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Abstract 
DNA damage repair (DDR) is a safeguard for genome integrity maintenance. Increasing DDR efficiency could increase the yield of induced pluri-
potent stem cells (iPSC) upon reprogramming from somatic cells. The epigenetic mechanisms governing DDR during iPSC reprogramming are not 
completely understood. Our goal was to evaluate the splicing isoforms of histone variant macroH2A1, macroH2A1.1, and macroH2A1.2, as potential 
regulators of DDR during iPSC reprogramming. GFP-Trap one-step isolation of mtagGFP-macroH2A1.1 or mtagGFP-macroH2A1.2 fusion proteins from 
overexpressing human cell lines, followed by liquid chromatography-tandem mass spectrometry analysis, uncovered macroH2A1.1 exclusive interaction 
with Poly-ADP Ribose Polymerase 1 (PARP1) and X-ray cross-complementing protein 1 (XRCC1). MacroH2A1.1 overexpression in U2OS-GFP reporter 
cells enhanced specifically nonhomologous end joining (NHEJ) repair pathway, while macroH2A1.1 knock-out (KO) mice showed an impaired DDR cap-
acity. The exclusive interaction of macroH2A1.1, but not macroH2A1.2, with PARP1/XRCC1, was confirmed in human umbilical vein endothelial cells 
(HUVEC) undergoing reprogramming into iPSC through episomal vectors. In HUVEC, macroH2A1.1 overexpression activated transcriptional programs 
that enhanced DDR and reprogramming. Consistently, macroH2A1.1 but not macroH2A1.2 overexpression improved iPSC reprogramming. We propose 
the macroH2A1 splicing isoform macroH2A1.1 as a promising epigenetic target to improve iPSC genome stability and therapeutic potential.
Key words: macroH2A1.1; DNA damage; cell reprogramming; induced pluripotent stem cells.
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Graphical Abstract 

DNA damage repair (DDR) is a safeguard for genome integrity maintenance. Increasing DDR efficiency increases the yield of induced pluripotent stem 
cells (iPSC) upon OSKM-mediated reprogramming from somatic cells. Histone variant macroH2A1.1, but not its sister alternatively spliced isoform 
macroH2A1.2, increases the efficiency of iPSC reprogramming by interacting with PARP1 and XRCC1 and activating an NHEJ-dependent DDR pathway.

Significance Statement
Histone macroH2A1 splicing variants macroH2A1.1 and macroH2A1.2 differ for a few amino acids but can have remarkably different roles 
in cancer pathogenesis and cell differentiation. Reprogramming of somatic cells into iPSC requires oxidative stress and the hyperactivation 
of DNA damage repair (DDR) pathways: the exact function of macroH2A1 proteins in this process is unknown. The authors found that 
macroH2A1.1 exclusively interacts with 2 DDR factors as PARP1 and XRCC1, effectors of nonhomologous end-joining (NHEJ) DDR. As 
consequence, macroH2A1.1 overexpression in vitro boosts NHEJ while its depletion in vivo impairs mice DDR machinery. The authors 
describe as well the significance of this newly identified macroH2A1.1-dependent NHEJ activation in improving the efficiency of human 
umbilical vein endothelial cells (HUVEC) reprogramming into iPSC.

Introduction
Genome stability is essential for cellular homeostasis and 
tumor suppression.1 During the cell cycle, chromatin under-
goes major changes to allow for DNA replication and cell 
division. The large heterogeneity of DNA-lesion types needs 
several ad hoc DDR mechanisms2: (1) Mismatch repair 
(MMR), triggered by DNA mismatches and insertion/dele-
tion loops arising from DNA replication; (2) Base excision 
repair (BER) and single-strand break repair (SSBR), trig-
gered by abnormal DNA bases, simple base-adducts, SSBs 
generated as BER intermediates or by oxidative damage; (3) 
Nucleotide excision repair (NER), triggered by lesions that 
disrupt the DNA double-helix, such as UV photo-products; 
(4) nonhomologous end joining (NHEJ), triggered by radi-
ation- or chemically induced double-strand breaks (DSBs) 
plus V(D)J recombination, class-switch recombination (CSR) 
intermediates; (5) Homologous recombination (HR, including 
Break-induced replication [BIR]), triggered by DSBs or SSBs 
(the latter occurs in the case of BIR), stalled replication forks 
and inter-strand DNA cross-links.2 DDR defects cause can-
cers, neurodegenerative diseases, and accelerated aging.2,3

The discovery of the induced pluripotent stem cells (iPSC) 
technology opened a great potential in autologous-based 
regenerative medicine.4 While iPSCs are currently used in 

personalized disease modeling, they are not deemed safe for 
transplant because of inherent iatrogenic tumorigenesis.5 
There are multiple potential mechanisms for tumorigenicity 
during induction of pluripotency in somatic cells, all linked 
to DNA mutations and (epi)genome instability.5 NHEJ, HR, 
BER, MMR, and NER have been found to be involved in 
iPSC reprogramming, with an enhanced although more heter-
ogenous DNA repair activity compared to somatic cells.6,7 
DDR pathways can be considered error-free (ie, HR) or error-
prone (ie, NHEJ), depending on the context.8 Thus, an ineffi-
cient repair can result in the introduction of mutations during 
iPSC reprogramming.9

The process of reprogramming implicates a complete 
remodeling of the somatic epigenetic memory, replaced by 
new iPSC-specific epigenetic profiles. Epigenetic alterations 
include DNA methylation, post-translational histone modi-
fications, the substitution of canonical histones with histone 
variants, and the activity of chromatin remodeling com-
plexes.10 How to manipulate these epigenetic changes to help 
efficient iPSC generation is of great clinical interest.

