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Abstract 

Embryonic stem cells (ESCs) are characterized by a rapid cell cycle, which leads to high DNA 

replication stress (RS) in otherwise unperturbed conditions. The mechanisms that ESCs 

adopt to cope with their endogenous RS, however, remain to this day elusive. In our recent 

work we demonstrated that the activation of the checkpoint kinase ATR in response to RS 

leads to a broad activation of 2-cells stage specific genes in mouse ESCs. This response relies 

on the up-regulation of Dux, a transcription factor encoded in a macrosatellite sequence 

repeated in tandem. Dux is repressed by variant Polycomb repressive complex 1 (vPRC1) in 

unperturbed ESCs, independently from PRC2 presence. 

Here we demonstrate that RS causes a major rearrangement of both PRC1 and PRC2 in ESCs 

nuclei, resulting in a major loss of both repressive marks in correspondence to target 

promoters. Surprisingly, Dux undergoes an increase in vPRC1 occupancy upon RS in an ATR-

dependent manner, possibly due to PRC1 involvement in the replication of highly repeated 

DNA sequences. More interestingly, Dux activation upon RS requires the presence of PRC2. 

This result is possibly due to PRC2 proved role in the processing of stalled replication forks, 

which are the main structure signaling RS. In agreement to this data, also the fork 

remodeling translocases HLTF and ZRANB3 displayed an effect in Dux activation following 

RS. 

Taken together, our results show that the up-regulation of 2-cells genes following RS not 

only requires ATR activation, but also downstream remodeling processes. 
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1 - Introduction 

1.1 – Early embryonic development 

All the complexity of pluricellular organisms originates from a single cell, the zygote. This 

cell, derived by the fusion of oocyte and sperm, has the potential to generate the entire 

organism, together with all extraembryonic tissues, a property known as totipotency (1,2). 

During embryonic development, cells generated from the zygote by subsequent rounds of 

duplication undergo a series of fate commitment steps, which restrict progressively their 

developmental potential, namely the ability to give rise to different tissues. Embryonic 

development differs among species, but here we will focus mostly on mouse (Mus 

musculus), which constitutes the most common model system for embryonic development 

among placental mammals, for reasons of simplicity and ethical constraints. After 

fertilization, the newly formed zygote undergoes many rounds of cell division, giving rise 

to an increasing number of daughter cells called blastomeres. The structure formed by the 

blastomeres during the first stages of development takes the name of morula (1,2).  

In the case of mouse development, the embryo, enveloped in a protective glycoproteic 

layer called zona pellucida, starts cavitating around 3 days post fertilization (or post coitum, 

named also stage E3) forming a liquid-filled space surrounded by cells (Fig. 1). Together 

with the formation of the cavity, named blastocoel, the blastomeres constituting the 

morula undergo the first step of lineage commitment, forming a compact lump of cells 

called the inner cell mass (ICM), and a cell layer, named trophectoderm (TE), which encloses 

both ICM and blastocoel (Fig. 1) (1,2). This new structure is now called blastocyst or 

blastula. The TE is divided in polar TE, which is in contact with the ICM, and mural TE, which 

instead surrounds the blastocoel. Inside the TE, the ICM undergoes a subsequent step of 

lineage commitment, forming an additional epithelial layer in contact with the internal 

cavity, that is named primitive endoderm (PrE). Enclosed between the PrE and the polar TE 



11 
 

develops the epiblast, a mass of cells that is the main responsible for the following 

development of embryonic tissues (Fig. 1) (1,2).  

Around the stage E4 – E4.5 the blastocyst hatches from the zona pellucida and starts the 

invasion of the maternal tissues. At this point the cells constituting the polar TE assume a 

columnar morphology while the mural TE proceeds in the actual invasion of the uterine 

tissue (3). At the same time, also the epiblast cells, surrounded by the PrE, are reshaped to 

a columnar conformation, and forms an internal cavity. The polar TE differentiates into 

extraembryonic ectoderm (ExE), which will contribute to the embryonic part of the 

placenta, while cells of the mural TE start to grow in size in order to form the invading 

trophoblast giant cells, which will constitute the main part of the placenta (3). The ExE 

invaginates, forming a second cavity, while the PrE grows to cover both epiblast and ExE. 

Finally, the cavities formed by ExE and epiblast fuse to form a single lumen around stage 

E6.5 – E7.5, resulting in a structure called egg cylinder (Fig. 1), surrounded by the PrE and 

connected to the maternal tissues by the invading trophoblasts (4). The egg cylinder, 

Figure 1 | Early embryonic development: Schematic depicting early embryonic development 

from Zygote formation to the appearance of the Egg cylinder. From left to right: the zygote 

undergoes the first cleavage step to become the 2-cells embryo. Following divisions form the 

morula which starts the first lineage commitment to create the cavitated blastocyst, composed 

by Inner cell mass (ICM) and trophectoderm (TE). In the blastocyst the TE differentiates in polar 

TE and mural TE, while the ICM divides in Primitive endoderm (PrE) and Epiblast. Finally, the 

blastocyst hatches from the zona pellucida and implants in the uterus. The mural TE forms the 

first placental tissues while polar TE becomes the Extraembryonic ectoderm (ExE). The Epiblast 

lumen fuses with the ExE lumen and the PrE generates the Visceral endoderm (VE). 
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connected to the uterus by the placenta, will then proceed to develop into the entire 

embryo. 

1.1.1 – Zygote genome activation and the 2-cells stage 

At the time of fertilization, both parental genomes are transcriptionally silent. All cellular 

functions indispensable for the survival of the newly formed zygote are carried on by 

transcripts and proteins accumulated in the oocyte during its maturation (5). The event 

that sets the start for zygotic transcription is known as zygotic genome activation (ZGA). In 

different animals the number of cell division cycles before ZGA can vary broadly. As an 

example, in humans transcription takes place for the first time between the 4 and 8-cells 

stage, while in mouse ZGA starts much earlier, when the embryo is constituted by only 2 

cells (2-cells or 2C stage) (5). ZGA is a fundamental step in the transition from oocyte to 

zygote, which leads a highly specialized cell to acquire a precise developmental program, 

responsible for the growth and development of the entire embryo. This process entails 

profound modifications of the chromatin landscape of both parental genomes. Over few 

division cycles, the maternal pronucleus loses most repressive histone marks, while the 

paternal pronucleus presents itself in an almost naïve configuration, due to the substitution 

of histones with protamines during sperm maturation (5). Similarly, DNA methylation is 

removed from the genome with the exception of few imprinted loci (5). This wave of 

demethylation together with loss of repressive chromatin marks leads to a reduction of 

parental heterochromatin (5). In mouse, ZGA takes place at a very early stage, with some 

transcription already detectable at the 1-cell stage (5). This early transcription is called 

minor ZGA and its biological significance is still debated, due to the low level of transcription 

and the apparent non-specificity of the transcripts produced in this phase. Among the 

features suggesting that transcription happening during this stage may be the result of non-

specific genome de-repression, there is the limited efficiency of splicing and 
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polyadenylation of the produced transcripts. However, some have hypothesized that poor 

splicing and impaired nonsense mediated decay may favor the expression of intronless 

genes, such as the double homeobox transcription factor Dux, considered to be the master 

regulator of ZGA (5). Most of ZGA takes place at the 2-cells stage and is called major ZGA 

or simply ZGA. Major ZGA involves more than 3000 genes, among which the 

aforementioned transcription factor Dux, its main target Zscan4 (Zinc finger and SCAN 

domain containing 4), and others, such as Tcstv1 and Tcstv3 (2-Cell-Stage, Variable group, 

member 1-3) (5,6). One of the peculiarities of major ZGA is the expression of endogenous 

retroelement called MERVL (Mouse Endogenous Retroviruses with Leucine tRNA primer). 

These elements constitute the remnants of ancient viruses integrated in the genome of all 

placental mammals, and are generally tightly repressed in differentiated cells. MERVL are 

generally incomplete and cannot produce functional viral particles, but in some cases they 

have been coopted by mammalian genes to be used as promoters (7). The complex 

regulation of ZGA and the mechanisms that it sets in motion are still for the most part 

unknown. It is important to remember though that around this stage the first transcripts 

of genes such as Pou5f1 (encoding the octamer binding transcription factor OCT4), Sox2 

(SRY-box 2) and Nanog appear (5). These genes will drive the next steps of development, 

setting in place the pathways that will originate the entire embryo. 

1.1.2 - The blastocyst 

After ZGA, the embryo undergoes several rounds of divisions forming the morula. At this 

stage the first lineage commitment takes place, separating the group of cells that will 

produce the extraembryonic tissues and the one that will develop into the embryo. This 

separation arises progressively through a series of cell divisions that segregate cell fate 

determinants asymmetrically (1). In the early morula, this results in the concomitant 

presence of cells expressing both TE determining genes (Cdx2 and Elf5) and ICM-specific 
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factors (Pou5f1, Nanog and Sox2) (1,2). Around the stage of 8-cells, the morula compacts, 

and single cells are not visible anymore. This process depends upon the expression of E-

cadherin (encoded by Cdh1) that forms adherens junctions (8). The formation of adherens 

junctions is fundamental for the following steps of development, since it allows the 

establishment of polarity required for the differentiation of the TE, and lays the ground for 

the formation of the blastocoel in the next stage (8). In the morula, the acquisition of the 

two cell fates (TE or ICM) is not complete yet, and cells are still believed to be totipotent 

(1,2). The progressive separation of the two lineages forms a structure characterized by a 

pluripotent ICM surrounded by a multipotent epithelial layer (TE). This structure is the 

blastocyst, which, thanks to the ability of the TE to pump liquids in a highly directional 

manner, will form the blastocoel (1,8). During the formation of the cavity, the ICM remains 

in contact with a portion of the TE, determining the future differentiation between polar 

and mural TE. Inside the cavity, the ICM undergoes another lineage commitment step, 

generating PrE and epiblast, which will then undergo a series of dramatic rearrangements 

that will lead to the conversion of the invading blastocyst in egg cylinder. 

1.1.3 - Inner cell mass, primitive endoderm and epiblast 

Around the stage of 32-cells the embryo starts to cavitate, assuming the characteristic 

structure of the blastocyst. At this point the ICM is visible as a lump of cells gathered against 

the internal side of the TE layer. The ICM is characterized by the expression of the 

pluripotency factors OCT4, NANOG and SOX2, which constitute the core of the ICM 

transcriptional network. Embryos lacking any of these factors are able to form the 

blastocyst, although after implantation stage they show complete absence of the epiblast 

(9,10). By stage E4.5 the ICM undergoes a second step of cell fate determination, which 

separates the so called epiblast, responsible for the formation of the embryo proper, and 

the PrE, which will originate a second layer of extraembryonic tissues (1). Even in this case, 
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the exact determinants of the transition are still uncertain. One hypothesis is that it may 

originate from an initial heterogeneity of the ICM. More specifically, some of the cells 

forming the ICM express factors which are required for the acquisition of PrE-identity 

through the up-regulation of GATA4 and GATA6 (GATA binding protein 4/6) and are, 

therefore, primed for differentiation into PrE. According to another hypothesis, the 

difference among cells of the PrE and the epiblast could arise through a series of 

asymmetrical divisions in a time-dependent fashion (1). PrE and epiblast become 

definitively separated around the stage of 64-cells, when the expression of NANOG and 

GATA6 become mutually exclusive. Both OCT4 and NANOG expression is restricted to the 

epiblast, while PrE cells lose the ability to maintain pluripotency and undergo 

differentiation, acquiring epithelial features (1). After embryo implantation, the PrE 

develops into visceral endoderm (VE) which will be responsible for the development of 

both extraembryonic tissues such as the yolk sac, and embryonic tissues, like the gut 

endoderm (1). On the other hand, around the time of implantation the epiblast organizes 

itself in a rosette-like structure. Cellular compartmentalization driven by actomyosin fibers 

and adherens junctions allow the epiblast to form a central lumen (8). This cavity then 

expands through a process of hollowing, resulting in the final fusion between the epiblast 

and the ExE lumens in a so called proamniotic cavity (1,8). The epiblast will give rise, during 

the following step of gastrulation, to the three main lineages of the embryo, namely 

ectoderm, mesoderm and endoderm (1,8). 

1.1.4 - Trophectoderm and early extra-embryonic tissues 

The differentiation of the TE is the first lineage commitment step in mammalian 

development and takes place between the 8 and 32-cells stages. The transcription factor 

CDX2 (caudal type homeobox 2) is the main determinant of TE development and is 

necessary for both TE genes expression and pluripotency genes suppression (1). Cdx2-null 
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embryos can develop normally only until early blastocyst, when eventually the blastocyst 

cavity collapses leading to embryonic death (1). The progressive accumulation of CDX2-

positive cells in the external part of the morula seems to be dependent on the portioning 

defective (Par) group of genes, a family of genes involved in many processes involved in cell 

polarity (1). Cell polarization increase CDX2 expression in external cells, which in turn 

furtherly promotes polarization (1). The resulting positive feed-back loop leads to the 

segregation of the highly polarized CDX2-positive cells in the external part of the embryo, 

while CDX2-negative cells accumulate in the innermost part. In addition, a mechanism 

dependent on the Hippo pathway and the transcription factor TEAD4 (TEA Domain 

transcription factor 4) allows cells to sense their surroundings and regulate Cdx2 expression 

in response to their position inside the embryo (1). The newly formed TE highly expresses 

E-cadherin, which leads to the formation of adherens junctions and then tight junctions (8). 

Tight junctions form a physical barrier impenetrable to fluids, thus isolating the internal 

part of the morula from the outside environment. Accumulation of positive ions at the 

basal side of TE cells then drives fluid import inside the blastocyst and leads to the 

formation of the blastocoel (2,8). Around stage E4 -E4.5 the blastocyst hatches, breaking 

the zona pellucida to start the process of implantation. Polar TE cells, close to the epiblast, 

undergo a drastic morphological change, reshaping in a columnar morphology and forming 

a multilayered epithelium which gives rise to the ExE (1,8). Since only the polar TE, but not 

the mural TE, undergoes this change, many have hypothesized a role for the epiblast in this 

transformation. In the last steps of implantation, the ExE forms a lumen that is then fused 

with the epiblast cavity to form the proamniotic cavity, while the mural TE, characterized 

by low CDX2 expression, progresses in the invasion of the uterine wall, giving rise to the 

first cells of the placenta. 
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1.2 - Embryonic Stem cells 

The first reports that the propagation of undifferentiated cells from mouse embryos was 

possible date back to 1970. Originally, intratesticular grafting of mouse embryos allowed 

researcher to observe that embryos could differentiate in a variegated and disorganized 

ensemble of tissues called teratomas (11). The observation that some of these tumors, 

named teratocarcinomas, could be transferred and propagated from mouse to mouse, 

highlighted the presence of an undifferentiated population of cells with the ability to 

survive for many generations a give rise to multiple lineages (12). In the early 1980s, it was 

finally possible to isolate this population of undifferentiated cells from mouse blastocysts 

and culture them in vitro (13). These cells proved able to grow for a much higher number 

of divisions with respect to normal primary cells if maintained in appropriate culture 

conditions. Subsequent studies demonstrated that these blastocyst-derived cells were able 

to complement the inability of tetraploid embryos to generate embryonic tissues, leading 

to the complete formation of a healthy mouse (14). For this ability to maintain their identity 

almost indefinitely and at the same time give rise to a wide range of cell lineages, these 

cells of embryonic origin are nowadays known as embryonic stem cells (ESCs). In the course 

of the 1990s further advances have been made and ESC lines have been driven also from 

human and other primates (15,16). However, in the following paragraphs we will focus 

mostly on mouse ESCs, which constitute the most commonly used and best studied type of 

ESCs. 

1.2.1 – ESC lines establishment and culture conditions 

Mouse ESCs are derived from the blastocyst-stage embryo and are generally considered a 

good in vitro approximation of the features that characterize the ICM, although differences 

exist between the two. It is in fact important to remember that, while ESCs can be 

propagated in vitro for a high number of passages, the ICM exists for a very short phase of 
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embryonic development. The process of ESCs derivation is surprisingly simple considering 

its importance for developmental research. Cavitating blastocysts are plated in tissue 

culture dishes where a feeder layer of mouse embryonic fibroblasts (MEFs) has been 

previously seeded (17). Blastocysts are kept growing on the feeder layer in common cell 

culture medium supplemented with serum and β-mercaptoethanol to maintain the correct 

reducing environment. After several days, the blastocysts hatch growing out of the zona 

pellucida and adhering to the feeder layer. The ICM outgrowths can then be harvested, 

disaggregated and re-seeded on a new feeder layer in order to grow single colonies of ESCs. 

The feature of ESCs to grow in compact colonies makes particularly easy to pick and isolate 

clonally pure lines, which can then be expanded for many generations. MEFs are critical for 

the maintenance of ESCs in an undifferentiated state through their ability to secrete LIF 

(Leukemia Inhibitory Factor), a cytokine that acts by binding the gp130 receptor and 

activates the STAT3 (Signal Transducer and Activator of Transcription 3) pathway (18,19). 

MEFs are instrumental to the survival of ESCs, however they are a source of technical issues 

during the performing of complex experiments. In fact, the presence of a contaminating 

cell line in co-culture with ESCs may affect the results obtained from techniques which rely 

on the extraction of material from bulk cultures. Many practical precautions can be taken 

to limit this problem, above all the use of mitomycin-C inactivated MEFs, which due to their 

inability to grow can be easily overcome in number by the fast-growing ESCs. As mentioned 

before, the trophic activity of MEFs on ESCs is mostly dependent on the secretion of LIF, as 

proven by the inability of Lif-/- MEFs to sustain the growth of ESCs (20). LIF is by itself able 

to sustain the ESCs ability to grow in an undifferentiated state and therefore can substitute 

MEFs feeders (21). However, in the last 20 years, several studies have highlighted the fact 

that multiple pathways concur to determine ESCs peculiar features. In particular, it has 

been demonstrated that ESCs are responsive to various members of the Wnt family (22). 
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Binding of Wnt to their Frizzled receptors leads to the inactivation of the GSK-3 kinase and 

the consequent accumulation of β-catenin inside the nucleus, where it can activate the 

transcription of target genes, among which Stat3 (22). Direct inhibition of GSK-3 through 

the administration of small chemicals, such as CHIR-98014 (CT), have demonstrated to 

improve the expression of pluripotency genes in ESCs cultures and prevent their 

differentiation through the up-regulation of the Wnt/β-catenin pathway (23). In addition, 

studies using a mutant gp130 receptor, which lacked the ability to activate the ERK/MAPK 

pathway without affecting ESCs ability to induce STAT3 expression, underlined a peculiar 

behavior of ESCs. In fact, while in more differentiated cells the MAPK activation leads to 

sustained growth, in ESCs the inhibition of ERK/MAPK through the administration of the 

chemical inhibitor PD098059 (PD) improves STAT3 expression and overall increases their 

growth rate (24). Thanks to these advances, nowadays the medium formulation comprising 

LIF and the CT and PD inhibitors (known as 2 inhibitors medium or 2i medium)(25) is largely 

favored with respect to the use of feeder layers and allows easier handling of ESCs in more 

complex experimental designs. 

1.2.2 – Self-renewal, pluripotency and embryonic contribution 

ESCs take the definition of stem cells thanks to their ability to both generate identical copies 

of themselves and differentiate in a wide variety of lineages. The symmetrical generation 

of two undifferentiated daughter cells from an original stem cell takes the name of self-

renewal. ESCs are peculiar in their ability to self-renew indefinitely, which makes them an 

excellent instrument for developing engineered models for genetical studies. As 

aforementioned, ESCs self-renewal relies on the signal provided by the LIF/gp130 and 

Wnt/β-catenin pathways, which act through Stat3 to maintain ESCs undifferentiated 

nature. In addition to these extrinsic signals, also intrinsic determinants of self-renewal 

have been identified. Above all, there is the transcription factor OCT4, encoded by the gene 
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Pou5f1. As reported earlier, OCT4 is expressed in the ICM of mouse blastocysts while it is 

suppressed in the TE. Pou5f1-/- mice show defective epiblast formation and do not reach 

term, while in vitro culture of Pou5f1-/- blastocysts fails to produce ESCs and generates 

instead only cells with TE features (9). Genetic models able to conditionally shut down OCT4 

expression have shown that in its absence cells tend to differentiate towards the TE lineage 

(26). At the same time, ectopic expression of OCT4 cannot suppress the differentiation due 

to LIF withdrawal (26), indicating that this transcription factor is necessary but not sufficient 

to maintain ESCs identity. Another determinant of ESCs self-renewal ability is the 

transcription factor SOX2, known to play a role in the transcription of many OCT4 targets 

(27). Embryos lacking SOX2 expression are able to implant, but by stage E6 they display 

complete loss of OCT4 in the epiblast (28). At the same time, Sox2-/- ICMs fail to generate 

ESCs when cultured in vitro, although in this case, together with TE cells, also epithelial cells 

with PrE features can be detected (28). The last among the key intrinsic determinants of 

ESCs identity is the transcription factor NANOG. As mentioned before, during embryonic 

development, NANOG expression appears later than OCT4 and it is restricted from morula 

to implantation (1,10,29). Different studies indicate that ectopic expression of NANOG is 

able to provide LIF-independent self-renewal, allowing ESCs to maintain their 

undifferentiated state in the presence of an antagonist of LIF receptor (29). Interestingly, 

in agreement to its LIF-independent action, NANOG does not regulate Stat3 expression, 

nor it is regulated by LIF, proving the existence of parallel and independent pathways 

governing ESCs self-renewal ability (29). Finally, NANOG ectopic expression cannot 

suppress the TE differentiation induced by Pou5f1 repression, indicating that this 

transcription factor requires OCT4 to exert its function (29). Together, OCT4, NANOG and 

SOX2 constitute the core of the so-called pluripotency transcriptional network, which 
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grants the maintenance of ESCs undifferentiated nature, in coordination with extrinsic cues 

such as LIF and serum. 

As mentioned before, ESCs can be induced to differentiate upon removal of LIF from the 

culture medium. In these conditions, ESCs generate an heterogeneous mixture of cell types 

from all the three germ layers, namely ectoderm, mesoderm and endoderm (17,30). This 

property is known as pluripotency, since it entails the ability to produce all somatic cell 

types but not the extraembryonic tissues. Pluripotency is not to be confused with 

totipotency, that is instead the ability to give rise to all embryonic and extraembryonic 

tissues and is generally referred to cells that precede the ICM-TE separation. The process 

of differentiation requires a progressive loss in the expression of pluripotency factors, 

together with the activation of lineage specific factors. As a consequence of ESCs 

pluripotency, the injection of ESCs into mouse embryos results in their contribution to all 

embryonic compartments, resulting in the generation of chimeric mice (31). Moreover, 

ESCs are able to complement the inability of tetraploid embryos to generate embryonic 

tissues and produce viable offspring (14). This feature makes ESCs able to produce 

hypothetically any kind of adult tissue even in vitro, provided that the right differentiation 

protocol is developed. Collectively, the ability to self-renew indefinitely, together with the 

capacity to generate virtually any tissue of the body, makes ESCs an incredibly powerful 

model for the study of many biological processes well beyond their role as a model for 

developmental biology.  

1.3 - 2C-like cells and expanded developmental potential 

ESCs growing in serum/LIF conditions show a certain level of heterogeneity, due most likely 

to the extreme plasticity of this cell type (32). Interestingly, an early work from Falco and 

collaborators identified in ESCs colonies a small group of cells expressing Zscan4, using in 

situ RNA hybridization (33). As mentioned above, Zscan4 is one of the genes expressed 
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during major ZGA at the 2-cells stage of mouse embryonic development, and it was one of 

the first 2C specific markers to be identified (33). Further work form Macfarlan and 

colleagues, using a fusion cassette comprising the 5’-LTR portion of a MERVL endogenous 

retrovirus and the fluorescent protein tdTomato, demonstrated the presence of a MERVL 

positive population in both ESCs and IPSCs (34). Following studies proved that both Zscan4 

and MERVL are expressed by the same sub-population of ESCs, and that these cells express 

other transcripts specific for the 2-cells stage. These cells were therefore named 2C-like 

cells (35). To this day, Zscan4 and MERVL elements are the most widely used markers for 

2C-like cells studies. The use of engineered systems comprising the Zscan4 promoter or 

MERVL 5’-LTR portion fused with fluorescent proteins have allowed researchers to better 

characterize the features of these cells and the reason why they are present into ESCs 

cultures. In each ESC culture it is possible to find around 1-5% of cells expressing 2-cells 

stage markers (34,35). Interestingly, 2C-like cells are not a stable population, but each ESCs 

enters and exits this state cyclically (33,36). Studies taking advantage of the β-galactosidase 

marker proved that over the course of several cell cycles every ESC enters this state at least 

once, and that homogeneous ESC or 2C-like cultures are able to reconvert one into the 

other over the time, returning to the original proportion between ESCs and 2C-like cells 

(36). For their transient nature, 2C-like cells are sometimes also referred to as ESCs in a 2C-

like state, underlying the ability of the two populations to interconvert one into the other. 

