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SUMMARY
All vertebrate genomes encode for three large histone H2A variants that have an additional metabolite-bind-
ing globular macrodomainmodule, macroH2A. MacroH2A variants impact heterochromatin organization and
transcription regulation and establish a barrier for cellular reprogramming. However, the mechanisms of how
macroH2A is incorporated into chromatin and the identity of any chaperones required for histone deposition
remain elusive. Here, we develop a split-GFP-based assay for chromatin incorporation and use it to conduct a
genome-wide mutagenesis screen in haploid human cells to identify proteins that regulate macroH2A dy-
namics. We show that the histone chaperone ANP32B is a regulator of macroH2A deposition. ANP32B asso-
ciates with macroH2A in cells and in vitro binds to histones with low nanomolar affinity. In vitro nucleosome
assembly assays show that ANP32B stimulates deposition of macroH2A-H2B and not of H2A-H2B onto tet-
rasomes. In cells, depletion of ANP32B strongly affects global macroH2A chromatin incorporation, revealing
ANP32B as a macroH2A histone chaperone.
INTRODUCTION

Histones are at the core of packing DNA into chromatin. The

main building blocks of chromatin are the nucleosomes, repeats

of about 147 bp of DNA that are wrapped around octamers of

histone proteins.1 These canonical histones can be replaced

by histone variants which may change the biochemical proper-

ties of the nucleosome and can carry specific post-translational

modifications or recruit specific proteins.2

The most divergent histone variant is macroH2A. Besides the

histone fold, macroH2A isoforms contain an additional 25-kDa

globular domain called the macrodomain. Macrodomains have

the ability tobind toNAD+metabolites,3 and themacroH2A1.1 iso-

form binds ADP-ribose,4 giving it functions in DNA damage

repair5,6 and PARP-1-mediated transcription.7 In contrast, the li-

gands andbiological function(s) of themacrodomains for the other

two macroH2A isoforms (macroH2A1.2 and macroH2A2) remain

unknown. A structural change in the L1 loop of the histone fold of

macroH2A stabilizes nucleosomes,8,9 and the linker connecting

the histone fold with the macrodomain promotes chromatin
C
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compaction.10 Therefore, it is not surprising that macroH2A is

generally, althoughnot exclusively, associatedwith transcriptional

silencing11–13and isenriched inheterochromatin,13,14 aswell ason

the inactiveXchromosome.15–17 Interestingly,macroH2A is impor-

tant tomaintain gene silencing in differentiated cell states and pro-

vides a barrier to cellular reprogramming.18

The chromatin incorporation and removal of histone variants is

typically promoted and regulated by specific histone chaperones

or adenosine triphosphate (ATP)-dependent chromatin remo-

delers. MacroH2A has been shown to be removed from actively

transcribed regions by the chaperone complex FACT (facilitates

chromatin transcription),19 while ATRX negatively regulates its

presence on telomeres and the a-globulin locus.20 Recently,

Hells/LSH (lymphoid-specific helicase) was also identified as a

factor that affects macroH2A deposition. Loss of Hells resulted

in a 40% reduction of chromatin-bound macroH2A,21,22 indi-

cating that there likely are more players involved in this process.

Here we developed a cellular assay that reports on the incorpo-

rationofamacroH2Ahistone intochromatin and thenexploited the

power of haploid cell functional genomics to reveal key regulators
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of macroH2A incorporation. We found that acidic nuclear

phosphoprotein 32B (ANP32B) affects macroH2A deposition.

ANP32B belongs to the ANP32 family and, together with

ANP32A, it is essential for the replication of the influenza virus

within human cells.23 Its homolog ANP32E is a histone chaperone

for H2A.Z,24 and ANP32B is also described to have histone chap-

erone activity.25,26 This activity is associated with transcriptional

silencing,26but so far, its exact roleonchromatin aswell ashistone

variant specificity was not well characterized. We show that

ANP32B can directly bind macroH2A-H2B dimers and has the

ability to deposit these dimers onto tetrasomes in vitro. Moreover,

we show that ANP32B depletion affects macroH2A chromatin as-

sociation in cells, indicating it is a macroH2A chaperone.

RESULTS

Split-GFP system as a high-throughput readout of
macroH2A chromatin incorporation
To be able to identify regulators involved in macroH2A deposition

using a genetic screening approach, we developed a high-

throughput readout of macroH2A chromatin incorporation. For

this, we exploited the split-GFP system, which enables us to

assesswhether two proteins are in close proximity.27 Tagging his-

tone H4 and macroH2A with complementary parts of the GFP

molecule allows us to analyze whether the two histones are close

by, because of the generation of the fluorescent signal (Figure 1A).

As histone proteins are stable proteins, we constitutively ex-

pressed N-GFP1-10-H4, but placed macroH2A-C-GFP11 under

an inducible promoter to ensure we study the effects on de novo

macroH2A deposition only. In addition, we reasoned that a short

expression time will prevent transcription and replication stress

that may occur upon the possible stabilization of nucleosomes

by the strong interaction between the two parts of GFP.

To test whether this split-GFP fluorescent readout can be used

to analyze histonedeposition, we generated split-GFPT-Rex 293

cells for two macroH2A isoforms, as well as for canonical H2A,

containing N-GFP1-10-H4 and a C-GFP11-tagged (macro)H2A

isoform (Figures S1A and S1B). Expression of the constructs

was equal (macroH2A) or lower (H2A, H4) than endogenous his-

tones levels. Fluorescencewas only observed in these cells once

doxycycline was added to induce the C-GFP11-tagged H2A or

macroH2A isoforms. The GFP signal showed an overlap with

Hoechst staining of pre-extracted cells, indicating the taggedhis-

tones are indeed present on chromatin (Figure S1A). Also, both

macroH2A isoforms showed enrichment at bright DAPI-rich

spots inside the nucleus, corresponding with the inactive X chro-

mosome, indicating that localization of the histones is not

affected by overexpression and tagging. Furthermore, we

confirmed a doxycycline-dependent GFP signal within low-salt

extracted samples from MNase digested split-GFP cells, which

are highly enriched in mono- and di-nucleosomes (Figures 1B

andS1C). To further validate the split-GFP system,weperformed

small interfering RNA-mediated knockdown of Hells in mac-

roH2A1.1 split-GFP cells. In line with the known impact of Hells

on macroH2A deposition,21,22 we observed a significant

decrease in GFP levels upon Hells depletion (Figures 1C and

S1D). Together, this shows that our split-GFP assay is a suitable

system to measure histone deposition in cells.
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Haploid genetics screen identifies regulators of
macroH2A deposition
To identify macroH2A regulators, we decided to use our split-

GFP system in combination with a gene-trap screening

approach. For this, we generated haploid cells with the mac-

roH2A1.2 split-GFP system (Figures 1D, 1E, and S1E).We added

an additional T2A-mCherry to the expression construct to ensure

that any observed effects were caused bymutation of genes that

affected the incorporation, but not the expression, of macroH2A-

C-GFP11. In other words, we wanted to ensure that the screen

picked up actual macroH2A regulators and not regulators of

the TetON system that was used to express macroH2A-C-

GFP11. These split-GFP HAP1 cells were used for gene-trap

mutagenesis, and after 16 h of doxycycline treatment we sorted

cells with the 5% highest and lowest GFP levels from the

mCherry-positive population (Figures 1F and S1F). Next, we

retrieved the gene-trap integration sites in these populations

by deep sequencing. This identified several factors that impact

macroH2A incorporation (Table S1).

Among the identified genes, we found that ATRX mutation led

to increasedGFP signal (Figure 1G). This is in accordancewith its

previously described negative effect onmacroH2A incorporation

at telomeres20 and validated our cell-based functional genomics

approach. Interestingly, we found that Hells was not a significant

hit (ratio high/low GFP 1.11) in our screen, which could suggest

cell- or isoform-specific roles for this chromatin remodeler in

macroH2A dynamics. As the other known macroH2A regulator,

the FACT complex is essential, and it is, therefore, inherently

impossible to be picked up in such a screen. Moreover, we iden-

tified several components of the polycomb repressive complex 2

(PRC2) as significant geneswhosemutation resulted in increased

macroH2A deposition (Figure 1G). MacroH2A is enriched at

H3K27me3 regions, interacts with PRC2, and stimulates its

recruitment to the LOX locus.13,28 Our screening results indicate

that loss of the PRC2 complex resulted in increased macroH2A

chromatin incorporation. Interestingly, experiments in the mac-

roH2A1.2 T-Rex split-GFP cells using UNC1999, a small mole-

cule inhibitor of the catalytic subunit of the PRC2 complex

EZH2, confirmed that PRC2 activity affects the levels of mac-

roH2A chromatin incorporation (Figures 1H and S1G). Overall,

our assay thus validated a functional role for both ATRX and the

PRC2 complex in macroH2A chromatin dynamics, indicating

the potential of our unbiased haploid genetic screening approach

in identifying important chromatin regulators.

