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Aim: Human induced pluripotent stem cells (iPSCs) are inefficiently derived from somatic cells by
overexpression of defined transcription factors. Overexpression of H2A histone variant macroH2A1.1, but
not macroH2A1.2, leads to increased iPSC reprogramming by unclear mechanisms. Materials & methods:
Cleavage under targets and tagmentation (CUT&Tag) allows robust epigenomic profiling of a low cell
number. We performed an integrative CUT&Tag-RNA-Seq analysis of macroH2A1-dependent orchestration
of iPSCs reprogramming using human endothelial cells. Results: We demonstrate wider genome
occupancy, predicted transcription factors binding, and gene expression regulated by macroH2A1.1 during
reprogramming, compared to macroH2A1.2. MacroH2A1.1, previously associated with neurodegenerative
pathologies, specifically activated ectoderm/neural processes. Conclusion: CUT&Tag and RNA-Seq
data integration is a powerful tool to investigate the epigenetic mechanisms occurring during cell
reprogramming.

First draft submitted: 24 July 2023; Accepted for publication: 29 September 2023; Published online:
17 October 2023
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Cleavage under targets and tagmentation (CUT&Tag) is a methodology, devised in 2019, that is used for efficient
epigenomic profiling of small samples and single cells [1]. CUT&Tag-Seq brings together antibody-targeted con-
trolled cleavage by protein A-Tn5 fusion with massive parallel DNA sequencing to discover the binding sites of
histone post-translational modifications (PTMs), RNA polymerase II and transcription factors [1–3] at the tissue
scale and cellular level. CUT&Tag can capture epigenomic heterogeneity and allows prediction of sensitivity to
therapeutic agents in samples taken from leukemic patients [2]. While chromatin immuno-precipitation sequencing
(ChIP-Seq) is the most common technique employed to analyze protein–DNA interactions, CUT&Tag offers sev-
eral advantages, such as the fact that it does not require cell lysis or chromatin fractionation, and it is also ideal for
single-cell platforms [1]. CUT&Tag was recently combined with RNA-seq to simultaneously profile histone PTMs
and gene expression in single cells isolated from mouse brain tissue [4]. ‘Multiomics’ approaches consisting of the
integrated analysis of transcriptional activity, histone modifications and chromatin accessibility using CUT&Tag

Epigenomics (2023) 15(17), 863–878 ISSN 1750-1911 86310.2217/epi-2023-0267 C© 2023 Manlio Vinciguerra

For reprint orders please contact reprints@futuremedicine.com

https://orcid.org/0000-0001-8688-9530
https://orcid.org/0000-0002-5047-7515
https://orcid.org/0000-0003-0434-8533
https://orcid.org/0000-0002-1768-3894


Research Article Liorni, Napoli, Castellana et al.

are still underdeveloped compared with established ChIP-seq datasets, although they have the potential to uncover
the intricate epigenetic regulatory mechanisms governing different cell types.

Induced pluripotent stem cells (iPSCs) are pluripotent stem cells that can be produced from a somatic cell by
the introduction of four specific transcription factors (namely Myc, Oct3/4, Sox2 and Klf4) key to the process [5].
iPSCs are used in personalized medicine modeling and approaches, and have great potential in autologous-based
regenerative medicine [5]. However, they are generally not considered safe when transplanted because of their
inherent iatrogenic tumorigenesis [6]. There are several potential causes for tumorigenicity during the induction of
pluripotency in somatic cells, which is linked to genome and epigenome stability [7]. The process of reprogramming
involves a complete remodeling of the somatic epigenetic memory, which is replaced by new iPSC-specific epigenetic
patterns. Among epigenetic alterations, the substitution of canonical histones with histone variants has recently
emerged as a regulator of iPSC identity [8].

MacroH2A proteins are histone variants coded by two distinct genes: H2AFY for macroH2A1 and H2AFY2
for macroH2A2. Unlike macroH2A2, macroH2A1 is expressed ubiquitously. MacroH2A1 features two exon-
splicing isoforms – macroH2A1.1 and macroH2A1.2 – which have common and distinct biological functions in
tumorigenesis, cell differentiation and stemness [9–21]. In particular, it was recently reported that macroH2A1.1, but
not macroH2A1.2, is an enhancer of DNA damage repair and iPSC reprogramming from somatic cells, increasing
the efficiency of the process [22]. Interestingly, while macroH2A1.2 does not affect iPSC differentiation into the three
embryonic germ layers (endoderm, mesoderm and ectoderm), macroH2A1.1-expressing reprogrammed iPSCs have
less potential to generate ectoderm [22].

Understanding the genome-binding and transcriptomic dynamics of macroH2A1.1 could help to improve
iPSC production and availability for clinical trials. However, iPSC reprogramming remains an inefficient process,
and the amount of cells upon somatic reprogramming is unsuitable for conventional ChIP-Seq approaches. In this
work, we employed human umbilical vein endothelial cells (HUVECs) during their reprogramming into iPSCs
overexpressing tagged macroH2A1.1 or macroH2A1.2 to achieve for the first time an integrative CUT&Tag/RNA-
Seq analysis of histone variant macroH2A1-dependent regulation of human iPSC reprogramming from somatic
cells. Our work uncovers a novel histone variant-based genomic/transcriptomic interplay underlying iPSC repro-
gramming, which may inform functional and preclinical assays.

