the genome-wide dynamics of
macroH2A2 chromatin incorporation.

A temporal system to profile macroH2A2 deposition into macroH2A-naive chromatin

We devised a temporal profiling strategy to interrogate the genome-wide deposition
dynamics of nascent macroH2A into chromatin devoid of pre-existing macroH2A variants.
Since macroH2A1 and macroH2A2 isoforms have highly similar genome-wide localization
patterns in multiple cell types10-14.18.23 \ye focused on the understudied macroH2A2
variant, which we previously demonstrated as a barrier of somatic cell reprogramming
towards pluripotency?.

We generated and characterized iDFs from neonatal macroH2A1/2 dKO mice
(Supplementary Fig. 2a-c), and established dKO iDFs carrying a doxycycline (dox)-
inducible GFP-tagged macroH2A2 transgene. We generated clonal lines and selected one
with the most synchronous induction kinetics (Supplementary Fig. 2d). This system allowed
us to induce macroH2A2 expression in dKO cells and track its de novo deposition (Fig. 2a).
A clonally-derived dKO iDF line with a dox-inducible macroH2A1.1-GFP transgene was
also generated (Supplementary Fig. 2d). While macroH2A2-GFP and macroH2A1.1-GFP
were largely undetectable without dox, expression was observed by 6 hours post-induction
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and chromatin-incorporated macroH2A plateaued at ~24 hours (Supplementary Fig. 2e-g).
Importantly, the dox concentration was chosen to ensure that macroH2A2-GFP expression in
dKO background was below the endogenous level of total macroH2A in WT cells
(Supplementary Fig. 2h-j).

Next, we performed native chromatin immunoprecipitation sequencing (nChlP-seq) using
GFP-trap?4 in macroH2A2-GFP inducible iDFs five days post-induction (steady state)
(Supplementary Table 1), and compared it with endogenous macroH2A2 distribution in WT
DFs derived from the same mouse strainl® (Supplementary Table 2). We observed accurate
restoration of macroH2A2 genomic localization (Supplementary Fig. 3a,b) and formation of
broad domains overlapping H3K27me310 (Fig. 2b, Supplementary Table 2). These results
suggest that precise de novo establishment of macroH2A2 domains does not require pre-
existing macroH2A variants.

De novo macroH2A2 deposition involves pervasive incorporation followed by pruning

To track de novo macroH2A2 deposition, we performed nChlP-seq for macroH2A2-GFP at
0, 6 and 24 hours post-induction (Supplementary Table 1). Normalization to input
(Supplementary Table 1) revealed that more than 92% of reads at 0 hours represent
background-level signal, confirming minimum leaky expression of the transgene. We termed
macroH2A2 peaks present at five days ‘steady state’ (i.e. mature) peaks, and strikingly,
~70% of them were already established by 6 hours (Fig. 2b, ¢, Supplementary Fig 3c).
Unexpectedly, we identified a large number of additional macroH2Az2 peaks at 6 hours,
localized outside of steady state peak regions (Fig. 2b-d). These ‘transient’ peaks accounted
for ~40% of all 6-hour peaks and displayed similar levels of relative macroH2A2 enrichment
as mature peaks at 6 hours (Fig. 2e). MacroH2A2 enrichment at transient peak regions
decreased significantly by 24 hours and was reduced to background levels at steady state
(Fig. 2b,d,e). In contrast, macroH2A2 remained stably enriched at steady state peak regions
from 6 hour onwards (Fig. 2b,e). Our results suggest that incorporation of macroH2Az2 into
macroH2A-naive chromatin has an early pervasive phase, followed by a ‘pruning’ process,
which restricts its localization and enforces the steady state distribution pattern.

Interestingly, while the majority of steady state peaks were established by 6 hours (referred
to as ‘early’ steady state peaks), others only became detectable by 24 hours (‘intermediate’)
or 5 days (‘late’) (Supplementary Fig 3c). Though macroH2A generally associates with
repressed chromatin, regions with delayed deposition were enriched for heterochromatic
features, such as H3K27me310 and more dramatically H3K9me32> (Supplementary Fig 3d,
Supplementary Table 2). This suggests that heterochromatic regions with more densely
packed nucleosomes may hinder the initial access of the macroH2A deposition machinery.

Transient macroH2A2 deposition is enriched at actively transcribed chromatin loci

We next characterized chromatin signatures associated with transient vs. steady state peaks.
We found that transient peak regions were enriched for H3K27ac0 (Supplementary Table
2), indicating an association with active transcription, in contrast to steady state peak regions
that were enriched for H3K27me3 (Fig. 3a). To partition the genome based on
transcriptional status, we performed RNA sequencing (RNA-seq) at 0, 6 and 24 hours post-
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induction (Supplementary Table 1). Re-expression of macroH2Az2 in dKO iDFs caused
negligible changes in gene expression under homeostatic conditions (Supplementary Fig.
4a,b). In accordance, we observed that macroH2A acts redundantly with other epigenetic
pathways to maintain autosomal gene repression (Supplementary Fig. 4c-e), akin to its role
in Xi maintenancel’.

Notably, ~70% and 15% of transient peaks localized to active genes or their proximal
regions, respectively (Fig. 3b). More than half of active genes showed transient macroH2A2
deposition at 6 hours (Supplementary Fig. 4f). Therefore, we analyzed relative macroH2A2
levels at genes throughout the time course and observed decreased enrichment at active
genes over time, yet stable enrichment at inactive loci (Fig. 3c,d), a pattern that recapitulates
the gradual pruning of transient peaks. Furthermore, the presence of transient deposition and
pruning at proximal regions of active genes - upstream of the transcription start site (TSS)
and downstream of the transcript end site (TES) (Fig. 3c,d) suggests an association with
proximal transcriptional activity?® marked by elongating RNA polymerase 1127
(Supplementary Fig. 4g, Supplementary Table 2).

Normalization of macroH2A2-GFP nChlIP to H2B, which represents occupancy of total
canonical and variant H2A/H2B dimers, at several active genes (Supplementary Fig. 4h)
validated the two-step deposition-pruning process (Fig. 3e,f) identified by normalization to
input DNA (Fig 2b, Supplementary Fig. 4i). This suggests that pruning is mediated by
histone exchange rather than dimer loss. In agreement, we observed a modest but consistent
increase of canonical H2A occupancy during macroH2A2 pruning (Supplementary Fig. 4j).
Additionally, de novo macroH2A1.1 deposition undergoes similar dynamics (Fig. 3g),
demonstrating a conserved deposition pathway between macroH2A isoforms. Collectively,
these findings demonstrate that transient deposition and subsequent pruning of macroH2A
histones predominantly occurs at actively transcribed chromatin.

