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Abstract 30 

 31 

Repo-Man is a Protein Phosphatase 1 (PP1) targeting subunit that regulates 32 

mitotic progression and chromatin remodelling. After mitosis, Repo-Man/PP1 33 

remains associated with chromatin but its function in interphase is not known. 34 

Here we show that Repo-Man, via Nup153, is enriched on condensed 35 

chromatin at the nuclear periphery and at the edge of the nucleopore basket. 36 

Repo-Man/PP1 regulates the formation of heterochromatin, de-37 

phosphorylates H3S28 and it is necessary and sufficient for HP1 binding and 38 

H3K27me3 recruitment. Using a novel proteo-genomic approach, we show 39 

that Repo-Man is enriched at sub-telomeric regions together with H2AZ and 40 

H3.3 and that depletion of Repo-Man alters the peripheral localisation of a 41 

subset of these regions and alleviates repression of some polycomb telomeric 42 

genes. This study shows a role for a mitotic phosphatase in the regulation of 43 

the epigenetic landscape and gene expression in interphase. 44 

  45 
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Introduction  46 

 47 

The formation of the new G1 nucleus, after cells undergo mitosis, requires 48 

major re-organisation and tight regulation of chromatin structure that together 49 

with nuclear envelope reformation provide the new cells with a nuclear 50 

environment containing essential cues for gene expression regulation1. 51 

Chromatin is mainly in a repressive state at the nuclear envelope, with the 52 

exception of regions around the nuclear pores (reviewed in2). Peripheral 53 

chromatin is largely enriched in repressive histone modifications and 54 

Heterochromatin Protein 1 (HP1) that is anchored via its interaction with 55 

Lamin B Receptor (LBR) 3. Methylation of H3K9, thought to trigger association 56 

of chromatin to the lamina, and the polycomb-mediated H3K27me2/3 are 57 

particularly enriched at the nuclear periphery and at the edge of Lamina-58 

Associated Domains (LADs) (reviewed in4). HP1 binding to H3K9me3 is 59 

enhanced in the presence of H3K27me3 and is blocked by phosphorylation of 60 

the adjacent H3S105-7, suggesting that a fine balance between these 61 

mechanisms culminates in a specific chromatin landscape and that phospho-62 

methyl switches need to be tightly controlled both during passage through 63 

mitosis and in interphase. 64 

Despite the emerging and recognised importance of protein phosphatases at 65 

M/G1 transition, very little is known about the details of how this class of 66 

enzymes regulates chromatin modifications and which phosphatases are 67 

essential for the reorganisation of specific chromatin domains. Repo-Man 68 

(CDCA2) is a PP1 (Protein phosphatase 1) targeting subunit8 that, during 69 

mitotic exit, is essential for chromatin remodelling and nuclear envelope 70 



 4

reformation9 while in interphase is involved in DNA repair10 . The PP1/Repo-71 

Man complex is targeted to chromatin at anaphase, where it de-72 

phosphorylates Histone H3 (T3 and S10)9,11, counteracting the mitotic kinases 73 

Haspin and Aurora B respectively. These phospho-switches are essential for 74 

the removal of the Chromosome Passenger Complex from the mitotic 75 

chromosomes (via H3T3)12 thus allowing normal mitotic progression, and for 76 

the re-association of HP1 to H3K9me3 after mitosis (H3S10)5. Targeting of 77 

Repo-Man to chromatin is achieved via de-phosphorylation of a chromatin-78 

binding domain at the C-terminus while the N-terminus domain harbours the 79 

nuclear periphery targeting module and the binding site for Importin β9. Once 80 

targeted to the chromatin in anaphase, the complex has a low turnover and 81 

PP1 is stably associated with Repo-Man13; therefore, from anaphase until the 82 

following mitosis, the complex could potentially act on chromatin locally and 83 

contribute to the maintenance of a specific chromatin landscape. However, 84 

the docking sites for Repo-Man on the chromosomes and the overall 85 

importance of the complex in interphase chromatin organisation and 86 

maintenance are not known. 87 

This study reveals that, in interphase, a fraction of Repo-Man associates with 88 