Interestingly, recent works using single cells transcriptomics have suggested the presence 

of an intermediate step during the passage from ESCs to 2C-like cells which does not 

coincide with the opposite passage from 2C-like cells back to ESCs (37,38). During ESC to 

2C-like transition Zscan4 expression seems to precede MERVL activation, indicating a 

precise hierarchy in 2C genes activation (37,38). The opposite passage, instead, appears to 

be mostly driven by a rapid degradation of Dux transcript, which is proposed to be the first 
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step in the down-regulation of 2C-specific genes (38). While a clear mechanism describing 

the interconversion of ESCs into 2C-like cells and vice versa is still missing, 2C-like cells have 

already shown interesting features. The cyclic transition through the 2C state has in fact 

been linked to an improvement of the genomic integrity of ESCs, mostly due to increased 

telomeres length in response to Zscan4, Tcstv1 and Tcstv3 expression (36,39,40). More 

importantly, 2C-like cells have demonstrated expanded developmental potential 

(34,41,42). Namely, while ESCs can contribute only to embryonic tissues when injected into 

morula stage embryos, injected 2C-like cells can develop in both embryonic and 

extraembryonic tissues. This feature has been proposed to depend on the more 

undifferentiated nature of 2C-like cells in comparison to ESCs, which approximates the 

nature of the blastomeres at the 2-cells stage. Thanks to this feature, 2C-like cells have 

been proposed to be totipotent (43). In this case, a single 2C-like cell should in theory be 

able to give rise to an entire organism. However, since the nature and the fine biology of 

these cells is still mostly obscure, we prefer to consider 2C-like cells to have an expanded 

developmental potential, limiting the use of the adjective totipotent for the zygote. 

1.3.1 – 2-cells stage markers 

Among 2-cells stage genes, Zscan4 is one of the most studied. Its expression is limited to 

the 2-cells stage of mouse development, spermatogenesis and oogenesis (33). In ESCs 

cultures its expression is used as one of the main markers of 2C-like cells. Interestingly, 

transient bursts of Zscan4 expression in ESCs have been linked to a general de-repression 

of heterochromatin, resembling the lose chromatin configuration of 2-cells embryos 

(35,44). At the same time, ZSCAN4 has been proposed to act at the site of shortened 

telomeres to favor their lengthening through sister chromatid exchange (36). In agreement 

with this hypothesis, ZSCAN4 has been shown to prevent DNA damage checkpoint 

activation at telomeres upon loss of the shelterin component TRF2 (Telomeric Repeat 
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Binding Factor 2) in ESCs (45). Recent studies have also suggested a more general role for 

ZSCAN4 in protecting DNA integrity by binding to microsatellite repeats, and stabilizing 

their interaction with nucleosomes (46). Other reports have instead proposed a role in 

transcriptional regulation for ZSCAN4, due to its ability to interact with various 

transcriptional regulators, such as TET2 (Tet Methylcytosine Dioxygenase 2), LSD1 (Lysine 

Demethylase 1A) and CtBP2 (C-Terminal Binding Protein 2) (47,48). Notwithstanding the 

uncertainty surrounding ZSCAN4 activity, its expression has proven to improve ESCs 

genomic stability and increase telomere length (36,39) and, at the same time, its transient 

expression during cell reprogramming seems to improve the quality of the IPSCs (Induced 

Pluripotent Stem Cells) obtained (49). Therefore, in addition to its role as a bona fide 

marker for 2-cells stage embryos and 2C-like cells, this gene appears to be of potential high 

interest for the study of genomic stability during the early stages of embryonic 

development. 

MERVL retroelements are other peculiar markers of the 2-cells stage, useful to identify 2C-

like cells. Approximately 40% of mouse and human genomes are constituted by 

interspersed repetitive elements, many of which are related to transposable elements. 

MERVL constitute a subclass of retrotransposons, segments of DNA able to copy and 

transfer themselves into other regions of the genome using an RNA intermediate. These 

sequences have been proposed to be remnants of ancient retroviral infections, due to their 

similarity with the basic structure of a retrovirus. MERVL are indeed constituted by a LTR 

(long terminal repeat) sequence, followed by the retroviral polygene Gag (50). In some 

cases, MERVL LTRs sequences have been coopted by endogenous genes, and are used as 

promoters for the expression of ZGA genes, generating chimeric transcripts (7). Both 

ZSCAN4 and DUX have been proposed to activate MERVL transcription in mouse by direct 

or indirect binding of its sequence (51,52). During ZGA, MERVL-driven gene expression is 
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considered the main regulator of zygotic transcription and their activation in ESCs is 

considered sufficient to acquire a 2C-like phenotype (34,35). 

In addition to Zscan4 and MERVL, many other genes are expressed in 2-cell stage embryos 

and 2C-like cells. A large part of these genes is poorly studied and their role in ZGA remains 

cryptic. Among the best known are the Tcstv1 and Tcstv3 genes (6). Ectopic expression of 

both these genes in ESCs increases telomeres length through sister chromatid exchange, 

similarly to what observed in the case of Zscan4 (40). Differently from Zscan4 expression 

though, their expression does not seem to induce transition to 2C-like cells, suggesting a 

specific role in telomeres metabolism for the products of these genes (40). Other genes 

associated to both the 2-cells stage and 2C-like cells are the ones from the Eif1a-like family, 

such as Gm5662, Gm2022, Gm4027, Gm2016 and Gm8300 (53). These proteins have been 

proposed to cause a general suppression of protein synthesis in 2C-like cells in a dominant-

negative fashion, although the precise biological significance of this function remains 

unknown to this time (53). Finally, one of the most relevant markers of both the 2-cells 

stage and 2C-like cells is the transcription factor Dux, that will be better described in the 

following paragraph. 

1.3.2 - The Dux gene family 

Among all the genes defining the 2-cells stage of development, Dux (Double Homeobox) is 

probably the most peculiar one. In fact, this gene is inserted in a macrosatellite sequence, 

which is highly repeated in a head-to-tail orientation and organized in tandem. The original 

interest for this family of genes arose from the evident link between the human member 

of the family, namely DUX4, and a degenerative disease known as facioscapulohumeral 

muscular dystrophy (FSHD), which causes progressive loss of muscle tissue in the upper 

body (54). While in healthy individuals the macrosatellite array D4Z4 that contains the 

copies of DUX4 is constituted of 11-150 repeats, in FSHD patients this number drops to less 
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than 11 (54). Similar to other repeated sequences, D4Z4 is highly repressed, and in mature 

tissues is part of constitutive heterochromatin. Massive loss of repeats leads to the de-

repression of the D4Z4 locus and the surrounding genes (54). At first, the role of DUX4 

repeats in FSHD etiology was thought to be only due to its proximity to other genes de-

repressed by D4Z4 contraction. In an early study, Ding and colleagues identified a region of 

D4Z4 among the targets of the protein HLTF (Helicase-like Transcription Factor) (55). 

Further analysis revealed the presence of a coding sequence containing two homeoboxes 

and a putative promoter. Following studies identified DUX4 expression in both FSHD 

myoblast, where it was linked to an undifferentiated apoptotic phenotype, and testis (56). 

Interestingly, ectopic expression of DUX4 in healthy human primary myoblast is sufficient 

to activate the expression of a wide range of germline genes, together with endogenous 

LTR retroelements (57). Phylogenetic analyses uncovered a large family of DUX4-like genes 

in many placental mammals (58). Comparison among the members of the family 

highlighted the presence of both an intronless group of members, such as DUX4 in human 

and its paralog Dux in rodents, and a more distant group of homologs containing an intron, 

that took the name of DUXA and DUXB in human and Duxbl in mouse (58). Although DUX4 

and Dux share high homology, they display no synteny homology in the surrounding regions 

of, respectively, human chromosome 4 and mouse chromosome 10 (58,59). Therefore, it 

has been proposed that these two genes are the result of two different events of 

retrotransposition from an intron-containing member of the Dux family (58). The two genes 

must then have undergone a similar but independent process of expansion, possibly 

mediated by recombination events. Recent works from different labs have deepened our 

understanding of the role of human DUX4 and mouse Dux during the first stages of 

development (51,60). Whole transcriptome studies on human oocytes and early embryos 

up to the blastocyst stage identified DUX4 as a main determinant of ZGA-associated 
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transcriptome (51). Similarly, murine Dux expression is strictly limited to the 2-cells stage 

during development (51,60,61). Ectopic expression of both DUX4 and Dux in human IPSCs 

and mouse ESCs, respectively, leads to up-regulation of many ZGA genes and induction of 

retroelements expression (51,60). In addition, overexpression of Dux proved to be 

sufficient to convert mouse ESCs into 2C-like cells, while siRNA-mediated knock-down of 

the gene greatly impairs the generation of 2C-like cells (51). Importantly, CRISPR-Cas9-

mediated knock-out of Dux in mouse zygotes causes arrest of the developing embryo at 

very early stages, mainly around the time of first division, suggesting that this gene is 

necessary for a successful the ZGA (51). However, it has been reported that Dux knock-out 

mice are able to develop normally and reach term, although at sub-Mendelian ratios (62), 

highlighting the fact that very little is actually known about Dux role and regulation in early 

development, and more investigation is required to crack its mysteries. 

1.3.3 – Factors involved in 2C-like cells regulation 

Over the years, evidence about factors involved in the ESC to 2C-like transition has 

accumulated, but a comprehensive understanding of the mechanism controlling this 

passage is still missing. Chromatin remodelers, such as the histone demethylase KDM1a 

(Lysine-specific histone demethylase 1A), the transcriptional repressor TRIM28 

(Transcription intermediary factor 1-beta) and the histone methylase SETDB1 (SET domain 

bifurcated 1) have been proposed to suppress the passage from ESCs to 2C-like cells 

(34,63). At the same time, loss of the p150 or p60 subunit of the histone remodeler CAF-1 

(Chromatin Assembly Factor 1) leads to massive up-regulation of Zscan4, MERVL and other 

2-cells stage markers (64). All these proofs support the concept that a more open 

chromatin conformation could favor 2C-like cells appearance. At the same time, Zscan4-

expressing cells have been shown to possess a more open chromatin conformation, 

together with a broad de-repression of heterochromatin (35,44), suggesting a complex 
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relationship between the expression of 2-cells stage genes and chromatin status. In 

addition, the miRNA mir-34a has been shown to impair the formation of 2C-like cells, 

possibly through Gata2 (GATA binding protein 2) repression, although a clear 

understanding of its mechanism of action would require further study (41). A recent work 

has also delineated a role for splicing factors in favoring the appearance of 2C-like cells 

among ESCs (37), possibly due to a post-transcriptional effect on the mRNA of 2C-specific 

genes. As already mentioned, Dux overexpression is able alone to markedly increase the 

number of 2C-like cells in culture by directly activating 2-cells stage genes and 

retroelements (51). Recent studies, looking for upstream regulators of Dux, have identified 

the maternal factor NELFA (Negative Elongation Factor complex member A) and the 

proteins DPPA2 and DPPA4 (Developmental Pluripotency Associated 2/4) as activators of 

this gene (65–67). Interestingly, Dppa2/4 double knock-out completely suppresses the 

presence of 2C-like cells in culture. This effect is thought to depend only on the lack of Dux 

expression, since both DPPA2 and DPPA4 do not appear able to bind any other among the 

2-cells stage genes or retroelements (66,67). On the contrary, a complex formed by the 

nucleolar protein nucleolin (NCL) with the RNA produced from LINE-1 (Long Interspersed 

Nuclear Elements 1) retrotransposons has been proposed to act in concert with TRIM28 to 

repress Dux expression in ESCs and impair 2C-like cells formation (68). At the same time, 

Polycomb proteins, and in particular the vPRC1.6 complex, have been shown to repress Dux 

expression in ESCs, and through this action to suppress the expression of 2-cells stage genes 

(37,69). Polycomb repressive action on 2C-genes seems to require the activity of the E3 

SUMO-conjugating enzyme UBC9 (Ubiquitin Carrier protein 9). Direct deposition of SUMO 

on Polycomb proteins seems in fact to be required for the stability of vPRC1.6 on Dux 

promoter (69). It is important to notice though, that in the same study, SUMOylation has 

been shown to act as a general suppression mechanism both during MEFs reprogramming 
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and trans-differentiation processes (69). It is also worth mentioning that UBC9 is involved 

in a broad range of processes, among which cell cycle, DNA replication and DNA damage 

response (70,71). It is then reasonable to look at UBC9 role in Dux regulation with caution, 

since its ablation may lead to a wide range of phenotypes. Finally, although not directly 

linked to 2C-like cells regulation, the NuRD (Nucleosome Remodeling acetylase) complex 

has been demonstrated to occupy the human DUX4 locus in human FSHD myoblasts, and 

ablation of its components (such as CHD4 or HDAC1/2) proved sufficient to cause de-

repression of DUX4 in both FSHD myoblasts and human IPSCs (72). 

1.4 – DNA replication in eukaryotes 

At every cell division the entire genome must be duplicated faithfully in order to be equally 

divided between the two daughter cells. Errors, lack of replication or over-replication 

involving even a small fraction of the genome can have dire consequences, ranging from 

the death of single cells to the acquisition of dangerous mutations that can put at risk the 

entire organism. Faithfull replication is particularly important in the case of fast replicating 

cells, such as ESCs. In the following paragraphs, a general review of the process of DNA 

replication will be given, with particular focus on the problems that can arise during the 

process and the mechanisms enacted to ensure replication completion. 

1.4.1 – Origins licensing and firing 

Eukaryotes, and in particular metazoans, possess very large genomes. In order to replicate 

such a vast amount of DNA in a timespan compatible with the normal cell cycle, eukaryotic 

cells start DNA replication from multiple replication origins at the same moment. No 

consensus sequences have been identified among metazoans replication origins, although 

in some studies it was hypothesized they might be enriched in both CpG islands and AT-

rich sequences (73,74). Not all replication origins are activated (fired) at each cycle. More 

precisely, only a small group of constitutive origins starts replication at each cycle, while 
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most origins fire in a stochastic manner. In addition, a group of dormant origins is fired only 

in specific cell types or under certain conditions (75). The division between 

constitutive/stochastic and dormant origins allows eukaryotic cells to regulate the speed 

of DNA replication by simply changing the number of origins that can be fired at any 

moment (75). Moreover, data from budding yeast demonstrate that origins are not all fired 

at once, but their activation is spread throughout the S-phase (76). Origin firing must be 

tightly controlled in order to ensure complete replication of the genome and, at the same 

time, to avoid events of re-replication during the same cycle. This control is based on a 

system of licensing through which only chosen origins can be fired. Origin licensing can take 

place form late M to the G1-phase of cell cycle and starts with the binding of the ORC (Origin 

Recognition Complex) to the DNA (77,78). As shown in figure 2, ORC binding is followed by 

the recruitment of CDC6 (Cell Division Cycle 6) and CDT1 (Chromatin Licensing and DNA 

Replication Factor 1) which cooperate with ORC to load onto the DNA the hetero-

hexameric MCM2-7 (Minichromosome Maintenance) complex (75,78).  

Loading of MCM2-7 completes the formation of the pre-replicative complex and it is 

necessary for the following firing of the origins. The MCM2-7 complex is actually loaded on 

the origin as a double hexamer, as the two helicase-cores will then move in opposite 

direction, according to the bi-directional replication model. At the onset of S-phase, CDK-

Figure 2 | Scheme of origin licensing and firing in eukaryotes: The ORC complex recruits CDC6 

and CDT1 on the site of the origin, recruiting the MCM complex. At the beginning of S-phase, 

DDK and CDKs activities lead to the loading of CDC45 and the GINS complex, completing the 

replicative helicase. Finally, The MCM-CDC45-GINS complex starts to unwind the DNA, opening 

the replication bubble, while the degradation of CDC6 and CDT1 prevents further licensing of 

replication origins during S-phase. 
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dependent phosphorylation and ubiquitination by the SCF/SKP2 (Skp, Cullin, F-box 

containing/S-Phase Kinase Associated Protein 2) complex lead to CDT1 degradation, 

preventing further origin licensing during S-phase (79,80). In addition, in metazoans, the 

protein Geminin inhibits CDT1 during S and M-phases, providing an additional mechanism 

to avoid re-replication (81). Origin firing is regulated by many factors and it is still partly 

obscure. CDK activity in cooperation with DDK (Dbf4-Dependent Kinase) promotes the 

loading of CDC45 (Cell Division Cycle 45) on the pre-replicative complex, initiating origin 

firing (Fig. 2) (82). CDC45 is critical for the recruitment of many replication proteins, such 

as polymerase α, polymerase ε and the processivity factor PCNA (Proliferating Cell Nuclear 

Antigen) (83). Together with CDC45, also the GINS (go-ichi-ni-san) complex is loaded onto 

the origin, completing the formation of the replicative helicase (84). The CDC45-MCM-GINS 

(CMG) complex represents the actual replicative DNA helicase: this now starts to unwind 

the DNA (Fig. 2), expanding the replication bubble in both directions. 

1.4.2 – Replication fork progression 

At each fired origin, two replication forks are established, which progress symmetrically in 

opposite directions (75). A massive protein complex, named replisome, is associated to 

each fork. Among the proteins of the replisome are the ones composing the 

aforementioned CMG complex. DNA replication is ensured by various DNA polymerases, 

mainly polymerase ε and δ, associated with ancillary factors, such as the processivity factor 

PCNA and the replication factor C (RFC) (85). Due to their biochemical features, these two 

DNA polymerases can only elongate existing DNA filaments. For this reason, DNA synthesis 

is always started by the polymerase α/primase complex, which synthesizes a short RNA 

primer followed by a short DNA tract. The RNA primer will be then removed from the newly 

replicated DNA (75). Associated to the replisomes can also be found checkpoint proteins, 
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such as ATR (Ataxia telangiectasia and Rad3 related) and ATRIP (ATR Interacting Protein) 

which will be discussed in more detail in the following paragraph.  

Since DNA biochemistry dictates that new deoxynucleotides can be added only at the 3’ 

extremity of a polynucleotide chain, replication must always proceed in a 5’ to 3’ direction. 

Since in the double helix the two filaments run antiparallel, the direction of fork progression 

is however 5’ to 3’ for one parental strand and 3’ to 5’ for the other strand. For this reason 

DNA replication can progress continuously only on one filament, named leading strand, 

while the other, called lagging strand, requires constant re-priming (86). In eukaryotes, the 

fragments (known as Okazaki fragments) formed on the lagging strand by continuous 

priming by polymerase α/primase, and elongated by Polymerase δ, are usually around 

200bp in length, following nucleosomes periodicity, and are spliced in a complex process 

of maturation (87). 

Replication fork progression requires continuous unwinding of the DNA double helix, 

causing the accumulation of topological stress ahead of the fork (88). Due to their length 

and disposition, eukaryotic chromosomes cannot simply disperse this tension by the 

swiveling of their extremities. Torsional stress poses a physical impairment to further 

unwinding of the double helix and, therefore, its resolution is of paramount importance for 

the progression of DNA replication. This task is fulfilled by a specific class of enzymes known 

as DNA Topoisomerases. Topoisomerases of type I (such as TOP1) catalyze the transient 

formation of single strand nick allowing the DNA molecule to rotate on its longitudinal axis 

(88). Type II topoisomerases (like TOP2a and TOP2b) generate, instead, a transient double 

strand break (DSB) in the DNA molecule and pass an intact DNA helix through the gap (88). 

Topoisomerases are generally not considered to be part of the replisome, but their activity 

is fundamental for the progression of replication forks, and their inhibition results in fork 

arrest and DNA breakage (88).  
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Replication bubbles expand along the genome until the entire parental strand is unwound 

and replicated. The convergence of two opposite forks generates topological tension that 

is resolved by topoisomerases. Replication is completed by gap filling on the lagging strand 

and nick ligation. At the end of S-phase the MCM2-7 complex is polyubiquitinated and 

unloaded from the chromatin (89). Unloading of PCNA is independent of MCM2-7 

ubiquitination and requires instead the ELG1 ATPase (90). Successful unloading of the 

replisome completes the replication process, leaving two identical sister chromatids ready 

to be separated during M-phase. 

1.4.3 – DNA Replication stress and its sources 

Replicating the entire genome is a tremendous enterprise which entails massive processing 

of the chromatin. DNA replication itself imposes mechanical stresses on the double helix, 

and the rapid progression of the massive replication machinery must cope with the 

presence of many other DNA interacting proteins inside the nucleus. Their presence makes 

the genome particularly vulnerable to both internal and external sources of stress, which 

may interfere with replication and cause great damage to the stability of the genome.  

To this day, no clear definitions of DNA replication stress (RS) exist, but this phenomenon 

is generally described as any event causing the slowing or the stalling of replication forks. 

This broad definition is a consequence of the fact that the potential sources of RS are many 

and very different in nature. Lesions to the DNA either occurring in physiological conditions 

or caused by external agents can impair the proceeding of the replication fork. Other 

physiological sources of RS are the presence of DNA-binding proteins, transcriptional units 

or even unusual DNA structures (91). In particular, the process of transcription can impair 

DNA replication both due to the direct collision between the replisome and the 

transcriptional machinery, or through the formation of highly stable DNA-RNA duplexes 

known as R-loops (88,92,93). Highly repeated sequences such as dinucleotide, 
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trinucleotide, inverted, mirror and direct tandem repeats are also intrinsically prone to 

trigger RS (91,94). These and other loci are often referred to as fragile sites, due to their 

tendency to show gap or breaks formation upon partial inhibition of DNA synthesis (94,95). 

Similarly, highly heterochromatic regions are highly enriched in RS markers in unperturbed 

S-phase, suggesting that there may be a conflict between chromatin status and DNA 

replication (96). 

Aberrantly high levels of RS may be caused also by mutations affecting components of the 

replication machinery or their regulators (97). Furthermore, also mutations that do not 

directly involve components of the replication machinery can be a source of RS. A clear 

example is the activation of oncogenes, such as K-RAS (Kirsten Rat Sarcoma), c-MYC 

(Myelocytomatosis oncogene) or CCNE1 (Cyclin E) which has been linked to increased RS, 

probably due to dysregulated cell duplication or increased replication-transcription 

conflicts (98). Finally, many external sources of RS have been identified over the years, and 

their use in laboratories has allowed further understanding of the RS response. For example 

UV radiation causes RS by generating thymine dimers that physically impair the progression 

of the forks (99). Instead, Hydroxyurea (HU) acts by depleting the cellular pool of 

deoxynucleoside-triphosphates (dNTPs) (100). The chemotherapeutic cisplatin forms inter-

strand covalent cross-links, physically impairing the separation of the two strands at the 

fork (101) while camptothecin and etoposide, inhibit type I and type II topoisomerases 

respectively, preventing the relaxation of topological stress (102,103). Finally, aphidicolin 

directly inhibits the activity of the replicative DNA polymerases, generating long stretches 

of unreplicated ssDNA downstream to the proceeding replication helicases (104). 

RS caused by any of these internal or external factors can prove extremely detrimental for 

the survival of the cell. To counter this risk the cell puts in place a refined system to grant 

the stability of replication forks in the face of stressful events. 
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1.4.4 – ATR checkpoint activation 

During DNA replication the ssDNA formed by the unwinding of the double helix is coated 

by the RPA (Replication protein A) complex, which prevents the formation of secondary 

structures and protects ssDNA from degradation (105,106). When replication is impaired, 

long stretches of RPA coated ssDNA constitute the recruiting platform for the ATR-ATRIP 

complex at the site of stalled replication forks (105). ATR is the master regulator of the RS 

response pathway (also referred as checkpoint) and is involved in tackling a broad range of 

DNA damage and replication problems. ATR activity is essential for correct replication, and 

complete deletion of the gene have proven to be embryonic lethal in mouse models (107). 

ATR is primed for activation by the association with its regulatory partner ATRIP, which 

mediates its recruitment to RPA-coated ssDNA (105,108). Upon binding, ATR activates itself 

by auto-phosphorylating the residue T1989, critical for the recruitment of the regulatory 

protein TopBP1 (DNA topoisomerase II binding protein 1) (105,109). TopBP1 increases ATR 

kinase activity, leading to a feed-forward effect that results in the phosphorylation in trans 

of many ATR molecules. In addition, it has been recently shown that another protein, 

ETAA1 (Ewing tumor-associated antigen 1), can be recruited at sites of stalled replication 

forks in a RPA-dependent manner, to activate ATR in a similar fashion to TopBP1 but 

independently from it (110). ATR activation is then completed by its interaction with the 9-

1-1 complex, a clamp-like structure similar to PCNA, that is loaded at the site of the fork by 

the RFC complex (105). Activated ATR can phosphorylate a wide range of effectors, among 

which the H2AX isoform of histone H2A. The phosphorylated form of this histone on 

residue S139 is commonly referred as γH2AX and is considered one of the main markers of 

RS, although its presence can be detected also at sites of DNA DSBs (111). Phosphorylation 

of RPA by ATR is required for efficient fork restart, while phosphorylation of other 

mediators, such as CDC17 (dell division cycle 17), BRCA1 (breast cancer 1, early onset) and 
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Claspin is involved in the cascade that leads to the activation of ATR main effector: CHK1 

(checkpoint kinase 1) (105). CHK1 is activated by phosphorylation by ATR on residues S317 

an S345. Activated CHK1 then phosphorylates additional effectors, among which CDC25 

(cell division cycle 25) and Treslin, resulting in late origins inhibition and ultimately in G2 

arrest (112,113). Therefore, CHK1 activation allows to slow down DNA replication, giving 

the cell more time to recover stalled forks and overcome RS. In addition ATR 

phosphorylates replisome components, like the MCM complex, and proteins involved in 

fork protection, such as SMARCAL1 (SWI/SNF related, Matrix associated, Actin dependent 

Regulator of Chromatin, subfamily a like 1), or in DNA damage repair, which may be 

required for the recovery of the fork in a context-dependent manner (105,114). 