MacroH2A proteins are histone variants coded by 2 dis-
tinct genes: H2AFY for macroH2A1, ubiquitous, and H2AFY2 
for macroH2A2. While macroH2A1 is expressed ubiqui-
tously, macroH2A2 expression is restricted only to few tissues. 
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MacroH2A1 and macroH2A2 are composed of a domain sharing 
66% homology with the histone H2A, and they are unique due to 
their peculiar conformation, in which a C-terminal linker brings 
together the histone domain to a domain called macrodomain.11-13 
MacroH2A1 displays 2 isoforms resulting from alternative exon 
splicing: macroH2A1.1 and macroH2A1.2, having common and 
distinct biological and pathological roles.11-15 MacroH2A1 is sig-
nificantly enriched in differentiated cells but expressed at low 
levels upon iPSC reprogramming,16,17 forming a barrier against 
pluripotency. In turn, macroH2A1 depletion not only improved 
cell differentiation, but it also allowed differentiated cells to re-
turn to a stemness condition.16,17

Distinct splice variant-specific functions of the macroH2A1.1 
and macroH2A1.2 gene products occur in the frame of DDR 
pathways. MacroH2A1.1 has been associated with PARP1-
dependent DNA repair, being recruited to sites of DNA 
damage via its poly-(ADP-ribose) (PAR) binding domain.14 
MacroH2A1.2, lacking the ability to bind PAR, has also been 
implicated in DNA repair, protecting fragile genomic sites 
through its recruitment by the histone chaperone ATRX.18-20 
In particular, macroH2A1.1 is physically associated with Poly 
ADP-ribose polymerase 1 (PARP1) and Ku heterodimer (Ku70/
Ku80),21 main components of the NHEJ repair pathway, while 
macroH2A1.2 seems to promote HR during replicative stress.19 
However, whether macroH2A1.1 and macroH2A1.2 isoforms 
modulate DDR pathways during iPSC reprogramming is un-
known. In this work, we investigated whether macroH2A1 
splice variants could differently orchestrate 2 key aspects of iPSC 
function: genome maintenance and efficiency of reprogramming.

Material and Methods
Cell Culture, GFP-Trap, and Mass Spectrometry
Parental HepG2 cells (ATCC) were cultured in high glucose 
DMEM (1×) supplemented with 10% fetal bovine serum 
(FBS), 1% penicillin/streptomycin. MacroH2A1.1-mtagGFP 
and macroH2A1.2-mtagGFP overexpression in HepG2 
cells was induced through lentiviral infection, as previously 
described.22,23 U2OS-GFP reporter cell lines were previ-
ously described.24 Isolation of macroH2A1.1-mtagGFP and 
macroH2A1.2-mtagGFP using GFP-Trap Magnetic Agarose 
Kit (#gtmak-20, ChromoTek, Munich, Germany) was described 
earlier.25 Before immunoaffinity enrichment, the samples were 
incubated with binding control magnetic agarose beads to 
remove nonspecifically bound proteins. Cells with an empty 
mtagGFP vector were used as a control of unspecific binding 
to GFP protein. Each sample type (ie, macroH2A1.1-mtagGFP, 
macroH2A1.2-mtagGFP, and mtagGFP) was represented by 
4 biological replicates. LC-MS/MS analysis was performed 
as previously described.26,27 Detailed description of sample 
preparation (ie, immunoaffinity enrichment and on-bead en-
zymatic digestion) followed by proteomic analysis (LC-MS/
MS, database search, and data evaluation) are provided in the 
Supplementary Material. Proteins with fold change expression 
values ≥ 5.0 and adjusted P-value ≤ .01 between mtagGFP 
(control) and macroH2A1-mtagGFP isoforms overexpressing 
cells were considered as potential binding partners.

Immunoblotting Analyses
Immunoblotting was performed as previously described.23 
Primary rabbit antibodies against XRCC1 (#2735), H2A 
(#2572), γ-H2AX (#9718), macroH2A1.1 (#12455), 

macroH2A1.2 (#4827S), and PFK-PT (#13045) were pur-
chased from Cell Signalling Technology (Massachusetts, 
USA). Rabbit antibody against PARP1 (ab227244) and c-Myc 
(ab201780) and mouse antibody against XRCC5 (ab119935) 
were obtained from Abcam (Cambridge, UK). Secondary 
antibody anti-rabbit HRP-linked (#7074) and anti-mouse 
HRP-linked (#7076) were obtained from Cell Signalling 
Technology (Massachusetts, USA).

Reporter Cell Lines
U2OS-GFP reporter cells were transfected as already de-
scribed.24 Plasmid preparation, transient transfection, pro-
duction of lentiviruses, and generation of mCer3 stable cell 
lines are described in the Supplementary Material.

MacroH2A1.1 Knock-out Mice
MacroH2A1.1 knock-out (KO, or -/-) was achieved as pre-
viously described.28 Briefly, a 12 Kb fragment of the murine 
H2AFY sequence was subcloned into p15A-HSV tk-DTA-
amp from a BAC. The intron among exons 6a and 6b were 
modified to carry a lacZ-neo cassette,29 flanked by loxP 
and rox sites at the 5ʹ and 3ʹ ends. Moreover, a rox site 
was inserted upstream of exon 6a, while another loxP site 
was inserted downstream of exon 6b. Cre/loxP recombin-
ation removes exon 6b and the lacZ-neo cassette, resulting 
in macroH2A1.1 depletion with this design. Targeting of 
macroH2A1.1 was validated using southern-blot analysis.28 
The construct was inserted in A9 ES cells using electropor-
ation. The cells were then injected in C57BL/6 8 cell-stage 
embryos. MacroH2A1fl/fl mice were crossed with HPRT-
Cre mice (129S1/Sv-Hprttm1(CAG-cre)Mnn/J), purchased 
from Jackson Laboratories, USA, obtaining heterozygous 
macroH2A1.1fl/- mice. Further crossing of these mice with 
deleter HPRT-Cre mice generated macroH2A1.1-/-. For sur-
vival experiments, total body irradiation was administered to 
macroH2A1fl/fl, macroH2A1fl/-, and macroH2A1-/- mice (n = 
25-30 per group), restrained in holders, using an MK-1-68A 
Cesium-137 Gamma animal irradiator (J.L. Shepherd and 
Associates) (California, USA), with 1000 rad in a single dose. 
After irradiation, all animals were returned to the animal fa-
cility. Mice were bred and maintained at Plaisant Srl (Rome, 
Italy), in accordance with current Italian legislation (article 
9, 27 January 1992, number 116) under a license from the 
Italian Health Ministry.

Histology and Immunohistochemistry
Excised livers were fixed in 4% paraformaldehyde solution, 
dehydrated in serial alcohol solutions, embedded in par-
affin, cut into 5-μm-thick sections stained with Hematoxylin 
and Eosin (H&E) and examined under a light microscope 
(Nikon, Tokyo, Japan).30 Phosphorylation of the histone 
protein H2AX (γH2AX) was used as DSB indicator using 
immunohistochemistry. Primary antibody against γH2AX 
(ab26350) was purchased from Abcam (Cambridge, UK). 
Immunohistochemistry protocol for mice livers and semi-
quantitative evaluation was previously described.31,32

Mouse embryonic Fibroblasts
Primary mouse embryonic fibroblasts (MEFs) were derived 
from macroH2A1.1Fl/Fl or macroH2A1.1-/- embryos as pre-
viously described.33 For irradiation experiments (1000 rad), 
only MEFs of early passages (1-3) were utilized. Cell viability/
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proliferation was assessed by MTT assay as previously 
described.34

Flow Cytometry
Flow cytometry analysis was performed using BD Biosciences 
FACSCanto.35 U2OS-GFP reporter cells were harvested and 
centrifugated at 350×g, 5 minutes, 24°C. Cells were then 
washed 3 times with PBS and finally resuspended in 100 µL 
of FACS buffer (PBS, 1% FBS) for flow cytometry analysis.