the heterochromatin beneath the inner lamina and adjacent to the nuclear 89 

pore complex (NPC). The complex is necessary for the organisation of HP1 90 

foci in interphase and sufficient to trigger a local enrichment of 91 

heterochromatin markers. We also provide evidence that Repo-Man 92 

contributes to the de-phosphorylation of H3S28 with the potential to represent 93 

the counteracting phosphatase for the mitotic and stress kinases in 94 

interphase. Using an antibody-free technique that allows the investigation of 95 
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protein-chromatin interactions, we show that Repo-Man associates with 96 

chromatin by binding directly to the modified lysine 27 on the H3 tail. Sub-97 

telomeric regions are particularly enriched for Repo-Man binding sites where 98 

the complex contributes to generate a chromatin environment that is important 99 

for the peripheral localisation and transcription regulation of a subset of 100 

telomeric regions.  Collectively, our data shows that Repo-Man/PP1 regulates 101 

the histone code and chromatin structure at least across a panel of target 102 

regions. 103 

  104 
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RESULTS 105 

 106 

Repo-Man associates with the nuclear envelope via Nup153 107 

Repo-Man associates with the chromosomes in anaphase and contributes to 108 

the assembly of nuclear envelope (NE) proteins for the formation of the new 109 

G1 nucleus. Published mass spectrometry analyses identified interactions of 110 

Repo-Man with several nuclear envelope proteins, namely, Importin β and 111 

Nup153 together with histone proteins (Fig. 1a &9,14). While the interaction 112 

between Repo-Man and Importin β is direct, the link with the Nucleoporin 113 

Nup153 and its biological relevance is still unclear. 114 

Repo-Man and Nup153 show some co-localisation at the nuclear periphery (at 115 

deconvolution-microscopy resolution) (Fig. 1b). To understand this interaction 116 

at higher resolution, we first conducted proximity ligation assays (PLA) with 117 

antibodies against endogenous Repo-Man and Nup153; although both 118 

proteins are present within the entire nuclear space (Fig. 1c a-f), PLA reveals 119 

that they interact at the nuclear periphery rather than in the nuclear interior 120 

(Fig. 1c g-h). In order to quantify the results, we used PLA between 121 

endogenous Repo-Man and transfected GFP:Nup153 or GFP alone. Repo-122 

Man and the GFP:Nup153 PLA signals were more abundant than Repo-Man 123 

and the GFP alone and again highly enriched at the nuclear periphery (Fig. 1d 124 

and e). Furthermore, PLA signals between endogenous Repo-Man and 125 

Nup153 are significantly reduced after Repo-Man RNAi in particular at the 126 

nuclear periphery (Fig. 1f). Therefore a close interaction between Repo-Man 127 

and Nup153 occurs at the periphery of the interphase nucleus.  128 
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To spatially visualise the localisation of Repo-Man at the nuclear periphery we 129 

used electron microscopy (EM). Since all the available antibodies do not 130 

recognise the peripheral pool of Repo-Man in interphase (only during 131 

anaphase - see later in the text), we used a HeLa cell lines expressing either 132 

the N-terminus of Repo-Man fused to GFP or GFP alone (Fig. 1g and 133 

supplementary Figure 1). In this cell line, N-terminus Repo-Man shows 134 

nuclear localisation with particular enrichment at the nuclear envelope (Fig. 135 