1.4.5 – Mechanisms of fork protection and replication restoration 

After ATR activation, several pathways can engage the stalled replication fork in order to 

resume replication. All these pathways are complex and partially intertwined, but they can 

be broadly depicted as three main scenarios. First, the RS source or DNA lesion can be 

directly bypassed. This can be achieved through translesion synthesis (TLS) by specialized 

DNA polymerases (such as polymerase κ or η) which insert nucleotides across lesions or 

physical obstacles with poor sequence specificity (Fig. 3a). These polymerases are recruited 

on the site by ubiquitinated PCNA and synthesize only short stretches of DNA before being 

replaced by replicative polymerases (115). In alternative, repriming of DNA synthesis 

downstream of the lesion by the error-prone polymerase-primase PRIMPOL can bypass the 

lesion, allowing the progression of DNA replication independently from the repair of the 

lesion itself (Fig. 3b) (116).  

In alternative to lesion bypass, stalled replication forks can undergo a process called fork 

reversal, as depicted in figure 3c. In this case, reannealing of the parental strands takes 

place. As a consequence, the nascent DNA strands extrude and pair back, forming a 
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reversed arm, that is then covered by RAD51 (Radiation resistance 51) in order to protect 

it from degradation (117,118). Reversed forks have been proposed to limit the amount of 

ssDNA at the site of stalled forks, promoting their stability, and to replace DNA lesions in a 

dsDNA context, avoiding for example the conversion of single strand nicks into DSBs upon 

replication fork encounter (117,118). Moreover, fork reversal could enable error-free 

bypass of DNA lesions by exposing the newly synthesized leading strand, that could be used 

as a template in place of the corresponding damaged parental strand. This pathway, known 

as template switching, has been proposed to depend upon PCNA polyubiquitination (119). 

The precise mechanism of fork reversal remains still cryptic, but genetic and biochemical 

studies have demonstrated that it mainly depends on the activity of three chromatin 

remodelers of the SNF2 family: HLTF, ZRANB3 (Zinc Finger, RAN-Binding Domain Containing 

3) and SMARCAL1. HLTF has been proved to catalyze the ATP-dependent formation of 

reversed forks both in vitro and in vivo (120–122). It is thought to be recruited to the stalled 

fork by the interaction with exposed 3’-ssDNA ends, where, in addition to its fork reversal 

activity, it performs polyubiquitination of PCNA, making it a potential candidate involved in 

template switching (121,123,124). ZRANB3 has been shown to be recruited at stalled forks 

by the interaction with polyubiquitinated PCNA, making it another possible candidate for 

the template switch pathway (125). In addition to its ATP-dependent helicase activity, 

ZRANB3 possesses a nuclease domain, not necessary for fork reversal, that has been 

proposed to facilitate excision of DNA lesions at stalled forks (126). Finally, SMARCAL1 is 

known to associate to unperturbed replication forks and to be enriched at stalled forks 

(127,128). It is recruited at replication forks through the binding of RPA, where it promotes 

ATP-dependent fork regression (127). Ablation of any of these translocases results in 

reduced reversed forks formation and impaired fork restart upon administration of RS 

(114,121,125). The differences among their mechanisms of recruitment suggests that all 
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three may work in parallel or partially interdependent pathways, but complete 

understanding of their regulation and role still require further study. Once the reversed 

arm is formed, it can be partially resected by nucleases such as MRE11 (MRX complex 

nuclease subunit), DNA2 (DNA replication helicase/nuclease 2) and EXO1 (Exonuclease 1) 

to restart the fork (129,130). In alternative, homologous recombination (HR)-mediated 

strand invasion can restore DNA replication through error-free template switching (119). 

Importantly, it has been proposed that reversed forks may constitute irreversible lesions, 

which require MRE11-mediated degradation before replication can restart. This is 

particularly true in the case of BRCA1/2 defective mutants, which show impaired RAD51 

loading at reversed forks, making them optimal substrates for MRE11 (131). 

Finally, if the source of stress cannot be overcome or bypassed, the fork undergoes 

MUS81/SLX4-dependent cleavage, leading to the formation of a DSB (Fig. 3d). In this case, 

Figure 3 | Main pathways of fork protection and DNA replication restart: a) Replication can 

bypass physical obstacles on DNA by loading error-prone DNA polymerases to perform 

translesion synthesis or b) Replication can restart downstream to the lesion thanks to repriming 

by the primase-polymerase PRIMPOL. c) Stalled forks can also undergo a process of fork reversal 

catalyzed by the HLTF, ZRANB3 and/or SMARCAL1 translocases to protect the fork while the 

source of RS is overcome. In this case, RAD51 protects the regressed arm from degradation by 

the MRE11, EXO1 and DNA2 nucleases. d) Stalled and reversed forks can in alternative be 

degraded by the action of SLX4-MUS81 nucleases. A process of strand invasion guided by RAD51 

and RAD52 can, in this case, regenerate the fork and restart replication. 
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RAD51 and RAD52 promote HR-mediated strand invasion and DSB repair, which restarts 

DNA replication (129). In their complex, all these pathways guarantee fork stability and 

allow restoration of DNA replication in an extremely wide range of situations, protecting 

one of the most fundamental processes of cellular biology. 

1.5 – Polycomb proteins 

Developmental processes and cell fate commitment events are tightly regulated at the 

epigenetic level by a broad range of chromatin modifying factors. Polycomb group proteins 

are among the most emblematic members of this category. This large family of proteins 

was discovered for the first time more than 70 years ago in Drosophila melanogaster with 

the identification of the Polycomb (PC) gene (132). Following studies demonstrated that 

loss of Polycomb could transform anterior embryonic segments in more posterior ones by 

dysregulating Hox genes (133). Decades of studies have identified many other members of 

the Polycomb family in both animals and plants, while expanding the comprehension of the 

fundamental importance of this group of proteins, that goes well beyond the simple 

regulation of the Hox cluster. In the following paragraphs will follow a brief description of 

the structure and main functions of Polycomb complexes, with a particular focus on recent 

findings regarding the role of these chromatin modifiers in relation to DNA replication. 

1.5.1 – Structure of the Polycomb repressive complexes 

Polycomb complexes are divided in two main groups, based on original purification 

experiments in Drosophila: Polycomb repressive complex 1 (PRC1) and PRC2. In mammals, 

the composition of Polycomb complexes, and in particular of PRC1, is more articulated than 

what originally identified in flies. Mammalian PRC1 is composed by a core subunit (RING1a 

or RING1b) (RING finger proteins 1 a/b) with E3 ubiquitin ligase activity, which is 

responsible for the deposition of histone H2A ubiquitination on residue K119 (H2AK119Ub) 

specific for this complex (132,134). The RING protein is always associated with one of the 
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six PCGF1-6 Polycomb group ring-finger proteins (Fig. 4). The principal division among PRC1 

complexes is between canonical (cPRC1) and variant (vPRC1) complexes. All cPRC1 

complexes contain one of the CBX chromobox proteins (namely CBX2/4/6 - 8), which allow 

these complexes to interact with H3K27me3 (trimethylated histone H3 on residue K27), the 

histone mark deposited by PRC2 complexes (135). 

On the contrary, vPRC1 complexes are completely devoid of CBX subunits, which are 

substituted by the zinc-finger domain and YY1-binding protein RYBP or its paralog YAF2 

(YY1-associated factor 2) (Fig. 4) (135). In addition to chromobox proteins, cPRC1 

complexes contain PCGF2/4, a Polyhomeotic homologous protein (PHC1/2/3) essential for 

cPRC1 repressive function and the SCMH1/2 (Scm Polycomb Group Protein Homolog 1/2) 

proteins (136). On the opposite, vPRC1 complexes can associate with any of the PCGF 

proteins, which subdivide them in further subclasses. As shown in figure 4, the composition 

of the vPRC1 complexes is extremely various among different subclasses, which may imply 

a difference in specificity or activity, although these differences remain mostly to be 

elucidated. 

The core of PRC2 complexes is constituted by one of the SET domain-containing histone 

methyltransferases enhancer of zeste (EZH1/2), embryonic ectoderm development (EED) 

and suppressor of zeste (SUZ12) bound to the RB-Binding Proteins RBBP4 and RBBP7 (Fig. 

4) (132). EZH2 is the main catalytic subunit of PRC2, but in order to relieve its autoinhibition 

and perform histone H3 trimethylation it requires the interaction with SUZ12 and EED 

(137). This highly conserved core is then regulated by the non-stochiometric binding of a 

series of accessory subunits which modulate PRC2 activity and binding to its targets. 

Systematic studies in human cells have demonstrated the existence of two main subgroups 

of PRC2 complexes, named PRC2.1 and PRC2.2 (138). The first of these subclasses is 

characterized by the interaction between the PRC2 core and one among the three proteins 
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PHF1 (PHD finger protein 1), PHF19 (PHD Finger Protein 1) or MTF2 (MRE-binding 

transcription factor 2) (Fig. 4) (138). In addition, the two poorly characterized proteins LCOR 

and EPOP have been proven to interact with PRC2.1 in human cells (138). The PHF1/19 or 

MTF2 direct PRC2.1 towards different targets on the chromatin affecting its function during 

differentiation processes (139). The PRC2.2 subclass is, instead, defined by the concomitant 

binding of JARID2 (Jumonji and AT-rich interaction domain containing 2) and AEBP2 (AE 

Binding Protein 2) which have been shown to regulate PRC2.2 binding and activity (Fig. 4) 

(134,140,141). 

This complex and multifaceted structure of Polycomb complexes results in an equally 

refined function in gene regulation. The understanding of the way in which Polycomb 

complexes are recruited to target sites and exert their function has progressively changed 

over the decades. In the following paragraphs is given a brief summary of the current 

understanding of Polycomb recruitment and function at target sites. 

Figure 4 | Composition of Polycomb complexes: All PRC1 complexes are constituted by a core 

made of one RING1a/b ubiquitin-ligase protein and one among PCGF1-6 Polycomb proteins. 

Canonical PRC1 (cPRC1) contain either PCGF2/4, one among CBX2/4/6-8 chromobox proteins 

and SCMH1/2. Variant complexes (vPRC1) contain either PCGF1, PCGF2/4, PCGF3/5 or PCGF6 

taking the respective names of vPRC1.1, vPRC1, vPRC1.3/5 or vPRC1.6. All these complexes 

contain the RYBP protein or its homolog YAF2, but no CBX or PHC proteins. The vPRC1 

complexes are completed by a wide range of accessory subunits, as depicted in the figure. PRC2 

complexes contain a core made of the catalytic subunit EZH1/2, SUZ12, EED and RBBP4/7. This 

core is associated either with the LCOR/EPOP proteins and one among PHF1, pHF19 or MTF2 

subunits (forming PRC2.1 complexes) or with the JARID2/AEBP2 regulatory subunits (forming 

the PRC2.2 complex). 
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1.5.3 – Polycomb targeting mechanisms 

The traditionally accepted model of Polycomb recruitment at target sites was originally 

proposed from observations made in flies and is known as hierarchical model. According to 

this model, PRC2 complexes are the first to bind to target sites, where they deposit 

H3K27me3. cPRC1 complexes are then recruited to the site through the interaction 

between H3K27me3 and CBX proteins, leading to H2AK119Ub deposition (132,134). The 

determinants of the initial PRC2 binding are partially still unknown but many indications 

have been collected over the years. For example, It has been proposed that long non-

coding RNAs (lncRNA) may recruit PRC2 to specific loci. This is the case during chromosome 

X activation, when Xist-mediated recruitment of PRC2 is required for the silencing of the 

chromosome (142). Moreover, it has been shown that the HOTAIR lncRNA produced by the 

HOXC locus in human binds and recruits PRC2 to the HOXD promoter (143). In addition to 

lncRNA, also transcription factors, such as SNAI1 (Snail family transcriptional repressor 1), 

have been proposed to recruit PRC2 at the promoter of genes  (144). In all these cases, 

PRC2 recruitment has been proven only for very specific loci or promoters but also more 

general systems of recruitment do exist. In fact, PRC2 has been reported to localize at GC-

rich sequences in a JARID2-dependent fashion (145). In addition, it has been recently shown 

that PRC2 binds with little specificity to a wide range of nascent RNAs (146). These 

observations are currently under debate and a consensus on their biological meaning is still 

lacking. PRC2-RNA interaction could in fact be a way to reinforce Polycomb repression at 

sites of repressed genes that experience spurious transcription, but could also be a way in 

which active genes can sequester PRC2 in order to avoid Polycomb-mediated repression. 

In addition to these mechanisms, PRC2 can bind histone modifications. It is the case for 

H3K27me3 itself, that is recognized by EED or H3K36me3 (which has been proposed to 

facilitate the passage from active to repressed chromatin in lineage transitions), which has 
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been shown to recruit PRC2 during ESCs differentiation (147,148). This mechanism would 

promote rapid re-establishment of PRC2 binding to chromatin following DNA replication, 

ensuring mitotic inheritance and self-propagation of PRC2 marked sites (148). 

The discovery of vPRC1 has put in crisis the traditional hierarchical model of Polycomb 

recruitment. In fact, these complexes cannot interact with H3K27me3 due to lack of CBX 

proteins. In agreement with this hypothesis, deletion of Eed in mouse ESCs cannot 

completely suppress the deposition of H2AK119Ub at target genes, showing that PRC1 does 

not always require PRC2 to localize at its targets (149). Further studies have shown the 

ability of PRC1 to associate with different transcription factors, which guide the complex 

on specific promoters (150). Moreover, the PRC1 subunit KDM2B (Lysine demethylase 2B) 

has been shown to bind unmethylated CpG di-nucleotides in vitro and CpG islands in vivo, 

proving and additional mechanism for the PRC2-independent recruitment of PRC1 (151). 

In a further twist of the traditional model, recruitment of PRC1 complexes to an artificial 

sequence, using fusion proteins made of PCGF subunits and the tetracycline repressor, 

have demonstrated that the binding of vPRC1.1/3/5 is sufficient for the recruitment of 

PRC2 and H3K27me3 deposition (152). A similar result was obtained in mouse ESCs, where 

KDM2B-mediated recruitment of vPRC1 to pericentromeric chromatin proved to be 

sufficient for H3K27me3 deposition on the loci (153). These results may be dependent on 

the ability of both JARID2 and AEBP2 to bind H2AK119Ub, as it has been proved in 

biochemical studies (154). 

1.5.4 – Polycomb functions in gene regulation 

The presence of Polycomb on target genes is generally associated with transcriptional 

repression. Interestingly, several observations suggest that genes down-regulation may 

precede Polycomb binding on the promoter, questioning the exact role of these complexes 

(155,156). According to these data, Polycomb would not directly drive gene repression, but 
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would act as a memory system to maintain a correct transcriptional status of genes 

regulated by more specific systems. The mechanism through which Polycomb maintains 

genes in a repressed state is generally associated to a compaction of the chromatin. For 

example, PRC1 has been shown to condense chromatin through nucleosome bridging 

mediated by CBX2 (157). Similarly, both RING1b and EZH2 have been shown to mediate 

chromatin compaction at imprinted loci (158). In addition, cPRC1 subunit PHC2 has been 

shown to undergo polymerization, driving direct compacting of chromatin (159). Moreover, 

the histone mark H3K27me3 not only impedes the deposition of the activating acetylation 

on H3 residue K27, but is also known to recruit PRC2 in a feedback loop that allows further 

expansion of the repressed region (148). Interestingly, a recent report proved that histone 

H1 promotes PRC2 methylation activity in vitro. At the same time, H1 ablation causes loss 

of chromatin compaction and gene up-regulation among PRC2 targets, strongly suggesting 

that H1-dependent chromatin compaction could be an additional mechanism of PRC2 

recruitment (160). 

Finally, the precise role of H2AK119Ub in gene repression has not yet been fully determined 

although its absence has been proven to strongly affect the ability of both cPRC1 and PRC2 

complexes to bind their targets (161). Additionally, a surprising report linked an AUTS2 

(Autism susceptibility gene 2)-containing vPRC1 complex to direct gene activation during 

mouse neural development (162). This result highlights the complexity of the Polycomb 

regulatory network and how far we still are from a thorough understanding of its functions 

and mechanism of action. 

1.5.5 – Polycomb role during DNA replication 

In addition to Polycomb canonical role in gene regulation, over the years evidence has 

accumulated linking this group of proteins to DNA replication. Short hairpin-mediated 

ablation of both SUZ12 and EED, as well as knock-down of EZH2 have proven to strongly 
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affect MEFs growth rate through a general reduction of replication fork speed (163). 

Similarly, double knock-down of both Ring1 (which encodes RING1a) and Rnf2 (which 

encodes RING1b) also results in reduced cell growth (163,164). Both loss of PRC2 or PRC1 

components have proven to increase the percentage of asymmetrical replication bubbles 

detected in mouse models, a sign associated with frequent fork stalling and inefficient fork 

restart (163,164). In addition, deletion of both Ring1 and Rnf2 in MEFs results in 

accumulation of RS markers during S-phase (164). The mechanistic details of this novel 

Polycomb function remain to this time mostly cryptic. Interestingly, both RING1b and 

SUZ12 colocalize with PCNA in dividing cells, indicating a direct role for both Polycomb 

complexes at the fork during replication (163). Moreover, also the L3MBTL1 (Lethal 3 

Malignant Brain Tumor L3) protein, a subunit of vPRC1, was demonstrated to interact with 

components of the replication fork, such as PCNA, MCM2-7 and CDC45 in human cells, and 

its depletion proved sufficient to cause fork stalling and RS (165). These evidences clearly 

indicate that both PRC1 and PRC2 are required during normal DNA replication and their 

absence impairs the progression of the forks. In particular, it has been demonstrated that 

both RING1a and RING1b, respectively in human and mouse, bind to pericentromeric 

satellite regions (164,166). RING1a/b are thought to favor the replication of these highly 

repeated sequences through H2AK119Ub deposition. In fact, expression of a protein 

construct composed by only the RING domains of RING1b and PCGF4, fused with the 

methyl-CpG binding protein MBD1, is able to rescue the RS level displayed by Ring1-/-Rnf2-

/- double knock-out MEFs (164). In addition to PRC2 role in normal replication, EZH2 has 

been shown to localize in proximity to ssDNA formed at stalled forks in a BRCA2-/- 

background. EZH2 recruitment at the fork results in H3K27me3 deposition and mediates 

the binding of MUS81, resulting in the degradation of the stalled fork (167). 
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Polycomb role in promoting genomic stability is not limited to DNA replication though. 

Other reports have, in fact, demonstrated that PRC1 components, such as PCGF2/4 and 

CBX2, or PRC2 component EZH2, as well as H3K27me3, strongly localize at sites of DSBs 

induced by IR (168,169). These evidences clearly suggest that Polycomb is tightly involved 

in DNA metabolism and that it plays a major role in the protection of genomic stability. 

1.6 – ATR expands ESCs fate potential in response to replication 

stress 

ESCs are characterized by a fast cell cycle, mainly due to the presence of a very short G1-

phase. This peculiar cell cycle imposes a high level of RS in ESCs already in unperturbed 

conditions (170). In our most recent work (42), we investigated the mechanisms that ESCs 

put in place to try to cope with such a high level of RS without damage. Surprisingly, we 

observed that different RS inducing agents, such as aphidicolin (APH), hydroxyurea (HU) or 

UV radiation increase the expression of several genes specific for the 2-cells stage of 

embryonic development, among which Dux, Zscan4, Tsctv1/3 and the retroelements 

MERVL. Both single cell and bulk transcriptomic analysis confirmed that RS can activate a 

wide range of 2-cells stage specific genes. Interestingly, we observed that this increase is 

not driven by an accumulation of 2-cells stage transcripts from 2C-like cells already present 

in the culture but is due to a general increase in the number of cells with a 2C-like 

transcriptome. Further investigation demonstrated that ATR inhibition, but not ATM 

inhibition, can strongly suppress this increase. Depletion of ATR by siRNA-mediated knock-

down or low ATR levels due to the Seckel mutation impairs RS-induced activation of 2C 

genes. Similarly, RS cannot efficiently up-regulate 2C genes in cells expressing low levels of 

CHK1 or in which CHK1 is chemically inhibited. In addition to these evidences, activation of 

ATR in a RS-free context, thanks to the overexpression of ETAA1 ATR activating domain 
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(AAD), leads to the up-regulation of several 2-cells stage markers. Even in this case, 2C 

genes activation can be efficiently suppressed by inhibition of either ATR or CHK1. 

Among the ATR-induced genes in response to RS, Dux has proven to have a central role. Its 

knock-down in fact is sufficient to strongly suppress the expression of main 2C-markers like 

Zscan4 or MERVL, while the complete deletion of the gene leads to total loss of 2C genes 

expression already in unperturbed conditions. In our effort to understand the mechanism 

of Dux activation in response to RS, we performed a siRNA-based knock-down screening on 

148 candidate genes. Candidates were selected on the basis of an in silico analysis of 

potential binders of Dux promoter together with a review of the literature (37,72). Our 

analysis provided a total of 49 hits, divided between putative activators and repressors of 

Dux. Among the identified genes, there were actors involved in DNA replication, a small 

group of transcription factors and chromatin remodelers, and a large group of genes 

involved in various stages of mRNA maturation. Further validation of the members of this 

group, mostly categorized as repressors, confirmed the ability of GRSF1 knock-down to 

partially reduce both Dux and Zscan4 activation in response to RS. Moreover, GRSF1 proved 

to interact with a synthetic RNA carrying the sequence of Dux 3’-UTR (untranslated region) 

in vitro. Given the role of GRSF1 in mRNA binding and stabilization, this result lead us to 

speculate that Dux mRNA stabilization could be one of the mechanisms responsible for 2C 

genes activation in response to RS in ESCs, although our data do not allow us to exclude 

the presence of concurrent mechanisms of activation. 

In agreement to what already proposed in the literature (34), also ATR-induced 2C-like cells 

have been proved to possess an expanded developmental potential. Activation of ATR 

through ETAA1-AAD overexpression in ESCs, prior to their injection into morula stage 

embryo, results indeed in their increased contribution to the extraembryonic compartment 

both at the late blastocyst stage (E4.5) and in the egg cylinder (E7.5).  
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The existence of a pathway in ESCs that can drive their conversion in more potent 2C-like 

cells in response to RS led us to speculate about the existence of a similar process in the 

embryo (Fig. 5). Blastomeres undergoing fast replication cycles during morula and 

blastocyst formation may in fact face RS. Failure in proper fork protection can have 

dramatic effect on the cell, ranging from accumulation of karyotypic abnormalities to cell 

death. The expression of 2C genes in response to RS may favor genomic stability, as 

suggested by several publications (36,39,40), and help the early blastomeres to face the 

consequences of RS. In case of failure, however, the acquisition of a more potent state due 

to the expression of 2-cells stage genes, could offer the additional advantage to give to the 

damaged blastomere a second chance to undergo differentiation toward extraembryonic 

lineages and not participate to the embryo proper. This pathway could act as a safeguard 

to promote genomic integrity in the embryo while at the same time favoring the 

contribution of more damaged cells to extraembryonic tissues. 

 

Figure 5 | Replication stress induces 2C-like cells with expanded developmental potential 

through ATR activation: Schematics depicting the cycle of interconversion of ESCs and 2C-like 

cells in culture. Replication stress leads to ATR and CHK1 activation, which in turn causes Dux 

up-regulation. DUX binds to MERVL elements and 2-cells stage specific genes leading to the 

acquisition of an expanded developmental potential. 



49 
 

1.7 - Purpose of the work 

As reported in the previous paragraph, our recent work highlighted a surprising link 

between RS and the appearance of 2C-like cells in ESCs cultures. Remarkably, this link 

passes through the action of the ATR-CHK1 pathway, the master regulator of the RS 

response. The activation of this molecular mechanism results in the transcriptional up-

regulation of the gene Dux, the main controller of 2C genes expression. Starting from these 

groundbreaking observations, in this work we are going to focus on the changes affecting 

the Dux locus in response to RS, with particular interest for its regulation at the chromatin 

level, in order to uncover how RS affects the expression of the gene. 