HUVEC Reprogramming and iPSC Differentiation
Human umbilical vein endothelial cells (HUVECs, Thermo 
Fisher Scientific, Massachusetts, USA) were cultured in 
Nunc EasYFlasks in Endothelial Cell Growth medium 2 
(Promocell, Heidelberg, Germania). Cells were collected 
by TrypLE express enzyme (Thermo Fisher Scientific, 
Massachusetts, USA) according to the manufacturer’s in-
structions. Epi5 Episomal iPSC Reprogramming Kit (Thermo 
Fisher Scientific, Massachusetts, USA) was used for repro-
gramming in combination with Neon Transfection System 
10 µL Kit. Shortly, 105 living cells in 10 µL R buffer were 
prepared and 1 µL of the content of each vial from the repro-
gramming kit was added. Where applicable, 1 µg of plasmids 
expressing macroH2A1.1-6His or macroH2A1.2-6His were 
added (Addgene, Massachusetts, USA).36 Neon Transfection 
tube was filled with 3  mL E buffer and cells with plasmid 
were electroporated with Pulse voltage 1400 V, Pulse Width 
20 ms, Pulse number 2. Cells were seeded on hESC-qualified 
MatriGel coated cell culture treated 35  mm Petri dishes in 
endothelial medium, which was changed daily until day 5, 
when it was exchanged for mTeSR. To establish cell lines, 
individual clones were picked mechanically and cultured 
on hESC-qualified MatriGel (Corning, New York, USA) in 
mTeSR 1. The subsequent passaging method was EDTA dis-
sociation to clumps with ROCKi supplementation (Y-27632 
2HCl, Selleckchem, Texas, USA). All media were supple-
mented with ZellShield (Minerva Biolabs). iPSCs differen-
tiation was examined using Human Pluripotent Stem Cell 
Functional Identification Kit purchased from R&D System 
(#SC027B) (Minnesota, USA), following the manufacturer 
protocol and using secondary anti-goat Alexa488-linked 
(A11055). After differentiation, cells were screened through 
flow cytometry using BD Biosciences FACSCanto.35 For al-
kaline poshpatase (AP) staining, cells were rinsed twice with 
PBS, fixed in cold 4% paraformaldehyde in PBS for 10 min-
utes, and rinsed twice with PBS before 1 mL of Alkaline phos-
phatase mix (AB0100) (Sigma-Aldrich, Missouri, USA) was 
added to each well of a 6-well plate. The plate was placed in 
the dark and analyzed after 15 minutes. Results were ana-
lyzed using ImageJ (Maryland, USA).

Immunofluorescence
Cells were processed for immunofluorescence, as we previ-
ously described.37-39 Primary rabbit antibodies against XRCC1 
(#2735) (#13045) and γH2Ax (#9718) were purchased from 
Cell Signalling Technology (Massachusetts, USA). Rabbit anti-
bodies against PARP1 (ab227244) and 6-His-TAG (ab18184) 
were obtained from Abcam (Cambridge, UK). Secondary anti-
body anti-rabbit Alexa555-linked (A11035) and anti-mouse 
Alexa647-linked (A21236) were obtained from Thermo 
Fisher Scientific (Massachusetts, USA). Secondary antibody 
HRP goat-anti-rabbit (ab6721) was purchased from Abcam 

(Cambridge, UK). EdU staining was performed as already 
described.40 Images were acquired using Leica TCS SP8X 
at 63× magnification. Results were analyzed using ImageJ 
(Maryland, USA).

RNA-Seq and Co-expression Network Analysis
Samples were prepared for RNA-Seq and analyzed as already 
described.23 Work pipeline and the co-expression analysis are 
described in the Supplementary Material.

Statistical Analyses
Data are shown as means ± Standard error of the mean 
(SEM). Group comparison was assessed using Student’s test, 
using GraphPad Prism Software (version 5.00 for Windows, 
San Diego, CA, USA): significance was P ≤ .05.

Results
Identification of macroH2A1.1 and macroH2A1.2 
Binding Partners by Mass Spectrometry-based 
Proteomics
To identify specific macroH2A1.1 and macroH2A1.2 
interacting partners, the proteins were stably overexpressed 
as mtagGFP-tagged proteins in human HepG2 hepatoma 
cells.22,41 MacroH2A1.1-mtagGFP and macroH2A1.2-
mtagGFP fusion proteins were isolated using GFP-Trap,42 
consisting of an anti-GFP Nanobody/VHH coupled to mag-
netic agarose beads, and processed for mass spectrometry 
analysis. MacroH2A1.1, but not macroH2A1.2, interacted 
with PARP1, as previously reported,43 and with X-ray repair 
cross-complementing protein 1 (XRCC1), a newly identified 
partner (FC > 10; P-adj ≤ .001) (Supplementary Table 1). 
Other top interacting partners, binding to both macroH2A1 
splicing isoforms, included X-ray repair cross-complementing 
protein 5 (XRCC5), Disco-interacting protein 2 homolog B 
(DIP2B), ATP-dependent 6-phosphofructokinase, platelet type 
(PFKP), Ras GTPase-activating protein-binding protein 2, and 
Histone H2B type 1-J (FC > 10; P-adj ≤ .001; Supplementary 
Table 1). Using a cut-off of FC > 5 (P-adj ≤ .01), 56 and 41 
enriched binding proteins were identified by mass spectrom-
etry in macroH2A1.1 and macroH2A1.2 overexpressing 
cells, respectively. Known associations between binding 
histones and DNA-repair proteins with macroH2A1.1 or 
macroH2A1.2 were inferred and represented using STRING 
(Fig. 1A,B, respectively). The full list of macroH2A1.1-
mtagGFP and macroH2A1.2-mtagGFP interacting proteins is 
found in Supplementary Data 1 and 2. Mass spectrometric 
results were confirmed using a biochemical approach. We per-
formed immunoprecipitation of macroH2A1.1-mtagGFP and 
macroH2A1.2-mtagGFP with GFP-Trap in HepG2 cells, to 
validate protein-protein interaction through immunoblotting 
analysis (Fig. 1C). We were able to confirm XRCC5 and PFKP 
as macroH2A1.1 and macroH2A1.2 common interacting 
partners, while PARP1 and XRCC1 were physically associ-
ated only with macroH2A1.1 (Fig. 1C).