2d), in a rim-like configuration similar to the one observed with GFP:Repo-136 

Man full length. This N-terminal region of Repo-Man in fact contains the 137 

domain responsible for targeting to the NE9. Using antibodies against GFP, 138 

we could show that Repo-Man is on the chromatin beneath the NE (Fig. 1g, 139 

red arrows), at the edge of the NPC basket (Fig. 1g, black arrow) and a 140 

proportion is associated with intra-nuclear bodies in chromatin dense regions, 141 

which are possibly related to the proposed role of Repo-Man in 142 

heterochromatin formation (see later in the text); further studies however will 143 

be required to elucidate their nature (Fig. 1h, Supplementary Fig. 1). 144 

Altogether, this data supports the presence of Repo-Man at the nuclear 145 

periphery and led us to investigate its possible role on chromatin remodelling 146 

in further detail.  147 

Repo-Man accumulates at the nuclear periphery during anaphase where the 148 

new pore complex proteins are deposited and there it co-localises with 149 

Nup153 (Fig. 2a); its recruitment at the periphery of the anaphase 150 

chromosomes depends on Nup153, in fact Nup153 RNAi prevents the 151 

accumulation of endogenous Repo-Man at the chromosome periphery (Fig. 152 

2b and c). We therefore wanted to investigate if its retention at the periphery 153 



 8

of the interphase nucleus could also be dependent on the interaction with 154 

Nup153. The enrichment of Repo-Man at the nuclear periphery, which is 155 

slightly external to the peak of the peripheral H3K9me2 marker, was 156 

quantified using a line profile analyses (Fig. 2d and e). Depletion of Nup153 157 

indeed leads to the displacement of peripheral Repo-Man from the nuclear 158 

lamina, without affecting its nuclear localisation, (Fig. 2f and g) suggesting 159 

that anchoring rather than import is affected by the depletion. The same 160 

results were obtained with two different validated oligos against Nup15315 and 161 

using both the cell line expressing GFP:Repo-Man N-terminus or the 162 

GFP:Repo-Man full length construct (Fig. 2g).  163 

Therefore, we conclude that Nup153 interacts (directly or indirectly) and 164 

recruits Repo-Man thus serving as a platform to enrich or maintain Repo-Man 165 

at the nuclear periphery after mitosis. 166 

 167 

Repo-Man regulates post-mitotic heterochromatin assembly 168 

The nuclear lamina is generally a repressive chromatin compartment enriched 169 

for heterochromatin proteins such as HP1 and for repressive histone marks 170 

such as H3K9me316-18. HP1 binding to chromatin is dependent on the 171 

presence of H3K9me3 and is abolished by phosphorylation of the adjacent 172 

serine (S10) by Aurora B in early mitosis6,5,7. Previous work conducted in 173 

Neurospora suggested that PP1 could be the molecular effector of this 174 

phosho-methyl switch since its depletion causes decreased levels of 175 

H3K9me319. Moreover, we have previously observed that Repo-Man 176 

knockdown in HeLa cells leads to increased S10Ph9. Normally, HP1 starts 177 

accumulating on chromosomes during mitotic exit and foci become visible in 178 



 9

late anaphase20. We therefore asked whether Repo-Man was essential for 179 

HP1 foci formation in the interphase nucleus.  180 

Repo-Man depletion in HeLa cells leads to a severe decrease in the number 181 

and size of HP1 alpha foci (Fig. 3a1 and right panel a-d) that can be rescued 182 

by an oligo-resistant version of GFP:Repo-Man (Fig. 3a2). The phenotype is 183 

specifically dependent on this particular phosphatase complex since HP1 184 

localisation is not affected by depletion of the PP1 subunit SDS22 (Fig. 3a1), 185 

previously shown to contribute to the removal of mitotic Aurora B 186 

phosphorylations on anaphase chromosomes21 or, as recently shown, by 187 

depletion of another PP1 binding subunit Ki-6722; these data therefore 188 

suggest that Repo-Man/PP1-specific substrate de-phosphorylations are 189 

indeed required for heterochromatin maintenance. Moreover, live cell imaging 190 

of GFP:HP1 shows that, in cells depleted of Repo-Man, HP1 foci fail to 191 

accumulate upon mitotic exit, suggesting that the complex is essential for foci 192 

formation (Supplementary Fig. 2a and b). However, Repo-Man RNAi does not 193 

decrease the overall level of HP1 (Supplementary Fig. 3a) nor reduces 194 

accumulation of LBR at the nuclear periphery (Supplementary Fig. 3b).  195 

We then wanted to test if enrichment of Repo-Man at a locus was sufficient for 196 