In particular, in the following pages we will focus on the effects of RS on the disposition and 

genomic occupancy of polycomb proteins, which have been proven to repress Dux in 

mouse ESCs. Our effort aims at uncovering the changes in chromatin composition 

promoted by RS, which can have an effect on gene regulation in the short term but can also 

produce long lasting effects on cell identity.  
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2 – Materials and methods 

2.1 – Cell culture 

ESCs of three different lines (E14, R1 and MC1) were grown in feeder-free culture condition 

in order to avoid the confounding factors due to the co-culture. The standard ESC culture 

medium was composed of KnockOut DMEM (ThermoFisher, 10829-018), 15% ESC qualified 

Fetal Bovine Serum (ThermoFisher, 16141-079), 2mM L-glutamine, 0.1mM non-essential 

amino acids, 0,1mM 2-mercaptoethanol, 50units/mL penicillin and 50mg/mL streptomycin. 

In order to maintain ESCs in their undifferentiated status the medium was supplemented 

with home-made  leukemia inhibitory factor (LIF) at a dilution of 1:500 and the two 

inhibitors PD-0325901 (at a final concentration of 1µM) and CHIR-99021 (at a final 

concentration of 3µM) to inhibit respectively the ERK/MAPK pathway and the GSK-3 kinase. 

Cells were cultured at 37°C at 5% CO2 tension. The oxygen tension was maintained at 3% 

to mimic the conditions of the peri-implantation development (171). 

For each experiment, ESCs were seeded 48 hours before samples collection either at 15000 

cells/cm2 or 10000 cells/cm2 (only for microscopy experiments). ESCs were treated with 

aphidicolin (Sigma, A0781) at a concentration of 6µM to induce high RS (104) or with a 

combination of aphidicolin 6µM and a specific inhibitor of ATR (VE-822, Axon Medchem 

2452) at the concentration of 1µM. All treatments were performed for 16 hours, 

maintaining the cells at 37°C under 3% O2 tension and 5% CO2 tension.  

2.2 – Transfection and esiRNA-mediated knock-down 

Cells were transfected with the cationic lipid approach, using Lipofectamine RNAiMax 

(Invitrogen), which allows efficient delivery of both ssRNAs and dsRNAs with very low 

toxicity even in the presence of antibiotics. Knock-downs were performed taking advantage 

of RNA interference, an endogenous cellular mechanism that degrades mRNA based on the 
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interaction with sequence specific dsRNAs. We took advantage of endoribonuclease-

prepared small interfering RNAs (esiRNAs). These are generated from an in vitro 

synthesized dsRNA 300 – 600bp long with a sequence specific for the target mRNA (non-

redundant sequences with high probability of knock-down are identified by a proprietary 

algorithm). These long dsRNA are then digested by an endoribonuclease of the RNAse III 

superfamily to obtain a mixture of dsRNAs ranging from 18bp to 25bp (172). The pool of 

siRNAs obtained targets specifically the selected mRNA, granting high efficiency and low 

risk of off-target effects. The following esiRNA pools were used: Ring1 (Sigma-Aldrich, 

EMU056361), Rnf2 (Sigma-Aldrich, EMU003061), Ezh2 (Sigma-Aldrich, EMU014681), Suz12 

(Sigma-Aldrich, EMU050451), Chd4 (Sigma-Aldrich, EMU006021), Rybp (Sigma-Aldrich, 

EMU094241), Kdm6b (Sigma-Aldrich, EMU206511), Hltf (Sigma-Aldrich, EMU088781), 

Zranb3 (Sigma-Aldrich, EMU186751) and Smarcal1 (Sigma-Aldrich, EMU051461). In the 

case of Kdm6a a single siRNA was used (Thermo Fisher, silencer select, s75839). 

Lipofectamine was diluted 1:50 in Opti-MEM (ThermoFisher) and incubated 5 minutes at 

room temperature. In the meantime, the aforementioned esiRNAs were diluted in Opti-

MEM to reach a final concentration of 60nM in the well. After incubation time, 

lipofectamine was added 1:1 to each esiRNA and incubated for 20 minutes at room 

temperature to allow the incorporation of RNAs inside lipidic micelles. 

ESCs were counted with a Countess automated cell counter (Thermo Fisher) and seeded at 

a cell density of 15000 cells/cm2 in standard ESC medium the same day of transfection 

(Trypan blue 4% was added to the counting sample to count only live cells). The mixture of 

RNA and lipofectamine was finally added to the seeded cells and ESCs were then incubated 

at 37°C under 3% O2 tension and 5% CO2 tension for 48 hours before samples collection. 
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2.3 – RNA extraction, cDNA synthesis and real time qPCR 

RNA was extracted using RNeasy Mini Kit (QIAGEN, 74104) taking advantage of the binding 

properties of silica membranes, and quantified by spectrophotometer (NanoDrop, 

ThermoFisher) after removal of DNA contaminants by DNAse I digestion (QIAGEN, 79254). 

cDNA was prepared from 1-2μg of total RNA using the iScript kit (BioRad, 1708890), 

following manufacturer instructions. This kit provides a hybrid approach based on both 

oligo-dT and random primers, granting homogeneous coverage of each RNA while at the 

same time favoring the retrotranscription of mRNA over rRNAs.  

The qPCR assay was performed based on a standard protocol using final working 

concentration of 1X SsoFast™ EvaGreen® Supermix (Bio Rad, 1725201), 0.5μM primer mix 

and 5ng of sample cDNA. Either TBP or GAPDH were used as internal controls to normalize 

the qPCR data following ΔΔCt method. Briefly, for each sample each gene was tested in 

technical triplicate using a specific pair of primers. The average threshold cycle (Ct) for each 

gene was then normalized for the average Ct calculated for either GAPDH or TBP for the 

same sample obtaining a ΔCt. The ΔCt for each gene of each sample was then normalized 

again over the ΔCt for that gene on a control sample obtaining a ΔΔCt. The relative level of 

mRNA expression was then expressed as fold change (2-ΔΔCt). Data was analyzed using 

either the one-way ANOVA with Tuckey’s post-test correction or the unpaired two-tailed 

T-test functions of the GraphPad Prism software (GraphPad). 

Table of Primers used for RT-real time qPCR 

Gene Forward Primer Reverse Primer 

Dux AAAGGAAGAGCATGTGCCAGC GCAGTAAGCTGTCCTGGGAAC 

Zscan4 GAGATTCATGGAGAGTCTGACTGATGAGTG GCTGTTGTTTCAAAAGCTTGATGACTTC 

MERVL ATCTCCTGGCACCTGGTATG AGAAGAAGGCATTTGCCAGA 

Tcstv3 ACCAGCTGAAACATCCATCC CCATGGATCCCTGAAGGTAA 

Tbp AAGAAAGGGAGAATCATGGACC GAGTAAGTCCTGTGCCGTAAG 

Pou5f1 TCTTTCCACCAGGCCCCCGGCTC TGCGGGCGGACATGGGGAGATCC 

Nanog CAAAGGATGAAGTGCAAGCG CCAGATGCGTTCACCAGATAG 

Ring1 GTATCCAAGCGGTCCCTACG CCTGATGGGCCTCGTATTCC 

Rnf2 CCCGAGTAACAAACGGACCA ACTCAATCTCACTGGCACCG 

Rybp AGACCAGCGAAACAAACCAC AGGAGGAGCGAGTCTTTTCC 
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Suz12 CCTGGAAGTCCTGCTTGTGA ACTGGAAACTGCCAGGGATG 

Ezh2 CAGATAAGGGCACCGCAGAA ACATTCAGGAGGCAGAGCAC 

Chd4 TCCTCTGTCCACCATCATCA ACCCAAGATGGCCATATCAA 

Kdm6a ATGAACACAGCACAGCAGAAT AACTGACTTTCCAGCTGTTCCA 

Kdm6b ACATACGGTGGAGGTCCGTA CTGCAGTGACTCCTGGAAGG 

Hltf AGCTTTATCAGGCTGTCTGGG TCCATACTGGACAGACTGCG 

Zranb3 CTCAGCCAGAGATTGGGCAG GCAGTTCATTGGCTTTCCATCC 

Smarcal1 AAGGCTCTGAAAGACGCTCC ACAACTTCTCAGCTCGACGG 

Rex1 CAAAGACAAGTGGCCAGAAAG GGAGCTTCCACTCTGGTATTC 

Gapdh CTTTGTCAAGCTCATTTCCTGG TCTTGCTCAGTGTCCTTGC 
 

2.4 – Flow cytometry (FACS) for cell cycle analysis 

ESCs were harvested by trypsinization and collected together with their supernatants in 

order to take both live and dead cells. Cells were washed once in PBS by centrifugation at 

3000 rpm for 5 minutes (the same speed and time was used for each washing step) to 

remove leftover medium and then resuspended in formaldehyde 2% in PBS and incubated 

for 20 minutes on ice. At each passage, cells were abundantly resuspended in order to 

obtain single cells. 

After fixation, cells were washed with 1% FBS in PBS and then resuspended in PBS. Three 

parts of pure ethanol were then added dropwise to the cell suspension while vortexing and 

kept 30 minutes on ice to complete fixation. Cells were then washed with 1% FBS in PBS 

and resuspended in PBS with DAPI (4',6-diamidino-2-phenylindole) and kept at 4°C 

overnight before FACS analysis. Data were acquired using a FACSCanto instrument (BD 

Biosciences). Cell cycle profile analysis was performed with the FolwJo (BD Biosciences) 

software. 

2.5 – Protein extraction and western blot 

Cells were harvested by trypsinization, collected by centrifugation and washed in PBS to 

remove leftover medium. Cell pellets were either stored at -80°C or directly processed. 

Briefly, cells were resuspended in RIPA buffer (NaCl 150mM, NP-40 1%, Sodium 

deoxycholate 0.5%, Sodium dodecyl sulphate 0.1% and Tris pH7.4 25mM in water) 
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supplemented with a protease/phosphatase inhibitor cocktail (Cell Signaling, 5872) and 

incubated for 30 minutes at 4°C on a rotating wheel to lyse both cell and nuclear 

membranes. To complete lysis and break large aggregates the suspension was sonicated 

with a Bioruptor Sonication System (UCD200) at high power for 15 cycles (30 seconds of 

sonication with 30 seconds breaks) while kept at 4°C. Lysates were cleared by 

centrifugation at 13000 rpm for 20 minutes and transferred to clean tubes. Proteins were 

quantified using a Bradford assay (BioRad) measuring the absorbance at 595 nm. 

For protein detection 20 µg of each sample were loaded on 4-20% or 4-15% precast gels 

(BioRad). Proteins were then transferred on nitrocellulose membranes by semi-dry 

approach (Trans-Blot Turbo Transfer, BioRad). Filters were blocked with either 5% milk in 

TBST buffer (Tris pH7.4 20mM, NaCl 150mM, 0.1% Tween) or 5% BSA in TBST (for detection 

of phosphorylated proteins) for 1 hour at room temperature on agitation. Blocking is 

required to occupy aspecific binding sites for antibodies, which may generate background 

signal. The high presence of phosphorylated residues in milk casein renders milk not suited 

for blocking in cases when phosphorylated proteins are to be detected. After blocking 

filters were incubated with primary antibodies overnight at 4°C on rotation, washed three 

times with TBST and then incubated with secondary antibodies conjugated with HRP (horse 

radish peroxidase) for 1 hour at room temperature on agitation. Proteins were detected 

using the ECL (Amersham) luciferase-based kit and acquired on photographic films. 

The following antibodies were used: anti-p-CHK1 (S317) (cell signaling, 12302), anti-ZSCAN4 

(Merck Millipore, AB4340), anti-CHK1 (Santa Cruz, sc8408), anti-GAPDH (Sigma-Aldrich, 

G8795), anti-H2A (Merck Millipore, 07-146), anti-HLTF (abcam, ab17984), anti-SMARCAL1 

(Santa Cruz, sc376377), anti-ZRANB3 (Proteintech, 23111-1-AP), anti-H3K27me3 (Cell 

Signaling, 9733) and anti-H2AK119Ub (Cell Signaling, 8240). 
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2.6 – Chromatin immunoprecipitation and real time qPCR 

(ChIP-qPCR) 

ChIP assay was performed using the SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling, 

#9003) following manifacturer’s instructions. Briefly cells were fixed while still in culture by 

adding formaldehyde to a final concentration of 1% and incubating for 10 minutes at room 

temperature with mild shacking to create covalent bonds between chromatin proteins and 

their target DNA loci. Formaldehyde was quenched for 5 minutes with glycine at room 

temperature to remove excess formaldehyde and stop the fixation process. Medium was 

removed and plates were washed twice with cold PBS. Cells were harvested by scraping in 

cold PBS supplemented with protease inhibitors (Cell Signaling, 5872) and centrifuged 

before removing the supernatant. Cell pellets were then stored at -80°C till the time of 

processing. 

Pellets were then thawed and resuspended in a lysis buffer (Cell Signaling) supplemented 

with protease inhibitors and DTT 0.5mM. Resuspended pellets were incubated 10 minutes 

on ice with frequent shaking to dissolve cell membranes without affecting nuclei. Lysis 

buffer was then removed by centrifugation (2000g for 5 minutes at 4°C) and cells were 

resuspended in Micrococcal nuclease working buffer (Cell signaling) supplemented with 

DTT 0.5mM. Chromatin was fragmented by Micrococcal nuclease treatment for 20 minutes 

at 37°C with frequent shaking. Fragments dimension was verified on an agarose gel and 

generally ranged from 150bp to 500bp. Fragment size assessment is important, too small 

fragments result in inefficient PCR amplification in the analysis step and loss of signal, while 

too large fragments are poorly precipitated in the immunoprecipitation step. Nuclease 

digestion was stopped by addition of EDTA (Ethylenediaminetetraacetic acid) to sequester 

bivalent ions necessary for nuclease activity and by rapid transfer to ice. Digested 

chromatin was pelleted by centrifugation for 2 minutes at 16000g at 4°C and resuspended 
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in ChIP buffer (Cell Signaling) supplemented with protease inhibitors. Nuclear membranes 

were dissolved by sonication for 4 cycles of 10 seconds at 10% amplitude with 1 minute 

breaks on ice using a tip sonicator (Branson, SFX150). Lysates were then cleared by 

centrifugation at 4900g for 10 minutes at 4°C to remove membranes and large chromatin 

fragments and supernatants were transferred in clean tubes.  

Fragmented chromatin was diluted 1:4 in ChIP buffer supplemented with protease 

inhibitors and divided in tubes in order to have an amount of chromatin correspondent to 

about 4*106 original cells for each Immunoprecipitation (IP) reaction. A volume 

correspondent to 2% of an IP was taken as input for each sample analyzed and kept at 4°C. 

The following antibodies were added to each IP at the concentration suggested by the 

manufacturer: anti-RING1b (Cell Signaling, 5694), anti-RYBP (Merck Millipore, AB3637), 

anti-H3K27me3 (Cell Signaling, 9733), anti-H2AK119Ub (Cell Signaling, 8240) and as a 

negative control normal rabbit IgG (Cell Signaling, 2729). IPs were incubated with 

antibodies overnight at 4°C on rotation in order to allow antibodies to reach a binding 

equilibrium with their targets. Protein-G conjugated magnetic beads (Cell Signaling, 9006) 

were used to precipitate the antibodies-target complexes by taking advantage of protein-

G ability to interact with the constant portion of IgG antibodies. After a 2 hours incubation 

at 4°C with rotation beads were collected with a magnetic rack and subjected to three low 

salt washes with ChIP buffer and one high salt wash with ChIP buffer supplemented with 

350mM NaCl to displace unspecific binding. Samples were eluted from the beads by 

incubation in an SDS-containing elution buffer by incubation at 65°C for 30 minutes with 

vortexing (1200rpm). In this passage, high temperature, SDS presence and shacking cause 

denaturation and loss of interaction between the beads and the immunoprecipitated 

complexes which are released in solution. Input samples were processed together with IPs. 

Eluted chromatin was reverse cross-liked by adding NaCl at a final concentration of 200mM 



57 
 

and 40µg of proteinase K, and incubating for 2 hours at 65°C with vortexing (700rpm). High 

temperature and salt presence in fact causes the loss of covalent bounds generated by 

formaldehyde while proteinase K-mediated degradation of proteins furtherly favors DNA 

release. DNA was then extracted by de-cross-linked chromatin using spin columns, taking 

advantage of the binding properties of silica membranes. DNA was eluted in Tris-EDTA 

buffer (TE) to protect it from nuclease degradation and stored at -20°C. 

The DNA was analyzed by real time qPCR loading 1 µL from each IP and input for each 

tested locus. The Ct obtained for each gene in technical triplicate was averaged for inputs 

and then adjusted to 100% (in the 2% input case the 100% signal is obtained by subtracting 

5.644 to the original Ct). The average Ct for each locus of each IP was then normalized on 

the correspondent adjusted Ct for the input for the same locus by subtracting the IP Ct 

from the input Ct. Finally the obtained ΔCt is expressed as percentage over input using the 

formula 100*2-ΔCt. Data was analyzed using the unpaired two-tailed T-test function of the 

GraphPad Prism software (GraphPad). 

2.7 – Confocal microscopy and image analysis 

ESCs cultured on standard cell culture dishes were washed with room temperature PBS and 

rapidly fixed with 4% formaldehyde in PBS for 20 minutes on ice. Fixed cells were washed 

three times with PBS to remove completely the formaldehyde, waiting 5 minutes on ice 

between washes. Cells were then incubated for 40 minutes in 10% FBS, 0.1% Triton X-100 

in PBS to both permeabilize and block the samples. Cell membranes permeabilization is 

necessary to allow antibodies to enter the cells and stain intracellular proteins, while 

blocking impairs protein-protein unspecific interactions, reducing background. Primary 

antibodies were diluted in a solution of 10% FBS in PBS. Samples were then incubated 

overnight with primary antibodies at 4°C with mild agitation. After primary antibodies 

incubation, samples were washed twice with PBS, waiting 5 minutes between washes, and 
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then incubated with secondary antibodies conjugated with fluorophores and DAPI diluted 

in 10% FBS in PBS for 1 hour repaired from light. The secondary antibodies used are anti-

rabbit conjugated with cyanine 3 and anti-mouse conjugated with Alexa Fluor 647. After 

secondary antibodies incubation, samples were washed three times with PBS waiting 5 

minutes between washes and then mounted using the Vectamount reagent (Vector labs). 

Samples were covered with microscopy coverglasses (VWR, 631-0174) and let to dry at 

room temperature, repaired from light, before storing at 4°C till the day of the analysis. 

Pictures were acquired using a confocal microscope (Leica, TCS SP5) using a 63X oil 

immersion objective with numerical aperture 1.4 acquiring Z-stacks. Analysis was then 

performed using the colocalization threshold function of the Fiji software. ROIs were 

defined using the DAPI signal for each cell and colocalization between signal of two 

channels was estimated throughout the entire Z-stack for each cell. The Rcoloc (Pearson 

coefficient of colocalization after threshold is removed) was used as an indication of 

colocalization. Total intensity of fluorescence signal for each channel was also calculated 

for each cell by measuring the sum of the total signal intensity inside the DAPI-defined ROI 

for the entire Z-stack. Statistical analyses were performed using python packages Numpy 

(version 1.17.0), Pandas (1.1.3) and Scipy (version 1.4.5) using the built-in unpaired two 

tailed T-test and the hypergeometric test functions. 

2.8 – RNA Sequencing 

RNA was extracted using RNeasy Mini Kit (QIAGEN, 74104) and DNA contaminants were 

removed by DNAse I digestion (QIAGEN, 79254), analogously to what indicated in the case 

of RNA extraction for qPCR analysis. Each sample was quantified using a Qubit 2.0 

Fluorometer (Life Technologies, Carlsbad, CA, USA) and RNA integrity was checked with 

RNA Screen Tape on an Agilent 2200 TapeStation instrument (Agilent Technologies). The 

RIN algorithm was used to compare the 18S and 28S peaks in samples electropherogram 
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to assess eventual degradation of the samples (173). Only samples scoring 10 

(corresponding to negligible degradation) were used for the analysis. rRNAs were then 

removed through the Ribo-Zero kit (Illumina) which takes advantage of targeted 

hybridization with sequence specific DNA probes and RNAse H-mediated degradation to 

deplete rRNAs from samples. In this way mRNAs were enriched in the sample and higher 

sequencing depth could be achieved. Libraries were then prepared using the TruSeq 

Stranded Total RNA library Prep kit (Illumina, RS-122–2101). Briefly, the rRNA depleted 

samples were fragmented for 8 minutes at 94°C, before first strand cDNA synthesis with 

random hexamer primers. RNA was then degraded and a second cDNA strand was 

synthesized using dUTPs instead of dTTPs. Incorporation of dUTP does not allow the 

amplification of the second strand in the following passages and consent to distinguish the 

two strands of the cDNA. The newly synthesized cDNAs were purified with AMPure XP 

beads (Beckman) and monoadenylated on the 3’ end to remove blunt extremities and avoid 

ligation of multiple fragments during the adapter ligation. Adapters containing a 3’-T 

overhang were then ligated to the fragments, obtaining blunt cDNAs. A PCR reaction using 

primer pairs containing barcoded indexes and able to pair with adapters was used to 

amplify the library (in this step only the first strand could be amplified). In this step 

amplification was limited to 15 cycles to reduce artifacts due to PCR amplification. After 

purification of the cDNA libraries these were validated using a DNA Analysis Screen Tape 

on the Agilent 2200 TapeStation (Agilent Technologies) and quantified by using Qubit 2.0 

Fluorometer (Invitrogen) as well as by qPCR (Applied Biosystems). 

Barcoded libraries were then normalized to the same concentration, pooled and loaded on 

a single flow-cell lane. Clusters were generated and sequencing was performed with an 

Illumina HiSeq4000 sequencer (Illumina) using a 2 x 150 Pair-end high throughput 

configuration. Raw machine files were de-multiplexed using the bcl2fastq program (version 



60 
 

2.17) to generate single FASTQ files for each sample. One mis-match was allowed for index 

sequence identification. About 29 million reads were generated for each sample.  

Transcript and gene level quantification was performed with the Kallisto package (version 

0.43.0) using the RefSeq collection to build the transcriptome index (174,175). Kallisto was 

run with the --bias option to perform sequence-based bias correction on each sample. 

Additionally, all reads were mapped with the STAR spliced aligner (version 2.5.2b) (176) to 

the GRCm38 (mm10) genome after trimming the reads to 100 bp with Trimmomatic 

(version 0.36) (177). Finally, read counts were imported in the R environment (version 

3.2.2) for differential gene expression analysis using the limma package (version 3.24.15) 

(178). All samples were normalized using the trimmed mean of M-values (TMM) method 

and voom transformation. A linear model was fitted to the data with the limma lmFit 

function, and the moderated t-statistics was calculated with the eBayes function. Genes 

were defined as differentially expressed if they had FDR adjusted p-values<0.05 and |log2 

fold change| > 1. 

Enrichment analysis was performed using the webtool of the enrichR package (179,180). 

Comparison between our differentially expressed genes and published lists of Polycomb 

targets was performed in a python environment using the hypergeometric test function of 

the Scipy package (version 1.5.4). 

2.9 – Cut&Tag 

Cut&Tag was performed according to Hatice et al. (181). Cells cultured as previously 

indicated were harvested by trypsinization and counted with a Countess automated cell 

counter (Thermo Fisher). Trypan blue 4% was added to the counting sample to count only 

live cells. Cells were then pelleted by centrifugation at 600g for 3 minutes at room 

temperature and resuspended in a wash buffer (20mM HEPES pH7.4, 150mM NaCl, 0.5mM 

spermidine in water, supplemented with protease inhibitors).  
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In the meantime, concavalin A-coated magnetic beads (Bangs Laboratories, Inc.) were 

washed twice with binding buffer (20mM HEPES pH7.4, 10mM KCl, 1mM CaCl2 and 1mM 

MnCl2 in water) using a magnetic rack to separate the beads from the supernatant. Washed 

beads were resuspended in a volume of binding buffer equal to the original volume of the 

beads and the added dropwise to the cell suspension at room temperature while gently 

vortexing. For each 150000 cells, corresponding to one reaction, 15µL of beads were used. 

The suspension was then placed on rotation for 10 minutes at room temperature to allow 

binding of the cells to the beads. The binding of cellular membrane glycoproteins to 

concavalin A allows the cells to stick to the magnetic beads and reduces the loss of material 

during the samples handling. 

The beads were then separated from the liquid using a magnetic rack and resuspended in 

ice-cold antibody buffer (wash buffer supplemented with 0.05% digitonin, 2mM EDTA and 

0.1% BSA) while vortexing, and then aliquoted in as many vials as the number of reactions 

required. Aliquots of 100µL containing about the equivalent of 150000 cells were made and 

kept on ice. To each aliquot 1µL of primary antibody was added while gently vortexing 

before incubating overnight at 4°C on a nutator. During this step, the detergent digitonin 

acted to permeabilize cell membranes, allowing primary antibodies to penetrate the cells 

and bind to their targets. 