MacroH2A domain boundaries are enriched for actively transcribed genes

Since transient deposition and pruning occurs predominantly at active genes, we examined
the proximity of active genes to steady state macroH2A domains. We identified 14,050
steady state macroH2A2-GFP broad domains in iDFs; such macroH2A chromatin domains,
hereafter termed MCDs, are enriched for both macroH2A1 and macroH2A2 and span up to
hundreds of kilobases averaging ~37 kb (Fig. 4a, Supplementary Fig. 5a). Whereas active
genes are depleted within MCDs (Supplementary Fig. 5b), they are localized near MCD
boundaries, with their TSS or TES enriched at immediate MCD flanking regions (Fig. 4b,c).
Furthermore, transcription in both 5 and 3’ directions indicated by RNA-seq signal is highly
enriched at MCD proximal regions, but is absent within MCDs (Fig. 4d). In accordance,
elongating Pol 1127 as well as active chromatin signatures H3K27ac10 and H2A.Z
(Supplementary Table 1) show enrichment at MCD flanking regions (Supplementary Fig.
5¢). Moreover, active genes with transient macroH2A2 localized significantly closer to
MCDs than those without (Fig. 4c,e), in keeping with an enrichment of transient
macroH2A2 peaks near MCDs (Fig. 4c,f). This indicates that transient deposition and
pruning is more likely to occur at active genes near MCD boundaries.
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Analyses of macroH2A1/2 ChIP-seq from mouse liver cellsl® and C2C12 myoblasts?8
revealed that MCDs in these cell types are also flanked by transcribed regions, marked by
RNA-seq signal?® (Fig. 4g,h), Pol 1l occupancy?%:30 and transcription-associated histone
modifications?? (Supplementary Fig. 5d,e, Supplementary Table 2), indicating a conserved
localization pattern across differentiated cell types. Notably, distinct gene expression
patterns at MCD-flanking regions across cell types associate with differential boundary
demarcation. For example, lack of transcription at the Hoxc gene cluster boundary is
associated with an expanded MCD in liver cells (Fig. 4i). These results demonstrate that
actively transcribed loci delimit MCDs under steady state across cell types and display
pruning of pervasively deposited macroH2A2 during establishment of adjacent MCDs.

Active transcription is necessary for the pruning of pervasively incorporated macroH2A2

MacroH2A is generally depleted from active genes'915, We observed an anti-correlation
between gene expression levels and macroH2A2 occupancy in iDFs (Fig. 5a), and that
lineage-specific macroH2A localization is associated with differential transcription, whereby
macroH2A is specifically depleted from genes expressed in a particular cell type (Fig. 5b).
Together, these data suggest that transcriptional activity antagonizes macroH2A deposition.
To determine whether transcription drives the pruning of pervasively incorporated
macroH2Az2 during de novo deposition, we calculated a “pruning index’ representing the
degree of macroH2A2 pruning between 6 to 24 hours, and found it positively correlated with
transcription levels (Fig. 5¢). Interestingly, active genes without pervasively deposited
macroH2A2 at 6 hours display significantly higher occupancy of elongating Pol Il
(Supplementary Fig. 6a,b), suggesting that macroH2A2 has already been pruned due to high
transcriptional activity.

Next, we blocked Pol 11 elongation globally using the CDK9 inhibitor flavopiridol (FP)31:32,
FP efficiently inhibited Pol Il Serine-2 phosphorylation (S2P), a hallmark of productive
elongation (Fig. 5d), and transcription was significantly reduced (Supplementary Fig. 6c).
We treated macroH2A2-GFP inducible iDFs with dox for 6 hours, allowing pervasive
deposition to occur, and then added FP for 18 hours to challenge subsequent pruning (Fig.
5e). FP treatment dramatically diminished pruning at transient peak regions, resulting in
genome-wide preservation of pervasively incorporated macroH2Az2, whereas it did not alter
the deposition at steady state macroH2A2-decorated chromatin (Fig. 5f,g, Supplementary
Fig. 6d,e, Supplementary Table 1). Notably, aberrant retention of macroH2A2 near MCDs
resulted in domain expansion (Fig. 5f). Moreover, global macroH2A2 distribution at 24
hours with FP treatment correlated stronger with the 6-hour vs. untreated 24-hour profile
(Supplementary Fig. 6f). Further inspection at genic regions revealed that macroH2A2
pruning from formerly active genes was largely abrogated by FP treatment (Fig. 5h-j,
Supplementary Fig. 6g). Transcriptional inhibition also led to macroH2A1.1 retention (Fig.
5k), demonstrating that macroH2A isoforms undergo similar transcription-dependent
pruning during de novo deposition.

Steady state macroH2A2 deposition is subject to transcriptional states

Next, we utilized CRISPR/Cas9-based techniques to activate or repress specific genes in
iDFs and examined consequent changes of macroH2A2 deposition. Hoxc13is a repressed
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gene (FPKM = 0.37) localized within an MCD (Fig. 4i, 6a). Using dCas9-activators in dKO
iDFs expressing macroH2A2-GFP (Fig. 6b), Hoxc13was efficiently activated with
promoter-targeting sgRNA (sgHoxc13) (Fig. 6¢) and macroH2A2 occupancy was
diminished across the gene and at promoter proximal regions (Fig. 6d). 7ks4 (also known as
Sh3pxad2b) is expressed (FPKM = 19.34) and localized near the a.-globin gene cluster
MCD?33 (Fig. 6e). We ablated a 2 kb region containing the 7ks4 TSS and associated CpG
island (CGI) using CRISPR/Cas9 in dKO iDFs expressing macroH2A2-GFP (Fig. 6e) and
selected clones with homozygous TSS deletion (Supplementary Fig. 7a). Transcription of
Tks4 was completely abrogated in edited cells (Fig. 6f) and notably, the 7ks4locus
accumulated macroH2A2, effectively resulting in expansion of the adjacent MCD (Fig. 6Q).

We further investigated whether transcriptional inhibition of non-engineered, active genes at
steady state leads to macroH2A2 accumulation. We treated WT iDFs and macroH2A2-GFP-
expressing dKO iDFs with FP to inhibit global transcription31:32 (Supplementary Fig. 7b-d).
We observed gradual accumulation of macroH2A2 at multiple formerly expressed genes
(Supplementary Fig. 7¢,f). In contrast, a small set of primary response genes, whose
expression increases upon CDK9 inhibition3* (Supplementary Fig. 7g,h), remained depleted
of macroH2A2 (Supplementary Fig 7i,j). Moreover, by blocking transcription and
subsequently allowing its resumption upon inhibitor washout, we observed rapid eviction of
the accumulated macroH2A2, which closely followed the kinetics of mMRNA expression
(Fig. 6h). Together, these results demonstrate that transcriptional activation is sufficient to
deplete pre-existing macroH2A2 from chromatin, and conversely, transcriptional silencing is
sufficient to allow macroH2A2 accumulation. Therefore, transcription plays a principal role
in macroH2A2 chromatin localization.

Deposition of macroH2A2 is independent of H3K27me3

Due to the extensive co-localization of macroH2A and H3K27me3 throughout the
genome>10.12 we queried whether H3K27me3 signals for the deposition of macroH2A2.
Interestingly, upon silencing of 7ks4via TSS deletion or transcriptional inhibition by FP, the
accumulation of macroH2A2 was not accompanied by gain of H3K27me3 (Fig. 6i,
Supplementary Fig. 8a). During de novo deposition, transient macroH2A2 incorporation
also occurs independently of this modification (Supplementary Fig. 8b). We next treated
macroH2A2-GFP-inducible iDFs with the Ezh2 inhibitor GSK1263° for 10 days to deplete
H3K27me3 (Fig. 6j, Supplementary Fig. 8c), and then initiated macroH2A2-GFP expression
(Fig. 6K). Notably, the de novo deposition dynamics of macroH2A2 recapitulates that of
untreated cells, showing pervasive deposition followed by pruning (Supplementary Fig. 8d,e,
Supplementary Table 1). Moreover, the genome-wide occupancy of macroH2A2-GFP 24
hours post-induction was unaltered by the absence of H3K27me3 (Fig. 61, Supplementary
Fig. 8f-h). Collectively, these data suggest that H3K27me3 does not play an instructive role
in macroH2A2 deposition.