Proteomics and genomic screens identify ANP32B as a
potential macroH2A regulator
Our first priority in dissecting the data from the split-GFP-based

genome-wide screen was aimed at identifying a histone chap-

erone for macroH2A deposition. The screen reveals direct as

well as indirect regulators of macroH2A chromatin incorporation.

To find the direct effectors, we performed pulldown experiments

with recombinant His-macroH2A1.2-H2B dimers in HeLa cell ex-

tracts followedbymass spectrometry to find interactors (Figure 1I;

Table S2). As expected, several histone chaperones were pulled

down along with the His-macroH2A1.2-H2B dimers. However,

only ANP32B was also identified as a significant hit in the genetic

screen (Figure 1I), indicating a link between this protein in
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Figure 1. Genetic screen combined with proteomics identifies ANP32B as a potential regulator of macroH2A deposition

(A) Graphical representation of the split-GFP-based approach to measure macroH2A deposition onto chromatin. Created with BioRender.com.

(B) Nucleosomes from MNase-digested split-GFP cells with or without treatment with 1 mg/mL doxycycline (DOX) for 20 h visualized by denaturing agarose gel

(left) or native PAGE (middle and right). Native PAGE was scanned for GFP signal before SYBR Gold staining to visualize DNA.

(C) Relative GFP intensity in control and Hells-depleted macroH2A1.1 split-GFP cells as measured by flow cytometry. GFP-intensity is normalized to siControl

condition. Significance is calculated using a two-tailed t-test with Welsh correction; p = 0.0002.

(D)Western blots of inducible HAP1 split-GFP cell lysates. After 16 h of Dox treatment, macroH2A1.2-Flag-GFP11-T2A-mCherry is expressed. The GFP-antibody

recognizes the N-GFP1-10-H4 construct.

(E) Flow cytometry histograms of GFP and mCherry fluorescent intensity of HAP1 split-GFP cells with or without treatment with 1 mg/mL DOX for 16 h.

(F) Graphical representation of the haploid genetic screen. HAP1 split-GFP cells were mutagenized with gene-trap virus. The macroH2A1.2-C-GFP11 was

induced by overnight addition of DOX, after which cells were fixed. The cells with the lowest and highest 5% GFP-intensities were sorted from the haploid and

mCherry positive population. To identify gene-trap integration sites the genomic DNA was isolated, and integration sites were amplified and sequenced. Created

with BioRender.com.

(G) Genes identified in the split-GFP haploid genetic screen. Significantly enriched genes are highlighted in dark gray, non-significant genes are marked in light

gray, the positive control ATRX in dark red,members of the PRC2 complex in teal, and ANP32B in orange. The total number of unique gene-trap insertions within a

gene (x-axis) is plotted against the ratio of how often insertions in a gene are found within the high GFP over the low GFP population (y-axis).

(H) Relative GFP intensity in mock and UNC1999-treated macroH2A1.2 split-GFP T-Rex cells as measured by flow cytometry. GFP-intensity is normalized to

mock-treated condition. Two-tailed t-test with Welsh correction; p = 0.0315.

(I) MacroH2A1.2-H2B-binding proteins identified by mass spectrometry. Volcano plot of the difference in iBAQ intensities between empty Ni-NTA and mac-

roH2A1.2-H2B-bound Ni-NTA pull downs in HeLa extracts. The proteins that were significantly changed in the genetic screen are highlighted in orange.

Bar graphs show average ± SEM of four independent experiments. See also Figure S1.
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Figure 2. The histone chaperone ANP32B interacts with macroH2A

(A) Coomassie stained SDS-PAGE gel of recombinant purified ANP32B and refolded histone dimers.

(B) Fluorescence polarization assay showing binding of ANP32B to different histone dimers. The average and standard error of a total of three repeats are shown.

Data were normalized 0 (no binding) to 1 (maximum binding). Binding affinities of ANP32Bwere calculated from raw data. Significance was calculated with a one-

way ANOVA; H2A-H2B vs. macroH2A1.1-H2B p = 0.0139 and H2A-H2B vs. macroH2A1.2-H2B p = 0.0302.

(C) Representative fluorescent images of LacI experiments. U2OS LacO cells were transfected with either mCherry-LacI or mCherry-LacI-ANP32B and stained

for macroH2A1.2 or H2A and Hoechst.

(D) Quantification of LacI experiments for macroH2A1.2 and H2A. The ratio of the fluorescent intensity of the histone at the LacO, as defined by the mCherry

signal, over the intensity in the nucleus is plotted on the y-axis. Bar graphs show average ±SEM of 3 independent experiments eachwith at least 10 cells analyzed

per condition. Significance is calculated using two-way ANOVA with �Sidák correction; macroH2A1.2 p < 0.0001, H2A p = 0.9387.

See also Figure S2.
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macroH2Adynamicsonchromatin. Toconfirm thishypothesis,we

performed Flag-HA-macroH2A1.2 immunoprecipitations in hu-

man cell extracts followed by mass spectrometry, which

confirmed that ANP32B was one of the pulled down proteins

with the highest normalized intensity (FigureS1H; TableS2).More-

over, ANP32B-Flag pull downs also co-immunoprecipitated

endogenous macroH2A1.2 (Figure S1I). Thus, our genomics and

proteomics assays suggest that ANP32B may be a histone chap-

erone for macroH2A.

The histone chaperone ANP32B interacts with
macroH2A
To investigate the interaction between ANP32B and macroH2A,

we moved to biochemical studies using recombinant human

proteins (Figure 2A). Using fluorescence polarization, we first

validated that our purified ANP32B binds H3-H4 with strong af-
4 Cell Reports 42, 113300, October 31, 2023
finity, like previously reported (Figure S2A).25 Interestingly,

ANP32B also binds to full-length macroH2A-H2B and H2A-

H2B dimers, with an affinity in the low nanomolar range (KD =

3.8 and 6.6 nM, respectively) (Figure 2B). A 1.7-fold preference

formacroH2A dimers over H2A dimers has been consistently de-

tected. To test dimer binding preference in human cells, we char-

acterized the effect of ANP32B toward macroH2A or H2A using

the LacO/LacI system. By transfecting either mCherry-LacI or

mCherry-LacI-ANP32B in LacO-containing U2OS cells, we

found that all macroH2A isoforms were enriched at ANP32B-

bound operons, while canonical H2A was not affected (Fig-

ures 2C, 2D, S2B, and S2C). These data indicate that ANP32B

affects macroH2A localization in the nucleus. Overall, our data

show that ANP32B can directly bind canonical or macroH2A-

H2B dimers with high affinity in vitro and recruits macroH2A in

cells.
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ANP32B deposits macroH2A-H2B dimers
To test the function of ANP32B toward macroH2A, we postulated

that ANP32B may deposit macroH2A-H2B dimers on DNA. First,

we analyzed the ability of ANP32B to deposit macroH2A using

the histone assembly and exchange in permeabilized cell as-

says.29 We incubated permeabilized cells with recombinant

ANP32B and macroH2A1.2-HA-H2B dimers, followed by immu-

nofluorescence staining. We observed a small increase in mac-

roH2A1.2 levelson thechromatin upon incubationwithonlydimers

(Figures 3Aand 3B), likely because of the high affinity of histone di-

mers forDNA.However, this signalwasgreatly stimulatedbyaddi-

tion of ANP32B (Figures 3A and 3B), indicating that ANP32B can

promote thedepositionofmacroH2A-H2Bdimers in thechromatin

of these pre-extracted cells.

Next,weanalyzedANP32Bability todeposit histones inanucle-

osome assembly and quantification (NAQ) assay using recombi-

nant proteins.30 In the NAQ assay, histone chaperones are mixed

with histone H3-H4 and/or H2A-H2B prior to addition of 207-bp

DNA fragments containing the 601 nucleosome-positioning

sequence. Nucleosome assembly depends first on tetrasome for-

mation (i.e., deposition of (H3-H4)2 tetramers onDNA), followedby

H2A-H2Bdimers incorporation. Indeed, nucleosomes formedeffi-

ciently in the presence of a bona fide tetrasome assembly factor

(i.e., CAF-1), as H2A-H2B dimers can spontaneously associate

with tetrasomes in these conditions31 (Figures S3A–S3C). Strik-

ingly, ANP32B alone does not promote tetrasome formation (i.e.,

deposits H3-H4 on DNA) (Figures S3B and S3C), even though it

can bind to H3-H425 (Figures S2A). These data indicate that

ANP32B cannot deposit functional (H3-H4)2 tetramers on DNA.