After this step beads were separated from the supernatant using a magnetic rack and then 

resuspended in 100µL per sample of a dilution 1:100 of secondary antibody (Antibodies 

online ABIN101961) in Dig-wash buffer (wash buffer supplemented with 0.05% digitonin) 

while vortexing. Samples were then incubated for 1 hour at room temperature on a 

nutator. This passage is not strictly required for a successful Cut&Tag, but the secondary 

antibody amplifies signal and overall improves the signal-to-noise ratio of the technique. 
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After this passage, the beads were separated from the liquid using a magnetic rack and 

washed three times with an excess volume of Dig-wash buffer, inverting the tubes to 

dislodge the beads every time. 

Protein A-Tn5 transposase protein fusions (pA-Tn5)( Vazyme biotech, S603) pre-loaded 

with adapters suited for Illumina library preparation kits was diluted 1:250 in Dig-300 buffer 

(20mM HEPES pH7.4, 300mM NaCl, 0.5mM spermidine, 0.01% digitonin in water, 

supplemented with protease inhibitors). Each fusion protein is loaded with two different 

cDNA tags with 5’-overhangs that can be inserted in the genome by the enzyme. 

After the last wash, the beads were resuspended in 100µL per sample of Dig-300 buffer 

containing the pA-Tn5 complexes, while gently vortexing. Samples were then incubated for 

1 hour at room temperature on a nutator. During this passage, the interaction between 

protein-A and the constant portion of the secondary antibodies anchors the Tn5 

transposons in proximity of the target sites recognized by the primary antibody. However, 

in the absence of bivalent cations the Tn5 transposase is maintained inactive. 

After incubation, the samples were washed three times with Dig-300 buffer to remove the 

excess of transposase and then resuspended in 300µL per sample of Tagmentation buffer 

(Dig-300 buffer supplemented with 10mM MgCl2) while gently vortexing. Samples were 

then incubated at 37°C for 1 hour to allow the Tn5 transposase to insert the DNA adapters 

in proximity to the target sites, tagging the regions and at the same time causing DNA 

fragmentation, in a process that is referred to as tagmentation. The reaction was stopped 

by adding 10μL of 0.5M EDTA, 3μL of 10% SDS and 2.5μL of 20 mg/mL proteinase K to each 

sample. Samples were then vortexed at high speed and incubated for 1 hour at 50°C. The 

EDTA quenches the bivalent cations, stopping the transposase reaction, while SDS 

denaturates proteins (among which the Tn5 transposase) and the proteinase K digest most 

proteins, eliminating the transposase and all contaminating proteins and freeing the DNA. 
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The solubilized DNA was then isolated using phenol-chloroform extraction. Briefly, 300µL 

of PCI (phenol-chloroform:isoamyl alcohol in a ratio 24:1) was added to each sample before 

high speed vortexing. Samples were centrifuged at 16000g for 3 minutes at room 

temperature before adding 300µL of chloroform per sample and mixing by inverting the 

tubes. Samples were again centrifuged at 16000g for 3 minutes at room temperature and 

the aqueous phase, containing the DNA, was transferred in new tubes containing three 

parts of absolute ethanol. Samples were chilled on ice and then centrifuged for 15 minutes 

at 16000g and 4°C to pellet DNA. The liquid was removed and the DNA pellets were washed 

with absolute ethanol before air-dry them and resuspend them in 25µL of TE buffer 

supplemented with 1:400 RNAse A. Samples were then incubated for 10 minutes at 37°C 

to degrade potential RNA contaminants before storing them at 4°C until further use. 

Libraries were prepared by PCR using universal i5 and uniquely barcoded i7 Nextera primers 

(Illumina), both at 10µM concentration (182) and a NEBNext HiFi 2x PCR Master mix (New 

England Biolabs). The PCR cycles were as follows: 

Cycle 1: 72°C for 5 min (gap filling) 

Cycle 2: 98°C for 30 sec 

Cycle 3: 98°C for 10 sec 

Cycle 4: 63°C for 10 sec 

Repeat Cycles 3-4 13 times 

72°C for 1 min and hold at 8°C 

Since the DNA tags inserted by the Tn5 transposase can pair specifically either with the i5 

or the i7 primers all and only the DNA fragments encompassed by two different Tn5-

inserted tags can be amplified in this passage. Moreover, by its nature, the PCR reaction 

favors the amplification of shorter fragments over longer ones, excluding large fragments 

that could not be sequenced efficiently. Libraries were then purified using AMPure XP 
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beads (Beckman), validated and quantified using an Agilent 2100 BioAnalyzer (Agilent 

Technologies) with HS Dna reagents (Agilent Technologies). Libraries were normalized and 

pooled before loading on the flow cell. Sequencing was performed with an Illumina 

NextSeq 550 sequencer (Illumina) using a 2 x 75 Pair-end configuration obtaining around 

22 million reads per sample. 

Raw reads were aligned to the GRCm38 (mm10) mouse reference genome using bowtie2 

(183) using the parameters –local --very-sensitive-local --no-unal --no-mixed --no-

discordant --phred33 -I 10 -X 700. Reads from samples of interest were compared with 

input samples in which only normal rabbit IgGs were used. Peaks were called using the 

macs2 package  (184) with the parameters -p 0.01 -g mm --keep-dup 1. Both H3K27me3 

and H2AK119Ub peaks were called with the --broad parameter. Target genes were 

identified according to the presence of a peak in a window of +/- 1.5kb (EED and Ring1b) 

or +/- 5kb (H2AK119Ub and H3K27me3) and intersections were computed with Bedtools. 

Bigwig files generated by macs2 were used to produce heatmaps and density plots using 

deepTools2 (185). Bigwig files were visualized using the Igvtools software (186) and other 

graphs were generated using ad-hoc scripts in a python environment. 
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3 - Results 

3.1 – RS causes the expression of several PRC target genes in 

ESCs 

ESCs are fast replicating cells which are already subjected to high levels of RS in a normal 

cell cycle in comparison to more differentiated cells. In our recent work (42) we 

investigated the consequences of RS in mouse ESCs, focusing mainly on the effects of the 

ATR checkpoint activation. Importantly, cell cycle profiling by FACS analysis on both E14 

and R1 ESCs in unperturbed conditions showed that more than 50% of these cells are in S-

phase, while a very small percentage (from 17.5% to 15%) is in G1-phase (Fig. 6), confirming 

previous reports indicating that ESCs undergo a very fast cell cycle with an extremely short 

G1-phase (170). Interestingly, in our experimental setup, aphidicolin treatment led to an 

increase in the percentage of cells in G1 phase to 48.4% and 39.5%, in E14 and R1 

respectively (Fig. 6). This is quite surprising considering that ESCs have been shown to have 

a defective G1 checkpoint due to a high amount of hyperphosphorylated Rb and an 

uncoupling of the E2F4 activity from Rb regulation (187–189). Notably, this block did not 

appear to be extremely marked, since around 40% of ESCs had a DNA content compatible 

with S-phase (Fig. 6), as it is expected from cells affected by aphidicolin-mediated block of 

DNA polymerases.  

Figure 6 | Cell cycle changes induced by aphidicolin in ESCs: FACS analysis of DAPI-stained E14 

and R1 ESCs either in unperturbed conditions (CNT) or after 16 hours aphidicolin 6µM treatment 

(APH). DAPI signal is used as a measure of DNA content across cell cycle phases. 
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To exclude effects due to the onset of differentiation programs, we verified the expression 

of pluripotency markers in E14 and R1 cells treated with aphidicolin 6µM for 16 hours in 

comparison to their untreated controls at the mRNA level by reverse transcription (RT) 

coupled with real time qPCR. As shown in figure 7, all the three pluripotency markers 

Pou5f1, Nanog and Zfp42 were not significantly affected by aphidicolin treatment in any of 

the tested ESC lines at the mRNA level. Similarly, aphidicolin treatment did not completely 

suppress the expression of the pluripotency markers OCT4 (encoded by the Pou5f1 gene) 

and SOX2 at the protein level, although a reduction was observed for both (Fig. 8).  

However, this reduction is in agreement with the increased presence of 2C-like cells among 

ESCs treated with aphidicolin (42), confirmed by the higher expression of the 2-cells stage 

protein ZSCAN4 (Fig. 8). In fact, as previously shown by us and others (35,42), 2C-like cells 

do not express pluripotency markers such as OCT4, NANOG or SOX2 at the protein level, 

although almost no change can be observed at the transcript level. These data indicate that 

the majority of ESCs still retain their undifferentiated nature after aphidicolin treatment 

and the accumulation of cells in G1 that we observed is therefore most likely due to an 

increasing number of cells stuck in the early stage of S-phase, unable to efficiently 

synthesize new DNA due to the inhibitory effect of aphidicolin on DNA polymerases.  

Figure 7 | Replication stress does not affect the expression of pluripotency genes at the mRNA 

level: RT-real time qPCR analysis of in order Pou5f1, Nanog and Zfp42 transcripts in E14 and R1 

ESCs either unperturbed (CNT) or after 16 hours aphidicolin 6µM treatment (APH). All data is 

normalized on Gapdh expression. Data is expressed as mean + SEM of three independent 

experiments and analyzed by unpaired two-tailed t-student test. 
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In our effort to characterize the effect of RS on ESCs, we subjected three different ESC lines 

to RS induced by aphidicolin (6µM for 16 hours) and performed whole transcriptome 

profiling by bulk RNA-Seq (Fig. 9a). We identified 3714 differentially expressed genes 

(DEGs) upon RS induction, which were common to the three lines. Of these, 3074 genes 

were up-regulated by RS while 640 were downregulated (Fig. 9a). Our previous analysis 

identified a significantly enriched set of 2 cells-stage specific genes among the genes 

controlled by RS (42). Further enrichment analysis using the R-based online tool Enrichr 

(179,180), comparing our set of RS-induced genes with the ChEA and ESCAPE databases, 

highlighted a significant enrichment of Polycomb targets among our DEGs (Fig. 9b). In 

particular, we could observe significant enrichment among the targets of PRC2 components 

SUZ12 and EZH2, together with the corresponding histone mark H3K27me3 (Fig. 9b). 

Additionally, we manually compared our list of RS-dependent DEGs with published sets of 

both PRC1 and PRC2 targets. For this purpose, we created two sets of genes which were 

reported either as targets of RING1b, a main component of PRC1, or SUZ12, which is part 

of the core PRC2 complexes, in mouse ESCs cultured under standard conditions.  For our 

comparison we used only genes which appeared to be targets of either RING1b or SUZ12 

in more than a dataset, in order to have only bona fide candidates (141,190,191). 

Figure 8 | Replication stress mildly affects the expression of pluripotency genes at the protein 

level: Western blot analysis of ESCs either unperturbed (CNT) or after 16 hours of aphidicolin 

6µM treatment (APH). Antibodies against ZSCAN4, OCT4 and SOX2 were used for the analysis. 

GAPDH was used as a loading control 
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Interestingly, also in this case our gene-set showed significant overlap with both target lists 

as per hypergeometric test (Fig. 9c, d) indicating that a significant portion of the genes 

which we identified as differentially regulated by RS are occupied by Polycomb complexes 

in unperturbed mouse ESCs. Of note, also the two sets of RING1b and SUZ12 targets 

showed significant overlap with each other, with 2969 genes resulting to be targets of both 

Polycomb complexes in ESCs, and so confirming that PRC1 and PRC2 often co-occur on the 

same promoters (Fig. 9e).  

Figure 9 | Polycomb controls a large subset of genes responsive to RS in mouse ESCs: a) 

Heatmap representing the clustering of three different ESC lines (E14, R1, MC1) in unperturbed 

conditions (CNT) or treated with aphidicolin 6µM for 16 hours (APH) based on the expression 

level of genes measured by bulk RNA-Seq. Only genes which display significant variation 

between CNT and APH are shown. Expression levels are color-coded according to Z-score. b) 

Enrichr analysis of genes differentially regulated in mouse ESCs upon RS induction using the 

ChEA and the ESCAPE databases for chromatin bound factors. Terms are ordered by ranked p-

value. c-d) Proportions of genes overlapping among RING1b targets or SUZ12 targets identified 

by analyses present in literature and our group of RS controlled genes. Significance of the 

overlap was calculated by hypergeometric test. e) comparison among genes controlled by RS in 

our previous analysis and target genes of RING1b and SUZ12 present in the literature.  
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Given the notorious repressive action of Polycomb complexes, these evidences suggest 

that loss of Polycomb repression could be at least in part responsible for the differential 

regulation of many of the genes responsive to RS in mouse ESCs. 

3.2 – PRC1 is responsible for the repression of Dux and its targets 

in mouse ESCs 

In previously published works, it has been shown that Polycomb complexes, and in 

particular PRC1, are responsible for the repression of Dux and its target genes in mouse 

ESCs (192). Interestingly, RYBP has been proven among the PRC components involved in 

Dux repression, demonstrating the importance of variant PRC in 2-cells stage genes 

repression (192). At the same time, the NuRD complex has been shown to repress the 

human homolog of Dux, DUX4 in human induced pluripotent stem cells (IPSCs) and 

myoblasts (72). To confirm this evidence, we tested the effect of the ablation of PRC1 core 

components Ring1 (encoding the protein RING1a) and Rnf2 (encoding RING1b), and the 

vPRC1 subunit Rybp by esiRNA-mediated knock-down in two different ESC lines. As a 

negative control, we transfected our cells with an esiRNA pool designed against the Renilla 

luciferase gene (Rluc). Both E14 and R1 cells were transfected at seeding and harvested 48 

hours post-transfection for RNA extraction, retrotranscription (RT) and real time qPCR 

analysis.  

As shown in figure 10a, ablation of both Rnf2 and Rybp resulted in strong up-regulation of 

Dux in both ESC lines, although the extent of this increase varied broadly between the two 

lines. Similarly, this induction was mirrored by the activation of Dux main target Zscan4, 

together with the other 2-cells stage specific gene Tcstv3 and the MERVL endogenous 

retroelements (Fig. 10b-d). Interestingly, Rnf2 knock-down resulted in a much stronger up-

regulation of all the 2C genes tested in comparison to Rybp depletion, consistently with the 

much more fundamental role of RING1b in the composition of PRC1 complexes (Fig. 10a-
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d). Interestingly, the ablation of the other PRC1 core component Ring1 did not have any 

effect on Dux expression, displaying a stark contrast with the depletion of its paralog Rnf2. 

In fact, cells lacking Ring1 displayed Dux mRNA levels very similar to the negative control 

in both cell lines (Fig. 10a). An analogous lack of effect was observed also in the case of Dux 

targets Zscan4, Tcstv3 and MERVL (Fig. 10b-d). The efficiency of the knock-down was 

verified by measuring the mRNA levels of Ring1, Rnf2 and Rybp by RT-real time qPCR in 

both E14 and R1 cells, transfected with esiRNA targeting each of these genes, and 

comparing them with the expression level measured in cells transfected with the Rluc-

targeting esiRNA. The extent of knock-down proved to be extremely efficient for both Rnf2 

(Fig. 10f) and Rybp (Fig. 10g), bringing the mRNA level to respectively about 10% and 20% 

of the negative control levels, with an extremely similar effect in both cell lines. However, 

in the case of Ring1, esiRNA administration resulted only in a reduction of almost 50% of 

control levels in the case of E14 and 30% for R1 cells (Fig. 10e). The limited extent of knock-

down in the case of Ring1 may be taken as an explanation for its ineffectiveness in 

activating Dux and its targets. However, it is important to observe that, in the case of R1 

cells, a reduction of Rybp to 20% of control levels results in a clear and significant activation 

of Dux (Fig. 10a), while depletion of Ring1 to 30% of what observed in control cells 

corresponds to the same level of Dux expression measured in the control (Fig. 10a). 

According to these data, it is unlikely that the absence of Dux activation upon Ring1 knock-

down may be simply due to inefficient depletion of the mRNA. In their complex, these data 

prove that the composition of PRC1 complexes responsible for 2C genes repression in ESCs 

is highly specific and involves the action of vPRC1 complexes. 
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Since in ESCs the two Polycomb complexes PRC1 and PRC2 are found often together on 

gene promoters, we wondered if also PRC2 complexes may be recruited to Dux promoter 

through the presence of PRC1, and therefore be involved in the repression of Dux as well.  

To this purpose, we tested also the effect of the ablation of two main PRC2 components, 

Suz12 and Ezh2, by esiRNA-mediated knock-down in both E14 and R1 ESC lines. To verify if 

NuRD may have in mouse ESCs a similar effect to what observed in human IPSCs, we 

knocked-down in parallel the NuRD component Chd4. Also in this case, cells were 

transfected at seeding and were then harvested 48 hours post-transfection for RNA 

extraction, retrotranscription and real time qPCR analysis. Tbp expression was used for 

normalization. Differently from what we observed in the case of PRC1 knock-down, 

ablation of neither PRC2 components Suz12 and Ezh2 or NuRD subunit Chd4 could increase 

the expression of Dux (Fig. 11a) or its target genes (Fig. 11b-d) in the two tested cell lines. 

Figure 10 | Variant PRC1 complexes repress Dux in mouse ESCs: RT-real time qPCR analysis 

measuring mRNA expression levels in E14 and R1 cells transfected with the indicated esiRNA 

pools respectively for the genes a) Dux, b) Zscan4, c) MERVL retroelements, d) Tcstv3, e) Ring1, 

f) Rnf2 and g) Rybp. mRNA levels were normalized on Tbp expression and expressed as fold 

change in respect to the Rluc sample for the corresponding cell line. All data are shown as mean 

+ SEM of three independent experiments. mRNA expression data were analyzed by One-way 

ANOVA followed by Tukey post-test when applicable or by unpaired two-tailed t-student test (* 

= p-val < 0.05, ** = p-val < 0.01, *** = p-val < 0.001). 
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Interestingly, depletion of PRC2 or CHD4 resulted in a slightly lower expression of Dux (Fig. 

11a), that was even more evident in the case of Zscan4 (Fig. 11b). This peculiar behavior 

was observed in both cell lines tested, although it did not result significant.  

Also in this case, the efficiency of knock-down was evaluated by comparing the levels of 

mRNA measured for Suz12, Ezh2 and Chd4 in cells transfected with the respective esiRNA 

with their level in cells transfected with the Rluc esiRNA.  Both Suz12 and Ezh2 knock-down 

resulted in efficient depletion of the respective mRNAs, leading to less than 10% of 

expression in comparison to the control (Fig. 11e, f) and therefore confirming that the lack 

of Dux activation could not be attributed to inefficient knock-down. Chd4 knock-down 

showed instead a slightly different efficiency in E14 and R1 cells, leading to a drop in the 

mRNA levels to around 30% and 40% of control levels respectively (Fig. 11g). 

Figure 11 | PRC2 and NuRD complexes do not repress Dux in mouse ESCs: RT-real time qPCR 

analysis measuring mRNA expression levels in E14 and R1 cells transfected with the indicated 

esiRNA pools respectively for the genes a) Dux, b) Zscan4, c) MERVL retroelements, d) Tcstv3, 

e) Suz12, f) Ezh2 and g) Chd4. mRNA levels were normalized on Tbp expression and expressed 

as fold change in respect to the Rluc sample for the corresponding cell line. All data are shown 

as mean + SEM of three independent experiments. mRNA expression data were analyzed by 

One-way ANOVA followed by Tukey post-test when applicable or by unpaired two-tailed t-

student test (* = p-val < 0.05, ** = p-val < 0.01, *** = p-val < 0.001). 
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These data show a clear difference in roles between the two families of Polycomb 

complexes for what regards 2-cells stage genes repression. Interestingly, this evidence 

suggests also that, differently from humans, in mouse ESCs 2C genes are not repressed by 

NuRD. These data seems to highlight a species-specific difference among humans and mice, 

although it cannot be excluded that this difference may be linked to the different 

developmental stages represented by human and mouse ESCs. 

Polycomb complexes have been shown to be involved in replication, and their absence may 

impair the correct proceeding of replication forks, leading to RS and genome instability 

(163,165,167). In the light of these evidences we wondered whether the strong up-

regulation of Dux that we observed upon Rnf2 and Rybp depletion may be due to RS 

induced by their absence, which in turn would activate the ATR-CHK1 axis, responsible for 

2C genes activation, as shown by our previous work (42). To test this hypothesis, we 

collected proteins from E14 ESCs grown in unperturbed conditions and transfected with 

esiRNAs targeting Ring1, Rnf2 or Rybp 48 hours before harvesting. As a negative control, 

we transfected cells with an esiRNA pool targeting Rluc, while as a positive control we 

treated ESCs transfected with the Rluc esiRNA with aphidicolin at the concentration of 6µM 

for 16 hours to strongly induce RS. Total protein extracts were produced from the collected 

samples and analyzed by western blot. Ablation of RING1b was confirmed by complete loss 

of its protein signal in western blot, while RYBP knock-down resulted only in diminished 

signal (Fig. 12), in agreement with what we measured at the mRNA level by qPCR. 

Aphidicolin treatment resulted in a clear activation of the ATR-CHK1 checkpoint in respect 

to the negative control, as shown by CHK1 phosphorylation at serine 317 (Fig. 12). Knock-

down of none of the PRC1 components tested resulted in ATR-CHK1 activation as displayed 

by the phospho-CHK1 signal (Fig. 12). Interestingly, even if none of the knock-downs 

performed resulted in ATR-CHK1 activation, both Rnf2 and Rybp depletion led to a stronger 
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expression of the ZSCAN4 protein in comparison to aphidicolin-induced RS, indicating a 

much stronger up-regulation of 2C genes. Notably, analogously to what we observed in the 

case of mRNA levels, the Rnf2 ablation resulted in stronger ZSCAN4 expression in 

comparison to Rybp knock-down (Fig. 12). This may be due to the more relevant and 

ubiquitous role of RING1b in the formation of PRC1 complexes, although this result may be 

affected by the lower efficiency of Rybp knock-down in comparison to Rnf2 depletion. 

Taken together, these results prove the role of vPRC1 complexes in 2C genes repression in 

ESCs, while exclude an analogous involvement of PRC2 complexes or the NuRD complex. 

Figure 12 | PRC1 ablation induces 2-cells stage up-regulation without activation of CHK1: 

Western blot analysis of E14 cells transfected with the indicated esiRNA pools. Treatment with 

aphidicolin 6µM for 16 hours was performed when indicated. Antibodies against ZSCAN4, RYBP, 

RING1b, p-CHK1 (Ser317) and total CHK1 were used for the analysis. GAPDH was used as a 

loading control.  
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3.3 – RS induces massive reorganization of RING1b and changes 

in PRC2 marks 

Given the importance of PRC1 complexes in the repression of Dux and its targets, and since 

Polycomb proteins have been proven to be involved in replication forks progression, we 

wondered whether the up-regulation of Dux and its targets that we observe upon RS 

induction may be due to a displacement of these complexes from the promoter of the gene 

during the processes involved in fork stalling and rescuing. As shown in figure 12, in whole 

cell protein extract we could not observe any difference in the protein expression of both 

RING1b and RYBP in response to RS, indicating that the RS response does not affect the 

expression of main vPRC1 components. Quite peculiarly, the PRC1 deposited histone mark, 

namely H2AK119Ub, was increased after RS induction by aphidicolin 6µM treatment for 16 

hours in E14 cells, but this effect could not be reproduced in R1 cells, suggesting that this 

effect may be dependent on either cell lines background or cells status, and therefore it is 

not likely to play any major part in the up-regulation of Dux in response to RS. On the 

contrary, PRC2 deposited histone mark H3K27me3 showed a clear increase in response to 

RS in both cell lines tested (Fig. 13).  

This result suggests an increase in Polycomb activity in response to RS, or at least an 

increase in PRC2 activity, which, given the notorious repressive function of these 

Figure 13 | RS increases H3K27me3 in ESCs: western blot analysis on E14 and R1 cells either in 

unperturbed (CNT) conditions or treated with aphidicolin 6µM for 16 hours (APH). CHK1 

phosphorylation at Ser317 (p-CHK1), CHK1, H2AK119Ub and H3K27me3 levels were measured. 

H2A and GAPDH were used and loading controls.  
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complexes, is somehow in contrast with the broad gene overexpression that we observed 

in response to RS in our previous work. To better characterize this phenomenon, we then 

investigated the behavior of PRC1 main component RING1b, which we showed to be the 

main responsible for Dux repression in control conditions, at the single cell level by 

immunofluorescence. We treated MC1 ESCs with aphidicolin 6µM for 16 hours and 

investigated the distribution of RING1b protein throughout the cell’s nuclei by confocal 

microscopy. Induction of RS was confirmed by both an increase in the total γH2AX intensity 

per cell and the number of γH2AX foci per nucleus in response to the aphidicolin treatment 

(Fig. 14e, f). Notably, few γH2AX foci were already visible in control conditions, in 

agreement with previous work from us and other groups, demonstrating that ESCs are 

subjected to moderate levels of RS already in unperturbed conditions (170). Very 

interestingly, RING1b displayed a very peculiar distribution in ESCs nuclei under normal 

conditions, forming very tight and bright foci, which corresponded to regions of highly 

condensed chromatin, as showed by stronger DAPI signal (Fig. 14a). These foci could be 

analogous to the Polycomb associated domains (PADs) recently identified in mouse 

oocytes, and reported to be fundamental for the maintenance of their transcriptional 

identity (193). Interestingly, upon RS induction, RING1b foci became broader and less 

bright, suggesting a profound rearrangement in PRC1 disposition inside the nucleus (Fig. 