Histone chaperone FACT assists in transcription-associated macroH2A2 pruning

Because histone chaperones are responsible for histone deposition and eviction36, we next
sought to identify chaperones that facilitate macroH2A2 pruning at actively transcribed
chromatin. We established stable dKO iDFs expressing individual GFP-tagged macroH2A
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variants (Fig. 7a, Supplementary Fig. 9a,b) and performed MNase IP-quantitative mass
spectrometry (qMS) to identify proteins associated with macroH2A-containing nucleosomes
(Fig. 7b, Supplementary Fig. 9¢). This method has identified chaperones for other histone
variants, including H2A.Z24. Notably, known macroH2A1.1 interactors such as PARP16.7.37
and chaperone APLF38 were verified in our system (Fig. 7b,c, Supplementary Fig. 9d). We
identified both subunits of the histone chaperone FACT complex, SPT16 and SSRP1, as
interacting partners for all three macroH2A isoforms, as well as for H2A as reported3® (Fig.
7¢). IP using soluble nuclear extracts validated the interaction between FACT and
macroH2A/H2B dimers (Fig. 7d, Supplementary Fig 9e). Furthermore, IP with macroH2A2
deletion mutants demonstrated that its histone fold region is required for this interaction
(Supplementary Fig. 9f,g).

FACT mediates transient displacement and redeposition of H2A/H2B dimers during
transcription3? and can restrict promiscuous deposition of H2A.Z40 and CENP-A*L, During
de novo macroH2A2 deposition, the chromatin associated pool of FACT increased following
pervasive deposition, peaking at ~9 hours post-induction (Fig. 7e). To determine whether
FACT promotes macroH2Az2 pruning at transcribed chromatin, we used shRNA to
knockdown SPT16 and examined macroH2A2 deposition. Consistent with previous reports,
SPT16 depletion destabilized SSRP142, effectively diminishing the entire complex (Fig. 7f).
During de novo deposition, FACT depletion led to retention of macroH2A2 at active genes
at 24 hours, when it should have been pruned (Fig. 7g). At steady state, FACT depletion
caused ectopic macroH2A2 accumulation (Fig. 7h). Importantly, we did not detect
significant transcriptional deregulation at the loci analyzed (Supplementary Fig. 9h),
suggesting that reduced pruning was not attributable to impaired transcription. Collectively,
these results indicate that FACT facilitates macroH2A2 pruning at actively transcribed
chromatin.

Discussion

MacroH2A forms distinct chromatin domains, yet little is known about the deposition
pathways that govern the specificity of its localization. In dissecting the de novo deposition
dynamics of macroH2A2, we observed that pre-existing macroH2A is not required for its
deposition, and identified a pervasive deposition pattern that is selectively pruned to
establish mature macroH2A domains (see model, Fig. 8). Importantly, this sheds light on the
mechanism of macroH2A domain demarcation. MacroH2A1 domain boundaries were
shown to occur near TSSs and largely lack occupancy of the insulator protein CTCF®,
suggesting alternative demarcation mechanisms. Our genomic analyses further reveal that
macroH2A domain boundaries are enriched for both TSSs and TESs of active genes, but not
repressed ones, a finding conserved across cell types. Furthermore, transcriptional activity
drives macroH2A pruning, while silencing allows its retention and accumulation. Our work
demonstrates that actively transcribed chromatin acts as a boundary for the demarcation of
macroH2A domains, and reveals a dominant effect of Pol Il transcriptional activity in
restricting macroH2A genomic localization both during de novo deposition and steady state
maintenance.
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Active transcription is associated with high nucleosome turnover#3. During transcription,
H2A/H2B dimers undergo transient displacement and re-association through the activity of
FACT?39, and canonical H3.1 is exchanged for variant H3.3 by histone chaperone HIRA36:44,
Our results identify a transcription-associated macrohistone pruning process, potentially
during histone turnover, that alters the equilibrium of macroH2A incorporation and
dissociation in transcribed chromatin vs. neighboring prospective MCDs. Initially during de
novo macroH2A deposition, the equilibrium at both regions is similar, leading to pervasive
accumulation and expanded immature domains. During the pruning phase, the rate of
dissociation increases in transcribed chromatin at prospective domain boundaries, where the
resulting lower equilibrium level of macroH2A accumulation drives the resolution of MCDs
(Supplementary Fig. 9i). Such pruning, by antagonizing pervasive deposition at neighboring
transcribed regions, not only establishes macroH2A enrichment at discrete domains in
macroH2A-naive chromatin, but also maintains the precise boundary demarcation at steady
state. Interestingly, heterochromatic regions, which typically show slow replication-
independent histone turnover®®, display delayed deposition of nascent macroH2A histones.

Importantly, our system provides a valuable model to understand how cells with “blank-
slate’ chromatin for macroH2A variants respond to synthesis of new macroH2A and
establish precise domains across the genome. Physiologically, this model may represent the
de novo deposition in the early pre-implantation embryo, where macroH2A is largely absent
until the 8-cell stage when its levels rapidly and dramatically increase during the morula/
early blastocyst stages#®47. Investigating this process during early development in vivo is
therefore an interesting future direction.

Despite multiple attempts to identify ‘specific’ chaperones for macroH2A that deposit it into
MCDs genome-wide, none have been revealed to date”-33:37:48, Thus, it is formally possible
that macroH2A variants use H2A/H2B chaperones3® for deposition. We found that
macroH2A has an intrinsic ability to incorporate pervasively into chromatin, indicating its
potential engagement with non-selective deposition pathways. In agreement, NAP-1 was
shown to interact with macroH2A%° and is able to assemble macroH2A-containing
nucleosomes /n vitro®®. We observed a macroH2A2/NAP-1 interaction in the chromatin-free
fraction of iDFs (Supplementary Fig. 9j), suggesting a potential macroH2A2 pre-deposition
complex.

The FACT complex interacts with macroH2A variants in several cellular contexts’:849, and
was recently reported to promote macroH2A1.2 deposition at sites of recurrent replication
stress®. Here, we identified FACT as a macroH2A chaperone whose transcription-associated
activity excludes macroH2A2 from active chromatin. Such exclusion is likely through
preferential deposition of canonical H2A/H2B over macroH2A2/H2B during transcription,
akin to the restriction of H2A.Z from intragenic regions by FACT#?. In keeping,
fluorescence polarization assays showed that FACT binds H2A/H2B with a higher affinity
than macroH2A1.2/H2B8. In addition to restricting macroH2A occupancy, FACT
counteracts spreading of other types of silent chromatin and its loss enhances position effect
variegation in Drosophila*t. Nevertheless, FACT may not be the only chaperone responsible
for macroH2A pruning, since transcriptional inhibition induces stronger macroH2A
accumulation compared to FACT knockdown alone. Furthermore, other negative regulatory
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mechanisms for macroH2A deposition at designated genomic regions have been
documented33:52, suggesting that regulated exclusion is a critical mechanism to enforce the
chromatin targeting specificity of macroH2A variants.

Active chromatin has evolved mechanisms to sustain a transcriptionally-competent state
such as utilizing positive feedback circuits (e.g. autoregulatory transcription factors®3 and
co-transcriptional histone modifications®#) and antagonizing Polycomb repression®3:56,
MacroH2A pruning could serve as another means to ensure faithful propagation of active
chromatin states by preventing aberrant epigenetic silencing due to its accumulation. Based
on its deposition dynamics, we propose that macroH2A functions during the maintenance
stage of repression through a feed-forward mechanism, whereby transcriptional inactivation
allows its accumulation to lock in the silent state where macroH2A acts as a redundant layer
of epigenetic repression.