Materials & methods
Cell reprogramming
HUVECs were obtained from Thermo Fisher Scientific (MA, USA). Cells were cultured in Nunc EasYFlasks in
Endothelial Cell Growth medium 2 (Promocell, Heidelberg, Germany). Cellular reprogramming was performed
as described in [22].

CUT&Tag, library preparation, & sequencing
Cells on the 4th day post-transfection were collected by TryPLE Express Enzyme (Thermo Fisher Scientific, Wien,
Austria) in 1.5-ml tubes. CUT&Tag was performed according to the manufacturer’s protocol (Active Motif, CA,
USA). Briefly, cells were harvested and washed once using 1 ml of 1× wash buffer. In parallel, the concanavalin
A beads were prepared. Every 500,000 cells, 20 μl of the beads’ slurry were withdrawn and mixed with 1.6 ml
of 1× binding buffer. Beads were harvested using a magnetic stand and washed twice with 1.5 ml of 1× binding
buffer. The pellet containing previously harvested cells and the bead suspension were mixed in a 1.5-ml tube,
rotating end-over-end for 10 min at room temperature. Cells were harvested using a magnetic stand to clear and the
supernatant was discarded. The pellet was resuspended in 50 μl antibody buffer and 1 μl rabbit ab9108 anti-6×
His tag antibody (Abcam, Cambridge, UK) was added where needed. The mix was incubated overnight at 4◦C
using orbital mixing to ensure the liquid stayed together at the bottom of the tube. The guinea pig anti-rabbit
antibody secondary antibody was diluted 1:100 in dig-wash buffer. The tubes were cleared using a magnetic stand
and the liquid was discarded. A total of 100 μl of guinea pig anti-rabbit antibody mix was added and tubes
were incubated at room temperature for 60 min in an orbital rotator. Cells were cleared through a magnetic
stand, and they were washed three times using 1 ml dig-wash buffer. In parallel, the CUT&TAGTM assembled
pA-Tn5 transposomes were diluted 1:100 with Dig-300 buffer. For each immunoprecipitated sample, 100 μl of
CUT&TAGTM assembled pA-Tn5 transposomes was added, and the mix was placed on an orbital rotator for
60 min at room temperature. The cells were harvested using a magnetic stand and eventually washed three times
using 1 ml Dig-300 buffer. In the following step each tube was supplemented with 125 μl Tagmentation Buffer
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Figure 1. CUT&Tag and RNA-Seq integrated data analysis workflow. Blue and orange squares describe steps of the
analytical workflows used to analyze CUT&Tag and RNA-Seq data, respectively. Nearby smaller squares represent the
software packages/resources used to accomplish each step. (A) CUT&Tag read quality-control, preprocessing and
mapping. (B) Peak calling, handling consistency among replicates, peak annotation with symbols of nearby genes and
quality filtering. (C) Comparison between the occupancy profiles of the two histone variants and several public
ENCODE 3 epigenomic datasets. (D) RNA-Seq analysis workflow, as described in [22]. (E) Prediction of the global
activation or repression role of macroH2A1.1 and 1.2 on gene expression. (F) Functional and pathway enrichment
analysis of genes located in the proximity of peaks and of differentially expressed genes upon histone binding. (G)
Evaluation of the presence of known ENCODE regulatory elements near differentially expressed genes.

and incubated at 37◦C for 60 min. To isolate the DNA surrounding macroH2A1.1 and macroH2A1.2 deposition
regions, the tagmentation was first stopped by the addition of 4.2 μl of 0.5 M EDTA, 1.25 μl of 10% SDS and
1.25 μl of proteinase K (10 mg/ml) per each sample. The tubes were then vortexed at full speed and incubated for
60 min at 55◦C to digest. The samples were cleared using a magnetic stand and 625 μl of DNA purification buffer
per each was added. The samples were transferred to DNA purification columns and centrifuged at 17,000 × g for
1 min. After the flow-through was discarded, 750 μl of DNA purification wash buffer was added to each sample,
which was then centrifuged again at 17,000 × g for 1 min. The flow-through was discarded. To remove any leftover
DNA purification wash buffer, the empty columns were further centrifuged at 17,000 × g for 2 min. To isolate
the DNA, 35 μl of DNA purification elution buffer was added to each sample, which was then incubated at room
temperature for 1 min and eventually centrifuged at 17,000 × g for another 1 min.

Library preparation for CUT&Tag samples was performed according to the manufacturer’s protocol (Active
Motif ). Paired-end Illumina sequencing was performed using an Illumina Hiseq 2500 (Illumina, CA, USA),
obtaining two FASTQ files for each sample. MacroH2A1.1, macroH2A1.2 and the control samples were sequenced
at least in duplicate, and a total of 4.8, 5.4 and 4.8 million reads were generated. These reads underwent integrative
bioinformatics analysis, which is summarized in Figure 1 and described in the following sections.