14a). However, this rearrangement did not correspond to a major change in H2AK119Ub 

disposition into the nuclei, which maintained a diffused appearance in both control and 

aphidicolin treated cells (Fig. 14b). Worth of noting, H2AK119Ub signal was consistently 

excluded form γH2AX foci in both conditions, probably due to the inability of the antibody 

used to recognize the ubiquitination of H2AX isoform. Differently from PRC1 core 

component RING1b, EED, a fundamental subunit of PRC2 complexes core, did not show any 

clear localization in foci in control ESC but was, instead, distributed homogeneously inside 
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nuclei (Fig. 14c). This diffused distribution was not affected by RS (Fig. 14c). Interestingly, 

histone H3 trimethylation signal increased in response to RS at the single cell level (Fig. 14e) 

analogously to what observed by western blot in bulk protein extracts (Fig. 13).  
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In addition, total H3K27me3 signal intensity also correlated with γH2AX signal intensity at 

the single cell level inside both control and RS groups (Fig. 14e), indicating that H3K27me3 

amount increases together with the increase in H2AX phosphorylation. Notably, while in 

control conditions H3K27me3 appeared mostly at the nuclei borders, a region known for 

higher chromatin condensation, after RS induction this histone mark formed clearly visible 

foci throughout the nuclei (Fig. 14d). Interestingly, colocalization analysis of the 

fluorescence signal from RING1b and γH2AX showed a certain degree of colocalization, 

which was clearly increased by RS (Fig. 14g). The higher degree of colocalization between 

RING1b and γH2AX upon RS may be due to the more disperse nature of RING1b in cells 

subjected to RS and may indicate a recruitment of PRC1 complexes to sites of RS. The same 

analysis showed a similar increase in the median correlation coefficient between 

H3K27me3 signal and γH2AX at the single cell level (Fig. 14h). However, in this case we 

observed a wider spread of this value around the median, suggesting a variegated response 

to RS at the single cell level for what regards H3K27me3 localization. These results clearly 

indicate that upon RS the ESCs nuclei undergo a massive rearrangement of Polycomb 

complexes, with a concurrent modification in their correspondent histone marks. This 

result may explain at least in part the extent of gene up-regulation in response to RS, which 

Figure 14 | RS causes a rearrangement of Polycomb proteins and their associated marks in the 

nucleus of ESCs: Representative pictures of unperturbed MC1 ESCs (CNT) or MC1 ESCs treated 

with aphidicolin 6µM for 16 hours (APH) showing the disposition of respectively a)  γH2AX and 

RING1b, b) γH2AX and H2AK119Ub, c) γH2AX and EED and d) γH2AX and H3K27me3. a-d) 

pictures are the sum of several focal planes acquired by confocal microscopy. Nuclei are marked 

by DAPI staining. Scale bars correspond to 20 µm. e) Quantification of the number of γH2AX foci 

per cell nucleus counted by confocal microscopy in MC1 cells either in CNT or APH conditions. 

The two conditions were compared by unpaired two-tailed t-student test. f) Scatterplot 

representing the relation between the total level of H3K27me3 and γH2AX signal per cell either 

in CNT or APH conditions as measured by confocal microscopy (n = 88). g-h) Boxplot showing 

the colocalization coefficient for signal measured in confocal microscopy stacks for each cell 

acquired either in CNT or APH conditions for γH2AX with either g) RING1b or h) H3K27me3. The 

two distributions were compared using an unpaired two-tailed t-student test. 
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could be dependent on extensive loss of repressed chromatin, or rearrangement of active 

and repressed chromatin domains. 

3.4 – RS affects PRC1 and PRC2 occupancy on target genes 

promoters 

To better characterize the response of PRC1 and PRC2 complexes to RS at the genome-

wide scale, we took advantage of a recently developed technique named Cut&Tag (181). 

This protocol is based on the ability of Tn5 bacterial transposases to insert short pieces of 

DNA inside the genome, causing at the same time the formation of a double strand break 

(DSB), and therefore efficiently fragmenting genomic DNA. Briefly, an antibody is used to 

bind the target protein of the analysis directly on the chromatin, without need of fixation 

(Fig. 15a). Secondary antibodies targeted at the constant region of the primary antibody 

are then used to increase the binding sites for an engineered protein constituted by the 

fusion of protein A and the Tn5 transposase. Protein A allows the fusion protein to bind to 

the antibodies on the target site and therefore brings in position the Tn5 transposase, 

loaded with two different DNA tags with short overhangs (Fig. 15a). Working as a dimer, 

the transposases insert these short sequences in the genome, leading to the formation of 

DNA DSBs at the sites of insertion. Various events of insertion lead to the formation of 

fragments of different sizes surrounding the original binding site of the protein of interest. 

These fragments are tagged at the extremities by the selected DNA tags. The two tags 

possess short overhangs which allow binding and amplification in a common PCR reaction 

using standard Illumina Nextera barcoded primers. Only fragments bound at the two 

extremities by the combination of the two different DNA tags are then amplified by a 

standard PCR reaction using barcoded sequencing primers (Fig. 15a). Through this process 

is possible to select and amplify sequences in close proximity to the original binding site of 

the target protein thus increasing the signal to noise ratio and therefore allowing analysis 
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from less abundant starting material in comparison to a traditional ChIP-Seq analysis. The 

process of PCR amplification has also the additional advantage of favoring the amplification 

of smaller fragments, ranging from about 100 to 300 bp, and thus granting a good 

resolution of peaks for the following analysis. 

To investigate the effect of RS on Polycomb genomic disposition we performed Cut&Tag in 

E14 mouse ESCs either unperturbed or subjected to aphidicolin 6µM for 16 hours in order 

to induce RS. The experiment was performed in duplicate and normal rabbit IgG were used 

as negative control to subtract the signal due to the natural tendency of Tn5 transposases 

to react with sites of particularly open chromatin. We investigated genomic occupancy of 

both RING1b (for PRC1 complexes) and EED (for PRC2 complexes) and included the two 

histone marks H2AK119Ub and H3K27me3. Only peaks significantly enriched over the 

negative control in both replicates were kept has target specific peaks. 

Our analysis showed narrow peaks of RING1b around the transcription starts sites (TSS) of 

2972 genes in unperturbed ESCs (Fig. 15b). Upon RS, RING1b peaks showed substantially a 

similar appearance in terms of disposition around TSS of genes, however we could observe 

a clear decrease in RING1b signal surrounding genes promoters in response to RS if 

compared to control ESCs (Fig. 15b, f). As expected, the histone mark H2AK119Ub showed 

broader peaks in comparison to RING1b. Interestingly this mark presented a stronger signal 

downstream to TSS in comparison to what measured upstream of gene promoters (Fig. 

15c). Quite surprisingly, in opposition to what we observed for RING1b, RS induction 

resulted in accumulation of H2AK119Ub signal around genes TSS (Fig. 15c, g). Even more 

interestingly, H2AK119ub accumulation did not lead to an increase in the peak intensity of 

the signal, which corresponded in both unperturbed and RS-treated cells with the TSS of 

genes, but led to broader peaks, extending both downstream in the gene body and 

upstream of the TSS (Fig. 15c, g). This result, apparently contradictory with our RING1b 
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results, could maybe be explained by the proven role of H2A ubiquitination in DNA damage 

and RS checkpoints activation (168,194).  
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In fact, the observed accumulation of H2AK119Ub around genes TSS upon RS could be due 

to a general increase in H2A ubiquitination all over the genome due to the activation of the 

RS response. Analogous analysis of EED signal showed, instead, a depletion of this PRC2 

core component from target TSS upon RS (Fig. 15d, h) in a similar fashion to what we 

observed in the case of RING1b. However, differently from H2AK119Ub, the PRC2 

associated histone mark H3K27me3 displayed a dramatic decrease around TSS upon RS 

(Fig. 15e, i), which is in agreement with the massive gene up-regulation reported in our 

previous work (42). A more in-depth analysis showed that, of 2972 genes bound by 

significant peaks of RING1b in control ESCs, 1600 lost RING1b binding upon RS induction, 

while a core of 1372 gene promoters maintained the associated RING1b peaks even after 

aphidicolin treatment (Fig. 16a). Quite interestingly, in the case of the histone mark 

H2AK119Ub, RS resulted in a massive loss of bound domains in proximity of gene 

promoters, with 4645 genes losing their H2AK119Ub associated signal (Fig. 16b). At the 

same time, while only 126 genes acquired RING1b peaks upon RS (Fig. 16a), as many as 711 

genes showed newly formed H2AK119Ub domains in response to RS induction (Fig. 16b). 

The massive loss of H2AK119Ub in proximity to gene promoters is, somehow, in contrast 

to our previous observation that the overall signal associated to H2AK119Ub on TSS 

genome wide increases in strength upon RS (Fig. 16c, g). However, it is important to notice 

that, while H2AK119Ub signal extends further from TSS upon RS, its maximum signal in 

proximity of the TSS does not show on average an analogous increase. This result may be 

the effect of broad accumulation of low level signal throughout the genome, forming 

Figure 15 | RS affects the genome wide disposition of Polycomb complexes and their histone 

marks: a) Schematic representing the basic principle of the Cut&Tag assay. b-e) Heatmaps 

showing the binding signal detected in proximity of target genes TSS in both unperturbed (CNT) 

or aphidicolin treated (APH) conditions for antibodies targeting b) RING1b, c) H2AK119Ub, d) 

EED and e) H3K27me3. f-i) Density plots comparing the level of binding detected in 

correspondence to gene TSS genome wide for antibodies targeting f) RING1b, g) H2AK119Ub, 

h) EED and i) H3K27me3. 
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extended domains in proximity of genes TSS (Fig. 15c) which may impair the ability of the 

used algorithms to identify this low intensity extended domains as significantly enriched 
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over the background noise. Interestingly, of the 2556 genes bound by EED in unperturbed 

ESCs, 787 genes lost this signal upon RS induction while 417 gene promoters displayed 

newly formed peaks after treatment with aphidicolin (Fig. 16c). Differently from what we 

observed in the case of RING1b, for which the loss of gene associated peaks greatly 

outnumbered the newly formed ones, suggesting a general loss of PRC1 repression, in the 

case of EED, the number of exclusively RS associated gene peaks was closer to the number 

of peaks observed only in unperturbed cells, indicating a reshaping of the PRC2 repressive 

landscape in response to RS, with many genes losing repression and many others acquiring 

PRC2 de novo. At the same time, as many as 1606 genes lost H3K27me3 domains in 

proximity to their promoters, while 3067 maintained significantly enriched peaks (Fig. 16d), 

although the intensity of the measured signal for each peak was greatly reduced upon 

aphidicolin treatment (Fig. 15e). In their complex, these data show a general reduction of 

Polycomb associated repression throughout the genome, although at the same time they 

highlight the presence of striking differences between the behavior of PRC complexes and 

the presence on the chromatin of their associated histone marks. 

To better understand the effects of Polycomb loss on the expression level of their targets, 

we compared the lists of genes which lost either RING1b or EED presence in response to RS 

as they result from our Cut&Tag data with the expression levels of genes up-regulated by 

RS according to our previous RNA Seq analysis (42). Among the genes which lost RING1b 

peaks upon RS, we observed 238 genes whose expression was up-regulated by RS in our 

previous RNA Seq analysis, corresponding to almost 15% of this group. At the same time, 

Figure 16 | Loss of Polycomb complexes affects genes involved in several pathways: a) Venn 

diagram showing the overlap between genes whose promoters present peaks identified by 

Cut&Tag analysis in unperturbed (CNT) or aphidicolin treated (APH) conditions for either a) 

RING1b, b) H2AK119Ub, c) EED or d) H3K27me3. e-f) Barplot showing, among genes which lose 

either e) RING1b or f) EED binding in our Cut&Tag analysis, the top 50 most overexpressed genes 

according to our previous RNA Seq analysis. g) Enrichr analysis for the GO term biological 

function for genes which lose peaks for RING1b, H2AK119Ub, EED or H3K27me3. Terms are 

ordered by ranked p-value. 
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among genes which lost EED signal, we counted 138 genes which increased their expression 

upon RS, accounting for more than 17% of these genes.  

In evaluating these results, it is important to remember that our RNA Seq data consider the 

variability among three different ESC lines and, therefore, are reasonably more restrictive 

than our Cut&Tag analysis performed on E14 ESCs. Therefore, it is quite interesting to 

observe that a relevant proportion of genes, which show loss of PRC associated repression 

in E14 cells, display a significant increase in expression level, which is reproducible even in 

different cell lines. In figures 16e and 16f, the extent of the up-regulation for the most 

representative of these genes is shown. Interestingly, some of these genes, such as the 

extracellular matrix gene Matn4, the retinoic acid induced Rai2 or the proto-oncogene c-

Jun displayed both loss of RING1b and EED associated peaks, suggesting a loss of both PRC1 

and PRC2 repression, which was in agreement with their up-regulation in response to RS. 

Quite interestingly, among these genes we could find actors involved in many different 

processes. For example, Matn4 is involved in limb development and in particular in 

cartilage formation (195) while Rai2, a gene expressed during early brain formation, has 

been shown to have a role in chromosomal stability maintenance, both in early breast 

cancer development and metastasis formation (196,197). Moreover, also the transcription 

factor Atf3, involved in both MAPK and c-JUN pathways, and controversially proposed as 

both oncogene and tumor suppressor, was among the genes which showed loss of both 

Polycomb proteins occupancy (Fig. 16e, f). These evidences suggested that loss of 

Polycomb repression in response to RS may affect several pathways through the 

deregulation of various transcription factors and developmental genes, such as Atf3, Id2 or 

Wnt10a (Fig. 16e, f). To better characterize this possibility, we decided to perform a gene 

ontology enrichment analysis for the term biological function on the lists of genes which 

lost peaks of RING1b, EED or their associated histone marks H2AK119Ub and H3K27me3 
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upon RS induction. As expected, many of the identified terms were involved in various 

developmental processes. In particular, among genes unbound by RING1b upon RS we 

observed mainly terms referring to nervous system development, such as voltage-gated 

channels regulation, axon development and axon guidance (Fig. 16g). Similarly, we 

identified the term nervous system development also in genes which lost H2AK119Ub 

domains in response to RS, although in this case the most common and high scoring terms 

were linked to the development of myeloid dendritic cells (Fig. 16g), a class of antigen 

presenting cells being part of the innate immune system. However, as previously 

mentioned, a certain degree of caution has to be applied when evaluating the genes which 

lost H2AK119Ub domains upon RS, due to the general increase in the breadth of 

H2AK119Ub domains upon RS, which may affect our algorithms to correctly separate peak 

signals from background noise. Also in the case of genes which lost EED occupancy in 

response to RS we could identify terms linked to neural development, although also terms 

referring to epithelial development were present (Fig. 16g). Interestingly, also the canonical 

Wnt pathway scored significantly among these genes (Fig. 16g), suggesting that RS may 

affect this fundamental pathway, which is involved in many developmental but also 

pathological processes, including cancer (198). Finally, among genes which lost H3K27me3 

repressive mark upon RS, we observed a broad range of GO terms, mainly referring to 

developmental processes, ranging from terms linked to cardiac development to 

axonogenesis and angiogenesis, but also, quite surprisingly, terms related to the 

maintenance of an undifferentiated state (Fig. 16g). 

Since the Enrichr tool allows for easy recovery of the genes associated to each identified 

GO term, we investigated the status of Polycomb occupancy close to the promoter of each 

gene associated to some of the most relevant GO terms identified. For each of the selected 

terms and for each of the associated genes we investigated if our analysis showed the loss 
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or gain of RING1b, EED peaks or their associated marks H2AK119Ub and H3K27me3, or if 

no change was observed. Through this analysis for the term “Nervous system 

development”, which was identified from genes that lost RING1b peaks upon RS, we 

observed that almost half of these genes showed concomitant loss of the associated mark 

H2AK119Ub (Fig. 17a). Moreover, 13 genes showed concomitant loss of EED signal in 

response to RS and 15 displayed a loss in H3K27me3 domains, indicating that genes 

involved in the neural developmental pathway are subjected to a broad loss of Polycomb 

repression in response to RS that involves not only PRC1 but also PRC2 (Fig. 17a). To better 

visualize this effect, we submitted the list of genes associated to the nervous system 

development term to the STRING database, looking for a potential protein interaction 

network among the products of these genes. This investigation allowed us to find a strongly 

interconnected network centered around Shh, a gene involved in many steps of early 

embryo patterning, and the neural developmental factors Bdnf and Nes (Fig. 17b), proving 

that RS leads to a loss of Polycomb repressing signal on a functional cluster of neural 

developmental genes. The extent of this de-repression was particularly clear when the 

disposition of Polycomb signal around the promoters of some of the selected genes was 

visualized, as shown in figures 17c and 17d. An analogous investigation on genes linked to 

the term “Negative regulation of cell differentiation” showed that the loss of H3K27me3 

on these genes was generally accompanied by similar loss of H2AK119Ub, and in some 

cases concomitant loss of either RING1b or EED (Fig. 17e), highlighting how, also in this 

case, the loss of one Polycomb associated mark was often paired with the loss of others. 

Also in this case, among the gene products associated with this GO term, was possible to 

identify an interconnected group of proteins whose promoters underwent loss of 

Polycomb marks upon RS (Fig. 17f-h). Finally, is worth of mentioning the presence, among 

the GO terms identified for loss of EED signal, of the “Canonical Wnt signaling pathway”, a 
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major player in both stem cells biology and early embryonic development, represented by 

a small by highly interconnected group of genes, which in many cases showed, in addition 

to EED loss, also depletion of RING1b, H2AK119Ub or H3K27me3 on their promoters (Fig. 

17i-k). 

Taken together, these data suggest that high RS leads to a global rearrangement of the 

disposition pattern of Polycomb complexes on the genome of mouse ESCs, affecting in 

various extents different pathways, and therefore having the potential to majorly affect 

the cells ability to maintain their correct chromatin landscape. 
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3.5 – RS causes an increase in variant PRC1 occupancy on Dux 

promoter 

To answer our question regarding the behavior of PRC1 complexes upon RS, and their 

relation with the activation of Dux and its target genes, we used our Cut&Tag data to 

investigate the presence of Polycomb marks in proximity to the Dux locus either in 

unperturbed conditions or after RS induction. Our analysis highlighted the presence of 

PRC1 marks, RING1b and H2AK119Ub on the promoter of the Dux gene in unperturbed 

ESCs (Fig. 18). This observation is consistent with data already present in the literature, 

showing RING1b and RYBP presence on the Dux promoter in mouse ESCs (192) and our 

data (shown in the previous paragraphs) linking PRC1 to the repression of Dux in normal 

mouse ESCs. Surprisingly, notwithstanding our observation that PRC2 main components 

SUZ12 and EZH2 are not involved in Dux repression in ESCs, we could observe a clear 

presence of PRC2 structural component EED on Dux promoter, accompanied by a strong 

deposition of PRC2 histone mark H3K27me3 (Fig. 18). Interestingly, not only RS could not 

Figure 17 | Multiple functional networks lose Polycomb repression upon RS: a) Heatmap 

showing which among the genes linked to the term «Nervous system development» lose, gain 

or show no change in peaks for each of the protein tested by Cut&Tag. b) STRING network of 

protein interactions among the genes belonging to the «Nervous system development» term. 

c-d) Reads alignment for each of the tested proteins by Cut&Tag on either the c) Shh or d) Reln 

loci for both unperturbed (CNT, blue) conditions and aphidicolin treated cells (APH, red). e) 

Heatmap showing which among the genes linked to the term «Negative regulation of cell 

differentiation» lose, gain or show no change in peaks for each of the protein tested by Cut&Tag. 

f) STRING network of protein interactions among the genes belonging to the «Negative 

regulation of cell differentiation» term. g-h) Reads alignment for each of the tested proteins by 

Cut&Tag on either the g) Gata3 or h) Gata2 loci for both CNT and APH conditions. i) Heatmap 

showing which among the genes linked to the term «Canonical Wnt signaling pathway» lose, 

gain or show no change in peaks for each of the protein tested by Cut&Tag. j) STRING network 

of protein interactions among the genes belonging to the «Canonical Wnt signaling pathway» 

term. k) Reads alignment for each of the tested proteins by Cut&Tag on the Wnt10a locus for 

both CNT and APH conditions. In all interaction networks only proteins showing at least one link 

are shown. The dimension of each node is proportional to the number of interactors. Edges 

dimension is proportional to edge betweeness while edge intensity is proportional to the 

combined score for each interaction as reported by the STRING database. In plots c-d-g-h-k 

difference between APH and CNT conditions is represented as a heatmap (blue = higher binding 

in CNT, red = higher binding in APH). 
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reduce the signal of EED in proximity of Dux promoter, but it resulted in a mild 

accumulation of this PRC2 main component (Fig. 18). Surprisingly, in complete opposition 

to what observed for EED, we noticed a stark decrease in H3K27me3 signal in response to 

RS over the entire Dux locus (Fig. 18). Even more surprisingly, both RING1b and its 

associated histone mark H2AK119Ub were clearly accumulated on the Dux locus in 

response to RS (Fig. 18). Given the role of PRC1 complexes in repressing Dux and its target 

2C genes, this peculiar behavior is in complete opposition to what we could expect. 

To confirm PRC1 accumulation on Dux upon RS, we performed chromatin 

immunoprecipitation (ChIP) coupled with real time qPCR on both E14 and R1 ESCs either 

cultured in unperturbed conditions or after inducing high RS by aphidicolin treatment for 

16 hours at 6µM. After fixation and chromatin extraction, the samples were 

immunoprecipitated with antibodies against RING1b, RYBP or their associated histone 

mark H2AK119Ub. To confirm the H3K27me3 decrease observed in Cut&Tag, an antibody 

against this histone modification was also added to the panel.  

As a negative control for the immunoprecipitation, part of each sample was incubated with 

normal rabbit IgGs. Alongside Dux promoter, we also measured the percentage of 

enrichment over input for each of the tested proteins also for Cdx2 promoter, as a positive 

control for Polycomb repression. The promoter of Pou5f1, which is instead highly active in 

Figure 18 | Cut&Tag reveals PRC1 accumulation on Dux locus upon RS:  Reads alignment for 

each of the tested proteins by Cut&Tag on the Dux locus for both unperturbed (CNT, blue) 

conditions and aphidicolin treated cells (APH, red). For each protein the difference between 

signal measured in APH compared to CNT is given as an heatmap (negative values = blue, 

positive values = red).  
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unperturbed ESCs, and a random intergenic sequence on chromosome 14 have been used 

as a control for background signal. As expected, chromatin immunoprecipitated with an 

antibody against RING1b showed poor enrichment of both Pou5f1 promoter and our 

intergenic negative control for both cell lines tested (Fig. 19a, b). This level was not sensibly 

increased upon RS induction and remained in the range measured for samples incubated 

with IgGs (Fig. 19a, b, i, l). On the contrary, Cdx2 promoter displayed strong RING1b signal, 

both in control conditions and after RS induction. Interestingly, R1 cells showed weaker 

signal in comparison to E14 ESCs, although they followed an analogous pattern (Fig. 19a, 

b). Of note, Dux promoter displayed less RING1b signal in comparison to Cdx2 promoter 

(Fig. 19a, b). However, both E14 and R1 ESCs showed increased RING1b signal on Dux 

promoter in response to RS, confirming our Cut&Tag results (Fig. 19a, b). This data was 

further strengthened by RYBP ChIP-qPCR. RYBP is the other principal actor involved in Dux 

repression in ESCs according to our data, and is a main component of vPRC1 complexes. 

Also in this case, immunoprecipitation led to a low enrichment for the intergenic negative 

control region and for the promoter of the active gene Pou5f1, in the range of IgG 

immunoprecipitated samples for both cell lines (Fig. 19c, d, i, l). RYBP levels on these 

regions was not affected by RS in any of the lines tested (Fig. 19c, d). Instead, the extent of 

enrichment was higher in the case of the Polycomb repressed gene Cdx2, and this level of 

enrichment appeared unchanged in both conditions tested (Fig. 19c, d). RYBP 

immunoprecipitation led to a slightly superior enrichment for Dux in comparison to the 

negative control region or the Pou5f1 promoter in unperturbed conditions, but still lower 

than the level displayed by the Cdx2 promoter (Fig. 19c, d). Interestingly Dux levels 

increased to the range of Cdx2 in response to RS in both E14 and R1, indicating a clear 

accumulation of variant Polycomb complexes on the locus (Fig. 19c, d). Differently from 

what we observed in Cut&Tag, the deposition of H2A ubiquitination on lysine 119 was not 



93 
 

markedly affected by RS in any of the cell lines analyzed (Fig. 19e, f). In this case is important 

to notice how, while our ChIP-qPCR analysis measured a lower level of enrichment for both 

the intergenic negative region and Pou5f1 promoter in comparison to Dux and Cdx2 (Fig. 