MacroH2A and H3K27me3 overlap extensively in repressive domains across the
genome>10.12_ Our results show that H3K27me3 does not instruct the deposition of
macroH2A2. Additionally, macroH2A1/2 dKO cells maintain proper localization of
H3K27me310. Therefore, the deposition pathways of macroH2A and H3K27me3 are largely
independent. Moreover, there appears to be a differential requirement for CpG islands
(CGils), which may act as recruitment elements and nucleation sites for Polycomb
Repressive Complex 2 (PRC2) in mammalian cells1®57, but not for macroH2A. This study
and others®8 showed that transcriptional inactivation by deleting TSSs and associated CGlI
failed to induce H3K27me3 across the gene body. In contrast, we demonstrate that such
editing efficiently triggers macroH2A2 accumulation. Furthermore, chemical inhibition of
transcription induces PRC2 recruitment predominantly at CGIs®?, but allows macroH2A2
deposition at sites regardless of their CpG content (see Supplementary Fig. 7e,f). In
accordance, whereas nucleation and rapid spreading allows establishment of H3K27me3
domains!?, such a mechanism is not observed for de novo MCD formation. Interestingly, a
recent study showed that de novo H3K27 methylation in cells depleted of this modification
is established with ‘immediate accuracy’ within 4 days®C. In contrast, we demonstrate that
precise de novo macroH2A deposition features an early pervasive incorporation followed by
specific chaperone-mediated pruning. Therefore, our study highlights distinct mechanisms in
establishing the accurate distribution of repressive chromatin domains.

DF isolation from neonatal mice was performed as described®. Male DFs were
immortalized by SV40 large T antigen. iDFs and NIH 3T3 fibroblasts were grown in
DMEM (Corning) with 10% FBS and 1% Pen/Strep (Corning). Transgenic cell lines with
stable integration of constructs were generated by lentiviral transduction followed by
selection in 2 ug/ml puromycin (Millipore), 500 ug/ml geneticin (Gibco), 4 ug/ml blasticidin
(InvivoGen), 200 ug/ml hygromycin (Gibco) or 400 ug/ml zeocin (Invitrogen). Stable cell
lines were maintained in half of the antibiotic concentration used for selection. Cell lines
were regularly tested for mycoplasma and assayed for macroH2A status. When indicated,
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cells were treated with 0.5 ug/ml doxycycline (Clontech), 0.5 uM flavopiridol (Sigma), 5 uM
GSK126 (Millipore), 2 uM 5-azacytidine (Sigma) or 20 nM Trichostatin A (Sigma).

Full-length cDNA of mouse macroH2A1.1, macroH2A1.2 and macroH2A2 were cloned
from WT DFs. MacroH2A isoforms were subcloned into pEGFP-N1 to add a C-terminal
GFP tag. Tagged macroH2A isoforms were subcloned into lentiviral vectors pLVX
(Clontech) for dox-inducible expression or pHAGE? for constitutive expression under
human EF-1a promoter. GFP and GFP-H2A (human) were subcloned into the same
lentiviral vectors. Mouse H3.1 and macroH2A isoforms were subcloned into pSNAPf (NEB)
to generate N-terminally SNAP-tagged H3.1 and C-terminally SNAP-tagged macroH2A
isoforms. SNAP-tagged histones were subcloned into pHAGE?2 for constitutive expression.
Full-length and truncated macroH2A2s (histone fold region and non-histone region with
NLS) were N-terminally GFP-tagged and subcloned into lentiviral vectors for constitutive
expression. SgRNASs for 7ks4 TSS deletion were designed using CRISPR Design Tool
(http://crispr.mit.edu) and cloned into pLKO.1-sgRNA-mCherry. A scrambled sgRNA was
used as control. sgRNA targeting Hoxc13 promoter was designed with Cas9 Activator Tool
(http://sam.genome-engineering.org/database) and cloned into lenti-sgRNA(MS2)-Zeo.
pLKO.1 based shRNA constructs (TRC lentiviral ShRNA, Open Biosystems) were used for
SPT16 knockdown. A scrambled shRNA (shScr) was used as control. Targeting sequences
of all sgRNAs and shRNAs are listed in Supplementary Table 3.

Generation of clonal macroH2A-GFP-inducible dKO iDFs.

pLVX-Tet3G-Neo and pLVX encoding macroH2A2-GFP or macroH2A1.1-GFP were
transduced into dKO iDFs followed by geneticin/puromycin selection. Single cells were
isolated by FACS and expanded to establish clonal cell lines. Dox was added to a subculture
of each clone for FACS analysis of macroH2A-GFP induction. Clones with the most
synchronous induction kinetics were selected. Stable clones were maintained without dox
until further experiments.

Generation of stable cell lines constitutively expressing epitope-tagged histones.

pHAGE?2 encoding SNAP-tagged H3.1 or macroH2A isoforms were transduced into NIH
3T3 cells and WT iDFs. pHAGE?2 encoding GFP, GFP-H2A and macroH2A-GFPs were
transduced into dKO iDFs. Geneticin selection was performed to establish stable cell lines.

Hoxc13 transcriptional activation.—Lenti-dCas9-VP64-Blast and lenti-MS2-p65-
HSF1-Hygro (synergistic activation mediator®1) vectors were transduced into dKO iDFs
expressing macroH2A2-GFP followed by blasticidin/hygromycin selection. Hoxc13
activation was achieved by subsequent lentiviral transduction of lenti-sgRNA(MS2)-Zeo
targeting Hoxc13 promoter and zeocin selection. An empty lenti-sgRNA(MS2)-Zeo vector
(sgEV) was use as control.

Tks4 TSS knockout.—Lenti-Cas9-Blast vector was first transduced into dKO iDFs
constitutively expressing macroH2A2-GFP followed by blastidicin selection. A pair of
sgRNAs encoded in pLKO.1-sgRNA-mCherry vector was subsequently introduced by
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lentiviral transduction to target ~1 kb upstream or downstream of the TSS, respectively. A
scrambled sgRNA was used as control. mCherry+/GFP+ cells were sorted out and plated as
single cells by flow cytometry. The expanded single clones were screened for homozygous
TSS deletion by genomic PCR using primers listed in Supplementary Table 3. Clones with
scrambled sgRNA were genotyped and used as wild type TSS control.

Flow cytometry.

For flow cytometric analysis of SNAP-tagged histone incorporation, 10 cells were seeded
on a 6-well plate 24 hour prior to the experiment. Blocking was performed with 10 pM
SNAP-Cell Block (NEB) for 30 minutes. After a chase of 3.5 hours, cells were detached
with trypsin, resuspended in complete media with 3 UM SNAP-Cell TMR-Star (NEB) and
incubated for 30 minutes at 37°C with gentle rotation. Nuclei were isolated and extracted by
hypotonic lysis in the presence of 1% NP-40 and fixed with 1.5% paraformaldehyde. DNA
was stained with 5 pg/ml Hoechst 33342 (Molecular Probes) prior to acquisition on an LSR
Il cytometer equipped with UV and yellow-green lasers (BD Biosciences). Data was
analyzed using FlowJo (FlowlJo, LLC). The SNAPc parameter was derived by normalizing
the TMR-Star to the Hoechst signal level to account for the doubling of DNA/chromatin
amount that occurs during S phase. For analysis of induced expression of macroH2A-GFP,
dox-treated cells were detached with trypsin and GFP signal was assessed by an LSR |1
cytometer.

Fluorescence microscopy.