Alignment & peak calling
Paired-end CUT&Tag FASTQ files were quality controlled using FastQC v0.11.9 [23] and were aligned to the
GRCh38 reference human genome using Bowtie2 v2.3.5.1 [24] with the following parameters: -q –local –very-
sensitive-local –no-mixed –no-discordant –phred33 -I 10 -X 700. The resulting BAM files were filtered to keep
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only uniquely mapped reads using the view module of sambamba v0.8.2 [25] with the following parameters: -F
‘[XS] == null and not unmapped and not duplicate’ (Figure 1A).

Peaks were called using MACS2 v2.2.6 [26] for each histone variant’s biological replicate with the following
blueprint command line: macs2 callpeak -t replicate bam –broad -p 1e-5 -c control bam -n sample name -f
BAMPE –keep-dup all –outdir out dir, where we set the statistical significance threshold, the data format of
the input bam file and the handling mode of duplicate tags with the options ‘-p’, ‘-f ’ and ‘–keep-dup’, respec-
tively. Prior to performing any downstream analyses on the named peaks, a quality check was performed using
the ChiPQC v1.30.0 R package [27]. To assess consistency between replicates, we resorted to the irreproducibil-
ity discovery rate (IDR), as implemented in the idr v2.0.4.2 R package [28]. Peaks (Supplementary Figure 1)
were annotated using the annotatePeak function of the ChIPSeeker v1.30.3 R package [29], which consulted the
TxDb.Hsapiens.UCSC.hg38.knownGene v3.10.0 UCSC table and generated an Entrez Gene ID whenever a
±1 kb window enclosing a gene’s transcription start site (TSS) overlapped with a peak. Peaks were discarded if
included in the CUT&RUN Blacklist of Problematic Regions of the Genome (Figure 1B) [30].

Peaks exhibiting p-values ≤0.05 were retained for all downstream analyses involving integration with RNA-Seq
data. When conducting in silico functional enrichment analysis of nearby genes prior to RNA-Seq data integration,
peaks were selected more stringently by setting the significance threshold to 0.01.

Histone profiles comparison
Occupancy profiles of the two histone variants were compared with several public ENCODE 3 epigenomic datasets.
In detail, 16 experiments matched the ‘query endothelial cell of humbilical vein’ as a biosample and contained
histone ChIP-Seq data (Supplementary Table 1). All 16 experiments were individually compared with our study;
using Bedtools v.2.26.0, we reported an intersection between their peaks and those found in this study whenever
they shared at least 1 bp. The overall similarity was estimated using the Jaccard index:

J (A, B) =
|A ∩ B |
|A ∪ B |

where A and B are the numbers of peaks for the datasets A and B in comparison, and |A ∩ B | and |A ∪ B | represent
the dimensions of the intersection and union of these datasets, respectively (Figure 1C).

RNA-Seq
RNA-Seq data were previously deposited into the Gene Expression Omnibus (GEO) repository with the identifier
GSE164396. In our previous study [22], we analyzed this dataset as follows: reads were quasi-mapped onto release
36 of the GENCODE human reference transcriptome and counted using Salmon v1.2.1 [31] with standard
parameters aside from the validateMappings flag, which was set to enable a selective alignment of the reads during
mapping onto the transcriptome. Differential gene expression analysis was performed using DESeq2 v3.16 [32]

for both histone isoforms when compared with the control samples. DESeq2 was run with standard parameters.
Genes exhibiting absolute log2 fold-change values ≥1.5 and Benjamini-Hochberg-adjusted p-values ≤0.05 were
considered differentially expressed genes (DEGs) between contrasts (control samples vs MacroH2A1.1 and control
samples vs macroH2A1.2). Genes were annotated using the biomaRt v3.17 R package (Figure 1D). Therefore,
RNA-Seq data were not reanalyzed, but we retrieved DEGs from [22] and used them in this work for all the following
analytical steps.

CUT&Tag & RNA-Seq data integration
The Entrez Gene IDs of genes near or including peaks were converted to Ensembl Gene IDs using the mygene
v3.2.2 Python module, which were used, in turn, as cross-reference keys to match the DEGs. The resulting DEGs
upon histone binding were referred to as UHB-DEGs. Relationships between high-quality peaks and RNA-Seq
data were also analyzed through BETA v.1.0.7 [33], which was run with the following blueprint command line:
BETA basic -p peaks.bed -e gene expr.bsf -k BSF -g hg38 -o out1 –gname2 –n macroH2A1.1 –da 500 –cutoff
1, where ‘BSF’ is a three-column file format containing the gene IDs, log2 fold-change expression values, and
p-values; ‘–o’ and ‘–n’ define the output folder and file prefix; ‘–gname2’ indicates the type of gene IDs that in our
case is the official gene symbol; ‘–da’ sets the number of top significantly differentially expressed genes to pick from
the total pool; ‘–cutoff ’ ranges from 0 to 1 and indicates the p-value cutoff for the BETA’s activation/repression
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prediction test. Thus, BETA was used to predict the global ‘activation’ or ‘repression’ role of macroH2A1.1 and
1.2 on gene expression, and calculate a potential regulatory score or rank product for genes proximal to peaks
and predict them as potentially ‘activated’ or ‘repressed’. We have highlighted the genes resulting from the BETA
analysis that exhibited a rank product ≤0.001 (suggested cut-off ), absolute log2 fold-change values ≥1.5 and are
UHB-DEGs in Figure 1E.