However, when combined with CAF-1, a histone H3-H4 chap-

erone complex, ANP32B stimulated macroH2A1.1-H2B as well

as macroH2A1.2-H2B deposition onto tetrasomes (Figures 3C–

3E [lane 7] and S3D–S3G). In contrast, no effect was seen on ca-

nonical H2A-H2B nucleosome formation (Figures 3C–3E [lane 6]

and S3E). This implicates ANP32B in macroH2A-H2B incorpora-

tion in nucleosomes. Together, these results indicate that, even

though ANP32B can bind to H3-H4 and H2A-H2B aswell asmac-

roH2A-H2B in vitro, this chaperone selectively contributes to the

deposition of macroH2A-H2B during nucleosome assembly.

ANP32B affects macroH2A deposition in cells
Finally, we wanted to test whether ANP32B is involved in the

deposition of macroH2A in human cells. Indeed, RNAi-mediated

ANP32B knockdown experiments in the split-GFP T-Rex cells

showed that ANP32B greatly affected the deposition of mac-

roH2A1.1 and macroH2A1.2, to the same extent as Hells (Fig-

ure 1C), but only mildly affected canonical H2A (Figures 4A

and S4A). Furthermore, mono- and di-nucleosomes extracted

from MNase-digested ANP32B-depleted split-GFP cells sho-

wed a robust reduction in GFP intensity compared with the si-

Control condition (Figures 4B, S4B, and S4C).

To further test the effect of ANP32B on macroH2A distribution

into chromatin, we performed chromatin immunoprecipitation

(ChIP)-qPCR assays and found that ANP32B depletion decreased

macroH2A1.2 levels at the analyzed genomic sites, which were

both reported to be enriched for macroH2A132 (Figure 4C). To

look at the effect of ANP32B depletion onmacroH2A1 occupancy

in chromatin on a genome-wide scale, we performed CUT&RUN
experiments33 in HepG2 cells using a macroH2A1 antibody.13,32

WedeterminedthatmacroH2A1enrichedregions inHepG2control

cells using epic2,34 which is especially suited for the identification

of broad domains such as those occupied by macroH2A his-

tones.19 In cells with reduced ANP32B, the total number of identi-

fied macroH2A1 domains was decreased while most of the mac-

roH2A1 domains were shared between the two conditions

(Figure S4D). Since no major redistribution to other genomic loca-

tions was observed, we used the macroH2A1 domains in control

cells as a reference and found that ANP32B depletion leads to a

decreased macroH2A1 signal (Figures 4D and S4E). Indeed, we

observed many regions of decreased signal in the siANP32B con-

dition comparedwith the siControl (Figure S4F, left), but a minority

of loci showedan increase (FigureS4F, right). To analyze the differ-

entialmacroH2A1 enrichment on chromatin in a statisticalmanner,

weused theRpackagecsaw,35which implementsa read-counting

strategy basedon a slidingwindowacross the genomic sequence.

By comparing the siANP32B cells versus siControl, we identified

171 regions with decreased levels of macroH2A1, 1,687 that

were unchanged, and 2,613 regions where the signal was indeed

decreased (Figures 4E, S4G and S4H). Together, these data

show that ANP32B interference generally reduces macroH2A1

presence in chromatin at many, but not all, genomic locations,

making it a critical regulator of macroH2A histones in human cells.

DISCUSSION

Seeking to identify factors regulating the deposition of the large

H2A variant macroH2A onto chromatin, we developed a method

to detect histone deposition in cells in a high-throughput manner

and identified and confirmed ANP32B as a macroH2A histone

chaperone.

Previous studies investigated the histone binding of ANP32B

and found that it interacts with canonical histones.25 However,

no investigation to date has addressed potential biological

and biochemical roles for ANP32B interaction with histone vari-

ants and their incorporation. We observed that, even though

ANP32B has the ability to bind H3-H4 and H2A-H2B as well as

macroH2A-H2B in vitro (Figures 2B and S2A), it specifically stim-

ulates the deposition of macroH2A-H2B dimers (Figures 3E and

S3C). An interesting question for the future is how ANP32B his-

tone chaperone activity can be specific for certain histone vari-

ants that only differ slightly from their canonical counterparts.

In cells, the histone chaperone activity of ANP32B remains

largely unstudied. Intriguingly, an initial report showed that it nega-

tivelyaffects transcriptionof theKLF5-regulatedPDGF-A (platelet-

derivedgrowth factor subunit A) genepromoter.26AsmacroH2A is

also associatedwith transcription inhibition, it is tempting to spec-

ulate that ANP32B exerts this function by depositing the atypical

histone macroH2A. It will be interesting to see how the effect of

ANP32B on the dynamics and turnover of chromatin-bound mac-

roH2A affects gene transcription and cellular functioning. As the

ATP-dependent chromatin remodelers Hells and ATRX and the

histone chaperone complex FACT also affect macroH2A dy-

namics,19–22 investigating the activity and potential interplay be-

tween these proteins on a chromatin-wide scalewill help to further

elucidate the mechanisms of macroH2A deposition onto chro-

matin and its remodeling.
Cell Reports 42, 113300, October 31, 2023 5
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Figure 3. ANP32B has in vitro macroH2A histone chaperone activity

(A) Representative images of histone exchange assay. Cells were permeabilized to remove soluble proteins and incubated with or without recombinant mac-

roH2A1.2-HA-H2B dimers and/or ANP32B. MacroH2A1.2-HA-H2B incorporation was visualized by HA staining.

(B) Quantification of histone exchange assay testing ANP32B activity toward macroH2A-H2B dimers. More than 200 cells were imaged for each condition, of

which the average fluorescent intensity with standard deviation are plotted. A representative experiment out of the four repeats is shown.

(C) Native gel of representative NAQ assay showing H2B-488 signals. H3-H4 tetramers are first added to naked DNA with CAF-1DKER, after which H2A-H2B

(H) or macroH2A-H2B (M) dimers were added with or without ANP32B.

(D) Native gel stained with SYBRGold to visualize the MNase-protected DNA fragments of nucleosomes assembled in the NAQ assay showed in (C). Before DNA

purification, a loading control of 621 bp was added to the samples.

(E) Quantification of MNase digestion-protected DNA representing the amount of H2A-H2B, macroH2A1.2-H2B or macroH2A1.1-H2B nucleosomes formed in

presence or absence of ANP32B. The amount of DNA is measured with a bioanalyzer and normalized to the loading control DNA. Fragments with sizes between

125 and 160 bp are included in the quantification. Average of three independent experiments, normalized to the no ANP32B conditions, with SEM is shown. A

two-tailed t-test with Welsh correction is used to calculate significance; H2A-H2B p = 0.0587, macroH2A1.2-H2B p = 0.0437, macroH2A1.1-H2B p = 0.0301.

See also Figure S3.
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Limitations of the study
Whenusing the split-GFPsystem tomeasurehistonedeposition, it

is important to control for the expression of both split-GFP con-

structs. In our screen, we only ensured expression of the doxycy-

cline-inducible construct,while theexpression levelsofN-GFP-H4

was not directly controlled. Thismay have led to false-positive and

-negative hits in our screen, which inversely affected N-GFP-H4

levels instead of impacting macroH2A deposition. Thus, this

should be checked independently for all hits of our screen, as we

did for ANP32B. Similarly, the link we uncovered between PRC2

and macroH2A deposition needs to be investigated further. How

ANP32B is specific for macroH2A is still not completely clear. In

our histone deposition assays, we observed that, out of all the his-

tone pairs tested, ANP32B only deposited macroH2A, yet was

able to bind all different histone proteins in vitro. Future research

will beable todissect howhistone interaction (binding) andhistone

deposition (function) are regulated, which domains of ANP32B are

involved in thisprocess,andwhether the incorporationofanyother

histonevariants is regulatedbyANP32B incells.Theseareexciting

future avenues to be explored.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Flag Sigma-Aldrich Cat# F1804 AB_262044; RRID:AB_262044

Mouse anti-macroH2A1.2 The Ladurner laboratory N/A

Rabbit polyclonal anti-mCherry Thermo Fisher Scientific Cat# PA5-34974; RRID:AB_2552323

Rabbit polyclonal anti-GFP Abcam Cat# ab290; RRID:AB_303395

Mouse monoclonal anti-alpha-Tubulin Sigma-Aldrich Cat# T5168; RRID:AB_477579

Rabbit polyclonal anti-Hells Proteintech Cat# 11955-1-AP; RRID:AB_2117529

Rabbit polyclonal anti-H2A Abcam Cat# ab18255; RRID:AB_470265

Peroxidase-AffiniPure Goat Anti-Rabbit IgG

(H + L)

Jackson ImmunoResearch Labs Cat# 111-035-003; RRID:AB_2313567

Peroxidase-AffiniPure Rabbit Anti-Mouse

IgG (H + L)