Labeling of newly synthesized histones in cells grown on coverslips was carried out as
described previously with minor modifications?!. Pre-existing histones were blocked with 10
UM SNAP-Cell Block for 15 minutes. Cells were allowed to synthesize and incorporate new
histones for 4 hours. During the last 15 minutes of incubation, cells were treated with 3 uM
SNAP-Cell TMR-Star and 10 uM EdU (Molecular Probes). Pre-extraction of soluble
proteins with 0.5% Triton X-100 in CSK buffer was carried out to ensure that the SNAP
signal reflected only chromatin-incorporated histones. After fixation. EAU was labeled with
the Click-iT Plus Alexa Fluor 647 Picolyl Azide Toolkit (Molecular Probes) using 200 nM
dye azide. For immunodetection of endogenous macroH2As in iDFs, permeabilization was
carried out after PFA fixation. We used primary antibodies as indicated in Supplementary
Table 4 and secondary antibodies conjugated to Alexa Fluor 488 (Molecular Probes). DNA
was counterstained with 5 pg/ml Hoechst 33342 (Molecular Probes) and slides were
mounted in ProLong Gold (Molecular Probes). Images were acquired on a Zeiss LSM780
confocal microscope using a 40X objective, 2X internal magnification and an optimum
voxel size determined by the Zeiss Zen software. Maximum intensity projections of Z-stacks
are shown.

Chromatin isolation, whole-cell extract preparation and immunoblotting.

Chromatin fractionation was performed as described®2. Whole-cell extracts were prepared
using 3~4 million iDFs. Cells were lysed on ice with 400 ul RIPA buffer (50 mM Tris, pH
8.0, 150 mM NaCl, 5mM EDTA, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40 and 1x
protease inhibitor cocktail). The lysate was sonicated with Bioruptor (Diagenode) at high for
5 cycles and spun at 14,000 r.p.m. for 10 min at 4°C. The supernatant was collected and
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protein concentration was determined by BCA assay (Thermo Fisher). Samples were boiled
in Laemmli buffer (Bio-Rad) at 95°C for 5 min for Immunoblotting with antibodies listed in
Supplementary Table 4.

Native ChIP-seq.

nChIP was performed as previously described with modifications23. Buffers were
supplemented with 0.5 mM DTT, 0.1 mM PMSF and 1x protease inhibitor cocktail (-
EDTA). Nuclei isolation was performed with 30~40 million iDFs. Cells were resuspended
with 2 ml Buffer | (0.32 M sucrose, 15 mM Tris, pH 7.5, 60 mM KCI, 15 mM NaCl, 5 mM
MgCl, and 0.1 mM EGTA). 2 ml Buffer Il (Buffer | with 0.4% NP-40) was added to the cell
suspension, mixed and incubated on ice for 10 min. The mixture was layered onto 8 ml of
Buffer I11 (1.2 M sucrose, 15 mM Tris, pH 7.5, 60 mM KCI, 15 mM NaCl, 5 mM MgCl,
and 0.1 mM EGTA). Nuclei were pelleted at 10,0009 for 20 min at minimum deceleration.
The supernatant was removed and nuclei were gently resuspended with 50 ul Buffer A (0.32
M sucrose, 50 mM Tris, pH 7.5, 4 mM MgCl, and 1 mM CacCly) per 5 million cells and
stored at —80°C. For each ChIP, an aliquot of 5 million cells was thawed on ice and diluted
with 350 ul of Buffer A. CaCl, was added to 3 mM, 8.5 U MNase (Affymetrix) was added
and reaction was incubated at 37°C for 10 min. The reaction was stopped by adding EGTA
to 10 mM. Nuclei were spun down at 10,0009 for 7 min. The supernatant was collected as
S1 (mostly mononucleosomes). The pellet was gently resuspended with 400 ul of Buffer B
(50 mM Tris, pH 7.5, 300 mM NaCl, 2 mM EDTA and 0.1% NP-40) and extracted at 4°C
for 2 hours with head-to-head rotation. Nuclei were spun down and supernatant was
collected as S2 (longer chromatin fragments). S1 and S2 were pooled and further cleared at
maximum speed for 5 min. Chromatin concentration was quantified spectroscopically
(ODogp). For each immunoprecipitation, 100 ug chromatin was mixed with Buffer C (50
mM Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.05% NP-40) to 1 ml. 50 ul was taken as
input. For GFP IP, 20 ul GFP-Trap_MA (ChromoTek) bead slurry was added followed by a
2.5-hour incubation at 4°C. For IP with antibody, antibodies listed in Supplementary Table 4
were added and incubated at 4°C overnight. 30 ul of Magna ChIP Protein A+G magnetic
beads (Millipore) were added and incubated for 2 hours. After IP, beads were washed once
with Buffer G 150 (50 mM Tris, pH 7.5, 150 mM NaCl, 0.5% NP-40), twice with Buffer G
250 (50 mM Tris, pH 7.5, 250 mM NacCl, 0.5% NP-40), and once with TE buffer (10 mM
Tris, pH 7.5 and 1 mM EDTA). Input and beads were incubated with 50 ug/ml RNase A for
1 hour at 37°C in 200 ul TE. SDS was added to 0.5% and Proteinase K to 500 ug/ml.
Samples were incubated overnight at 56°C with constant mixing. Supernatant was collected
from the beads. Input/ChlP DNA were purified with QIAquick PCR purification kit
(Qiagen) and analyzed/quantified using Agilent 2100 Bioanalyzer High Sensitivity Kit.
gPCR was performed using FastStart Universal SYBR Green Master Mix (Rox) (Roche).
Primers used are listed in Supplementary Table 5.

nChIP-seq libraries were prepared as previously described with minor changes?3. Briefly, 8-
10 ng input or ChlP DNA was end-repaired with T4 DNA polymerase (NEB), DNA
polymerase | large (Klenow) fragment (NEB) and T4 polynucleotide kinase (NEB) in the
presence of dNTPs (Roche). Next, dA-tailing was done using Klenow fragment (3’->5’ exo-,
NEB) with dATP (Roche) in NEB Buffer 2. Barcoded Illumina Truseq adaptors were ligated
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using Quick Ligase (NEB). Libraries were size-selected using agarose gel electrophoresis
and the band corresponding to mononucleosomal DNA was cut out and extracted. Size-
selected libraries were amplified using KAPA HiFi DNA Polymerase (KAPA biosystems).
Optimal number of PCR cycles was determined by qPCR as described®3 to make sure
libraries were minimally amplified. Size distribution and level of amplification were
determined by analysis using Agilent bioanalyzer. Resulting libraries were quantified by
Qubit (ThermoFisher), multiplexed and subject to 80-bp single-end sequencing with an
Illumina NextSeq 500 instrument, acquiring at least 100 million reads for each sample.

ChlIP-seq analysis.

Sequenced reads were aligned to the GRCm38 (mm10) assembly of mouse genome using
Bowtieb4 (1.1.2) with “-n 2 -1 65 -k 1 -M 5 --best”. Redundant reads were removed using
MACS265 (2.1.0) filterdup option with default parameters. Proportion of background reads
was calculated using NCIS86. ChIP/input fold enrichment (FE) pileups were generated using
MACS2 callpeak module with “--bdg --nomodel --extsize 150” coupled with MACS2
bdgecmp module with “-m FE” using ChIP pileup and control lambda scaled to the same
sequencing depth. Such pileups represent sequencing depth and background (input)
normalized relative enrichment signal. Conversion to bigwig files was performed using
bedGraphToBigWig (v4) from UCSC utilities. Peaks were called using SICERS7 (1.1) with
“fragment size 150 bp, window size 200 bp, gap size 800 bp and FDR < 0.01”. MCDs were
called using SICER with “fragment size 150 bp, window size 1000 bp, gap size 4000 bp and
FDR < 0.01”. Metagene analysis was performed with the computeMatrix, plotProfile and
plotHeatmap modules from DeepTools® (2.4.0). For analysis at genes, the mouse Ensembl
genes 85 version (GRCm38.p4) was used. ChIP/input FE bigwig files were used and regions
analyzed were divided into 100 bp non-overlapping bins, of which the average score was
calculated. For analysis at macroH2A peaks and MCDs, 100 and 500 bp bins were used,
respectively. For boxplot and scatterplot analysis with R (3.0.0), ChIP enrichment scores at
individual genes or peaks were calculated using ‘multiBigwigSummary BED-file” from
DeepTools, with each region as a bin and ChlP/input FE bigwig files as input, followed by
normalization to the size of the corresponding region. Pruning index value for each gene was
calculated as the log, value of macroH2A2 enrichment score at 6 hours divided by 24 hours
at gene body. Genome-wide Spearman’s correlation analysis was performed using
‘multiBigwigSummary bins’ from DeepTools; ChlP/input FE bigwig files were used as
input and the entire genome was divided into 100bp non-overlapping bins. Average distance
between genes and their nearest MCDs was calculated using Genomic HyperBrowser®
(v2.0) on segment-to-segment distance mode. The hypothesis that transient peaks localized
closer to MCDs than expected by chance was tested using Genomic HyperBrowser.
Transient peaks were randomized 10,000 times preserving segment length and inter-segment
gaps. Observed/expected values were calculated by dividing the average distance between
transient peaks and their nearest MCDs by that between randomized peaks and their nearest
MCDs. The hypothesis that one set of regions (A) falling inside another set of regions (B)
more than expected by chance was tested using Genomic HyperBrowser. Regions in A are
represented by their midpoint, which are randomized 10,000 times preserving inter-point
distances. Observed/expected values were calculated by dividing the number of points in A
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falling inside regions in B by the number of the randomized points falling inside regions in
B.