Distinct Effects of macroH2A1.1 and macroH2A1.2 
on NHEJ DNA Repair Outcome
PARP1 and XRCC1, which we identified as exclusive binding 
partners of macroH2A1.1, have been implicated in NHEJ.44-

47 NHEJ effectors Ku70/Ku80 have been recently identified 
at the crossroad between DNA damage repair pathways 
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mediated by NHEJ and BER.48 Moreover, macroH2A1.1 but 
not macroH2A1.2 physically associates with Ku70/Ku80.21 
To elucidate the epigenetic role of macroH2A1 isoforms on 
the activity of the NHEJ pathway, we transiently introduced 
macroH2A1.1 and macroH2A1.2 as mCer3-tagged pro-
teins into the U2OS-GFP NHEJ reporter cell line, hosting a 
cassette harboring a GFP inactive site inside their genome24 
(Fig. 2A). We ectopically expressed I-SceI, a site-specific endo-
nuclease recognizing a sequence located inside the cassette, 
triggering the DNA damage response,24 by transient transfec-
tion. Cells were processed for flow cytometry 48 hours after 
co-transfection of macroH2A1.1-mCer3, or macroH2A1.2-
mCer3 (Supplementary Fig. 1A), and I-SceI. To evaluate the ef-
fect of macroH2A1 isoforms on DDR, we gated and analyzed 
double-positive mCer3-GFP populations (Supplementary 
Fig. 2). As a positive control, we silenced the expression of 
BRCA2: abrogation of this tumor suppressor has been re-
ported to enhance NHEJ occurrence49 (Supplementary Fig. 
1B). With regards to the total NHEJ pathway, macroH2A1 
isoforms behaved differently in the U2OS model: transient 
transfection of macroH2A1.1-mCer3 increased the activation 
of this DDR pathway (P < .01), while macroH2A1.2-mCer3 

impaired it (P < .05), compared to control cells (Fig. 2B, left 
panel). We were able to confirm the latter findings by stable 
overexpression of mCer3-tagged macroH2A1 isoforms via 
lentiviral transduction in U2OS-GFP reporter cells for NHEJ: 
in this setting macroH2A1.1-mCer3 enhanced NHEJ activity, 
in a more profound manner compared to transient transfec-
tion (P < 0.0001; Fig. 2B, right panel). On the other hand, 
macroH2A1.2-mCer3 stable overexpression did not affect 
the NHEJ pathway (Fig. 2B, left panel).

To analyze the functional interplay between macroH2A1.1, 
PARP1, and XRCC1, we silenced PARP1 and/or XRCC1 
protein expression using siRNA in U2OS-GFP reporter cells for 
NHEJ, which were transiently overexpressing macroH2A1.1 
or macroH2A1.2 (Supplementary Fig. 1C). We achieved a 
~50% downregulation for both PARP1 and XRCC1 protein 
expression levels (Supplementary Fig. 1D). Silencing of BRCA2 
was used again as a positive control. In control U2OS-GFP re-
porter cells for NHEJ, silencing of PARP1, XRCC1 or both, 
did not elicit effects on NHEJ occurrence (Fig. 2C, left panel), 
Interestingly, in macroH2A1.1-overexpressing U2OS-GFP re-
porter cells for NHEJ, silencing of PARP1 or XRCC1, or both, 
slightly attenuated the observed macroH2A1.1-dependent 

Figure 1. Interacting networks for macroH2A1.1 (A) and macroH2A1.2 (B) splicing isoforms created in STRING database based on the significantly 
enriched proteins in proteomic analysis (FC > 5; adjusted P ≤ .01). The visualization was done using Cytoscape. Histones (yellow nodes) and DNA-
repair proteins (red nodes) were connected by STRING at minimum required interaction score of 0.7 (high confidence). Other proteins, identified with 
high confidence by mass spectrometry, were added to the network as potential interacting partners (ie, G3BP2, DIP2B, and PFKP; gray nodes). (C) 
Immunoblot analysis of macroH2A1.1 and macroH2A1.2 binding partners in HepG2 cells. For immunoprecipitations negative controls, mock rabbit IgG 
were used. XRCC5 was confirmed as common interacting partner for macroH2A1 splicing isoforms. PARP1 and XRCC1 are interacting exclusively with 
macroH2A1.1. A representative image of 3 independent experiments is shown.
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increase in NHEJ occurrence (Fig. 2C, middle panel). In 
macroH2A1.2-overexpressing U2OS-GFP reporter cells, no 
activation of NHEJ was observed under any condition; PARP1 
silencing triggered a slight decrease in the basal levels of NHEJ 
activity (Fig. 2C, right panel). Taken together, these results 
highlight a specific role of macroH2A1.1 in activating NHEJ.

MacroH2A1.1 Knock Out Impairs DNA Repair in Mice
MacroH2A1.1 involvement in NHEJ prompted us to analyze 
the role of these splicing isoforms in vivo. We thus irradiated 
with a systemic dose of 1000 rad, routinely used to induce ex-
tensive DNA damage, bone marrow cell depletion, and death 
within few weeks, wild type (macroH2A1.1fl/fl, n = 30), heterozy-
gous (macroH2A1.1fl/-, n = 27), and knock-out (macroH2A1.1-/-, 
n = 25) mice, which we have previously generated through the 
Cre/LoxP system.28 Strikingly, a statistically significant (P = 
.0384) decrease in survival was observed in macroH2A1.1-/-) 
mice (~50% lethality) compared to macroH2A1.1fl/- and 
macroH2A1.1-/- littermates (~25%-30% lethality) (Fig. 3A). 
Because acute irradiation induces liver injury, livers from sur-
viving macroH2A1.1-/-mice were examined 20 days post-
irradiation (1000 rad). The livers displayed congested blood 
vessels with prominent hemorrhage and hepatocytes with altered 
morphology reminiscent of steatohepatitis-like damage; these 
features were much milder or absent in the livers of irradiated 

matched macroH2A1.1fl/fl mice (Fig. 3B). Phosphorylation of 
H2A.x on S139 (γH2A.x) is directly related to the amount of 
DNA damage experienced by the cells.49 Immunohistochemical 
analysis revealed increased nuclear positivity for γH2A.x 
staining in the livers of irradiated macroH2A1.1-/- mice com-
pared to macroH2A1.1fl/fl littermates (Fig. 3B). Consistent with 
these findings, in vitro irradiation (1000 rad) of primary mouse 
embryonic fibroblasts (MEFs) derived from macroH2A1.1-/- 
embryos showed decreased cell viability compared to naive 
macroH2A1.1fl/fl (Fig. 3C), which was accompanied by increased 
γH2A.x expression (Fig. 3D). Overall, these data support the 
conclusion that the histone variant macroH2A1.1 is required for 
optimal DDR and repair upon irradiation in vivo and ex vivo.