Jackson ImmunoResearch Labs Cat# 315-035-003; RRID:AB_2340061

Mouse anti-macroH2A2 Sporn et al.36 N/A

Rabbit polyclonal anti-H2A Abcam Cat# ab15653; RRID:AB_732909

Goat anti-Mouse IgG (H + L) Cross-

Adsorbed Secondary Antibody, Alexa

FluorTM 488

Thermo Fisher Scientific Cat# A-11001; RRID:AB_2534069

Goat anti-Rabbit IgG (H + L) Cross-

Adsorbed Secondary antibody, Alexa

FluorTM 488

Thermo Fisher Scientific Cat# A-11008; RRID:AB_143165

Mouse monoclonal anti-H3 Active Motif Cat# 61475; RRID:AB_2687473

Anti-macroH2A1 Buschbeck et al.13 N/A

Rabbit-IgG-control Abcam Cat# ab46540; RRID:AB_2614925

Mouse anti-HA Gift from Heinrich Flaswinkel, LMU Munich N/A

Bacterial and virus strains

DH5a competent cells Keep in lab N/A

BL21 DE3 pLYS competent cells Keep in lab N/A

Chemicals, peptides, and recombinant proteins

Doxycycline Sigma/Merck D9891-1G

UNC1999 Cayman Chemical 14621

Xtreme gene HP transfection reagent Merck 6366244001

FuGENE HD Promega E2311

RNAiMax Invitrogen 13778075

MNase Worthington-Biochem LS004798

MNase NEB M0247S

Methanol-free formaldehyde Thermo Fisher Scientific 28908

CNBr-activated Sepharose Cytiva GE17-0430-01

Ni-NTA Qiagen 30210

Anti-FLAG-M2 affinity gel Sigma A2220

benzonase Sigma E1014

Alexa Fluor 488. Maleimide Thermo Fisher Scientific A10254

PierceTM Protein G Magnetic Beads Thermo Fisher Scientific 88847

Agencourt AMPure XP beads Beckman Coulter A63880

PowerUP SYBR Green mastermix Thermo Fisher Scientific A25742

pA/G-MNase Epicypher 15–1016

SYBR Gold Invitrogen S11494

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

DMEM high glucose Sigma D5671

FCS gibco 10270106

Glutamine gibco 25030024

penicillin/streptomycin gibco 15140122

IMDM Thermo Fisher Scientific 12440053

Hygromycin B Thermo Fisher Scientific 10687010

Neomycin/G418 Sigma 4727878001

Hoechst 33342 Fisher Scientific H3570

RNase A Thermo Fisher Scientific EN0531

Proteinase K NEB P8107S

macroH2A1.2-HA-H2B dimers This study N/A

His-macroH2A1.2-H2B dimers This study N/A

ANP32B This study N/A

Yeast CAF-1DKER This study N/A

H2A The Histone Source, Colorado State

University

HH2A

H2B T115C The Histone Source, Colorado State

University

HH2B_T115C

H3 The Histone Source, Colorado State

University

HH3

H4 The Histone Source, Colorado State

University

HH4

macroH2A1.1 The Histone Source, Colorado State

University

N/A

macroH2A1.2 The Histone Source, Colorado State

University

MACRO_H2A_1.2

Critical commercial assays

MinElute PCR purification kit Qiagen 28006

QIAmp DNA mini kit Qiagen 51306

ChIP DNA Clean & Concentrator Zymo Research D5205

KAPA HyperPrep kit Roche KK8504

NEXTflex DNA barcodes for Illumina Bioo Scientific 514101

KAPA Library Quantification kit Roche KK4824

Bioanalyzer high sensitivity DNA kit Agilent Technologies 5067–4626

Deposited data

Raw and analyzed CUT&RUN data This paper GEO: GSE241387

Raw haploid genetic screen sequencing

data

This paper SRA: PRJNA1022494

Raw mass spectrometry data This paper ProteomeXchange: PXD045696

Experimental models: Cell lines

Human: Hek 293T ATCC CRL-3216

Human: U2OS LacO The Ladurner laboratory N/A

Human: HAP1 The Jae laboratory N/A

Human: T-REX 293 Thermo Fisher Scientific R71007

Human: HepG2 DSMZ ACC 180

Human: HeLa S3 ATCC CCL-2.2

Oligonucleotides

siControl:

50-UGGUUUACAUGUCGACUAA-3

This study N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

siANP32B:

50UGACUACCGAGAGAGUGUCUU-30
This study N/A

siHells:

50-GAAGUGAAUAUCCCUGUAGdTdT-30
This study N/A

qPCR location 1 fw:

GCGAGCATAATCTCCTGAATC

This study N/A

qPCR location 1 rev:

CTCCCGTGTGGATGTTTACC

This study N/A

qPCR location 2 fw:

CAGGCGTGTCTTTAGGATGTAG

This study N/A

qPCR location 2 rev:

TGCCACTGACGTGATGATATG

This study N/A

Recombinant DNA

pmCherry-C1-LacI-ANP32B This study N/A

pEMT11-His-ANP32B This study N/A

pET29a-macroH2A1.2-HA-H2B This study N/A

pRK-GFP1-10-H4 This study N/A

pLenti6-GFP1-10-H4 This study N/A

pLIX-macroH2A1.2-GFP11-T2A-mCherry This study N/A

pcDNA5/FRT/TO-H2A-Flag-GFP11 This study N/A

pcDNA5/FRT/TO-macroH2A1.1-Flag-

GFP11

This study N/A

pcDNA5/FRT/TO-macroH2A1.2-Flag-

GFP11

This study N/A

pCAGGS-ANP32B Gift from Wendy Barclay N/A

Software and algorithms

FlowJo BD Biosciences https://www.flowjo.com/

MaxQuant 2.1.0.0 Cox & Mann37 https://www.maxquant.org/

Fiji Schindelin et al.38 https://fiji.sc/

Bowtie2 Langmead et al.39 https://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

DeepTools Ramirez et al.40 https://deeptools.readthedocs.io/en/latest/

Epic2 Stovner & Saetrom34 https://github.com/biocore-ntnu/epic2

Csaw Lun & Smyth35 https://bioconductor.org/packages/

release/bioc/html/csaw.html

Other

Black walled 384 well plate Corning CLS3575-50EA

HisTrap HP column Cytiva 17524701

HiLoad 16/600 superdex200 pg Cytiva 28989335

HiTrap Q HP column GE Healthcare 17-1154-01
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Andreas

Ladurner (andreas.ladurner@bmc.med.lmu.de).

Materials availability
Plasmids generated in this study are available from the lead contact upon request.

Data and code availability
d Raw and processed CUT&RUN data is available in the Gene Expression Omnibus, GEO: GSE241387.
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d Raw haploid genetic screen data is available in the Sequence Read Archive, SRA: PRJNA1022494

d Rawmass spectrometry data is deposited to the ProteomeXchange Consortium via the PRIDE partner repository. ProteomeX-

change: PXD045696

d This paper does not report any original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The following human cell lines have been used in this study: Hek 293T (F), U2OS LacO (F), HAP1 (M), T-REX 293 (F), HepG2 (M) and

HeLa S3 (F). HAP1 cells were cultured in IMDM (Thermo Fisher Scientific) supplemented with 10% heat-inactivated FCS (Thermo

Fisher Scientific) and 1% penicillin/streptomycin/glutamine (Thermo Fisher Scientific). All other cells were cultured in high glucose

DMEM (Sigma) culture media supplemented with 10% Fetal Calf Serum (FCS, GIBCO), 2 mM glutamine (GIBCO) and 1% peni-

cillin/streptomycin (GIBCO). Cells were grown in humidified incubators at 37�C and 5% CO2 and tested bimonthly for mycoplasma

infections.

METHOD DETAILS

Constructs
ANP32B plasmids: pCAGGS-ANP32Bwas a kind gift fromWendy Barclay.23 ANP32BDNAwas amplified from the pCAGGS plasmid

with NcoI and XhoI overhangs and ligated into a digested pETM11 vector or amplified with KpnI and BamHI overhangs and ligated

into the pmCherry-C1-LacI vector.

pET29a-macroH2A1.2-HA-H2B: pET29a-YS14 (Addgene plasmid # 6689041) was digested with NcoI and EcoRI to remove H2A

and a PCR product of human macroH2A1.2 cDNA10 with NcoI and EcoRI overhangs was ligated in. Next an HA-tag was added

on the C terminus of macroH2A1.2 by PCR. The resulting plasmid was digested with EcoRI and XhoI to remove the Xenopus histones

H2B, H3 and H4 and a PCR product of human H2B cDNA with MfeI and XhoI overhangs was ligated in.