Gene set & pathway-enrichment analyses
Functional annotation of CUT&Tag genes alone and integrated with DEGs was performed using the clusterProfiler
v4.2.2 [34] R packages and by resorting to the NCBI RefSeq functional elements, NCBI transcription factor-binding
sites and NCBI DNAse hypersensitive sites UCSC datasets. Functional enrichment analysis against the biological
process subset of the gene ontology (GO) was conducted using the clusterProfiler’s enrichGO function [34,35]. GO
terms were considered significantly overrepresented if their q-values were ≤0.05 and then were summarized by
REVIGO [36]. Over-represented biological pathways were determined through the Kyoto Encyclopedia of Genes
and Genomes (KEGG) and Ingenuity Pathway Analysis (IPA); the latter was also used to infer pathway-activation
states. In fact, IPA is based on the calculation of the activation z-score as a way to infer the activation states of
predicted transcriptional regulators and pathways. Positive and negative z-scores are associated with activated and
inhibited pathways, respectively. The more extreme a z-score, the more statistically confident a prediction is [37].
Overrepresented pathways were considered significant if their p-values were ≤0.05 (Figure 1F).

All results were plotted using the ggplot2 (v.3.3.5), enrichPlot (v.1.14.2) and circlize (v.0.4.15) R packages.

Histone binding site annotation
Binding sites near DEGs were evaluated for the presence of known regulatory elements. The genomic coordinates
of all the elements reported in the encRegTfbsClustered dataset, a compilation of Transcription Factor ChIP-seq
Clusters relative to 340 factors and 129 cell types from ENCODE 3 (ENCODE 3 - encRegTfbsClustered), were
intersected with the peaks’ chromosomal coordinates by considering a minimum of 1 bp overlap and distance
from the TSS included in the range -10–10 kbp. Overlapping regulatory sites obtained when searching for the
‘endothelial cell of umbilical vein’ keyword were retained if their score was ≥500; this score is calculated at UCSC,
ranges from 1 to 1000 and is based on signal values assigned by the ENCODE pipeline (Figure 1G).

Statistical analysis
The module chi2 contingency of the scipy.stats v1.7.3 Python package was used to test the differential distribution
of peak frequency between chromosomes. A one-way χ2 test was performed using the chisquare module of
scipy.stats. The tests were considered significant when p ≤0.05. A stacked plot of chromosomes was drawn by
considering the normalized peak frequencies NPF, calculated as follows:

NPF =
Countin chromosome

(total count in all chromosomes) × (
length of chromosome

)

Results
Genome occupancy patterns of overexpressed macroH2A1 isoforms in HUVECs reprogrammed to
iPSCs
We analyzed the genome occupancy patterns of 6-His-tagged macroH2A1.1 and macroH2A1.2 in HUVECs on
the 4th day of their episomal-driven reprogramming into iPSCs [22] by using a CUT&Tag approach. The 4th day of
reprogramming was chosen for analysis because it corresponded to the peak of transient expression of either histone
in HUVECs, preceding the full reprogramming of cells, occurring starting from 12 days post-transfection with the
reprogramming episomes, leading in turn to the formation of alkaline phosphatase-positive (AP+) colonies and to
the ability of iPSCs to differentiate into mesoderm, endoderm and ectoderm [22]. A macroH2A1.2 replicate was
dropped immediately after quality-control analysis (Supplementary Figure 2A). The identified broad peaks in the
remaining replicates showed significant intragroup variability in terms of number and localization around the genes’
TSS of the detected peaks, presumably due to the inefficiency and variability of the iPSC reprogramming process
(Supplementary Figure 2C). As internal positive controls, we found that both macroH2A1.1 and macroH2A1.2
exhibited peaks, before IDR, within LAMA5 e PTPRN gene bodies (Supplementary Figure 2C), as it is found
consistently in macroH2A1 isoform ChIP-Seq datasets [10]. Peaks exhibiting a significant p-value, that is, ≤0.05,
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as calculated by MACS2, were first subjected to IDR in order to keep only consistent peaks between replicates and
then filtered using the CUT&RUN Blacklist of Problematic Regions of the Genome. Surviving peaks were 10,830
and 8872 for macroH2A1.1 and macroH2A1.2, respectively. Gene-wise annotation allowed us to count 7147 and
6280 peaks in the proximity of genes for macroH2A1.1 and macroH2A1.2, respectively, of which 3488 were shared
between the two histone variants and 3659 and 2792 were unique (Supplementary Table 2 and Supplementary
Table 3). The median peak sizes were 26.938 and 24.959 bp for macroH2A1.1 and macroH2A1.2 (Supplementary
Figure 3A). Their genome-occupancy patterns and the distance from the TSS are plotted in the Supplementary
Figure 4 left and right panels, respectively. MacroH2A1.1 and macroH2A1.2 peaks were found in promoters,
distal intergenic regions and introns, with macroH2A1.2 showing a slight, not statistically significant preference
for promoters (χ2[6, n = 19,702] = 4.93; p = 0.55) compared with macroH2A1.1. The majority of peaks in both
isoforms were either near (1 kbp) or far away (>10 kbp) from TSS.