MacroH2A1.1 Interacts with NHEJ Effectors During 
HUVEC Reprogramming Into iPSC
During the reprogramming process toward pluripotency, cells 
experience a large amount of DNA damage as a consequence 
of reactive oxygen species (ROS) production.12 As a result, sev-
eral mutations are generated, increasing the risk for the adverse 
tumorigenic potential of iPSC.11 We investigated the role of 
macroH2A1.1 and macroH2A1.2 in DDR modulation upon 
iPSC reprogramming. Although macroH2A proteins have gen-
erally been described as barriers against pluripotency,16 the role 
of macroH2A1 splicing variants has not been investigated. To 

Figure 2. Flow cytometry analysis to investigate the effect of macroH2A1.1 and macroH2A1.2 on NHEJ pathways. U2OS-GFP for NHEJ were used as 
cell model. (A). Diagram showing the construct designed to investigate the occurrence of NHEJ after the repair of the DNA damage triggered by I-SceI 
ectopic expression.24 MacroH2A1 splicing isoforms were transiently and stably overexpressed in U2OS-GFP reporter cells as mCer3- tag proteins (B). 
Effect of PARP1 and XRCC1 silencing on NHEJ reporter U2OS stably overexpressing mCer3 alone (left panel), macroH2A1.1-mCer3 (middle panel) or 
macroH2A1.2-mCer3 (right panel) tagged proteins. For control of PARP1 and/or XRCC1 silencing, a scramble siRNA (siCTL) was used (C). Data are 
normalized to control mCer3 stably expressing cells, transiently transfected with I-SceI (I-SceI/mCer3). ∗ (P ≤ .05 relative to I-SceI/mCer3); ∗∗ (P ≤ .01 
relative to I-SceI scramble-mCer3); ∗∗∗ (P ≤ .001 relative to I-SceI/mCer3); ∗∗∗∗ (P ≤ .0001 relative to I-SceI/mCer3); & (P ≤ .05 relative to I-SceI/mCer3); 
$ (P ≤ .05 relative to I-SceI/mH2A1.1-mCer3); $$ (P ≤ .01 relative to I-SceI/mH2A1.1-mCer3); # (P ≤ .05 relative to I-SceI/mH2A1.2-mCer3). Data are 
presented as means ± SEM; n = 3.
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this aim, macroH2A1.1 and macroH2A1.2 were transiently 
overexpressed as 6-His-tagged proteins in HUVEC together 
with an episome construct inducing Oct4, Sox2, Lin28, Klf4, and 
L-Myc expression, in turn inducing reprogramming into iPSC.50 
Overexpression of macroH2A1 isoforms was monitored using 
the 6-His-Tag in signal super-resolution confocal microscopy (Fig. 
4 and Supplementary Fig. 3). Compared to control cells carrying 
the reprogramming episome, imaging data analysis showed a 
peak of macroH2A1 isoforms expression on the fourth day of 
the reprogramming process (P < .0001; Fig. 4A). Therefore, we 
decided to examine the effects of macroH2A1 isoforms expres-
sion on the early stages of cell reprogramming. To confirm the 
data obtained in HepG2 cells, we analyzed the colocalization 
of macroH2A1 isoforms with PARP1 and XRCC1 in HUVEC 
undergoing reprogramming (Fig. 4 and Supplementary Fig. 3). 
MacroH2A1.1, but not macroH2A1.2, signal display signifi-
cantly increased colocalization with PARP1 (P < .0001; Fig. 4B,C). 
XRCC1 signal also display significantly increased colocalization 
with macroH2A1.1, compared to with macroH2A1.2  
(P < .0001, Fig. 4D,E). Interestingly, XRCC1 and PARP1 signals 
showed an enhanced colocalization after macroH2A1.1 tran-
sient overexpression, compared to macroH2A1.2 (P < .0001) 
and control cells carrying only the reprogramming episome (P 
< .05; Supplementary Fig. 3A,B). Moreover, we sought to in-
vestigate macroH2A1.1 and macroH2A1.2 roles in cell prolif-
eration, which is tightly related to the modulation of DDR.51 
For this purpose, HUVEC on the fourth day of reprogramming 
were analyzed for 5-Ethynyl-2ʹ-deoxyuridine (EdU) staining 

(Supplementary Fig. 3C-E). Compared to macroH2A1.2 (P 
< .001) and control cells (P < .001), macroH2A1.1 transient 
overexpression increased cell proliferation in HUVEC under-
going reprogramming (Supplementary Fig. 3D). Moreover, the 
EdU signal was significantly colocalized with macroH2A1.1, 
but not with macroH2A1.2 (P < .0001, Supplementary Fig. 
3E). Taken together, our imaging analyses demonstrate that 
macroH2A1.1, but not its sister molecule macroH2A1.2, closely 
colocalizes with XRCC1 and PARP1 and enhances cell prolifer-
ation in the early stages of reprogramming.

MacroH2A1.1 Boosts DDR and Reprogramming 
Transcriptional Patterns During HUVEC 
Reprogramming Into iPSC
As in HUVEC undergoing reprogramming macroH2A1.1 
may interact with the DNA repair effector proteins XRCC1 
and PARP1, we then asked whether genes associated with a 
modulation of DDR responses could be affected in HUVEC 
undergoing reprogramming. To this aim, we performed 
RNA-Seq analysis on HUVEC cells upon macroH2A1.1 and 
macroH2A1.2 overexpression. We conducted an unbiased ana-
lysis comparing the transcriptome of HUVEC carrying just the 
reprogramming episomes (control, CTL) with HUVEC in add-
ition overexpressing macroH2A1.1 or macroH2A1.2, at the 
fourth day of reprogramming, as in the previous experiments. 
Altogether, 1004 differentially expressed genes (DEGs) were 
found between macroH2A1.1 and CTL HUVEC cells, and 
1172 DEG were found between HUVEC cells overexpressing 