HP1 recruitment. To this purpose we used a tethering-recruiting experiment; 197 

GFP:LacI:Repo-Man or GFP:LacI were transfected in a DT40 cell line carrying 198 

a single integration of LacO repeats9. By coupling the LacI/LacO system with 199 

immunofluorescence using a series of antibodies against histone 200 

modifications and heterochromatin-associated proteins, we have studied their 201 

enrichment at the LacO locus. 202 
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HP1 is recruited to the LacO array when LacI:Repo-Man but not LacI alone is 203 

present (Fig. 3b), and the HP1 accumulation positively correlates with Repo-204 

Man levels (Fig. 3c). HP1 recruitment is dependent on the phosphatase 205 

activity of the complex since it is significantly reduced by the Repo-Man RAXA 206 

mutant (PP1 non-binding mutant) (Fig. 3b). This therefore suggests that PP1 207 

is necessary for heterochromatin formation. However, tethering PP1 to the 208 

locus per se (via the PP1-binding domain from Ki-6723,24) is not sufficient to 209 

restore the level of recruitment achieved by the Repo-Man/PP1 complex (Fig. 210 

3b). Taken together, these experiments clearly indicate that Repo-Man/PP1 211 

complex creates the favourable environment for HP1 recruitment to 212 

chromatin. From this picture it emerges that a local balance of active 213 

phosphatases is important to maintain the correct level of heterochromatin in 214 

cells. It is therefore expected that overexpression of these regulators, either 215 

by binding to non-canonical chromatin regions or titrating PP1 away from the 216 

bound targeting subunit can produce an abnormal chromatin environment as 217 

well; this indeed appears to be the case since Repo-Man overexpression also 218 

disrupts the normal accumulation of HP1 foci in interphase nuclei 219 

(Supplementary Fig. 2c, d).  220 

Heterochromatin can be accompanied by the presence of H3K9me3 or 221 

H3K27me3 propagated by Suv3-9 and the polycomb protein Ezh2 222 

respectively (reviewed in25). Due to the decrease of HP1 foci formation 223 

observed upon Repo-Man knockdown we sought to analyse these repressive 224 

histone post-translational modifications (PTMs) by immunofluorescence. 225 

Indeed, Repo-Man RNAi leads to decreased levels of H3K27me2/3 and 226 

H3K9me3 (Fig. 3d and e); this is accompanied by an increase in H3K9ac (Fig. 227 
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3f) thus suggesting that Repo-Man is necessary to maintain a repressive 228 

environment. 229 

Tethering of Repo-Man to a LacO array correspondingly produces 230 

accumulation of H3K9me3 and H3K27me2/3 and a decrease in the 231 

permissive marker H3K9ac (Fig. 3g). Moreover, H3K9ac levels show an anti-232 

correlation with Repo-Man, suggesting that the presence of Repo-Man is 233 

inhibitory for this histone mark deposition whilst Suv3-9 shows the opposite 234 

trend (Fig. 3h and Supplementary Fig. 3c and d). All these modifications are 235 

indicative of a repressive chromatin status generated by Repo-Man binding 236 

that, in this experimental system, is also associated with the appearance of 237 

more compacted chromatin as measured by DAPI intensity (Supplementary 238 

Fig. 3e).  239 

Altogether, these data provide the first compelling evidence for a role of Repo-240 