Comparison of occupancy patterns across histones
Genomic occupancy of macroH2A1.1 and macroH2A1.2 histone variants (10,830 and 8872 genomic regions,
respectively) was compared with that of 16 different experiments for 12 different histones. Profiles were mostly
different among experiments and histones, with low Jaccard index values; Supplementary Table 1, sheet S3) for most
pairwise comparisons (mean J: 0.08; range: 10-5–0.47). Profiles were moderately overlapping among experiments
targeting the H3K4me1/2/3 variants (mean J: 0.32), according to previous reports [38]. MacroH2A1.1 and 1.2
resulted in a limited overlap (J: ∼0.05) with H2AFZ and H3K27ac profiles.

Gene-set & pathway-enrichment analyses of CUT&Tag data
Functional analysis performed directly on 128 and 543 genes located in the proximity of 129 macroH2A1.1 and
586 macroH2A1.2 peaks revealed that both macroH2A isoforms mainly enriched GO biological processes related to
cell morphogenesis/development and the neuronal system. In particular, macroH2A1.1 displayed a more detailed
enrichment of GO terms related to synaptic signaling, development and modulation (Supplementary Figure 5A)
with fewer genes than macroH2A1.2, which in turn over-represented additional processes concerning cardiac activity
and transmembrane transport/potential regulation (Supplementary Figure 5B). This indicates macroH2A1.1 as a
more specific modulator of neuron-specific developmental processes compared with macroH2A1.2

Integration of CUT&Tag & transcriptomic data in HUVEC-overexpressing macroH2A1 isoforms
reprogrammed to iPSCs
Peaks were further filtered according to whether they fell within the proximity of differentially expressed genes.
Therefore, the surviving peaks were 231 for macroH2A1.1 and 46 for macroH2A1.2. The median peak sizes
were 28,162 and 28,502 bp for macroH2A1.1 and macroH2A1.2 (Supplementary Figure 3B). We counted
131 UHB-DEGs for macroH2A1.1, of which 51 were significantly upregulated and 80 were downregulated,
and 28 UHB-DEGs for macroH2A1.2, of which 15 were upregulated and 13 downregulated (Figure 2A &
Supplementary Table 4). Three UHB-DEGs, that is, PPP1R37, BACH2 and MEGF8, were shared between the
two macroH2A1 variants. The genes PPP1R37 and BACH2 were upregulated, while MEGF8 was downregulated
by both macroH2A1.1 and macroH2A1.2 overexpression in HUVEC cells. BETA analysis inferred 328 and 276
genes with regulatory scores <0.001 for macroH2A1.1 and 1.2, respectively, with a maximum genomic distance
from peaks of 100 kbp (Supplementary Table 5, sheets ST1 & ST2). Among them, we identified 14 putatively
repressed and 17 activated UHB-DEGs for macroH2A1.1 and ten repressed and nine activated for macroH2A1.2
(Supplementary Table 5, ST3 & ST4). Globally, macroH2A1.1 resulted in a very mild, although significant,
repression activity (asymptotic two-sample Kolmogorov-Smirnov test, D = 0.09; p = 0.02) on transcripts, while no
significant prediction was obtained for the other macroH2A variant.

Peak occupancy patterns in UHB-DEGs were notably different from those preintegration with RNA-Seq data
(Supplementary Figure 4). MacroH2A1.2 peaks were more frequent in promoters, 5′UTR and the first exon than
macroH2A1.1 peaks were. On the contrary, peaks were more numerous in the first intron, other exons and 3′UTR
of macroH2A1.1 (Figure 2B, left). The peaks of macroH2A1.2 were absent between 3 and 5 Kbp upstream of the
TSS and 5 and 10 Kbp downstream of the TSS (Figure 2B, right).
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(left) and macroH2A1.2 (right). (B) Distribution of peaks in differentially expressed genes relative to the (left) gene
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UHB-DEG-related peak localization within chromosomes
After CUT&Tag and RNA-Seq data integration, no peaks were found in sexual chromosomes or in autosomes 18 and
21 for either isoform. MacroH2A1.1 peaks were present in all the remaining chromosomes apart from chromosome
16, where macroH2A1.2 peaks were instead abundant. In addition, macroH2A1.2 peaks were not found on
chromosomes 2, 9 and 22, where macroH2A1.1 peaks were instead numerous (Figure 3). The total number
of peaks identified in chromosomes 2 (χ2[19, n = 277] = 4.77; p = 2.88e-02), 16 (χ2[19, n = 277] = 25.11;
p = 5.42e-07), and 19 (χ2[19, n = 277] = 6.44; p = 1.11e-02) were statistically significantly different between the
two isoforms in HUVECs undergoing reprogramming.