Figure 3. DDR investigation on wild type (macroH2A1.1fl/fl), heterozygous (macroH2A1.1fl/-) and knock-out (macroH2A1.1-/-) mice. (A) Kaplan-Meier 
survival curve of mice post-irradiation (P = .0384 compared to macroH2A1.1fl/fl), (n = 25-30 mice/group). Survivals of mice were closely monitored 
several times per day. (B) Upper panels: representative histological sections of livers from irradiated mice, processed for H&E staining upon sacrifice; 
magnification 10×. Lower panels: immunohistochemistry staining for γH2A.x on liver sections from irradiated mice. Representative images are shown 
(left, magnification 20×), together with semi-quantitative evaluations of frequency of staining positivity (right). ∗ (P < .05, relative to macroH2A1fl/fl). (C) 
Primary MEFs obtained from macroH2A1.1fl/fl and macroH2A1.1-/-, cultured at early passage (1-3) were irradiated or not (no IR) with 1000 rad. Forty-eight 
hours after irradiation, proliferation/viability was assessed by MTT assay. (D) In parallel, cell lysates from MEFs were processed for immunoblotting with 
an γH2A.x antibody. Representative images are shown in the left panels. Histone H2A was used as a loading control. N = 5. ∗∗∗ (P < .001 relative to 
macroH2A1.1fl/fl no IR), ♯♯♯ (P < .001 relative to macroH2A1.1fl/fl 1000 rad).
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macroH2A1.1 and macroH2A1.2. Of note, 242 genes 
were differentially expressed in macroH2A1.2 versus CTL 
HUVEC cells. The 3 conditions also showed a negligible 
transcriptional overlap, consisting of 2 genes only (Fig. 5A). 
Interestingly, either macroH2A1.1 or macroH2A1.2 isoforms 
overexpression triggered transcriptional fold changes (FC) of 
DDR DEG with higher frequencies for low-fold inductions 
(Supplementary Fig. 4). We first conducted targeted analyses: 
intersecting the list of genes known to contribute to the DDR 
biological process according to the Ingenuity Pathway Analysis 
(IPA) knowledgebase (Supplementary Data 3) with the list of 
DEG in each experimental condition, we obtained a consensus 
of 44 genes. Figure 5B shows that the transcriptional patterns 
of these genes in macroH2A1.1-overexpressing HUVEC cells 
were markedly different than macroH2A1.2-overexpressing 
HUVEC cells and CTL HUVEC cells undergoing reprogram-
ming. Conversely, the transcriptional profiles related to DDR 
were more similar between macroH2A1.2-overexpressing 
versus CTL HUVEC cells undergoing reprogramming (Fig. 
5B). An IPA analysis inclusive of all DEG implicated in DDR 
processes showed that there were robust and overlapping net-
works involved in the DDR processes that were differently 

regulated when macroH2A1.1 was overexpressed (Fig. 5C). 
On the other hand, macroH2A1.2 overexpression was in-
volved in a smaller network formed by DEGs connected to 
DDR (Fig. 5D). We next asked whether macroH2A1.1 could 
also affect the expression of genes involved in cell reprogram-
ming. We thus intersected a list of genes known in IPA to be in-
volved in the cell reprogramming process with that of the DEG 
in each experimental condition and obtained 12 consensus 
genes. MacroH2A1.1 overexpression affected the transcription 
pattern of genes involved in cell reprogramming. The transcrip-
tional pattern of this gene set in macroH2A1.2- overexpressing 
HUVEC was similar to CTL HUVEC cells (Supplementary Fig. 
5A). As a result of macroH2A1.1 overexpression, CHAF1A, 
KLF4, SOX2, and POU5F1 mRNA levels were decreased, 
while c-Myc gene expression was increased (Supplementary 
Fig 5B). On the other hand, SOX2 and POU5F1 were the 
only genes downregulated by macroH2A1.2 overexpression 
(Supplementary Fig. 5C). c-Myc upregulation in macroH2A1.1- 
but not macroH2A1.2-overexpressing HUVEC was also 
confirmed at the protein level, and it was accompanied also 
by a similar upregulation of Oct4, Nanog, and Sox2 repro-
gramming factors (Supplementary Fig. 5D). Therefore, our 

Figure 4. MacroH2A1 isoforms’ role in Huvec reprogramming. Expression analysis of macroH2A1.1 and macroH2A1.2 along cell reprogramming (A). 
Data are reported as percentage of cells positive for macroH2A1.1 and macroH2A1.2 staining. ∗∗∗∗ (P ≤ .0001 relative to reprogramming episomes cells). 
++++ (P ≤ 0.0001 relative to macroH2A1.1 and macroH2A1.2 cells on the fourth day of reprogramming). Super-resolution confocal microscopy analysis of 
macroH2A1.1, macroH2A1.2, and PARP1 in HUVEC on the fourth day of reprogramming (B). Colocalization analysis of macroH2A1 isoforms and PARP1 
signals (C). Data are reported as colocalization area of the signals. ∗∗∗∗ (P ≤ .0001). Super resolution confocal microscopy analysis of macroH2A1.1, 
macroH2A1.2, and XRCC1 in HUVEC on the fourth day of reprogramming (D). Colocalization analysis of macroH2A1 isoforms and XRCC1 signals (E). 
Data are reported as colocalization area of the signals. ∗∗∗∗ (P ≤ .0001). All the data are presented as means ± SEM; n = 4.
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Figure 5. Venn diagram of DEGs when comparing HUVEC CTL, mH2A1.1, and macroH2A1.2 (A). CTL versus macroH2A1.1 comparison showed that 
1004 genes were differently affected. Compared to macroH2A1.2, macroH2A1.1 differently affected 1172 genes. Two hundred and forty-two genes 
were differently regulated in macroH2A1.2 versus CTL HUVEC. Only 2 genes showed a transcriptional overlap among the 3 conditions. For differential 
expression, a cut-off of 2-folds for FC and a P ≤ .05 were considered. Heatmap representing 44 genes participating to DDR according to IPA (B). 
The transcriptional profile of macroH2A1.1 showed an overall enhancement of the DDR compared to macroH2A1.2 and CTL. Representation of IPA 
networks wiring DEGs that participate to the DDR biological process in macroH2A1.1 (C) and macroH2A1.2 (D). Differentially expressed genes are 
here identified with different colors: light to dark red indicates increasing expression, while light to dark green indicates decreasing expression. Solid or 
dashed lines state direct or indirect relationships between genes, respectively.
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targeted bioinformatics analyses showed that macroH2A1.1, 
and to a less extent macroH2A1.2, modulated DDR and re-
programming gene expression during HUVEC reprogramming  
into iPSC.