Split-GFP constructs: pQCXIP-GFP1-10 was a gift from Yutaka Hata (Addgene plasmid # 6871542). pRK-flag-GFP11 was a gift

from Yihong Ye (Addgene plasmid # 7859043). H2A, macroH2A1.1 and macroH2A1.2 human cDNAwere ligated into HindIII digested

pRK-flag-GFP11. Subsequently the histone-flag-GFP11 sequences were amplified and ligated into AflII and NotI digested pcDNA5/

FRT/TO (Invitrogen). To clone pRK-GFP1-10-H4, pRK-flag-GFP11 was digested with HindIII and XbaI and PCR amplified human H4

cDNA and GFP1-10 were ligated in with a SalI overhangs in between the H4 and GFP1-10. For pLIX-macroH2A1.2-GFP11, mac-

roH2A1.2-GFP11-T2A-mCherry encoding DNA was ordered from Eurofins and ligated into SalI-BamHI digested pLIX. GFP1-10-

H4 was amplified from pRK-GFP1-10-H4 with EcoRI and XbaI overhangs and ligated into the pLenti6-PGK-Puro vector.

Cell culture and treatments
The expression of histone-Flag-GFP11 was induced by the addition of 1ug/ml Doxycycline for 16–18 h for all split-GFP experiments.

For EZH2 inhibition cells were treated with 5 mM UNC1999 for 20 h.

Split-GFP T-Rex 293 cells were generated by first transfecting WT T-Rex 293 with both a pOG44 Flp-Recombinase vector (Invi-

trogen) as well as the pcDNA5/FRT/TO Histone-Flag-GFP11 (H2A, macroH2A1.1 or macroH2A1.2) in a 4:1 ratio using Xtreme gene

HP transfection reagent (Merck). After selection with 50 mg/ml Hygromycin B, cells were transfected with pRK-GFP1-10-H4 and

selected with 400 mg/ml Neomycin. Single clones were tested for expression levels and inducibility with Doxycycline.

Split-GFP HAP1 cells were generated by lentiviral induction using pLenti6.UBC GFP1-10-H4 and pLIX puro macroH2A1.2-Flag-

GFP11-T2A-mCherry.

For LacI experiments, U2OS cells containing LacO repeats44 were transfected with mCherry-LacI or mCherry-LacI-ANP32B con-

structs using FuGENE HD (Promega). For macroH2A1.1 analysis, GFP-macroH2A1.1 was co-transfected as the cells did not express

this isoform. For immunoprecipitations Hek293 T cells were transfected with pCAGGS-ANP32B-Flag using FuGENE HD according to

the manufacturer’s protocol. RNAi experiments were performed with RNAiMax (Invitrogen) according to the manufacturer’s protocol

3 days before cell harvesting or fixation. siControl: 50-UGGUUUACAUGUCGACUAA-30, siANP32B: 50UGACUACCGAGAGA

GUGUCUU-30, siHells: 50-GAAGUGAAUAUCCCUGUAGdTdT-3’.

Nucleosome isolation from cells
Split-GFP T-Rex 293 cells were treated with 1 mg/mL doxycyline for 20h before harvesting. Cells were harvested by trypsination,

washed once with PBS and resuspended at 4*107 cells/ml in Buffer 1 (10 mM HEPES pH 7.9, 1.5 mM MgCl2, 10 mM KCl,

0.5 mM DTT, cOmplete EDTA-free protease inhibitor cocktail (Roche)). After 10 min on ice, 0.1% NP-40 was added followed by

another 5 min incubation on ice, vortexing for 10 s and nuclei were pelleted at 3800g for 10 min. The nuclei were washed once in

MNase digestion buffer (10 mM Tris-HCl pH 7.5, 15 mM NaCl, 60 mM KCl, 1 mM CaCl2, 0.15 mM spermine, 0.5 mM spermidine,

cOmplete EDTA-free protease inhibitor cocktail (Roche)). The amount of chromatin was measured at an absorbance of 260 nm
Cell Reports 42, 113300, October 31, 2023
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with a dilution of 4 mL of nuclei in 400 mL 2MNaCl. Nuclei were resuspended in MNase digestion buffer (60 mg in 340 mL) and digested

with 2UMNase (Worthington) at 37�C for 10min. The reaction was stopped by addition of EDTA to a final concentration of 20mMand

nuclei were pelleted at 3600g for 10 min. Nucleosomes were extracted by resuspending the pellets in nucleosome extraction buffer

(20mMTris pH 8.0, 10mMEDTA, 0.5 mMNaCl), followed by incubation on ice for 10min and centrifugation at 13,200 rpm for 10min.

Nucleosomes were analyzed on native PAGE. DNA was purified with MinElute kit (Qiagen) and run on a 1% agarose gel to check for

chromatin digestion.

Western blotting
Whole cell extracts were prepared by lysing cells in Leammli buffer and boiling for 3 min. DNA was sheared by 5 min sonication (Dia-

genode Bioruptor Pico, 30 s on, 30 s off). Samples were separated on a 4–12% Bis-Tris gradient gel (Thermo Fisher Scientific) and

transferred to nitrocellulose membrane (0.2 mm, Biorad). Membranes were blocked for 1 h in 5%milk in PBS and incubated with pri-

mary antibody, diluted in PBS +0.05% Tween 20, for 2 h at room temperature (RT) or overnight at 4�C. Membranes were washed

3 times 10 min in PBS-Tween, incubated with secondary antibody for 1–2 h and again washed 3 times for 10 min with PBS-Tween.

Antibodies were visualized using SuperSignal West Pico PLUS Chemiluminescent Substrate (Fisher Scientific) with a

ImageQuant800 imager (Amersham).

Antibodies: Mouse-anti-Flag (1:5000, Sigma-Aldrich, F1804), mouse-anti-macroH2A1.2 (1:500, homemade), rabbit-anti-mCherry

(1:500, Invitrogen, PA5-34974), rabbit-anti-GFP (1:1000, Abcam, ab290), mouse-anti-Tubulin (1:5000, Sigma-Aldrich, T5168), rabbit-

anti-Hells (1:500, Proteintech, 11955-1-AP), rabbit-anti-H2A (1:1000, Abcam, ab18255), HRP-goat-anti-rabbit (1:10000, Jackson Im-

muno Research, 111-035-003) and HRP-rabbit-anti-mouse (1:10000, Jackson Immuno Research, 315-035-003).

Flow cytometry
Cells were harvested by trypsinization, washed once in PBS and fixed in 4% Paraformaldehyde (PFA) at 37�C for 15 min. Cells were

washed twice in 1% FCS in PBS and measured on a BD LSRFortessa (BD Biosciences). Data was analyzed using FlowJo (BD

Biosciences).

Microscopy
The split-GFP cells were grown on coverslips and fixed with 4% PFA for 15 min at RT and stained with 1ug/ml Hoechst 33342

(Fisher Scientific) in PBS+ (PBS with 0.5% BSA and 0.15% glycine) for 15 min at RT. Coverslips were mounted with Aqua-Poly/

Mount (Polysciences) and imaged on a Zeiss AxioObserver Z1 confocal spinning-disk microscope equipped with a sCMOS

ORCA Flash 4.0 camera (Hamamatsu) and a Plan-Apochromat 40x/0.95 Korr air objective.

For the immunofluorescence experiments, cells were grown on glass coverslips, transfected as described above and fixed in 2%

PFA containing 0.1% Triton for 15 min at RT. Cells were washed 3 times short and 2 times 10 min in PBS-T (PBS with 0.1% Triton)

followed by a wash in PBS+. Slides were stained with mouse-anti-macroH2A1.2 (1:250), mouse-anti-macroH2A236 (1:100) or rabbit-

anti-H2A (1:1000, Abcam ab15653) diluted in PBS+ for 2 h at RT and subsequently washed with PBS-T (3x short, 2 3 10 min) and

once with PBS+. Secondary antibodies (goat-anti-mouse-488 or goat-anti-rabbit-488 1:1000, Thermo Fisher Scientific A-11001 or

A-11008) and Hoechst 33342 were diluted in PBS+ and staining was done at RT for 1 h, followed again by washes in PBS-T and

PBS+. Coverslips were mounted using Aqua-Poly/Mount (Polysciences) and imaged on an inverted Leica SP8X WLL confocal

microscope equipped with an HC PL APO 40x/1.30 Oil objective. Images were analyzed using ImageJ.38

Haploid genetic screen
To identify regulators of macroH2A deposition, haploid genetic screening on HAP1 cells was performed as described previously.45

HAP1 N-GFP(1–10)-H4, macroH2A1.2-FLAG-GFP11-T2A-mCherry cells were subjected to ultra-deep genome-wide mutagenesis

using a variant of the gene-trap retrovirus46 containing BFP produced in 293T cells. The retroviral particles were concentrated by

ultracentrifugation at 88,800 g at 4�C for 2h and HAP1 cells were transduced three consecutive times in the presence of protamine

sulfate. Subsequently, the library of mutant cells was expanded to 24 x T175 flasks, which were treated with 1 mg/mL doxycycline the

day after seeding. After 16h of doxycycline treatment, cells were harvested by trypsinization, washed with PBS, strained through a

40 mmcell strainer (Greiner, 542040) prior to fixation with methanol-free 4% formaldehyde (Thermo Fisher, 28908) for 10 min at 37�C.
Fixation was stoppedwith PBS+1%FCS, cells were counted, resuspended to 100million cells permL in PBS+1%FCS and counter-

stained with DAPI at a final concentration of 2.5 mg/mL for the identification of haploid cells based on DNA content. After three

washing steps, approximately 107 cells of the bottom 5%GFP-low and top 5%GFP-high cells were sorted on a BD Fusion cell sorter

(BD Biosciences) using a 70 mm nozzle. A non-doxycyline induced control was used to identify positive cells and to set the gates.