Considering gene structure, peak counts were not statistically different for any chromosome. Moreover, multiple
peaks were found in the body or in proximity to a few UHB-DEGs for both isoforms. Eight peaks were found
in the CSMD3 gene, seven in EPHB1, six in NRXN3 and NTM, and five in CRTAC1 for macroH2A1.1 but
not for macroH2A1.2. The maximum number of peaks found in macroH2A1.2′s UHB-DEGs were, instead,
five in two genes, that is, LINC01568 and BACH2, and three peaks in five genes (ZNF704, MATN2 and
LINC00639; Supplementary Tables 6 & 7 for macroH2A1.1 and macroH2A1.2).
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MacroH2A1.1 genome binding orchestrates the expression of more genes involved in functions
related to the three different germ layers than macroH2A1.2
iPSCs are defined by their potential to differentiate into the three embryonic germ layers (ectoderm, mesoderm and
endoderm). To follow-up the previous enrichment analysis of the genes associated with CUT&Tag peaks, we have
conducted a further GO enrichment analysis of the UHB-DEGs. As macroH2A1.1, and not macroH2A1.2, was
specifically associated with neural processes, and the nervous system is derived from the embryonic ectoderm, we
manually categorized the enriched GO terms (Supplementary Tables 8 & 9 for macroH2A1.1 and macroH2A1.2,
respectively) based on the literature and their involvement in one of the three germ layers, that is, ectoderm,
mesoderm and endoderm, or in more than one layer because of their multiple functions. This latter set of GO
terms was named ‘mixed’. With a few exceptions, macroH2A1.2 UHB-DEGs were not specific to a single germ
layer, while macroH2A1.1 UHB-DEGs could be associated more specifically with one of the three germ layers
(Figure 4A). Indeed, macroH2A1.1 peaks hit a significantly higher number of DEGs involved in biological processes
related to the three different germ layers compared with macroH2A1.2. Frequencies of GO terms were comparable
for the ‘mixed’ category of both isoforms. On the contrary, the number of germ layer-specific GO terms were
systematically halved in macroH2A1.2 in respect to macroH2A1.1 (Figure 4B). Focusing on the distinct genes
making the three germ layer-specific GO terms, we found that they were more abundant in macroH2A1.1 with a
ratio of 15:1 (ectoderm), 10:1 (endoderm) and ∼3:1 (mesoderm; Figure 4C).
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MacroH2A1 isoform-dependent signaling pathways regulating the stemness of iPSCs
KEGG was used as a starting point to further study the enrichment of macroH2A1.1 and macroH2A1.2 UHB-
DEGs for biological pathways. MacroH2A1.1 turned out to be enriched in a few pathways, including axon
guidance (hsa04360) and focal adhesion (hsa04510; Supplementary Table 10). These pathways are known to be
involved in several biological mechanisms regulating the pluripotency of stem cells (hsa04550), such as MAPK
(hsa04010), WNT (hsa04310), PI3K (hsa04151) and regulation of the actin cytoskeleton (hsa04810). In contrast,
macroH2A1.2 exhibited a significant enrichment in pathways that do not contribute to the regulation of stemness
in iPSCs (Supplementary Table 11). UHB-DEGs were additionally enriched using IPA, which is based on an
orthogonal semantic knowledgebase and offers an estimate of the activation state of pathways. This was done as a
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cross-check for the previous analytical step. For macroH2A1.1, the total number of significant canonical pathways
was 24 (Supplementary Table 12). Of these, several were neural development-related pathways, and one of them
was predicted to be activated (semaphorin neuronal repulsive signaling pathway, z-score = 0.447). As a confirmation
of KEGG analysis, IPA issued only one significantly enriched pathway, which was neither related to the nervous
system nor predicted to be activated (Supplementary Table 13).

Regulatory signals in macroH2A1.1 & macroH2A1.2 UHB-DEGs
To gain insight into the transcriptional regulatory signals that could be mediated by macroH2A1.1 and
macroH2A1.2 upon HUVEC reprogramming into iPCSs, we evaluated the isoforms’ capacity to mask/unmask
transcription factor binding sites. This was accomplished by first querying for HUVEC-specific DNA regulatory
features available from ENCODE 3′s EncRegTfbsClustered dataset. The available features for this cell line exclu-
sively regarded the following DNA-binding proteins: CTCF, FOS, GATA2 and POLR2A. Among these features,
231 and 37 overlapped 82 and 16 histone occupancy regions, being localized near DEGs for macroH2A1.1 and
macroH2A1.2, respectively, and mainly in promoters (for a global view, refer to Figure 4A). MacroH2A1.1 and
macroH2A1.2 binding regions included many CTCF-responsive elements, respectively near 51 and 11 DEGs
(Supplementary Table 14). MacroH2A1.1 histone also overlapped with FOS and GATA2 binding sites near 41
and 13 DEGs, respectively; macroH2A1.2 turned out to likely influence FOS/GATA2-dependent regulation
for seven and 1=one DEGs. Furthermore, the isoform binding sites intersected RNA polymerase (POL2RA) at
its promoter regions, thereby directly controlling the expression of 16 and three genes for macroH2A1.1 and
macroH2A1.2 (Supplementary Table 14). The expression of some genes, that is, PAK4, DEPP1, CUBN, CRTAC1
and LINC00607, was controlled by multiple bindings of macroH2A1.1 to the promoter regions of almost all
CTCF, FOS, GATA2 and POL2RA DNA-binding proteins. Similarly, macroH2A1.2 appeared to regulate the
expression of PPP1R37, BACH2, MATN2, LINC00639 and LINC02608 genes upon binding to GATA2, FOS and
CTCF (Supplemental Table 14).