Next, we performed an unbiased gene co-expression net-
work analysis, an approach that has proven effective at as-
signing putative functions to genes based on the functional 
annotation of their co-expressed partners.52 The network 
of control (Epi) cells wired 5831 genes with 16836 edges, 
measuring an average clustering coefficient of 0.322, net-
work completeness of 0.001, and 2208 clusters of genes. 
The macroH2A1.2-overexpression dependent network con-
tained 5851 genes linked with 17793 edges and character-
ized by an average clustering coefficient of 0.355, network 
completeness of 0.001, and 2154 clusters of genes. The 
macroH2A1.1-overexpression dependent network con-
tained 7183 genes linked with 23151 edges and character-
ized by an average clustering coefficient of 0.364, network 
completeness of 0.012, and 2615 clusters of genes. Hence, we 
found that both macroH2A1.1 and macroH2A1.2 networks 
were more connected than the control (Epi) network, with 
the former exhibiting the highest clustering coefficient and 
completeness scores. Both macroH2A1.1 and macroH2A1.2 
counted several genes involved in small-sized clusters (Fig. 
6A). MacroH2A1.1 overexpression led to a better-organized 
network grouped in one large cluster composed of 62 genes, 

which are likely involved in common biological functions 
(Fig. 6B). Of note, TMEM163 (FC = 2.98, P-value = .01), 
NTM (FC = 3.73, P-value = .0002), SCHIP1 (FC = 2.38, 
P-value = .0003), and KIT (FC = 3.52, P-value = .0004) were 
DEG significantly downregulated in macroH2A1.1 compared 
to control cells. These effectors are all involved in neuronal 
function and differentiation.53-56

MacroH2A1.1 Improves the Yield of HUVEC 
Reprogramming Into iPSC, But Not Their 
Differentiation Potential
Full reprogramming of cells can be established starting from 
12 days after the transfection with the reprogramming epi-
somes.50,57 In this context, AP overexpression is one of the 
main markers associated with stemness acquisition, since this 
protein is overexpressed in embryonic stem cells.58 We thus 
decided to probe the reprogramming efficiency of HUVEC 
overexpressing macroH2A1 splicing isoforms, performing 
AP staining 12 days after transfection. Results showed that 
macroH2A1.1, but not macroH2A1.2, overexpression in-
creased the number of iPSC colonies compared to CTL cells 
(P < .05; Fig. 7A,B), consistent with the increased proliferation 
demonstrated by Edu staining observed at the fourth day of 
reprogramming (Supplementary Fig. 3). iPSCs can be ideally 
differentiated into any cell type.12 We thus examined the 
ability of iPSCs, generated while overexpressing macroH2A1 
isoforms, to differentiate into mesoderm, endoderm, and ecto-
derm. The efficiency of differentiation was assessed through 
flow cytometry, measuring the expression of Brachyury, 
Sox17, and Otx2, differentiation markers for mesoderm, 
endoderm, and ectoderm, respectively. Cells were stained 
using a GFP-coupled secondary antibody. Differentiated cells 
were thus gated as GFP+ population (Supplementary Fig. 6). 
Results showed that overexpression of macroH2A1.1 or 
macroH2A1.2 did not affect iPSCs differentiation into meso-
derm and endoderm, while there was a preferential disadvan-
tage of macroH2A1.1- over macroH2A1.2-overexpressing 
cells to give rise to ectoderm (Fig. 7C). Taken together, our 
results showed that, compared to control and macroH2A1.2 
counterpart, macroH2A1.1 overexpression can increase the 
yield of iPSC colonies generated upon the reprogramming 
process, and to bias the latter toward an impaired neurogenic 
commitment.

Discussion
Since their discovery in 2006, iPSC potential to differentiate in 
any cell line represented a great promise for the development of 
personalized medicine and the production of engineered tis-
sues.59,60 However, since the first tests on nude mice, iPSC trig-
gered the formation of teratoma, discouraging their clinical 
application.60 One of the main factors linked to iPSC tumori-
genicity is the accumulation of genetic aberrations during the 
reprogramming process.60 The enhancement of DDR pathways 
may thus result in the production of fully safe iPSC for clinical 
applications. The modulation of a particular DNA repair 
pathway depends on several factors, including epigenetic alter-
ations like DNA methylation, post-translational histone modi-
fications, and the substitution of canonical histones with 
histone variants.10 The 2 exon splicing variants of histone 
variant macroH2A1, macroH2A1.1, and macroH2A1.2, differ 

Figure 6. Frequency plot of genes sorted by cluster sizes (A). 
macroH2A1.1 cluster of size 62 containing TMEM163, NTM, SCHIP1, 
and KIT (B). All genes colored in red are downregulated in macroH2A1.1 
compared with control cells (Epi).
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in a small region included in the C-terminal macrodomain, 
conferring to the 2 splicing isoforms peculiar features.11,61 
MacroH2A1.1 can bind ADP-ribose moieties, thus interacting 
with PAR polymers synthesized by PARP1, and with PARP1 
itself.21,43,62 MacroH2A1.2, on the other hand, accumulates at 
genomic fragile regions promoting HR, mainly interacting with 
BRCA1.20,63,64 We hypothesized that elucidating macroH2A1 
isoforms individual interactomes could represent a viable 
strategy to dissect their respective roles in distinct DDR. By 
performing LC-MS/MS analysis in human HepG2 cells 
overexpressing either macroH2A1.1 or macroH2A1.2 tagged 
with GFP,22 we were able to confirm the reported macroH2A1.1-
PARP1 interaction.21,62 Moreover, we uncovered for the first 
time that XRCC1 is a macroH2A1.1 exclusive interacting 
protein. When overexpressed as mCer3-tag proteins in U2OS-
GFP reporter cells, macroH2A1.1 enhanced NHEJ occurrence, 
while macroH2A1.2 inhibited this DDR pathway. Consistently, 
both PARP1 and XRCC1, exclusive binding partners of 
macroH2A1.1, are known to promote NHEJ.65,66 PARP1 is re-
cruited to DNA damages sites and catalyzes the synthesis of 
PAR polymers, serving as a scaffold for the recruitment of 
DNA repair effector proteins.66 Interestingly, PARP1 operates 
also in an NHEJ-backup pathway dependent on DNA ligase 
IIIα activity, competing with the canonical NHEJ pathway car-
ried out by the KU complex.65 This pathway, still poorly char-
acterized, relies on XRCC1 activity as well.66 In this work, we 
showed for the first time evidence that macroH2A1.1, poten-
tially as a consequence of its interaction with PARP1 and 
XRCC1, promotes the NHEJ pathway in vitro. Mirroring these 