RNA extraction and RT-qPCR.

Total RNA was extracted using RNeasy Mini Kit (Qiagen) according to manufacturer’s
protocol. cDNA was generated using First-Strand cDNA Synthesis System (ORIGENE).
gPCR was performed using FastStart Universal SYBR Green Master Mix (Rox) (Roche).
Primers used are listed in Supplementary Table 6.

RNA-seq library preparation.

RNA-seq was performed with three biological replicates (independent cultures). ~0.5
million iDFs were used for each RNA isolation. Total RNA was extracted using RNeasy
Mini Kit (Qiagen). RNA quality control was performed using Agilent RNA 6000 Nano Kit
and all samples have RNA Integrity Number (RIN) higher than 9.8. 1.5 ug total RNA was
used for poly(A) mRNA selection using NEBNext Poly(A) mRNA Magnetic Isolation
Module (NEB) according to manufacturer’s protocol. Directional, strand-specific RNA
libraries were prepared using NEXTflex Rapid Directional RNA-seq Kit (Bioo Scientific)
according manufacturer’s protocol. Quality of libraries was analyzed using Agilent
bioanalyzer. Barcoded libraries were multiplexed and subject to 80-bp single-end
sequencing with an Illumina NextSeq 500 instrument.

RNA-seq analysis.

Sequenced reads were aligned to mouse Ensembl genes 85 version (GRCm38.p4) using
STAR'0 (2.5.2b) with default parameters. Genes larger than 200bp were analyzed. Pileup
bedgraph files (reads per million) was generated using STAR and converted to bigwig
format using bedGraphToBigWig. Differential expression analysis was performed with
Cuffdiff in Cufflinks’! (2.2.1) package with cutoff ‘FDR < 0.05’. FPKM expression values
were calculated by Cufflinks.

MNase IP and label-free qMS.

MNase IP were performed with three biological replicates (independent cultures). Buffers
were supplemented with 1 mM DTT and 1x protease inhibitor cocktail (-EDTA). Each IP
replicate was performed with ~300 million iDFs. Cells were resuspended in PBS with 0.2%
Triton X-100 and incubated for 10 min at 4°C with head-to-head rotation. Nuclei were
pelleted down, washed with PBS and resuspended with 3 ml EX-100 (10 mM HEPES, pH
7.6, 100 mM NaCl, 1.5 mM MgCly, 0.5 mM EGTA, 10% glycerol). CaCl, was added to 2
mM. 12 ul MNase (NEB) was added and the reaction was incubated at 37°C for 10 min. The
reaction was stopped by adding EGTA to 10 mM and nuclei were pelleted at 10,0009 for 10
min. The supernatant (mostly mononuclesomes) was collected for IP. NaCl was adjusted to
150 mM and NP-40 to 0.1%, followed by clarification at 10,000g for 10 min. 150 ul GFP-
Trap_MA (ChromoTek) bead slurry was added and incubated for 4 hours at 4°C. The beads
were then washed once with Buffer G 150, twice with Buffer G 250, and three times with
Buffer G 150 without NP-40. 5% of beads were boiled with Laemmli buffer for silver
staining. For MS, affinity purified proteins were reduced, alkylated, and loaded onto an
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SDS-PAGE gel to remove detergents and LCMS-incompatible reagents. The gel plugs were
excised, destained, and subjected to proteolytic digestion with trypsin. The resulting
peptides were extracted and desalted as previously described’2. An aliquot of peptides was
analyzed with LCMS coupled to an Orbitrap Q Exactive Mass Spectrometer (Thermo
Scientific) operated in data dependent mode as previously described’2. The data was
searched against a UniProt mouse database (downloaded 10/2015), using Andromeda’3
within the MaxQuant’4 software suite (Version 1.5.3.30). Proteins were quantified using the
Intensity-based absolute quantification (iBAQ)’® within MaxQuant. The data can be found
in Supplementary Table 7. Heatmap of iBAQ values of selected interacting proteins was
generated using web-based tool Morpheus (https://software.broadinstitute.org/morpheus/).

IP with soluble nuclear extract.

Nuclear extracts were prepared essentially according to Dignam et a/.”6. Buffers were
supplemented with 0.5 mM DTT, 0.5 mM PMSF and 1x protease inhibitor cocktail. 30~50
million cells were swollen in hypotonic buffer (10 mM HEPES, pH 7.9, 10 mM KCI, 1.5
mM MgCI2) and nuclei were isolated by homogenization with 6 strokes using a 27g needle.
Nuclei were pelleted and extracted for 30 min at 4°C with high salt buffer (20 mM HEPES,
pH 7.9, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 25% glycerol) with 0.1% NP-40.
Nuclei were pelleted and supernatant taken for IP. The nuclear extract was diluted with 1.8
volume of hypotonic buffer with 0.1% NP-40 to obtain final NaCl concentration of 150mM
and cleared at 40,0009 for 30 min at 4°C. IP with GFP-trap and subsequent washes were
performed as described in MNase IP. For macroH2A2 endogenous IPs, nuclear extract was
incubated with 30 ul anti-macroH2A2 serum overnight, followed by a 2-hour incubation
with 50 ul Pierce Protein A/G magnetic beads (ThermoFisher).

IP with chromatin-free cell extract.

Chromatin-free cell extract was prepared as described33. IP with GFP-trap was performed as
described in MNase IP.

Statistics and reproducibility.

All ChIP-gPCR and RT-gqPCR experiments were repeated at least twice as independent
biological replicates and results are presented as mean + s.d. Value used for each biological
replicate represents mean of three technical replicates. All experiments presented as Western
blot images have been repeated at least twice with similar results.

Data availability.