Discussion
It was previously reported that macroH2A histone variants (macroH2A1 and macroH2A2) indiscriminately and
cooperatively function as an obstacle upon reprogramming towards pluripotency [39]. The latter study further
demonstrated that macroH2A2 is the main barrier to reprogramming. It was also recently reported that, in
somatic cells, overexpression of the macroH2A1 splicing isoform macroH2A1.1-activated (but not macroH2A1.2-
activated) transcriptional programs that instead improved iPSC reprogramming [22]. By doing so, macroH2A1.1
overexpression enhanced iPSC reprogramming, suggesting that this splicing isoform could be a promising epi-
genetic target to ameliorate iPSC genome stability and therapeutic potential [22]. Considering the formation of
AP+ colonies as a readout, while we observed an increase of approximately 40% in iPSC formation in HUVEC-
overexpressing macroH2A1.1 [22], Gaspar-Maia et al. observed an increase of approximately 170–240% in iPSC for-
mation in fibroblasts double knocked out for macroH2A1 (hence for both macroH2A1.1 and macroH2A1.2) and
macroH2A2 [39]. The experimental conditions between our work and Gaspar-Maia et al. were different in terms
of:

1. Starting material (human cells[HUVECs] vs mouse cells [fibroblasts]);
2. Transient overexpression of macroH2A1.1 (hence only one isoform of macroH2A1, separate from

macroH2A1.2) reaching a peak of approximately 80% of transfection efficiency on the 4th day
post-transfection to then decrease sharply after the 8th day post-transfection, with analysis of AP+
colonies formation on the 12th day post-transfection [22] versus constitutive genetic depletion of
macroH2A1.1/macroH2A1.2/macroH2A2 [39];

3. Method of reprogramming: we used episomal vectors containing five reprogramming factors (Oct4, Sox2, Lin28,
Klf4 and Myc) [22], while Gaspar-Maia et al. used a polycystronic lentiviral vector containing four reprogramming
factors (Oct4, Sox2, Klf4 and Myc) for iPSC reprogramming [39].

Even if the studies are not directly comparable, altogether the evidence suggest that macroH2A2 and macroH2A1.2,
but not macroH2A1.1, could be members of the macroH2A family responsible for the inhibition of iPSC repro-
gramming [22,39].
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Here, we shed further light on this process: using HUVEC cells undergoing episomal reprogramming into iPSCs,
we provide an integrated analysis of macroH2A1.1 and macroH2A1.2 genome occupancy and transcriptional
effects using CUT&Tag and RNA-Seq, respectively. Unfortunately, it was not possible to determine endogenous
protein expression levels in iPSCs due to the very low number of cells derived from immunoblotting. As previously
described [22], overexpression of macroH2A1 isoforms was monitored in HUVECs undergoing reprogramming
using the 6-His-Tag in signal super-resolution confocal microscopy [22]. The same antibodies against the 6-His-Tag
were used both in the past study [22] and in the CUT&Tag approaches of the current manuscript, which could
identify cells specifically overexpressing macroH2A1.1 or macroH2A1.2. The roles of macroH2A1 isoforms in
regulating gene expression are apparently contradictory, and the underlying mechanisms are not well understood.
Until recently, macroH2A1 was generally believed to play a role in transcriptional repression. However, in several
instances its genome occupancy also correlates with active transcription of a subset of genes [17,38,40], as we have
shown here and in our previous study [22]. Our data clearly demonstrate that on the 4th day of reprogramming,
macroH2A1.2 DNA binding sites are more frequent in promoters and closer to the TSS than macroH2A1.1′s
are in DEGs, while macroH2A1.1 binding sites are more prevalent in the 3′UTR and in introns. These genomic
binding patterns are remarkably similar to those reported in liver cancer cells overexpressing macroH2A1.1 and
macroH2A1.2 coupled to green fluorescent protein using ChIP-Seq [41]. The consistent differences in their genomic
distribution might be reflected in the limited overlap between the genes deregulated by the different macroH2A1
isoforms in physiological and pathological processes [10]. In breast cancer cells, macroH2A1.1 can have either an
inhibitory or a stimulating effect on target gene transcription by RNA polymerase II, depending on the chromatin
landscape and on differential recruitment [42]. Overall, macroH2A1.1 deposition on DEGs was more abundant, and
chromosome mapping revealed more prevalent coverage compared with macroH2A1.2 in HUVECs reprogrammed
to iPSCs. Interestingly, none of the macroH2A1 isoforms were present on the X chromosome of our male HUVECs
(XY), which is consistent with its deposition on the inactive X chromosome in female cells, as macroH2A1 was
originally identified [43–45].