data our in vivo and ex vivo analyses using macroH2A1.1 KO 
mice showed that these animals were more sensitive to irradi-
ation compared to their wild-type counterparts. Interestingly, 
both liver sections and MEFs obtained from mice displayed 
high levels of γH2A.x-positive foci, reflecting an increased 
amount of DNA DSB upon macroH2A1.1 loss. Also, it was 
shown that mice devoid of all macroH2A proteins 
(macroH2A1.1/macroH2A1.2/macroH2A2) exhibited im-
paired intestinal regeneration upon irradiation,67 suggesting a 
dominant effect for macroH2A1.1 in modulating systemic 
DDR pathways upon genotoxic insults, independent of the 
presence or  absence of other macroH2A proteins. DDR has a 
fundamental role in somatic cells undergoing reprogramming: 
 corroborating the interactome data obtained in HepG2 cells, 
 super-resolution confocal microscopy imaging confirmed  
macroH2A1.1 interaction with PARP1 and XRCC1 also in 
HUVEC undergoing reprogramming into iPSC. In addition to 
its role in DNA repair, PARP1 hyperactivation may trigger 
apoptosis as a consequence of increased DNA damage: in this 
context, macroH2A1.1 stabilizes PAR polymers, resulting in 
enhanced cell survival.62 These findings are consistent with our 
data on macroH2A1.1 overexpressing HUVEC displaying an 
increased number of EdU positive proliferating cells in the 
S-phase of the cell cycle.68 Both PARP1 and XRCC1 are im-
portant factors for DNA replication, during the ligation of 
Okazaki fragments.69 Unligated Okazaki fragments are nor-
mally detected as single-strand DNA breaks and resolved 
through DDR mechanism FEN1-dependent or through PARP1/
XRCC1-dependent mechanisms.69 Upon reprogramming into 

Figure 7. Representative images showing CTL, macroH2A1.1, and macroH2A1.2 AP+ induced pluripotent stem cells (iPSC) colonies (A). Quantification 
of AP+ iPSC colonies (B). Data are reported as relative number of colonies. ∗ (P ≤ .05 relative to CTL and macroH2A1.2). Results are representative of 4 
separate experiments and are normalized on reprogramming episomes. Histogram showing the differentiation ability of iPSC (C). Data are reported as 
relative amount of CTL cells. Results are representative of 3 separate experiments and are normalized on reprogramming episomes. All the results are 
reported as means ± SEM.
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iPSC, our transcriptomic data showed that while macroH2A1.2-
overexpressing and control HUVEC displayed a similar profile 
of DEG, macroH2A1.1-overexpressing HUVEC displayed a 
significantly larger number of DEG involved in DDR path-
ways. Accordingly, IPA analysis inclusive of the DEG showed 
that several families of genes involved in DNA repair were dif-
ferently regulated by macroH2A1.1, while only few pathways 
were affected by macroH2A1.2. Of note, for both macroH2A1 
splicing isoforms, the FC of DDR DEG with higher frequencies 
showed low-fold inductions. This might suggest that 
macroH2A1 isoforms contribute to a low-energy solution to 
regulatory responses.70,71 The macroH2A family, including 
macroH2A2, has been reported to behave as an epigenetic bar-
rier toward the acquisition of cell pluripotency.16 Our data 
show for the first time that macroH2A1.1 overexpression se-
lectively enhanced DEG related to pluripotency acquisition. 
On the other hand, macroH2A1.2-overexpressing and control 
HUVEC showed a comparable transcriptional profile. 
Accordingly, we speculate that macroH2A2 and macroH2A1.2, 
but not macroH2A1.1, could be the macroH2A family mem-
bers responsible for reprogramming inhibition. In agreement 
with the finding that macroH2A1.1 is an enhancer of DNA 
repair and cell reprogramming, we reported that the number of 
iPSC colonies increased upon macroH2A1.1, but not 
macroH2A1.2, overexpression. However, while macroH2A1.2 
does not seem to impact iPSC differentiation into the 3 major 
embryonic germ layers (endoderm, mesoderm, and ectoderm), 
which is consistent with previous reports,16 macroH2A1.1-
overexpressing reprogrammed iPSC have a decreased potential 
to generate the ectoderm. Interestingly, mRNA levels of 
H2AFY, coding for macroH2A1, are upregulated in tissues of 
patients affected by Huntington’s disease,72 and Huntington’s 
disease human embryonic stem cells present ectodermal anom-
alies during development.73 The alternative splicing event 
generating macroH2A1 variants is regulated by RNA helicases 
Ddx5 and Ddx7.71 Interestingly, siRNA-mediated depletion of 
both Ddx5 and Ddx7 improves the expression of macroH2A1.1, 
decreasing macroH2A1.2, in tumorigenic contexts.71 Notably, 
Ddx5 silencing in MEFs improves the efficiency of iPSC repro-
gramming.74 The family of mRNA binding proteins Quaking 
(QKIs), has also been reported as a macroH2A1 alternative 
splicing regulator.75 In particular, QKI5 has been recently linked 
to promote macroH2A1.1 expression impairing macroH2A1.2 
production.76 Interestingly, ectopic overexpression of QKI5 has 
been  recently reported to promote endothelial cells differenti-
ation from human iPSC mediating angiogenesis and 
neovascularization through Vascularization Endothelial 
Growth Factor Receptor 2 (VEGFR2) activation.77 Harnessing 
QKI5 activity could thus represent an alternative strategy to 
enhance macroH2A1.1 expression to improve iPSC produc-
tion and availability for clinical trials. Currently, the most 
promising clinical trials employing iPSC are ongoing for 
ophthalmologic purposes,78 for the treatment of acute graft 
versus host disease/GvHD,79 and for the treatment of 
Parkinson’s and heart diseases,80,81 and for other disorders.60 
However, undifferentiated cells retained in the final cell 
product, together with maintenance of reprogramming factors 
and genetic mutations still represent the main obstacle for iPSC 
application in regenerative medicine.60 In conclusion, we report 
for the first time that histone variant macroH2A1 splicing 
isoform macroH2A1.1, but not macroH2A1.2, interacts with 
PARP1 and XRCC1, promotes NHEJ and DDR pathways, 
increasing the efficiency of iPSC reprogramming. Our work 

might implement new strategies to improve DNA repair and 
reprogramming iPSC through harnessing macroH2A1 isoforms 
expression levels, which might open new preclinical research 
avenues for their practical applications.
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