Genomic DNA from these sorted populations was extracted using the QIAmp DNA Mini Kit (Qiagen, 51306) following the manu-

facturer’s instructions (de-crosslinking was performed at 56�C overnight). Cloning of gene trap insertion sites, identification of

gene-trap mutations by deep sequencing and alignment to the human genome (hg19) was performed as previously reported.47 A

two-sided Fisher’s exact test was used to calculate the enrichment for mutations for each affected gene in the populations with

elevated or decreased GFP fluorescence. Significant regulators were identified by dividing the fraction of unique sense insertions

mapping to the query gene in the GFP-high cells by the corresponding fraction of unique sense insertions in the GFP-low cells.

The Benjamini-Hochberg false discovery rate correction was used to account for multiple testing. Per gene, the resulting mutation
Cell Reports 42, 113300, October 31, 2023 15
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ratio (y axis) was plotted against the combined number of identified unique insertions in the gene in the GFP-high and GFP-low cells

(x axis).

Pull down macroH2A interactors
Ni-NTA was incubated with recombinant His-macroH2A1.2-H2B dimers in binding buffer (25 mM HEPES pH 8.3, 300 mM NaCl,

1 mMMgCl2, 0.5% Triton X-100, 0.5 mM EDTA, 10% glycerol, cOmplete EDTA-free protease inhibitor cocktail (Roche)) for 1 h while

rotating, followed by 3 washes. CNBr-activated Sepharose (Cytiva) was washed with 1 mM HCl after which macroH2A1.2-H2B di-

mers were coupled to the beads in 2 M NaCl, 40% glycerol, 50 mM HEPES pH 8.0. After coupling, beads were quenched with 0.1 M

Tris pH8.0, 0.5 M NaCl. For pull downs, HeLa cells were lysed in IP buffer (25 mM HEPES pH 8.3, 130 mM NaCl, 1 mMMgCl2, 0.5%

Triton X-100, 0.5 mM EDTA, 10% glycerol, cOmplete EDTA-free protease inhibitor cocktail (Roche)) for 10 min on ice. Lysates were

centrifuged for 15 min at 16.000g and supernatant was added to the Ni or CNBr beads. Samples were incubated for 2 h at 4�C while

rotating, followed by three washes in IP buffer (Ni-beads were washed in IP buffer with 20mM imidazole) and 3 washes in 50 mM

Tris pH8.

HeLa cells expressing Flag-HA-macroH2A1.2 were washed in PBS, lysed in IP buffer and treated with benzonase for 1h while

rotating at 4�C. Lysates were cleared by spinning for 15 min at 13.000g and supernatant was incubated with anti-FLAG-M2 affinity

gel (Sigma) for 2 h at 4�C while rotating. Beads were washed 3 times in IP buffer and 3 times with 50 mM Tris pH8.

LC-MS analysis
Proteomic analysis was performed at the Protein Analysis Unit (ZfP) of the Ludwig Maximilians University of Munich, a registered

research infrastructure of the Deutsche Forschungsgemeinschaft (DFG, RI-00089).

Beadswerewashed three timeswith 50mMNH4HCO3 and incubatedwith 10 ng/mL trypsin in 1Murea 50mMNH4HCO3 for 30min,

washed with 50 mM NH4HCO3 and the supernatant digested overnight (ON) in presence of 1mM DTT. Digested peptides were alky-

lated and desalted prior to LC-MS analysis.

For LC-MS/MS purposes, desalted peptides were injected in an Ultimate 3000 RSLCnano system (Thermo), separated in a 15-cm

analytical column (75 mm ID with ReproSil-Pur C18-AQ 2.4 mm from Dr. Maisch) with a 50-min gradient from 4 to 40% acetonitrile in

0.1% formic acid or in a 25-cm analytical column (75 mm ID, 1.6mmC18, IonOpticks) with a 50-min gradient from 2 to 37%acetonitrile

in 0.1% formic acid. The effluent from the HPLCwas directly electrosprayed into a Qexactive HF (Thermo) or into a Orbitrap Exploris-

480 (Thermo) operated in data dependent mode to automatically switch between full scan MS and MS/MS acquisition.

For Qexactive HFmeasurements parameters were as follows: survey full scanMS spectra (fromm/z 375–1600) were acquired with

resolution R = 60,000 at m/z 400 (AGC target of 3x106). The 10 most intense peptide ions with charge states between 2 and 5 were

sequentially isolated to a target value of 1x105, and fragmented at 27% normalized collision energy. Typical mass spectrometric con-

ditions were: spray voltage, 1.5 kV; no sheath and auxiliary gas flow; heated capillary temperature, 250�C; ion selection threshold,

33.000 counts.

For Orbitrap Exploris-480 measurements parameters were as follows: survey full scan MS spectra (from m/z 350–1200) were ac-

quired with resolution R = 60,000 at m/z 400 (AGC target of 3x106). The 10 most intense peptide ions with charge states between 2

and 6 were sequentially isolated to a target value of 1x105, and fragmented at 30% normalized collision energy. Typical mass spec-

trometric conditions were: spray voltage, 1.5 kV; no sheath and auxiliary gas flow; heated capillary temperature, 275�C; ion selection

threshold, 33.000 counts.

MaxQuant37 2.1.0.0 was used to identify proteins and quantify by iBAQ with the following parameters: Database, Unipro-

t_UP000005640_Hsapiens_20210521; MS tol, 10ppm; MS/MS tol, 20 ppm Da; Peptide FDR, 0.1; Protein FDR, 0.01 Min. peptide

Length, 7; Variable modifications, Oxidation (M); Fixed modifications, Carbamidomethyl (C); Peptides for protein quantitation, razor

and unique; Min. peptides, 1; Min. ratio count, 2. Identified proteins were considered if at least 2 peptides were identified with razor +

unique peptides >1.

Protein purifications
BL21 DE3 pLYS cells were transformed with pETM11-His-ANP32B and grown until OD600 = 0.7. Expression was induced by addi-

tion of 0.4mM IPTG for 4 h at 37�C and cells were harvested by spinning at 5000g for 10min at 4�C. Cells were lysed in 50mLBuffer A

(20 mM sodium phosphate buffer (Na2HPO4:NAH2PO4 3:1), 300 mM NaCl, 30 mM imidazole, 1 mM DTT pH7.4, 0.2 mM PMSF) by

sonication. Lysates were cleared by centrifugation at 38,500 g at 4�C for 30 min. Samples were loaded on a 1mL HisTrap HP column

(Cytiva) and eluted with a gradient with buffer B (Buffer A with 300 mM imidazole). Fractions containing the ANP32B were further pu-

rified on a HiLoad 16/600 superdex200 pg (Cytiva) in buffer C (Buffer A without imidazole).

MacroH2A1.2-HA-H2B was co-expressed from the same polycistronic plasmid and purified as dimer. BL21 DE3 pLys cells con-

taining pET29a-macroH2A1.2-HA-H2B were grown until an OD600 of 0.4 upon which 0.4 mM IPTGwas added for 18 h at 37�C. Cells
were harvested by centrifugation at 4,500g for 10min at 4�Cand lysed by sonication in lysis buffer (50mMHEPESpH 8.0, 2.0MNaCl,

30 mM imidazole, 1 mM PMSF, 0.5 mM TCEP). Lysates were cleared by centrifugation at 38,500 g at 4�C for 30 min before loading

onto a 1 mL HisTrap HP column (Cytiva). Column was washed with 10 mL lysis buffer and bound proteins were eluted with high salt

buffer (50 mMHEPES pH8.0, 2 M NaCl and 300 mM imidazole). His-tag was cleaved of by thrombin digestion for 18 h at 4�C. Dimers

were further purified with a HiLoad 16/600 superdex200 pg (Cytiva) in 50mM HEPES pH8 and 2M NaCl.
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Yeast CAF-1DKER(D146-215) was purified as described before48,49 with the following adaptations: After the His-Trap column, the

complex was purified with a HiTrapQ column and the final elution from the Superdex 200 was performed in 20 mM HEPES pH8,

200 mM NaCl, 1 mM EDTA, 1 mM TCEP.