ChiIP-seq and RNA-seq data have been deposited to GEO under accession number
GSE109740. Source data for Fig. 3e-g, Fig. 5j,k, Fig. 6d,g-i, and Fig. 7g,h are available
online. Additional data are available upon reasonable reques

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chromatin deposition of macroH2A variantsisreplication-independent.
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(a) Experimental scheme for /in vivo labeling of newly incorporated SNAP-tagged histones.
Histones expressed as SNAP-tag fusions in asynchronously growing cells were covalently
bound by a non-fluorescent SNAP substrate, irreversibly blocking the existing histone pool
from subsequent detection (quench). After allowing synthesis of new SNAP-tagged histones
(chase), pulse-labeling with the fluorescent SNAP substrate TMR-Star exclusively marks
newly synthesized histones (pulse). Pulse-only labeling represents the total level of old and

new SNAP-tagged histones, and quench-pulse is used to control for the background
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fluorescence level. (b) FACS analysis of SNAP TMR signal normalized to DNA content
(SNAPc) in nuclei isolated from asynchronous NIH 3T3 cells expressing SNAP-H3.1 or
macroH2A2 (mH2A2)-SNAP. Nuclei positive for tagged histone incorporation (SNAPc+)
were identified by comparison to quench-pulse cells. Insets show the percentage of SNAPc+
nuclei across the cell cycle. Cell cycle stages were identified by DNA content (See
Supplementary Fig. 1b). (c) Microscopic analysis of newly synthesized H3.1-SNAP,
macroH2A2-SNAP, macroH2A1.1 (mH2A1.1)-SNAP or macroH2A1.2 (mH2A1.2)-SNAP
in the chromatin of asynchronous WT iDFs. EdU and Aurora B staining were used to
distinguish cell cycle stages. Cells are scored as G1 (negative for EdU and Aurora B), S
phase (EdU positive) or G2 (EdU negative, Aurora B positive). S phase is divided into early,
mid and late phase based on the EdU distribution. Scale bar representing 10 um applies to all
panels. More than 50 cells were examined for each tagged histone.

Nat Struct Mol Biol. Author manuscript; available in PMC 2019 April 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sunetal.

Page 23

a 0h Dox 6h 24 h 5 day

mH2A-naive I Steady state

chromatin - . - . - .

L J

DFs (mH2A1/2 dKO; |
Inctuciigle mH2A2-GFP) Profile mH2A2-GFP deposition by nChiP-seq
b Fer AKO19598 ) AUOTETE5  Man2at Ranbp10 Csr{pt Nutf2 Sicf?\sx( Desp.‘! Ddx28
el . f;ff 3 . \ e et _I__'_____‘l"-»--l - - n_i__’_m_m
Mir6420 "AB350106 Tsnaxipl  Eded Pskhit Dpep2 Dus2

4 L |
Mﬂﬂ—m m‘m.. 6 hours

4 32
| . .h. ““III.“ | . h i B MII 24 hours

4 3 5 days
L___.n._m L Mo Ml Steadysiate

2“—“—-—- 15‘.—-.-.&.....—.1......“.-. k2
jL._.._“—.m___ 1Ij| i bbbl MHRA2
| IV | L Al
OL—H-MAJJ.-—.JQ-M dL_‘._.‘ H_.u LR ‘l .‘ I H3K27ac
Ll_ _ . 1L-_‘__h' y LL 1 RNA-seq (=)
LL LI 'L LML e

d49-ZveHW

——y chri17: 63,986,150-64, 744 629 ————y chrg: 105,765,183-106,056,553
¢ d mH2A2-GFP mH2A2-GFP
6h peaks 5d peaks - Transient peaks 9 Transient peaks
(26489) (25489)

log, (6h / 5d)
log, (24h / 5d)
0

25,489 33,856 14,530
Steady-state peaks

/ \ / T4 T (48486)

e sl R dniiliic 3
& 4] 1 2 3 4 5 4] 1 2 3 4 ]
Transient peaks

Steady-state peaks 5d peak intensity 5d peak intensity
(relative enrichment) (relative enrichment)
e
mH2A2-GFP mH2A2-GFP
16 -
5d peaks . A
14} | ==
ol |1 %
g 1.2f | 'E
& 1.0 £
8,934 € | | s
o OB || I w
2z =
E 06 — 6h — =
& 04 — 24h & oaf = 24h
02 ) — 5d ) i — 5d )
"~ -1.0 Start Endl.0Kb ©-L0 start Endl.0Kb
I I
Transient peaks Steady-state peaks

Figure 2. MacroH2A2 undergoes early pervasive deposition that is subsequently pruned.
(a) Experimental scheme for temporal profiling of de novo macroH2A2-GFP deposition into

macroH2A-naive chromatin using an inducible expression system. (b) Genome browser
view of nChlP-seq profiles (fold change, ChIP normalized to sequencing-depth-matched
input) illustrating relative occupancy of inducibly-expressed macroH2A2-GFP in dKO iDFs,
endogenous macroH2As and chromatin modifications (WT DFs). Stranded RNA-seq signal
(RPM - reads per million base pair) in dKO iDFs are shown in parallel. Y axes of all tracks
start with zero. Bars under signal tracks represent significant peak regions. Red boxes
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indicate regions with ‘pruning’. (c) Overlap of macroH2A2-GFP peaks at 6 hours vs. 24
hours and 6 hours vs. 5 days after dox induction. Peaks detected exclusively at 6 hours vs.
day 5 are termed transient peaks, and all peaks present at day 5 are termed steady state
peaks. (d) Scatter plots showing distribution of relative macroH2A2 enrichment level at 6
hours (left panel) and 24 hours (right panel) compared to steady state. Each point represents
an individual macroH2A2-GFP peak. Colors denote peak classes as indicated. (e) Metagene
plots of average macroH2A2-GFP relative enrichment during de novo deposition at transient
peak regions (left panel, n = 25,489) and steady state peak regions (right panel, n=48,486).
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Figure 3. Transient macroH2A2 deposition isenriched at actively transcribed chromatin.
(a) Box plots of H3K27me3 and H3K27ac occupancy level at steady state peak (S, n =

48,486) and transient peak (T, n = 25,489) regions of macroH2A2. Boxes span the lower to
upper quartile; median is indicated with a black line; whiskers show locations of the
minimum and maximum; Pvalues are calculated using two-tailed ftest, **** P< 2.2 x
10716, (b) Proportions of macroH2A2 peak centers that fall into each genomic category.
FPKM (fragments per kilobase per million mapped reads) values calculated from RNA-seq
data (0 hour) are used to distinguish active (FPKM > 1) and inactive (FPKM < 1) genes. “>
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10kb™ indicates more than 10kb away from active genes. (c) Metagene profiles of
macroH2A2-GFP relative enrichment during de novo deposition at active and inactive gene
loci. (d) Heatmap showing macroH2A2-GFP relative enrichment at all active (ranked by
FPKM) and inactive (randomly ordered) genes (> 200 bp) during the deposition time course.
(e-g) nChIP-gPCR analysis of relative macroH2A2-GFP (e,f) and macroH2A1.1-GFP (g)
occupancy levels after dox induction at active (green bar) and inactive genes (red bar).
macroH2A-GFP ChIP was normalized to H2B. Three negative control regions (chr2, chr6
and chri14) were used for normalization to calculate relative enrichment. Error bars represent
s.d. from n = 3 () or n = 2 in (g) independent experiments. In f, n = 2 independent
experiments.
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Figure 4. Actively transcribed chromatin loci act as boundariesfor MCDs.
(a) Metagene profiles of macroH2A occupancy level at MCDs. (b) Probability ratios of the