19e, f), the extent of this difference was much inferior to what we observed in the case of 

RING1b and RYBP immunoprecipitation, indicating how H2AK119Ub could be a not optimal 

marker to discriminate among PRC1 repressed loci in ESCs. It is important to remember 

though, that in all the tested loci H2AK119Ub was clearly higher than the IgG background 

(Fig. 19e, f, i, l), showing that the presence of this histone mark on intergenic sequences or 

Figure 19 | RS leads to an accumulation of variant PRC1 components on Dux locus: a-b) ChIP-

qPCR analysis showing the percentage of enrichment over input for the indicated loci 

immunoprecipitated (IP) with RING1b antibody in unperturbed (CNT) or aphidicolin treated (APH) 

conditions for either a) E14 or b) R1 cells. c-d) ChIP-qPCR analysis showing the percentage of 

enrichment over input for the indicated loci immunoprecipitated (IP) with RYBP antibody in CNT 

or APH conditions for either c) E14 or d) R1 cells. e-f) ChIP-qPCR analysis showing the percentage 

of enrichment over input for the indicated loci immunoprecipitated (IP) with H2AK119Ub antibody 

in CNT or APH conditions for either e) E14 or f) R1 cells. g-h) ChIP-qPCR analysis showing the 

percentage of enrichment over input for the indicated loci immunoprecipitated (IP) with 

H3K27me3 antibody in CNT or APH conditions for either g) E14 or h) R1 cells. i-l) ChIP-qPCR 

analysis showing the percentage of enrichment over input for the indicated loci 

immunoprecipitated with control IgGs in CNT or APH for either i) E14 or l) R1 cells. All data are 

shown as mean + SEM of a triplicate. CNT and APH were compared using unpaired two-tailed t-

student test (* = p-val < 0.05, ** = p-val < 0.01, *** = p-val < 0.001). 
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active genes is not likely due to a technical issue. Interestingly, our ChIP-qPCR data 

confirmed the decrease in H3K27me3 on the Dux locus in response to RS in both E14 and 

R1 cells (Fig. 19g, h). In particular, the Dux locus displayed higher enrichment in comparison 

to the Cdx2 promoter in unperturbed conditions and this level was reduced for both loci in 

response to RS (Fig. 19g, h). Quite surprisingly, these results together show a complex 

repression system on the master regulator of the 2C stage in response to RS.  

Increased expression of Dux in response to RS in fact corresponds to a concurrent increase 

in the presence of PRC1 components on the locus, proving that there is not a linear 

correlation between Polycomb presence on the promoter and repression level. Moreover, 

the loss of H3K27me3 signal on Dux locus upon RS may be related to the dilution of marked 

nucleosomes with newly synthesized ones which occurs during replication (199,200). Arise 

of RS may affect the redeposition of the H3K27me3 mark on the locus following replication, 

leading to a decrease methylation level of histones. Notably, H3K27me3 dilution was not 

mirrored by a similar EED reduction as shown by our Cut&Tag data, suggesting that binding 

of PRC2 to its targets is not sufficient for efficient redeposition of H3 trimethylation. 

Since, in our previous work, we proved that 2C genes activation in response to RS is strongly 

dependent on the activity of the ATR-CHK1 axis, we wondered whether the peculiar 

behavior of PRC1 at Dux locus in response to RS may be dependent on ATR activity as well. 

In order to answer this question, we repeated our ChIP-qPCR analysis on E14 and R1 cells 

either in unperturbed conditions, or treated with aphidicolin 6µM for 16 hours to induce 

RS, or treated with both aphidicolin 6µM and a specific ATR inhibitor (VE-822) for 16 hours, 

in order to observe the effect of RS in the absence of ATR activity. Interestingly, in both cell 

lines, although with a different extent, the increase in RING1b occupancy of Dux promoter 

upon RS was reverted by ATR inhibition (Fig. 20a, b), indicating that this increase is not 

simply due to collateral effects of RS, but requires the activity of the ATR checkpoint. The 
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same behavior was observed in the case of the other characteristic component of vPRC1 

complexes, RYBP. Also in this case, in fact, the increase of RYBP signal on Dux promoter in 

response to RS induction was suppressed by concurrent ATR inhibition (Fig. 20c, d), 

highlighting a concerted behavior of both PRC1 components. Worth of mention, in the two 

cell lines tested, RING1b and RYBP did not show any conserved pattern of deposition on 

Cdx2 promoter in response to ATR inhibition, proving that ATR inhibition does not result in 

a generalized reduction of PRC1 presence on its target loci (Fig. 20a-d). 

These results show a very peculiar behavior of PRC1 on Dux promoter in response to RS. 

The increase in Polycomb presence on the promoter does not, in fact, result in increased 

repression, and does not affect the general level of H2AK119Ub deposition. Very 

interestingly, PRC1 presence on the promoter seems to be controlled by ATR activity and 

Figure 20 | PRC1 accumulation on Dux in response to RS requires ATR activity: a-b) ChIP-qPCR 

analysis showing the percentage of enrichment over input for the indicated loci 

immunoprecipitated (IP) with RING1b antibody in unperturbed conditions (CNT), after 

treatment with aphidicolin 6µM for 16 hours (APH) or after aphidicolin treatment in the 

presence of an ATR inhibitor (APH+iATR) for either a) E14 or b) R1 cells. c-d) ChIP-qPCR analysis 

showing the percentage of enrichment over input for the indicated loci in RYBP in CNT, APH or 

APH+iATR for either c) E14 or d) R1 cells. e-f) ChIP-qPCR analysis showing the percentage of 

enrichment over input for the indicated loci immunoprecipitated with control IgGs in CNT, APH 

or APH+iATR for e) E14 or f) R1 cells. All data are shown as mean + SEM of a triplicate. CNT, APH 

and APH+iATR conditions were compared using one-way ANOVA (* = p-val < 0.05, ** = p-val < 

0.01, *** = p-val < 0.001). 
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provides further proof for a model in which PRC1 components may be involved in RS 

response. 

3.6 - PRC2 but not PRC1 is required for efficient activation of 2C 

genes in response to RS 

As we have shown before, RS leads to an increase in the level of H3K27me3 in ESCs nuclei, 

both in bulk and at the single cell levels. However, this increase was accompanied by a 

reduction in the number of gene promoters which showed H3K27me3 peaks in our 

Cut&Tag experiment, as exemplified by Dux. We wondered then if the reduction in 

H3K27me3 may be responsible for the loss of Dux repression in response to RS. To 

understand if Dux expression may be dependent on active erasure of histone H3 

trimethylation we focused on the role of the two main histone demethylases, responsible 

for the removal of H3K27me3 from the chromatin, namely KDM6a and KDM6b (Lysine 

demethylase 6a/b) (201). These enzymes, and in particular KDM6a, have been shown to be 

necessary for differentiation of ESCs and their loss leads to severe defects in mouse 

embryonic development (202). To investigate if the active removal of H3K27me3 by these 

two demethylases could be involved in Dux overexpression upon RS induction we knocked-

down Kdm6b using an esiRNA pool, while Kdm6a was ablated through the administration 

of a single siRNA. All experiments were performed in E14 cells. To better investigate the 

possibility that one demethylase may compensate for the absence of the other we 

performed also a knock-down on both demethylases at the same time. As a negative 

control cells were transfected with an esiRNA pool targeting the Rluc gene. ESCs were kept 

either in unperturbed conditions or subjected to RS induction through a 16 hours long 

treatment with aphidicolin at 6µM. The expression level of both Dux and its main target 

gene Zscan4 mRNAs were measured by RT-real time qPRC 48 hours after transfection for 

all conditions. As shown in figure 21a, neither Kdm6a or Kdm6b knock-down had any effect 
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on Dux expression in unperturbed conditions, and similarly, no effect was observed in the 

case of Zscan4 (Fig. 21b). Analogously, not even the concomitant ablation of both 

demethylases had any effect on Dux or Zscan4 mRNA levels (Fig. 21a, b). Upon RS induction, 

Kdm6a knock-down not only did not impair Dux up-regulation, but resulted in a slight 

increase in respect to cells transfected with the Rluc esiRNA, although this increase was not 

statistically significant (Fig. 21a). The effect of Kdm6a ablation was even less relevant in the 

case of Zscan4 expression, where we did not observe any difference in response to RS for 

cells transfected with the control esiRNA or Kdm6a siRNA (Fig. 21b). An even milder effect 

was observed in the case of Kdm6b depletion, which did not lead to a change of Dux 

expression in response to RS in comparison to cells transfected with the Rluc-targeting 

esiRNA (Fig. 21a). Kdm6b depletion corresponded to a small and not significant drop in 

Zscan4 overexpression in response to RS (Fig. 21b).  

Figure 21 | Active demethylation does not influence Dux up-regulation upon RS: RT-real time 

qPCR analysis of mRNA levels in E14 cells either in unperturbed conditions (CNT) or after 

aphidicolin 6µM treatment for 16 hours (APH) and transfected with the indicated esiRNAs for a) 

Dux, b) Zscan4, c) Kdm6a and d) Kdm6b genes. All data are normalized on Tbp expression and 

shown as fold change in respect to the CNT Rluc sample. All data are shown as mean + SEM of 

three independent experiments. Comparison among all conditions was performed by one-way 

ANOVA with Tukey post-test (* = p-val < 0.05, ** = p-val < 0.01, *** = p-val < 0.001). 
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Surprisingly, ablation of both demethylases did not result in a reduced ability of ESCs to 

upregulate Dux in response to RS, but it instead caused a higher expression, although not 

significant, of the gene in comparison with cells transfected with the control esiRNA (Fig. 

21a). This increase however did not correspond to an equal increase in Zscan4 levels and 

therefore it most likely did not result in a general activation of 2C genes (Fig. 21b). To 

confirm that the demethylases knock-down inability to revert Dux up-regulation was not 

due to inefficient knock-down, or a change in Kdm6a or Kdm6b expression upon RS, we 

measured the expression of both genes in all the tested conditions. Both Kdm6a and Kdm6b 

proved to be efficiently knocked-down, as shown in figures 21c and 21d. Worth of 

mentioning, RS did not affect the expression of any of the demethylases, resulting in a 

comparable level of knock-down between control and treated conditions (Fig. 21c, d). 

Additionally, ablation of any of the two genes did not interfere with the expression of the 

other, and combined knock-down of both resulted in similar depletion in comparison to 

the single knock-down configuration (Fig. 21c, d). These results in their complex 

demonstrate that the activation of Dux in response to RS is not dependent upon active 

demethylation of the locus, although our data does not allow us to exclude that the 

reduction in H3K27me3 at Dux locus observed upon RS induction may be instrumental for 

its de-repression. 

To better characterize the role of PRC2 in response to RS, we decided to perform RS 

induction by aphidicolin treatment in E14 ESCs, in which the two PRC2 main components 

SUZ12 and EZH2 were ablated by esiRNA-based knock-down. Even in this case cells were 

treated with aphidicolin 6µM for 16 hours in order to induce RS, and samples were 

harvested 48 hours post transfection for RNA extraction and RT-real time qPCR analysis. 

ESCs transfected with an esiRNA targeting Rluc were used as negative control. As already 

mentioned, both Suz12 and Ezh2 ablation caused a mild reduction in Dux expression under 
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control conditions, which was more pronounced in the case of its target genes Zscan4 and 

Tcstv3 (Fig. 22a, b, d). Interestingly, RS could not increase the expression of Dux in cells 

transfected with either Suz12 or Ezh2-targeting esiRNAs to the level observed in cells 

transfected with the control esiRNA (Fig. 22a). An analogous effect was observed in the 

case of the other 2C stage markers Zscan4, MERVL and Tcstv3 (Fig. 22b-d), indicating that 

indeed the depletion of PRC2 components strongly impaired the up-regulation of 2C stage 

genes in response to RS. 

Since in our previous work we demonstrated that RS could not induce the activation of 2C 

stage genes in differentiated cells, such as MEFs, we wondered if the inability of ESCs 

depleted for PRC2 components to effectively increase 2C genes expression may be due to 

their differentiation, induced by the loss of PRC2-dependent repression of main 

developmental genes. To verify this hypothesis, we measured the expression of two key 

pluripotency markers Pou5f1 and Nanog in all our tested conditions. As shown in figures 

22e and 22f, neither Suz12 or Ezh2 knock-down affected the expression of Pou5f1 and 

Figure 22 | PRC2 is required for Dux up-regulation upon RS: RT-real time qPCR analysis of mRNA 

levels in E14 cells either in unperturbed ESCs (CNT) after aphidicolin 6µM treatment for 16 hours 

(APH) and tranfected with the indicated esiRNAs for the a) Dux, b) Zscan4, c) MERVL 

retroelements, d) Tcstv3, e) Pou5f1 and f) Nanog genes. All data are normalized on Tbp 

expression and shown as fold change in respect to the CNT Rluc sample. All data are shown as 

mean + SEM of three independent experiments. Comparison among all conditions was 

performed by one-way ANOVA with Tukey post-test (* = p-val < 0.05, ** = p-val < 0.01, *** = p-

val < 0.001). 
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Nanog in unperturbed conditions. RS led to a small and not significant reduction in Pou5f1 

and almost no change in Nanog expression, but this variation was not affected in any extent 

by either Suz12 or Ezh2 depletion (Fig. 22e, f). Therefore, these data indicate that the 

inability of ESCs to activate the expression of Dux and its targets in response to RS upon 

ablation of Suz12 or Ezh2 is not due to a generic loss of stemness induced by the weakened 

PRC2-mediated repression. 

Given the surprising effect of PRC2 ablation on the RS-induced activation of Dux and its 

targets, and since the two PRC1 components RING1b and RYBP showed ATR dependent 

accumulation on Dux locus in response to RS, we wondered whether also PRC1 could be 

involved in RS-mediated up-regulation of Dux. To this purpose, we combined the knock-

down of Ring1, Rnf2 (encoding RING1b) and Rybp with overnight (16 hours) treatment with 

aphidicolin 6µM, in order to induce RS in E14 mouse ESCs and measured the expression 

level of Dux and its main targets mRNAs by RT-real time qPCR, comparing it to the 

expression measured in cells transfected with an esiRNA targeting the Rluc gene. Also in 

this case, the samples either in unperturbed or treated conditions were harvested 48 hours 

post transfection for RNA extraction. Since both RING1b and RYBP proved in our hands to 

be involved in Dux repression in unperturbed conditions and, as previously shown, their 

ablation led to a stark increase in Dux levels over basal expression, the combination of PRC1 

components knock-downs and RS induction could very likely lead to high levels of Dux 

expression in respect to unperturbed control cells. However, we reasoned that if PRC1 was 

involved in RS-mediated activation of Dux, RS would had not been able to increase Dux 

expression in ESCs subjected to PRC1 components ablation over the level of unperturbed 

cells subjected to the same knock-downs. However, as shown in figure 23a, RS induction in 

cells depleted for either Rnf2 or Rybp led to a strong increase in Dux expression, well above 

the level measured in cells transfected with the Rluc targeting esiRNA when subjected to 
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the same treatment. Moreover, the extent of Dux up-regulation due to the combination of 

RS induction and Rnf2 or Rybp depletion was well above the level observed in the presence 

of the respective knock-downs alone, indicating that even in the absence of PRC1 main 

components RS was still able to induce strong up-regulation of Dux (Fig. 23a). Interestingly, 

Ring1 knock-down did not have any effect on Dux expression in response to RS, similarly to 

what we already observed in unperturbed conditions (Fig. 23a).  

A remarkably similar behavior was observed for all the tested 2C genes, showing also in this 

case a concerted regulation among Dux and its targets. In particular, with various extents, 

RS led to a strong increase in Zscan4, MERVL and Tcstv3 expression both in Rnf2 and Rybp 

depleted cells, if compared with cells subjected to transfection with the same esiRNA but 

kept in unperturbed conditions (Fig. 23b-d). At the same time, the combination of either 

Rnf2 and Rybp knock-downs with aphidicolin treatment resulted in markedly higher 

expression of all three genes mRNAs in comparison to cells treated with aphidicolin alone 

(Fig. 23b-d). Finally, also in the case of Zscan4, MERVL and Tcstv3 expression, Ring1 

Figure 23 | PRC1 is not required for Dux activation upon RS: RT-real time qPCR analysis of 

mRNA levels in E14 cells either in unperturbed ESCs (CNT) after aphidicolin 6µM treatment for 

16 hours (APH) and transfected with the indicated esiRNAs for the genes a) Dux, b) Zscan4, c) 

MERVL retroelements and d) Tcstv3. All data are normalized on Tbp expression and shown as 

fold change in respect to the CNT Rluc sample. All data are shown as mean + SEM of three 

independent experiments. Comparison among all conditions was performed by one-way 

ANOVA with Tukey post-test (* = p-val < 0.05, ** = p-val < 0.01, *** = p-val < 0.001). 
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depletion did not have any effect either in unperturbed or RS-induced conditions (Fig. 23b-

d). 

These surprising data show that, not only PRC2 complexes are not responsible for Dux 

repression in unperturbed ESCs, but their presence is required for its efficient activation in 

response to RS, although the understanding of their role requires further investigation. At 

the same time, the accumulation of PRC1 components on Dux locus after RS induction 

observed in our Cut&Tag and ChIP-qPCR experiments, not only do not lead to a repression 

of the gene, but are also not instrumental to Dux activation in response to RS. 

3.7 – Fork remodeling translocases are required for efficient 

activation of Dux and its targets in response to RS 

In our previous work, we linked the activation of Dux and its target 2-cells stage genes in 

response to RS to the activation of the ATR kinase, the master regulator of RS response, 

and its main downstream effector CHK1. In our effort to expand our knowledge on how the 

activity of the checkpoint is linked to the transcriptional regulation of a main 

developmental gene, we decided to investigate the role of some of the most important 

genes known to have a role in replication fork stabilization and recovery, acting 

downstream to the ATR-CHK1 axis. Among the proteins of this group the better known 

actors are the helicase-like transcription factor HLTF (also known as SMARCA3) known for 

its ability to ubiquitinate PCNA at stalled replication forks, its putative downstream effector 

ZRANB3 and the ATP-dependent annealing helicase SMARCAL1 (121,125,203). All these 

proteins work downstream of the ATR checkpoint in order to protect and recover stalled 

or collapsed forks caused by high levels of RS, through the pathway of fork reversal. We 

wondered then, whether the activation of Dux in response to RS may not be directly due 

to the activity of the ATR-CHK1 checkpoint, but could be a product of fork remodeling 

activities promoted by this pathway. To answer this question, we transfected E14 mouse 
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ESCs with esiRNAs targeting either Hltf, Zranb3 or Smarcal1 mRNAs and kept these cells in 

either unperturbed conditions or treated them with aphidicolin 6µM for 16 hours to induce 

high RS. As a negative control we used an esiRNA pool targeting the gene Rluc. At 48 hours 

post transfection, cells were collected for both RNA extraction and subsequent RT-real time 

qPCR analysis and protein extraction for western blot analysis. As shown in figure 24a, none 

of the tested knock-downs had an effect on Dux basal expression level, although Smarcal1 

depletion resulted in a very mild and not significant increase.  

Interestingly both Hltf and Zranb3 ablation were able to impair Dux activation in response 

to RS, with Hltf displaying the strongest effect, although neither of these reductions 

resulted statistically significant (Fig. 24a). On the contrary, knocking-down Smarcal1 did not 

have any effect on Dux expression upon RS (Fig. 24a), highlighting perchance a difference 

between the role of HLTF-ZRANB3 and SMARCAL1 in response to RS in ESCs. The expression 

of Zscan4 mirrored what we observed in the case of Dux, with only Hltf and Zranb3 knock-

Figure 24 | Fork remodeling translocases are required for efficient up-regulation of Dux and 

its targets in response to RS: RT-real time qPCR analysis of mRNA levels in E14 cells either in 

unperturbed conditions (CNT) or after aphidicolin 6µM treatment for 16 hours (APH) and 

transfected with the indicated esiRNAs for the genes a) Dux, b) Zscan4, c) Hltf, d) Zranb3 and e) 

Smarcal1. All data are normalized on Tbp expression and shown as fold change in respect to the 

CNT Rluc sample. All data are shown as mean + SEM of three independent experiments. 

Comparison among all conditions was performed by one-way ANOVA with Tukey post-test (* = 

p-val < 0.05, ** = p-val < 0.01, *** = p-val < 0.001). 
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downs showing a reduction in RS dependent activation of the gene, while no effect was 

observed in the case of Smarcal1 depletion (Fig. 24b). Also in this case, the effect of the 

knock-downs on the basal expression of Zscan4 was negligible, with only a minor reduction 

in the expression of the gene observed in unperturbed ESCs subjected to either Hltf or 

Zranb3 knock-down (Fig. 24b). To confirm the effectiveness of our knock-down approach 

we measured the mRNA levels of Hltf, Zranb3 and Smarcal1 by RT-real time qPCR in cells 

transfected with either the Rluc esiRNA or the esiRNA targeting any of these genes, in both 

unperturbed or aphidicolin treated conditions. This analysis confirmed that all three genes 

were efficiently knocked-down, with Hltf and Zranb3 showing a higher knock-down 

efficiency than Smarcal1 (Fig. 24c-e). The effectiveness of our approach was confirmed also 

by our western blot analysis, showing that each of the used esiRNA led to an almost 

complete depletion of the corresponding protein in comparison to the control level, but no 

change in any of the others (Fig. 25). This analysis confirmed that also in the case of 

Smarcal1, where our qPCR analysis could still detect almost 40% of the control levels of 

mRNA after knock-down, the corresponding protein level was almost undetectable (Fig. 

24e and 25). Importantly, our western blot analysis of ZSCAN4 protein expression showed 

the same pattern observed for Dux and Zscan4 mRNAs, with only Hltf and Zranb3 knock-

downs being able to revert the up-regulation of ZSCAN4 due to RS induction. Interestingly, 

neither Hltf or Zranb3 ablation could impair CHK1 phosphorylation in response to RS (Fig. 

25), indicating that loss of the corresponding protein did not block the activation of the 

ATR-CHK1 axis, and therefore their role in Dux activation is most likely exerted downstream 

of the RS checkpoint. 
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These data move our understanding of the link between RS and 2C stage genes activation 

one step further, highlighting how the very process of fork remodeling and restart may be 

involved in Dux de-repression. 

 

 

  

Figure 25 | HLTF or ZRANB3 depletion does not impair CHK1 activation upon RS induction: 

Western blot analysis for E14 cells either in unperturbed conditions or treated with aphidicolin 

6µM for 16 hours. Cells were transfected with the indicated esiRNAs. Protein expression was 

tested for HLTF, ZRANB3, SMARCAL1, ZSCAN4, CHK1. Phosphorylation of CHK1 (p-CHK1) at 

Ser317 was tested as a marker of ATR-CHK1 activation. GAPDH was used as a loading control. 
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4 – Discussion 

4.1 - PRC1 represses 2-cell stage genes in unperturbed ESCs 

ESCs are characterized by a fast replicative cycle, due to the high number of replication 

origins firing at each cycle, combined with a short G1 phase. These features are the source 

of a great deal of RS in otherwise unperturbed ESCs (204,205), posing a risk for the stability 

of their genome. It is therefore surprising that ESCs are considered to be remarkably stable 

at genomic level (206). This indicates the presence of peculiar systems of dealing with RS 

in ESCs. The work of several labs has highlighted the link between the physiological process 

of transcription and RS, due to the risk of collision between the replication machinery and 

RNA polymerases, and the formation of highly recombinogenic structures known as R-loops 

(207). Many have reported how the cell puts in place various mechanisms to suppress 

transcription in response to RS, in order to reduce the risk of fork stalling and collapse 

(92,208). Given these premises, in our previous work, we surprisingly observed that, in 

response to RS, ESCs upregulate a vast group of genes (42). Such a broad increase in gene 

expression may in fact pose in even greater danger the stability of the genome, by widening 

the portion of DNA occupied by the transcriptional machinery. Among the genes 

overexpressed upon RS in our dataset, we observed a substantial percentage (ranging from 

25% to 28%) of Polycomb targets (141,190,191). In ESCs, members of the Polycomb family, 

belonging to either PRC1 or PRC2, occupy the promoters of many developmental genes, 

keeping them under various degrees of repression (209,210). Interestingly, among the 

genes activated by RS and identified in our previous work, a wide group of 2-cells stage 

specific genes resulted particularly relevant, with their master regulator Dux occupying a 

key position (42). Worth of noting, Dux appeared to be among Polycomb targets in only 

one of the works taken into consideration by us to build sets of Polycomb targets (141). 