Man in heterochromatin formation and maintenance. 241 

 242 

Repo-Man binds to modified H3 tails 243 

Repo-Man/PP1 is released from the chromatin upon mitotic entry due to a 244 

concerted action of CDK-126 and Aurora B kinases11. At anaphase onset, its 245 

de-phosphorylation by PP2A and PP1 allows the complex to re-localise onto 246 

chromatin8,11. At this stage, and throughout interphase, the complex has a low 247 

turnover13 suggesting that it is stably associated with chromatin. In fact, 20% 248 

of Repo-Man pool is bound to chromatin as shown by cell fractionation 249 

experiments (Supplementary Fig. 4b and c), which is in agreement with the 250 

amount of Repo-Man immobile fraction observed by FRAP13. 251 
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The chromatin-targeting domain of PP1 has been identified at the C-terminus 252 

of the protein9 where aa 890-925 encompass the region necessary for its 253 

targeting to chromatin and binding to histones11.  254 

We next wanted to explore if Repo-Man binds to specific chromatin regions. 255 

We first carried out a histone peptide array screening, covering more than 300 256 

histone modifications using the recombinant C-terminus domain of Repo-Man 257 

(aa 403-1023, GST:Repo-ManCTerm)9. GST alone did not provide any signal on 258 

the array, while GST:Repo-ManCTerm could bind to a subset of histone 259 

modifications (Fig. 4a, b and c). Recombinant Repo-Man preferentially binds 260 

to modifications present at lysine 27 of H3, and lysine 20 of H4 (Fig. 4a and 261 

Supplementary Fig. 4a). Repo-Man has affinity for the dimethylation, 262 

trimethylation and acetylation of lysine 27 of histone H3. These antagonistic 263 

modifications can undergo highly dynamic switches regulated by the 264 

abundance of each respective acetyltransferase and methyltransferase 265 

(reviewed in27). This paradoxical binding can also suggest that Repo-Man 266 

associates with different histone modifications via multiple domains. However, 267 

Repo-Man does not seem to have high affinity for the other well-established 268 

repressive mark H3K9me3. 269 

Interestingly, the array data also shows that the phosphorylation of S28 270 

abolishes Repo-Man binding (Fig. 4b). Since this phosphorylation occurs in 271 

mitosis at some but not all the H3 sites (only 36.5% of H3S28 are 272 

phosphorylated in prometaphase, Supplementary Figure 6d,e), non-273 

phosphorylated H3 sites could be the docking platform for Repo-Man on 274 

anaphase chromatin; its recruitment could then direct the de-phosphorylation 275 

of nearby nucleosomes (see also later in the text and Supplementary Fig. 6b, 276 
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d and e). This is also in agreement with the analyses on Repo-Man loading 277 

onto chromatin during anaphase: it is as a progressive accumulation thus 278 

supporting a cooperative binding through mitotic exit (Supplementary Fig. 6c). 279 

Repo-Man1-135, a mutant form that can load on the chromosome periphery but 280 

does not appear to be directly targeted onto chromatin9, does not show any 281 

interaction with the histone tails (unmodified or modified) within the array (Fig. 282 

4c). We therefore conclude that only Repo-ManCTerm can bind histones in vitro. 283 

To investigate this histone-binding activity in the context of chromatin, we 284 

incubated HeLa nucleosomes with recombinant GST:Repo-ManCTerm, 285 

GST:Repo-Man1-135 and GST alone (Supplementary Fig. 4e). The presence of 286 

histones was only detected in the eluted fraction of GST:Repo-ManCTerm (Fig 287 

4d). 288 

In order to verify that Repo-Man is indeed in proximity of H3K27me2/3 in vivo, 289 