observed number of TSS/TES localized within the 5kb flanking regions (upstream/
downstream) of MCDs over the expected number from a random distribution. In b and f,
dashed lines represent the expected value of 1 indicating random distribution; error bars
represent s.d.; Pvalues are calculated using Monte Carlo testing, *** < 0.001. (c)
Representative genome browser snapshots showing MCDs flanked by active genes in iDFs.
Green and black bars represent significant macroH2A2-GFP peaks and MCDs respectively.
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In ¢, h and i, dotted lines represent MCD boundaries and all y axes start with zero. (d)
Metagene plot of stranded RNA-seq signal (0 hours) at MCDs and proximal regions in iDFs.
Schematic below depicts the identification of TSS/TES from the plot: a sharp drop/rise in
RNA-seq profile indicates boundary of a transcription unit, and transcriptional directionality
distinguishes between start (TSS) and end (TES) of the unit. (€) Box plots showing the
distance between active genes, with (w/, n = 5,203) or without (w/o, n = 4,671) transient
macroH2A2 peaks, and their nearest MCDs. Boxes span the lower to upper quartile; median
is indicated with a black line; whiskers show locations of the minimum and maximum; P
values are calculated using two-tailed t test, **** p< 2.2 x 1016, (f) Probability ratio of
observed over expected random distribution of the distance between transient peaks and their
nearest MCDs. (g) Metagene plots of RNA-seq signal?? in fetal liver cells (left panel) and
C2C12 myoblast (right panel) at MCDs and proximal regions in respective cell types. (h, i)
Representative genome browser snapshot of MCDs with conserved (h) and non-conserved
(i) _Captionboundary demarcation across indicated cell types.
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Figure 5. Pruning of pervasively deposited macroH?2A requires active transcription.
(a) Metagene profile of macroH2A2 occupancy at genes in expression quintiles ranked from

least to most expressed in iDFs. (b) Representative genome browser snapshots of cell type
specific depletion of macroH2A occupancy at transcribed regions. (c) Boxplot of pruning
indices (log, (6h/24h), macroH2A2-GFP nChlIP) at genes in expression quintiles from a. (d)
Western blot of whole cell extracts from macroH2A2-GFP-inducible dKO iDFs after FP
treatment (4 hours) at indicated concentrations; NT, no treatment. S2P, serine-2
phosphorylation. S5P, serine-5 phosphorylation. p-tubulin used as loading control. The
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experiment was repeated twice with the same result. Uncropped Western blot images shown
in Supplementary Data Set 1. (€) Experimental scheme of FP treatment during de novo
macroH2A2-GFP deposition. (f) Representative genome browser snapshot demonstrating
the retention of pervasively deposited macroH2A2 near the a-globin gene cluster MCD.
Dotted lines represent steady state MCD boundaries. Stranded RNA-seq signal (0 hour) is
shown in parallel. (g) Scatter plot showing the genome-wide retention of pervasively
deposited macroH2A2 at transient peak regions (compare with Fig. 2d). Each point
represents a macroH2A2-GFP peak. (h) Metagene profiles of macroH2A2-GFP relative
enrichment at active and inactive gene loci +/— FP during de novo macroH2A-GFP
deposition. (i) Heatmap of macroH2A2-GFP relative enrichment at all active genes ranked
by FPKM (see Supplementary Fig. 7g for inactive genes). (j, k) nChIP-gPCR analysis of
relative macroH2A2-GFP and macroH2A1.1-GFP occupancy during de novo macroH2A-
GFP deposition +/- FP. macroH2A-GFP ChIP was normalized to H2B. Three negative
control regions (chr2, chréand chri4) were used for normalization to calculate relative
enrichment. Error bars represent s.d. from n = 2 independent experiments. Green and red
bars represent active and inactive genes, respectively.
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Figure 6. MacroH2A2 occupancy isresponsive to transcriptional changes.
(a) Genome browser snapshot showing the silent Hoxc13locus within an MCD. Inaand g,

red bars represent nChlP-qPCR primers. (b) Experimental scheme of engineered Hoxc13
activation in dKO iDFs expressing macroH2A2-GFP. A non-targeting sgRNA (sgEV) was
used as control. Green line indicates presence of macroH2A2-GFP in b and k. (c) RT-gPCR
of Hoxc13 gene expression level in iDFs with sgEV or sgHoxc13. FPKM in iDFs is shown.
(d) nChIP-gPCR showing macroH2A2-GFP occupancy at the extended Hoxc13locus. In d,
g and h, macroH2A2 ChIP was normalized to H2B. In d, g, h and i, error bars represent s.d.
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from n = 2 independent experiments. (€) Genome browser snapshot showing macroH2A2
occupancy at the extended 7ks4 locus. Black bar indicates the region deleted. Purple bar
represents the CGI. Black arrows represent primers for genotyping PCR. (f) RT-gPCR of
Tks4 expression level in iDF clones with its TSS intact (+/+) or homozygously deleted (-/
-). FPKM in iDFs is shown. (g) nChIP-gPCR showing macroH2A2-GFP occupancy at the
extended 74s4 locus in clones in f. (h) RT-gPCR (upper) and nChIP-gPCR (lower) analyses
in dKO iDFs expressing macroH2A2-GFP showing gene expression or macroH2A2
occupancy during FP treatment and after washout. 18S rRNA used as internal reference for
RT-gPCR. For nChIP-qPCR, Chr2and 7a/l are used as negative and positive controls,
respectively. (i) nChIP-qPCR showing H3K27me3 occupancy at regions in g. (j) Western
blot analysis of chromatin from iDFs after GSK126 treatment and dox induction. Amido
black staining of histones and Lamin A used as loading controls. The experiment was
repeated twice with the same result. Uncropped Western blot images shown in
Supplementary Data Set 1. (k) Experimental scheme with macroH2A2-inducible dKO iDFs.
() Metagene profiles showing macroH2A2-GFP occupancy 24 hours post-induction at
steady state macroH2A2 peak regions overlapping H3K27me3.
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Figure 7. The FACT complex facilitates transcription-associated pruning of macroH2A2.
(a) Experimental scheme for purifying GFP-tagged histones and associated proteins for gMS

analysis. (b) Silver staining of proteins associated with indicated GFP-tagged histones
purified by MNase IP using GFP-trap. (c) Heatmap of relative iBAQ quantification values of
indicated protein groups in triplicate IP experiments. Color represents relative intensity
adjusted to row minimum and maximum. (d) Western blot analysis of macroH2A2
interacting proteins in soluble nuclear extracts of dKO iDFs expressing macroH2A2-GFP.
For SPT16 and SSRP1, a shorter (upper) and a longer (lower) exposure are shown. For d-f,
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experiments were repeated three times (d) or twice (g, f) with same results; uncropped
Western blot images are shown in Supplementary Data Set 1. (€) Western blot analysis of
chromatin-associated FACT subunits during de novo deposition of macroH2A2-GFP. Amido
black staining of histones and histone H1.2 used as loading controls. Graph below shows
quantification; SPT16 and SSRP1 were normalized to H1.2. (f) Western blot of iDF whole
cell extract upon SPT16 knockdown. GAPDH used as loading control. (g, h) nChIP-gPCR
analysis of macroH2A2 occupancy during de novo deposition (g) or at steady state (h) after
SPT16 knockdown. Experimental designs are shown above; green lines indicate presence of
macroH2A2-GFP. MacroH2A-GFP ChIP was normalized to H2B. Error bars represent s.d.
from n = 2 independent experiments.
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Figure 8. Model of macroH2A2 chromatin deposition and domain demarcation.
When macroH2A2 is expressed in cells without pre-existing macroH2A variants, a high

ratio of soluble to chromatin-incorporated macroH2A2 favors deposition. New macroH2A2
likely utilizes *general” H2A/H2B chaperones leading to an initial wave of pervasive
deposition. Actively transcribed chromatin engages FACT and likely other transcription-
associated chaperones to promote macroH2A2 pruning, antagonizing pervasive deposition
and leading to resolution of MCDs. Therefore, macroH2A2 exclusively accumulates at
inactive chromatin, establishing MCDs across the genome that are delimited by transcribed
regions. Under the steady state situation, transcribed chromatin engages basal levels of
FACT and other pruning chaperones as a surveillance system to counteract macroH2A2
accumulation, thus maintaining the faithful boundary demarcation of MCDs.
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