However, this is not surprising, since Dux repetitive nature affects the ability of sequencing-
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based techniques to correctly identify it (58). Other more recent works have in fact shown 

the presence of the variant vPRC1.6 complex on the promoter of Dux (69), while depletion 

of vPRC1.6 components RING1b, RYBP and PCGF6 have proven to increase the number of 

2C like cells among the ESCs population in unperturbed culture conditions (37). Here we 

confirm these results, showing that the role of  vPRC1 in the repression of 2C-like genes is 

due to its repressive effect on Dux promoter. Interestingly, our results show that only 

RING1b is involved in Dux repression in ESCs, while its paralog RING1a is not involved either 

in Dux repression under unperturbed conditions or in its activation upon RS. This clearly 

indicates a non-redundant function of RING1b, highlighting a difference between the two 

paralogs. The two core components of PRC1 have in fact already been shown to have, at 

least partially, non-redundant functions, as highlighted by the broadly different 

phenotypes displayed by developmental models lacking either of the two (211,212). The 

binding of vPRC1.6 to Dux promoter has been suggested to require SUMOylation, as shown 

by the ability of Ubc9 knock-downs to increase Dux expression and reduce the presence of 

PRC1 components on its promoter (69). However, given the broad role of UBC9 as an E2 

enzyme involved in many cellular processes, from cell cycle regulation to fork stabilization 

and DNA damage repair (70,71,213), it is important to consider this data with caution. UBC9 

loss may in fact affect the correct proceeding of the replicative forks, resulting in RS and 

therefore activation of 2-cells stage specific genes in ESCs through the ATR-CHK1 axis. 

Importantly, also RING1b and other PRC1 components, such as L3MBTL1, have been shown 

to associate with replication forks, and their deletion leads to impaired fork progression 

and RS (163,165). However, in our hands, a 48-hour long depletion of variant PRC1 

components did not lead to strong activation of CHK1, comparable to what we could 

observe in the case of aphidicolin treatment. Notably, the levels of ZSCAN4 protein 

expression displayed by these knock-down experiments were markedly higher than the 



108 
 

expression levels shown by aphidicolin-treated ESCs, indicating that they cannot be 

explained by a mild activation of CHK1.  

4.2 - Replication stress influences the binding of Polycomb to its 

targets 

Our data shows that in ESCs RING1b is present throughout the nucleus, but it is particularly 

enriched in dense foci. These dense spots are generally coincident with the chromocenters, 

regions of condensed chromatin, which appear as brighter spots inside the nuclei of ESCs 

in standard DAPI staining. The presence of compact regions of chromatin, enriched in 

Polycomb proteins, is compatible with recent findings that indicate the presence of discrete 

chromatin domains associated with Polycomb marks (or PADs) in the nuclei of both ESCs 

and oocytes (193,214). These domains have been proposed to be critical for the 

maintenance of cell identity, and their loss leads to massive rearrangements of chromatin 

compartments (193,214). Here we observe that, in response to RS, ESCs rearrange the 

disposition of RING1b enriched domains, which assume a more disperse disposition in the 

nucleus. These change in localization corresponds to a parallel increase in the colocalization 

coefficient between RING1b and γH2AX, a common marker of RS, which is enriched at 

stalled forks due to the activation of the ATR checkpoint (111,215). This behavior is in 

agreement with a role of RING1b at replication forks. Interestingly, components of PRC1, 

such as PCGF2 (MEL18) and PCGF4 (BMI1), have been shown to be recruited to sites of DNA 

damage in a PARP dependent manner (165,168,169), while RING1b and RING1a themselves 

have been shown to be involved in replication of highly complex loci in unperturbed 

conditions (164,166). Our data cannot distinguish between a displacement of RING1b due 

to its accumulation in proximity of undamaged replication forks or to its recruitment at 

sites of collapsed forks, which have caused the formation of DSBs. RING1b disposition, 

however, was not mirrored by an analogous positioning of the PRC1 deposited mark 
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H2AK119Ub, which instead appeared more homogeneously distributed inside nuclei. This 

broad occupancy of the genome by H2AK119Ub may be due to the multiple functions of 

this histone mark. In addition to its role as a Polycomb-associated repressive mark, H2A 

ubiquitination is also increased in S-phase and is found in proximity of replication forks, 

where it is proposed to function as a scaffold for the recruitment of various fork 

stabilization factors, such as BAP1 and INO80 (216,217). At the same time, H2AK119Ub is 

known to be present in pericentromeric regions (164) and, given the association of PRC1 

proteins with sites of DNA damage, it is possible that this histone mark is present at sites 

of damage throughout the nucleus (165,168,169). It is interesting to notice, that in our 

hands H2AK119Ub signal did not co-localize with γH2AX. However, given the fact that the 

H2AX isoform of the H2A histone has been proven, in previous works, to be ubiquitinated 

at lysine 119 (218), it is possible that our antibody could not efficiently recognize both 

isoforms, or that binding of the anti-γH2AX antibody interfered with the accessibility of the 

H2AK119Ub antibody binding site. Our Cut&Tag data confirmed that RING1b occupancy of 

its target promoters is affected by RS. Consistently, the loss of RING1b foci observed by 

immunofluorescence correlated with a decrease in the intensity of RING1b signal measured 

in proximity of the TSS of its targets. Loss of RING1b in the promoter region coincided in 

many cases with genes that were identified as up-regulated by our previous RNA-Seq 

experiment. Similarly, also EED presence on its target gene promoters was affected by RS, 

resulting in a broad loss of EED peaks, which, also in this case, partially overlapped with 

genes up-regulated in our previous work. However, it is important to notice that RING1b 

or EED loss is not sufficient to directly explain the broad up-regulation of genes that we 

observed in our published work, since the number of direct targets of Polycomb which lose 

EED or RING1b signal in response to RS is far inferior than the number of genes that 

experience up-regulation in the same conditions. This discrepancy could be explained by 
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the fact that, among the targets of Polycomb that are upregulated by RS, are present 

transcription factors, such as c-JUN, ID2 or ATF3, which in turn could activate a cohort of 

genes in their respective pathways. It is reasonable to think though, that RS may exert an 

effect on many different chromatin remodeling factors, either by not allowing their correct 

repositioning on the chromatin due to the presence of stalled replication forks, or by 

coopting them in the processes required for the protection and restart of the forks. 

Polycomb targets may be then only a group of a larger number of genes affected by the 

remodeling of the surrounding chromatin landscape in response to RS. Differently from 

RING1b, H2AK119Ub did not show any major decrease in peak intensity in proximity of TSS 

genome-wide upon RS induction. Instead, H2AK119Ub signal accumulated both upstream 

and downstream of genes TSS in response to RS. The expansion of H2AK119Ub covered 

domains may be in part responsible for the loss of significance that we observed among 

peaks in cells treated with aphidicolin in comparison to unperturbed cells, through a 

widespread increase in background signal. The genome-wide deposition of H2AK119Ub 

upon RS may be explained by extensive presence of stalled forks throughout the genome. 

As we show, exposure of mouse ESCs to high doses of aphidicolin leads to accumulation of 

these cells mostly in G1/S-phase, although a remarkable number of them is well into S-

phase at the end of treatment. Given the fact that mouse ESCs are reported to have a very 

brief G1-phase, and to not undergo a Rb-dependent arrest in G1 in response to DNA 

damage (188,189,219), it is reasonable to think that in ESCs a high number of stalled 

replication forks is present in conditions of marked RS. Therefore, the broad deposition of 

H2AK119Ub that we observe may be reasonably due to a high number of slowly moving or 

stalled replication forks throughout the genome. In contrast to what we observed in the 

case of H2AK119Ub, the H3K27me3 histone mark displayed a dramatic loss of signal 

throughout the genome in proximity of gene TSS. The drop in H3K27me3 was even more 
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marked compared to RING1b and EED. The extent of this difference is striking, considering 

that the presence of Polycomb complexes at the sites of repressed genes is fairly stable 

throughout the process of replication (220–222). One simple hypothesis to explain the wide 

loss of H3K27me3 at gene promoters would be that widespread stalling of replication forks, 

due to aphidicolin inhibition of DNA polymerases, would leave large portions of single 

stranded DNA, devoid of nucleosomes and therefore of histone marks. However, this 

simple explanation would not fit our observation regarding the broad presence of 

H2AK119Ub around the genome, which shows that the amount of ssDNA resulting from RS 

is not of an extent that would affect the genome-wide association between nucleosomes 

and DNA.  

During replication, nucleosomes are evicted by the replication machinery and re-deposited 

behind the fork. However, the doubling of DNA requires the deposition of newly 

synthesized histones, mostly devoid of histone marks, which are then replaced by various 

chromatin remodeling complexes, although a clear model for this process is still lacking 

(223). Our protein expression and immunofluorescence data show that H3K27me3 is 

increased upon RS, indicating that the global loss at gene promoters cannot be explained 

by a general suppression of H3K27 trimethylation activity. From a qualitative observation 

of our immunofluorescence data, it is also possible to see that H3K27me3 in unperturbed 

cells is preferentially disposed in proximity to the nuclear membrane, in agreement with 

the higher presence of heterochromatin at the nucleus borders (224). Upon RS instead, 

H3K27me3 disposition becomes less compartmentalized, and bright H3K27me3 foci appear 

in various positions inside nuclei. Notably, the presence of the H3K27me3 histone mark has 

been shown to decrease during DNA replication in both Drosophila and human cells, in 

correspondence to an parallel increase in H3K27 monomethylation, whose role remains 

elusive (225–227). The replacement of H3K27me3 is then achieved after cell division and 
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throughout the G1-phase (228). However, data from human cellular models indicates that 

RS affects the redeposition of nucleosomes after replication, by increasing their retention 

by histone chaperones (199). It is possible that the elevated level of RS may interfere with 

the correct recycling of histones behind forks. In addition, PRC2, similarly to PRC1, has been 

proven to be involved in DNA replication through association with the replication 

machinery (163), and to act at stalled replication forks to recruit remodeling factors 

through the deposition of H3K27me3 (167). Therefore, the coopting of PRC2 components 

at sites of stalled forks could reduce their ability to deposit H3K27me3 on newly 

synthesized histones, concurring to its general reduction on target genes TSS. In this case, 

the dilution of PRC2 due to its recruitment at replication forks may affect its ability to 

properly maintain the repressive marks at target sites in conditions of RS.   

4.3 - The highly repeated Dux locus accumulates vPRC1 in 

response to replication stress 

Interestingly, RING1b and its ability to ubiquitinate histone H2A has been shown to be 

required for the correct replication of highly complex sequences, such as pericentromeric 

satellites (166). Both RING1b and H2AK119Ub have been shown to accumulate at 

pericentromeric satellites during normal replication, and H2A ubiquitination was proven to 

suppress the RS shown by Ring1-/-Rnf2-/- MEFs (164). The peculiarity of Dux genomic region 

is that its coding sequence is encased in a macrosatellite sequence, which is repeated an 

unknown number of times. Studies regarding its human homolog DUX4 proved that the 

macrosatellite can be repeated more than 100 times in tandem, and data from mouse cells 

indicate a similar disposition (58,229). It is therefore reasonable to hypothesize that the 

accumulation of RING1b, that we observed in our Cut&Tag experiment over the Dux region 

after RS induction, could be due to RING1b role in the replication of complex sequences. 

The macrosatellite structure of Dux may be responsible for RING1b recruiting to its locus in 
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order to properly replicate this region, and fork stalling due to RS could be responsible for 

retaining high amounts of RING1b on the site. Quite interestingly, also RYBP showed 

enrichment on the Dux locus in our ChIP-qPCR experiments, demonstrating that RING1b is 

not recruited on Dux alone in response to RS, but it is most likely part of variant PRC1. 

Moreover, the increased localization of both vPRC1 components was abolished upon 

chemical inhibition of ATR, suggesting that the accumulation of these proteins on the locus 

requires a functional checkpoint. This data, in particular, offers an interesting starting point 

for further analysis.  The increased presence of PRC1 in proximity of Dux upon RS may be 

the result of the accumulation of stalled replication forks on the locus, which would bring 

Polycomb proteins on the site. In this case, ATR inhibition would lead to increased collapse 

of the stalled forks, in this way reducing the presence of Polycomb on the site, together 

with the rest of the replicative complex. Alternatively, ATR activity may be directly required 

for proper recruitment of Polycomb to stalled replication forks, in an attempt to protect 

and restart the fork. It is however important to keep in mind that these two scenarios are 

not necessary mutually exclusive. Notably, H2AK119Ub only slightly accumulated over Dux 

in our Cut&Tag experiment, and this mild increase was not confirmed by ChIP-qPCR. 

However, it is important to notice that H2AK119Ub levels over Dux in unperturbed 

conditions are already high, due to its PRC1 dependent repression, and therefore increased 

RING1b presence on the locus may not result in further increase in this histone mark for a 

simple saturation effect. Notably, also EED showed a moderate increase over Dux locus in 

response to RS in our Cut&Tag experiment, possibly due to the reported role of PRC2 

proteins in DNA replication (163). Interestingly, H3K27me3, in contrast to the behavior of 

EED, and similarly to what observed genome-wide, displayed a marked loss upon RS in both 

our Cut&Tag and ChIP-qPCR data. This shows that the presence of PRC2 on the locus is not 

per se sufficient to efficiently deposit H3K27me3. Differently from H2AK119Ub, H3K27me3 
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has been mostly linked with the remodeling of stalled forks (167). It is therefore possible 

that H3K27me3 is preferentially deposited at sites of forks that fail to be recovered, and is 

not broadly associated with forks in RS. However, given the sustained presence of PRC1 

and PRC2 proteins at the Dux locus upon RS, the marked loss of H3K27me3 is still somehow 

counterintuitive and a better understanding of the fine mechanisms linking Polycomb to 

replication forks is required for a complete understanding of these results. It is possible 

that, due to its repetitive nature, the Dux macrosatellites tend to accumulate PRC1 marks 

in a similar way to pericentromeric loci (164,166). However, in the presence of a functional 

RS checkpoint it is also possible that this region is not significantly more prone to fork 

remodeling in comparison to the rest of the genome, and therefore does not show sensible 

accumulation of H3K27me3. 

4.4 - Dux activation upon replication stress requires PRC2 

The loss of H3K27me3 on Dux promoter in response to RS could be responsible of its 

overexpression, or at least enable its activation through other independent mechanisms. 

Our data shows that active demethylation of H3K27 by KDM6a and KDM6b is not required 

for proper Dux activation in response to RS. These data suggest that the loss of H3K27me3 

observed on Dux promoter after RS induction is not dependent upon an active process of 

demethylation, although a more in-depth analysis is required to establish if KDM6a and 

KDM6b ablation has any direct effect on the level of H3K27me3 at Dux promoter, either in 

unperturbed conditions or in response to RS. Notably, knock-down of PRC2 components 

Suz12 and Ezh2 did not increase the expression of Dux and its targets in unperturbed 

conditions. These data, taken together with the inability of Kdm6a/Kdm6b knock-down to 

reduce Dux activation in response to RS, suggests that PRC2-dependent deposition of 

H3K27me3 is not the main controller of Dux status. However, our data do not allow us to 

exclude that loss of H3K27me3 on Dux promoter in response to RS may be instrumental to 
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its activation, by making the region available for binding by activating transcription factors. 

Surprisingly, ablation of either SUZ12 or EZH2 led to a mild decrease of Dux expression in 

unperturbed ESCs, which is in agreement with previously published work showing that 

knock-down of PRC2 proteins leads to a reduction in the 2C-like cell population among 

mouse ESCs (37). The reduction in Dux expression caused by Suz12 and Ezh2 knock-downs 

was even more marked in response to RS, where we could observe an almost complete 

suppression of the RS effect on the activation of Dux and its targets. Although this apparent 

activating effect of PRC2 proteins in response to RS may seem surprising at first, this result 

may be explained by the proven role of these proteins in DNA replication (163,167). 

Similarly to RING1b, in fact, also SUZ12 has been shown to colocalize with PCNA during 

replication (163), and EZH2 has proven to act at reversed forks in BRCA2 deficient cells to 

promote their degradation (167). MEFs deficient for various components of PRC2 have 

shown to grow at a slower pace (163). This suggests that the lower expression of Dux in 

PRC2 knock-down cells may be due to the inability of these cells to perform DNA 

replication. However, ablation of PRC2 proteins has been proven to cause RS in cancer cells 

and other model organisms (230,231), which would per se cause activation of Dux 

expression through the ATR-CHK1 axis in our cell model, in opposition to our data. 

Moreover, we could not see any sensible difference in the growth rate of Suz12 and Ezh2 

knocked-down ESCs in comparison to their control in the time span observed (not shown). 

It is therefore possible that ESCs respond to ablation of PRC2 components differently from 

more differentiated cells, given also their inability to arrest in G1 in response to DNA 

damage (219,232–234). It is however important to verify the ability of PRC2 ablated cells 

to properly activate the ATR-CHK1 axis, to better characterize the role of this complex in 

the activation of Dux. Differently from PRC2 proteins, ablation of single components of 

PRC1 could not suppress the effect of RS on Dux levels. In particular, neither Ring1 nor Rnf2 
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knock-down impaired RS-induced expression of Dux and its targets, indicating that these 

proteins are not required for Dux up-regulation. Since the involvement of RING1a and 

RING1b in replication of pericentromeric satellites seems to be redundant, it is possible 

that an eventual role of this process in Dux de-repression upon RS may not be observed 

through single knock-downs. However, given the complete lack of suppression shown by 

both Ring1 and Rnf2 knock-downs, and the dramatic effect of both Suz12 and Ezh2 knock-

downs, it is reasonable to hypothesize that PRC1 and PRC2 play very different roles in 

response to RS, at least for what regards Dux activation. 

4.5 - Fork remodeling is involved in Dux activation during 

replication stress 

PRC2 role in the RS-dependent activation of Dux elicited the hypothesis that up-regulation 

of the gene may not be a direct effect of the ATR-CHK1 axis activation, but may be a 

consequence of fork remodeling processes, which are themselves regulated by the RS 

checkpoint. When replication forks progression is impaired, the cell enacts several 

mechanisms to ensure the protection of the fork and its recovery, such as translesion DNA 

synthesis, repriming and fork reversal (235). In particular, the formation of reversed forks 

promotes the stabilization of the replicative machinery on the fork, allowing the cell to 

overcome the stress source before proceeding with DNA replication. In this case, the newly 

synthesized strands are reannealed by the fork remodeling ATP-dependent helicase activity 

of proteins such as SMARCAL1, HLTF and ZRANB3, in order to reduce the amount of 

exposed ssDNA (117). Our data show that the fork remodeling proteins HLTF and ZRANB3, 

but not SMARCAL1, are required for efficient up-regulation of Dux transcript in response to 

RS. Unfortunately, a defined model for the action of each one of these proteins at the 

stalled fork is still lacking, although all three have been shown to promote fork reversal in 

conditions of RS (120,124,236). Interestingly, HLTF has been proven to promote 
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polyubiquitination of PCNA in conditions of RS (122,237) while ZRANB3 is known to be 

recruited at stalled forks through its ability to interact with polyubiquitinated PCNA (125). 

This evidence suggests that the similar suppressive effect shown by both proteins on RS-

induced Dux expression may be explained by them acting in coordination through the same 

pathway. Further analysis, comprising the combination of both genes knock-downs is 

necessary to elucidate this point. In the light of these data and in combination to the proven 

role of ATR-CHK1 in the control of Dux expression, it is clear that replication forks 

remodeling is a requirement for Dux activation upon RS in ESCs. It would be therefore 

relevant to further the understanding of this phenomenon investigating the epistatic 

relation between ATR, HLTF and ZRANB3. In fact, while the action of HLTF and ZRANB3 is 

generally considered to happen downstream to ATR activation, a definitive model of their 

relation is still lacking. The ability of Hltf and Zranb3 knocked-down ESCs to still activate 

CHK1 in response to RS is however an indication that the role of these proteins in RS-

induced Dux expression takes place most probably downstream of ATR, or the two 

pathways concur independently to determine the same phenomenon. 

4.6 - Final remarks 

Taken together, our data depict a very complex portrait of Dux regulation in response to 

RS. Quite surprisingly, notwithstanding the clear role of vPRC1 in Dux repression under 

unperturbed conditions, their increased presence over Dux promoter in response to RS is 

not sufficient for its repression. It is possible that PRC1 complexes are recruited on Dux 

locus during replication due to its repeated nature, in order to grant its efficient replication, 

similarly to what has been demonstrated in the case of pericentromeric satellites (164). 

However, their presence on the locus does not affect the activity of the gene, possibly 

indicating a different composition of the PRC1 complexes acting in replication and in gene 

repression. At the same time, we show that PRC2 components are required for efficient 
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activation of Dux. In addition to their role in gene repression and in replication under 

normal conditions, PRC2 proteins have been shown to be also involved in the processing of 

reverse forks in concert with MUS81 and MRE11 (167). This evidence, together with our 

data indicating an involvement of fork remodeling translocases such as HLTF and ZRANB3 

in Dux activation upon RS, suggests that the formation and processing of reverse forks may 

be required for the de-repression of the gene. It is important to underline that the role of 

PRC2 complexes at reversed forks has been linked to their ability to deposit H3K27me3, 

however, our observation that this repressive mark is clearly depleted on Dux locus upon 

RS, and the proven involvement of EZH2 in other DNA repair pathways in a methylase 

independent manner (238), suggest that PRC2 complexes may act at reversed forks also 

independently from their ability to methylate histone H3. According to our data, ATR and 

CHK1-induced fork pausing in response to RS, and the consequent formation of reversed 

forks, may be the main responsible for Dux de-repression in response to RS, although the 

fine molecular mechanism remains elusive (Fig. 26a).  It is possible that the rearrangement 

of Polycomb complexes due to their recruitment to replication forks may lift their 

repressive action on the locus, due to a different composition of the Polycomb complexes 

involved in gene repression and replication (Fig. 26a). Alternatively, active transcription has 

been shown to be required for the restart of reverse forks caused by R-loops (93). However, 

since the main source of RS in aphidicolin treated cells is due to inhibition of DNA 

polymerases, which is not a source of R-loops, a deeper investigation is required in order 

to understand if transcription may be involved in fork restart also in case of different 

sources of stress. In addition, cooptation of PRC1 and PRC2 by stalled and reversed forks 

leads to a macroscopic rearrangement of their positioning throughout the nucleus, as 

shown by our Cut&Tag data (Fig. 26b). The loss of repressive marks on a genome-wide level 

constitutes a major risk for the ability of the cell to maintain its identity. Transcriptomic 
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data published in our previous work suggest that Polycomb proteins may not be the only 

chromatin remodeling actors whose positioning is affected by RS, given the large set of 

genes deregulated in these conditions. Progressive erosion of the chromatin landscape has 

been linked with the process of aging, and has been shown to be facilitated by DNA 

damaging factors (239). In addition, mouse models prone to unusually high RS have been 

proven to undergo accelerated aging and rapid exhaustion of the adult stem cell pools 

(240,241). Our data suggests a path through which RS may facilitate the progressive erosion 

of the chromatin landscape by coopting chromatin remodelers and repressor complexes 

such as Polycomb (Fig. 26b). Mild but protracted RS, or conditions of high RS due to 

mutations in key components of the DNA replication pathway, could accelerate aging by 

destabilizing the epigenome, which may have particularly dire consequences in highly 

plastic cells, such as stem cells (242). The effort of the cell to duplicate faithfully the 

information stored in the genome, and at the same time to regulate its expression to 

perform complex functions, all revolve around refined molecular machineries acting on the 

DNA. Our work offers new insight on how these two functions of the genome may come 

into conflict, and offers an insight on the dramatic consequences that may derive from such 

a conflict. 
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Figure 26 | Effects of Replication stress at the Dux locus and throughout the genome: a) 

Schematic of the proposed mechanism of Dux de-repression upon RS. Dux copies are disposed 

in tandem repeats along the locus and bound by PRC1 and PRC2 and marked with H2K119Ub 

and H3K27me3. During replication in unperturbed conditions H3K27me3 marked histones are 

evicted and replaced overtime after replication completion. The H2K119Ub is maintained at the 

macrosatellite for efficient replication. Both PRC1 and PRC2 are likely associated to the 

proceeding replication forks. Upon RS insurgence the stalled replication forks are stabilized by 

the activation of the ATR-CHK1 pathway. Upon recruitment of HLTF and ZRANB3 forks are 

reversed and additional PRC2 components are recruited at the site to process the reversed arm. 

Transcription is increased either as in correspondence to the processing of the forks or 

subsequently due to the rearrangement of Polycomb complexes on the locus. b) Proposed 

model of Polycomb targets de-repression upon RS. In unperturbed conditions Polycomb 

proteins are both required for gene repression and in association to replication forks for 

efficient DNA replication. The balance of this equilibrium shifts towards replication forks during 

S-phase and returns in favor of gene repression after replication completion. In conditions of 

RS slowed and stalled forks retain for longer time Polycomb proteins. In addition, reversed forks 

recruit further PRC2 components (and possibly PRC1). The prolonged presence of Polycomb 

proteins at fork sites shifts the balance from gene repression and repressive marks are depleted 

from target promoters. 
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