The molecular divergence between the two splice isoforms, macroH2A1.1 and macroH2A1.2, comprises the
usage of a mutually exclusive exon containing a number of amino acids that define the shape and hydrophobicity of
a pocket in the macrodomain [46]. As a result, macroH2A1.1, but not macroH2A1.2, is able to bind NAD+-derived
ADP-ribose. Adequate activation of NAD+-dependent pathways is crucial for iPSC pluripotency, conferring a
metabolic advantage and enhancing resistance to cellular stress through kinase inhibition [47–49]. A tempting
hypothesis is that enhanced sensing of NAD+ signaling mediated by macroH2A1.1 may reflect an increased
efficiency of iPSC reprogramming [22]. During myogenic differentiation, the macroH2A1.1 metabolite-binding
macrodomain was indispensable to support optimal mitochondrial function but not required for gene regulation [50];
it remains to be elucidated whether NAD+-derived ADP-ribose binding would alter macroH2A1.1 genome
occupancy in iPSCs undergoing reprogramming.

Moreover, the macroH2A1.1 binding sites hit a significantly higher number of DEGs involved in biological
pathways related to the three germ layers (ectoderm, endoderm and mesoderm) than macroH2A1.2, generating
more interconnected networks; all predicted macroH2A1.1 activating pathways were related to neuronal pathways.
We have previously shown that macroH2A1.1-overexpressing reprogrammed iPSCs are less able to generate the
ectoderm [22]. Interestingly, macroH2A1 levels are upregulated in the tissues of patients suffering from Huntington’s
disease [51] and Alzheimer’s disease [52]. In Huntington’s and Alzheimer’s disease, human embryonic stem cells
display ectodermal anomalies during development [53,54]. Moreover, systemic depletion of macroH2A1.1 in mice
supports an epigenetic control necessary for increased hippocampal function and social behavior [19]. Harnessing
macroH2A1.1 in iPSC-derived neural cells may offer useful tools for studying neurological disease molecular
mechanisms and developing therapies [55]. Our findings also show that, in HUVEC cells, macroH2A1.1 binding
sites overlapped with binding sites for transcription factors CTCF, FOS, GATA2 and POLR2A to a greater extent
than macroH2A1.2. These transcription factors have been consistently involved in embryonic development and
in the regulation of ectoderm specification towards the nervous system in several organisms [56–59], as well as in
iPSC reprogramming [60–63].

Using a pan-macroH2A1 isoform ChIP-antibody (not discriminating between the two isoforms), Gaspar-Maia
et al. reported that target genes (i.e., transcription factors Sall1 and Sall4) of the histone demethylase Utx, a critical
enzyme in the induction of iPSC reprogramming and required for proper induction of ectoderm and mesoderm
during differentiation of embryonic stem cells, are enriched for macroH2A in fibroblasts reprogrammed into
iPSCs [39]. Our CUT&Tag data set profiles are not consistent with these findings, possibly due to the divergent
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species and cell types of origin considered, as mentioned earlier. Moreover, although we consistently found regulation
of the mRNA levels of genes required to maintain or achieve pluripotency (Myc, Oct4, Sox2 and Klf4), upon
overexpression of macroH2A1.1 in HUVEC cells [22] our CUT&Tag analysis did not identify significant peaks
confirming their direct genome occupancy by macroH2A1.1, as shown by Gaspar-Maia et al. [39]. Our findings
suggest that macroH2A1.1 orchestrates pluripotency in human iPSCs via indirect transcriptional regulation of
pluripotency genes. A limitation of our transcription factor analysis is that it is restricted to HUVEC-specific DNA
regulatory features present in the ENCODE 3′s EncRegTfbsClustered dataset. Moreover, CUT&Tag is a new
technique that has not been extensively benchmarked against existing ChIP-Seq datasets on the same biological
samples. A comprehensive benchmarking of CUT&Tag for H3K27ac and H3K27me3 against published ChIP-
Seq profiles from ENCODE in K562 cells identified an approximate 50% recovery of known ENCODE peaks.
However, the peaks identified by CUT&Tag represent the strongest ENCODE peaks, with identical functional and
biological enrichments as ChIP-seq peaks [64]. Moreover, the iPSC reprogramming process is notoriously inefficient
and variable. This has been highlighted by numerous publications [65–68]. The heterogeneity in reprogramming
occurring on the 4th day could be likely due to different proportions of differentiated cell types within each
experiment, despite following the same protocol with the same iPSC lines. In line with this, our experiment
revealed a significant variability among replicates, which required us to apply conservative filtration strategies to
keep only highly informative peaks.

Conclusion
We propose that multi-omics CUT&Tag and RNA-Seq complementary data integration is a powerful, streamlined
and cost-effective alternative tool to elucidate epigenetic and gene regulatory mechanisms occurring during cell
reprogramming and lineage commitment.

Summary points

• MacroH2A1 histone variant exon-spliced isoforms (macroH2A1.1 and macroH2A1.2) are emerging regulators of
induced pluripotent stem cell identity.

• CUT&Tag allows robust macroH2A1-dependent epigenetic profiling of human umbilical vein endothelial
cell-derived induced pluripotent stem cells.

• Integrated analysis of CUT&Tag/RNA-Seq uncovered macroH2A1.1-dependent activation of
ectoderm/neural-dependent pathways.
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