Histone labeling and refolding
Human H2A, H2B T115C, H3, H4, macroH2A1.1 and macroH2A1.2 protein preps were purchased from The Histone Source at Col-

orado State University. Lyophilized histone preps were then resuspended in unfolding buffer (6M Guanidinium HCL, 20 mM Tris pH

7.5, 0.2mMTCEP) for 1 h at RT. For labeling, Alexa Fluor 488maleimide (Thermo Fisher Scientific, A10254) was added to H2B-T115C

in a 1:1 M ratio and incubated overnight at 4�Cwhile rotating. Labeling was stopped by the addition of DTT to a final concentration of

10mM, followed by another 1-h incubation at 4�C. To generate dimers or tetramers, histones were mixed in an equivalent molar ratio

at a total concentration of 1 mg/mL and dialyzed against refolding buffer (2 M NaCl, 10 mM Tris pH 7.5, 1 mM EDTA and 0.5 mM

TCEP) for 20 h at 4�C. Dialyzed sample was run over a HiLoad S200 column (Cytiva) in refolding buffer and dimer/tetramer-containing

fractions were pooled and concentrated. Labeling efficiency and concentrations were analyzed using the Nanodrop One (Thermo

Scientific).

Nucleosomes were assembled by mixing 207 bp DNA with H3/H4 tetramers and macroH2A1.2-H2B dimers in RB-high (2 M NaCl,

10 mM Tris pH 7.5, 1 mM EDTA, 1 mM TCEP) followed by overnight dialysis to RB-low (0.25MNaCl, 10 mM Tris pH 7.5, 1 mM EDTA,

1 mM TCEP) and a final 2h dialysis to 20 mM Tris pH 7.5, 1 mM EDTA, 1 mM TCEP.

Fluorescence polarization assay
Experiments were carried out in a black-walled 384 well plate (Corning) in duplicate, using 30 mL reaction volume. 15 nM of fluores-

cently labeled histone dimers were mixed with varying concentrations of ANP32B (0–500 nM) in FP buffer (25 mM TRIS pH 7.5,

300 mM NaCl, 5% glycerol, 1 mM EDTA, 0.01% NP-40, 0.01% CHAPS, 1 mM DTT). Fluorescence polarization was measured using

the CLARIOstarplus (BMG Labtech) with 200 flashes of 482-16 laser, calibrated with the no-chaperone condition set as 10% of the

gain value and 35 mP. Curve fitting and binding affinity calculations (Y=Bmax*X/(Kd+X) + Background) were done in Prism

(Graphpad).

Immunoprecipitations
Hek293 T cells were transfected with pCAGGS-ANP32B 2 days before harvesting. Cells were washed in PBS and lysed in IP Buffer

(25 mM Tris pH7.8, 130 mM NaCl, 1 mMMgCl2, 0.5% Triton X-100, 0.5 mM EDTA, 10% glycerol, cOmplete EDTA-free protease in-

hibitor cocktail (Roche)) for 10 min on ice. Lysates were incubated with benzonase (Merck-Millipore) for 1h and cleared by centrifu-

gation for 15 min at 13.000g. ANP32B-Flag and interacting proteins were purified by incubating with anti-FLAG-M2 affinity gel

(Sigma) for 2 h at 4�C while rotating. Beads were washed 3 times in IP buffer and bound proteins were eluted by boiling in Leammli

buffer for 5 min.

ChIP-qPCR
Cells were collected by trypsinization and resuspended in 5 mL PBS, followed by addition of 1/10 volume of 11% formaldehyde so-

lution (50 mM Hepes-KOH pH7.6, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 11% formaldehyde). After 10 min incubation the form-

aldehydewas quenched by addition of 1/10 volume of 1.25M glycine and incubated for another 10min. Cells were pelleted by centri-

fugation for 5min at 1500 g, washed twice with PBS and lysed for 10min on ice in nuclei lysis buffer (1%SDS, 50mMTris pH8, 10mM

EDTA, cOmplete EDTA-free protease inhibitors (Roche). Chromatin was sheared by sonication for 13min, after which the samplewas

cleared by centrifugation for 10 min at 16000 g. For pull downs, 10 mg chromatin was mixed with 2 mL macroH2A1.2 or H3 antibody

(Active Motif Cat# 61475) in a total volume of 500 mL ChIP buffer (1.1% Triton, 0.01% SDS, 167 mMNaCl, 16.7 mM Tris pH8, 1.2 mM

EDTA) and incubated overnight at 4�Cwhile rotating. PierceProteinGMagnetic Beads (ThermoScientific) were added for 2h and sub-

sequently thebeadswerewashed3 times in lowsaltwash (20mMTris pH8, 2mMEDTA, 1%TritonX-100, 150mMNaCl, followedby a

wash in 500mMNaCl and awash in LiCl buffer (10 mMTris pH8, 1mMEDTA, 0.25M LiCl, 0.5% IGEPAL, 0.5%deoxycholate sodium

salt). After a final wash in TE (10 mM Tris pH8, 1 mM EDTA), samples were eluted in 75 mL elution buffer (25 mM Tris pH 7.5, 10 mM

EDTA, 0.5%SDS) for 1hat 65�C.Eluatesweremixedwith 75mLTEand treatedwithRNaseAandProteinaseK.DNAwas isolatedusing

Agencourt AMPure XP beads (Beckman Coulter). For the qPCR, 6 mL DNA was mixed with 7.5 mL PowerUP SYBR Green mastermix

(ThermoScientific) and1.5mLprimer (location 1: fwGCGAGCATAATCTCCTGAATC; revCTCCCGTGTGGATGTTTACC, location 2: fw

CAGGCGTGTCTTTAGGATGTAG; rev TGCCACTGACGTGATGATATG).

CUT&RUN
CUT&RUN reactions were performed as described in Meers et al.,50 following the ‘‘Standard CUT&RUN’’ protocol. Briefly, approx-

imately 1M cryopreserved HepG2 cells were thawed and bound to concanavalin-A paramagnetic beads (Epicypher), then split

equally, resuspended in antibody binding buffer and incubated overnight with either home-made macroH2A1 antibodies13,32 and

an IgG non-targeting control (Abcam ab46540). Both antibodies were diluted 1:100 in the binding reaction. Samples were then

washed and bound with pA/G-MNase (Epicypher), chromatin digestion started by addition of CaCl and stopped after 30 min with

STOP buffer containing chelating agents. Samples were then incubated for 30 min at 37�C to release CUT&RUN fragments,
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incubated 1 h at 50�C with proteinase K and purified using ChIP DNA Clean & Concentrator (Zymo Research). Sequencing libraries

were prepared with the KAPA HyperPrep kit (Roche) and NEXTflex DNA barcodes for Illumina (Bioo Scientific), quantified with the

KAPA Library Quantification kit (Roche), pooled at approximately equimolar concentration and sequenced at Novogene (UK) Co

Ltd. in an Illumina NovaSeq instrument to achieve a depth of at least 10M paired-end 150 bp reads per sample.

Sequencing data processing and alignment
Paired end reads were adapter and quality trimmed with trimgalore using –stringency 3 and aligned using Bowtie239 to UCSC hg38

(no alternative contigs) with the following options: –very-sensitive –no-discordant –no-mixed -X 700 –dovetail. The resulting align-

ment bam files were filtered to retain only concordant proper pair alignments using samtools and sam flag 0x2. Coverage signal pro-

files in bigwig format were generated using the bamCoverage function from deepTools40 with a Counts-Per-Million per-sample

normalization using a bin of 1 bp, ignoring ChrM for normalization and excluding reads falling into described ‘‘blacklisted’’ regions

for CUT&RUN.51 These profiles were used for visualization using deepTools computeMatrix and plotHeatmap functions.

Epic2 domain calling
Epic234 was used to perform peak calling in the form of broad domain detection on the filtered aligned reads using the IgG controls as

background, a bin size of 1000 bp and the following options: –guess-bampe -kd -fdr 0.0001 –gaps-allowed 5. Domains were

compared between samples counting overlaps where at least 20% of either one of the regions was overlapping the other.

Differential binding analysis with csaw
Differentially bound regions were identified using the R package csaw,35 which is based on counting reads into sliding windows

across the genome. The analysis was performed following the workflow guidelines provided by the authors.52 The filtered bam files

for each sample were used as input, setting as parameters: paired-end data, a maximum fragment length of 700 bp, restricted anal-

ysis to standard chromosomes. A stringent blacklist of regions was obtained by merging the CUT&RUN blacklisted regions within 10

kb51 and the ENCODE blacklist.53 Reads falling into the blacklist were discarded for quantification. Sliding windows for read counting

were set at 10 kb with a spacing of 1 kb. Only windows with a fold-change of at least 3 over the IgG background were kept for further

analysis using the filterWindowsGlobal function. The filtered windows were normalized for compositional bias using the normFactors

function. Dispersion estimates and differential binding testing was performed with edgeR as described in the package documenta-

tion, using in the model a single experimental condition with two levels (siControl, siANP32B). Individual windows were merged and

corrected for multiple testing with the mergeResults function and a 1000 bpmaximum gap. Only regions with a combined FDR <0.05

were considered differentially bound.