we took advantage of the PLA assay using antibodies against the 290 

endogenous Repo-Man and H3K27me2/3 in HeLa cells. The results show 291 

positive PLA signals, particularly enriched at the periphery, that are 292 

significantly reduced upon Repo-Man knockdown (Fig. 4e and f).  293 

This indicates that the Repo-Man is indeed enriched at chromatin regions 294 

containing H3K27me2/3 in vivo and in proximity of the nuclear periphery 295 

compartment. 296 

 297 

Repo-Man is enriched at subtelomeric regions 298 



 14

We then investigated where Repo-Man is localised in the genome and the 299 

characteristics of the local chromatin environment, in terms of DNA 300 

sequences and histone composition.  301 

Previous DamID experiments using a promoter tiling array showed that Repo-302 

Man is not particularly enriched at the promoters of genes28, therefore we 303 

sought to map its binding sites genome-wide. The lack of ChIP grade 304 

antibodies for Repo-Man did not allow us to use a ChIP based approach. We 305 

therefore developed a TAG-Proteogenomic approach (Supplementary Fig. 306 

4d); GST tagged C-terminus Repo-Man or GST alone were used as baits to 307 

isolate HeLa nucleosomes with high affinity for Repo-Man; after elution, the 308 

chromatin bound fraction was used either to separate the histone bands for 309 

mass spectrometry analysis (Fig. 4d and 5a) or to extract DNA for sequencing 310 

(HiSeq) (Fig. 5b-f) (see schematics in Supplementary Fig. 4d). This approach 311 

provided us with unbiased information on both the chromatin flavour in terms 312 

of histone variants and modifications as well as the genomic binding regions 313 

of Repo-Man. The mass spectrometry data analyses of two independent 314 

repeats show that Repo-Man binds preferentially to chromatin containing the 315 

H2A variant H2AZ and the H3 variants H3.2 or H3.3. 316 

Histone variants have different functions in chromatin. For example, H3.3 is 317 

incorporated in a replication-independent manner and is found at active 318 

regions29 but also at silenced regions such as pericentromeric regions and 319 

telomeres30.  320 

H2AZ, which comprises only 10% of total H2A31 seems to be necessary for 321 

telomeric repression in yeast32  and to be upstream of H3K9me3 and HP1 322 

recruitment in drosophila33.  323 
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Since Histone H3 sequences are almost identical it is not surprising that the 324 

vast majority of PTMs found are shared amongst the three H3 variants (Fig. 325 

5a). Nevertheless, we have identified some H3 PTMs that are specific for 326 

H3.3 in Repo-Man-associated chromatin. In particular, the 327 

H3K27me2/K36me2 marks were shown to co-exist on the same H3 tail and 328 

being dependent on PRC234. Repo-Man bound chromatin seems to be 329 

enriched for several well established repressive marks (K9me1, K27me1, 330 

K27me3) and others (K79me1, K79me2 or K115me1) whose function are less 331 

understood (Fig. 5a). Intriguingly, K27ac is found associated with H3.1 and 332 

H3.2 whereas K27me3 with H3.3 suggesting that Repo-Man/PP1 could 333 

interact with two intrinsically different nucleosome structures. 334 

In order to identify which regions within the genome Repo-Man is capable of 335 

binding to, we used the eluted chromatin from the experiment described 336 

before and analysed the DNA using deep sequencing (Supplementary Fig. 337 

4d).  338 

Repo-Man is found distributed on all the chromosomes, as expected from the 339 

known cell biology of the complex. A significant 9-fold enrichment of Repo-340 

Man binding sites was observed at subtelomeric regions of several 341 

chromosomes (Fig. 5b and c). This is consistent with the mass spectrometry 342 

results.  343 

Characterisation of Repo-Man binding sites reveals significant enrichment for 344 

RefSeq genes and exons (Fig. 5d). Although in coverage very little is found on 345 

TSS even when the window comprises a 2Kb region around the TSS, 2% and 346 

15% respectively (not shown), these are still significant. This is in line with the 347 

DamID promoter tiling array experiments28, where few promoter hits were 348 
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found for Repo-Man when compared to other PP1 targeting subunits; an 349 

example is MEST gene detected in our and the published dataset 350 

(Supplementary Fig. 4f). Repo-Man is over-represented at CpG islands. CpG 351 

islands are often associated with active gene promoters but they were also 352 

found at promoters of developmentally regulated genes and repressed by 353 

polycomb group of proteins (reviewed in35). 354 

We then analysed Repo-Man accumulation relative to the presence of 355 

combinations of histone modifications with particular attention to the ones 356 

identified in the peptide array or in our mass spectrometry datasets (Fig. 5e). 357 