Histone exchange in permeabilized cells
Protocol was adapted from.29 HeLa cells were grown on coverslips to 70% confluency. Cells were placed on ice and washed twice

with PBF (100 mM CH3COOK pH7.4, 30 mM KCl, 10 mM Na2HPO4, 1 mM DTT, 1 mM MgCl2, 1 mM ATP, 5% Ficoll). Cells were

permeabilized in PBF containing 0.2% Triton X-100 for 7 min on ice, followed by two washes in PBF. Permeabilized cells were

next incubated for 1h at 37C with 1, 2 or 4 mg and 0.5 mg macroH2A1.2-HA-H2B dimers, washed twice in PBF and twice with

PBS. Finally, cells were fixed for 15 min in 4% PFA and stained with mouse-anti-HA (1:250, kind gift from Heinrich Flaswinkel,

LMU) according to the protocol described above.

Nucleosome assembly and quantification (NAQ) assay
We adapted the original NAQ protocol30 for the analysis of H2A-H2B dimer loading. For this we first pre-loaded H3-H4 tetramers onto

the DNA containing the 601Widom sequence.54 To this end, 0.2 mM tetramers weremixedwith 0.4 mMyeast CAF-1DKER or ANP32B

in NAQ buffer (25 mM Tris pH7.5, 150 mM NaCl, 1 mM EDTA, 0.02% Tween 20, 0.5 mM TCEP) and incubated for 10 min at room

temperature. Subsequently 0.5 mM of 207 bp DNA was added followed by another 10 min incubation at room temperature. H2A-

H2B488 or macroH2A1.2-H2B488 dimers were pre-mixed with ANP32B in an equivalent molar ratio and subsequently added to a

final 0.4 mMconcentration. The samples were incubated for 10 min at RT and centrifuged for 5 min at 12,000g to remove aggregates.

From the supernatant, samples were taken for native page analysis as well as MNase digestion.

For native page, glycerol was added to a final concentration of 8% and samples were run on a 6% retardation gel (Thermo Fisher

Scientific) in 0.2X TBE (17.8 mM Tris, 17.8 mM Boric acid, 0.4 mM EDTA) at 150V. Gels were scanned using the ImageQuant800

imager (Amersham) for fluorescent H2B-488 signal. Subsequently gels were stained for 10 min at RT in SYBR Gold (Invitrogen)

and scanned again to visualize the DNA.

MNase digestion was performed in MNase buffer (50 mM Tris pH8, 5 mM CaCl2, 0.1 mg/mL BSA) with 80 units of MNase (New

England Biolabs) per reaction for 10 min at 37�C after which reactions were quenched by adding EDTA to 50 mM. Proteins were

degraded by incubation with 1 unit of Proteinase K (New England Biolabs) for 20 min at 50�C. 621 bp DNA was added as loading

control and DNA was purified using the MiniElute PCR purification kit (Qiagen). Purified DNA was visualized on a 6% retardation

gel that was stained with SYBR Gold. In addition, the DNA fragments were analyzed and quantified using a bioanalyzer high sensi-

tivity DNA kit (Agilent Technologies) on the Agilent bioanalyzer.
18 Cell Reports 42, 113300, October 31, 2023
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using Prism 9 (Graphpad). Statistical test used and calculated p values are indicated in the figure

legends. Significance was labeled with asterisks which were defined as followed: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Not significantly different samples (p > 0.05) were labeled with ns.
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Extended figure 1: Split-GFP-based approach to detect histone deposition as a readout 

for a genetic screen to identify macroH2A regulators, related to Figure 1. 

A: Microscopy images of pre-extracted T-Rex split-GFP cells. Cells express GFP1-10-H4 and 

either H2A- Flag-GFP11, macroH2A1.1-Flag-GFP11 or macroH2A1.2-Flag-GFP11 under 

a doxycycline inducible promoter. Cells were fixed after 18h of DOX treatment and stained 

with Hoechst.  

B: Western blot of T-Rex split-GFP cell lysates with or without DOX treatment. The GFP-

antibody recognizes N-GFP-H4.  

C: Coomassie-stained SDS-PAGE gel of low salt extracted samples from from MNase-

digested macroH2A1.2 split-GFP T-Rex 293 cells. 

D: Western blot showing the knock down efficiency of siHells in the macroH2A1.1 split-GFP 

cells. Tubulin staining is used as a loading control.  

E: Microscopy images of macroH2A1.2 split-GFP HAP1 cells. Cells were pre-extracted and 

fixed after 18h of DOX treatment and stained with Hoechst. 

F: Flow cytometry histograms showing the GFP intensities of the sorted populations in the 

haploid genetic screen compared to the unsorted population.  

G: Western blot of DMSO or UNC1999 treated macroH2A1.2 HAP1 split-GFP cells. Tubulin 

and Ponceau staining are used as loading controls. 

H: Intensities of proteins identified by mass spectrometry in 3 different pulldown experiments. 

I: Western blot of a representative co-immunoprecipitation experiment on benzonase-treated 

cell extracts in which macroH2A1.2 is pulled down together with FLAG-ANP32B. 
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Extended figure 2: ANP32B interacts with macroH2A, related to Figure 2. 

A: Fluorescence polarization (FP) assay showing binding of ANP32B to Alexa-488-labeled 

H3-H4 tetramers. The experiment was performed in duplicate of which the average and 

standard deviation were plotted. A representative experiment of a total of 2 repeats is shown. 

B: Quantification of LacI experiments for GFP-macroH2A1.1 and macroH2A2. The ratio of 

the fluorescent intensity of the histones at the LacO, as defined by the mCherry signal, over 

the intensity in the entire nucleus is plotted on the Y-axis. Average of three independent 

experiments is shown, each with at least 10 cells analyzed per condition per experiment, and 

error bars represent SEM. Significance is calculated using 2way-ANOVA with Šidák 

correction; GFP-macroH2A1.1 p=0.1522, macroH2A2 p=0.0393.  

C: Quantification of mCherry intensity at the LacO/nucleus upon tethering of mCherry-LacI or 

mCherry-LacI-ANP32B. Average of three independent experiments is shown and error bars 

represent SEM. T-test with Welsh correction; H2A p=0.1216, macroH2A1.2 p=0.0633, 

GFP-macroH2A1.1 p=0.2001, macroH2A2 p=0.0870. 
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Extended figure 3: ANP32B has in vitro macroH2A histone chaperone activity, related to 

Figure 3.  

A: SDS-PAGE gel of recombinant human H3-H4 and Yeast CAF-1KER. 

B: Nucleosome assembly assay testing H3-H4 chaperone activity of yeast CAF-1KER and 

ANP32B. Native gel shows MNase-protected DNA fragments, representing nucleosomes. 

C: Quantification of nucleosomes formed when either CAF-1KER or ANP32B is used as a 

H3-H4 chaperone. Data is normalized to +CAF-1 condition and the average and SEM of 3 

independent experiments are shown. ANP32B vs no chaperone p=0.8996, as tested by two-

sided T-test with Welsh correction. 

D: Native gel of macroH2A-H2B nucleosomes generated with salt dialysis or in the NAQ 

assays. Gel is stained with SYBR Gold to visualize the DNA.  

E: Native gel of NAQ assay shown in figure 4C-D stained with SYBR Gold. H=H2A-H2B and 

M=macroH2A-H2B.  

F: Representative native PAGE of MNase-resistent DNA fragments from a macroH2A1.1 

NAQ assay. 

G: Bioanalyzer profile of protected DNA fragments after MNase digestion from H2A or 

macroH2A nucleosomes assembled with or without ANP32B. 
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Extended figure 4: ANP32B affects macroH2A deposition in cells, related to Figure 4. 

A: Western blot showing siANP32B knock down efficiency in T-Rex split-GFP cell lysates. 

Tubulin staining is used as a loading control. 

B: Native PAGE showing nucleosomes from MNase-digested macroH2A1.2 split-GFP T-REX 

293 cells. GFP signal was imaged prior to SYBR Gold staining and imaging. 

C: Western blot showing ANP32B depletion in the MNase experiment. Ponceau staining was 

used as a loading control. 

D: Venn diagram showing the number of epic2 peaks identified and their overlap between the 

CUT&RUN samples. 

E: Heatmap and mean profile visualization of the non-targeting IGG control CUT&RUN signal 

on the epic2 macroH2A1-enriched domains. 

F: Examples of CUT&RUN signal on different genomic locations, visualized using IGV. 

G: Principal component analysis plot using the window-level counts of the top 1000 most 

variable windows between samples as computed by csaw. The percentage of the variance 

explained by each principal component is in parenthesis. 

H: Volcano plot of the differential binding analysis results obtained with csaw, using the 

combined region-level statistics by merging windows within 1kb. Regions with an FDR < 

0.05 were considered differentially bound. 
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