The co-existence of H3K27me3 and H3K4me3 is the classical bivalent mark 358 

for developmentally regulated genes but it is also present in differentiated cell 359 

lines36; Repo-Man is significantly enriched at sites encompassing these 360 

markers. 361 

H3K27me3 together with H3K9me3 has been found in 48% of drosophila 362 

polythene chromosomes37 but also in human cells and evidences indicate that 363 

the modified H3K27me3 and H3K9me3 reinforce heterochromatin 364 

establishment through HP1 alpha associations6. Despite the high overlap of 365 

Repo-Man with H3K9me3 and H3K27me3, this is not statistically significant, 366 

possibly pointing at the high representation of these marks in differentiated 367 

cells38. 368 

Repo-Man is also highly enriched in H3K79me2 and H3K4me3 or H3K27me3 369 

marked chromatin. The role of H3K79me2 in the epigenetic landscape is still 370 

not fully understood; although most studies seem to indicate a role in 371 

transcription, H3K79me2 has also been associated with Swi6 (HP1) 39 and it 372 
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has been postulated to occupy bivalent genes together with H3K4me3 (often 373 

on the same nucleosomes40) and H3K27me341.  374 

The overrepresentation of Repo-Man binding sites at regions containing 375 

H4K20me1 and H3K27ac is not surprising since these marks are associated 376 

with CpG island promoters42. 377 

Two typical gene profiles, PPP2R2C and PDE9A, are shown in Fig. 5f 378 

together with Repo-Man occupancy and histone profiles. According to the 379 

bioinformatics tool ChromHMM43, PPP2R2C is defined as polycomb 380 

repressed (H3K27me3 positive) whereas PDE9A is defined as 381 

heterochromatin (H3K9me3 positive). These genes are also characterised by 382 

the presence of H2AZ and absence of PolII (Fig. 5f and other examples in 383 

Supplementary Fig. 4g). 384 

We next sought to explore the functional relationship between H3K27me2/3 385 

occupancy and Repo-Man. To this purpose we have selected polycomb 386 

genes containing Repo-Man binding sites and performed ChIP on Control or 387 

Repo-Man RNAi treated cells (Fig. 5g). Across this panel of genes, Repo-Man 388 

RNAi reduces the accumulation of H3K27me2/3 thus reinforcing Repo-Man 389 

role in the maintenance of this repressive chromatin. 390 

 391 

Repo-Man regulates chromatin positioning and gene expression 392 

We have so far shown that Repo-Man sustains a repressive environment; it is 393 

enriched at subtelomeric regions and is important for chromatin organisation 394 

at the nuclear periphery. To examine the biological implications of these 395 

findings we used a HT1080 cell line containing LacO arrays integrated in the 396 

13q22 and expressing LacI:GFP44. Within this region, there are Repo-Man 397 
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binding sites and, more importantly, this locus is found to localise at the 398 

nuclear periphery (Fig. 6a). Upon Repo-Man RNAi (Fig. 6b) we could observe 399 

repositioning of the peripheral chromosomal 13q22, with the locus moving 400 

towards the interior of the nucleus. Positioning of the locus seems to be 401 

dependent on PP1 since overexpression of Repo-Man RAXA (a dominant-402 

negative form that does not bind PP1) shows a similar trend (Fig. 6a and b). 403 

However, Repo-Man depletion did not change the positioning of the nucleolar-404 

associated locus on chromosome 13p (Supplementary Fig. 5a and b). We 405 

next explored the impact of Repo-Man on an endogenous locus, the sub-406 

telomeric region of chr14 (Supplementary Fig. 5c). Using FISH with a PAC 407 

mapping to this region (CTC-820M1645) we show that the locus moves to a 408 

more central location upon Repo-Man RNAi in HeLa cells (Fig. 6 c and d). 409 

Together, these results support a role for Repo-Man in maintaining a subset 410 

of subtelomeric regions at the nuclear periphery.  411 

This further evidence also suggests that the Repo-Man/PP1 complex at the 412 

nuclear periphery is important to maintain heterochromatin features necessary 413 

for the spatial organisation of chromatin within the nucleus. 414 

Due to the fact that chromosome positioning at the periphery is closely linked 415 

to transcriptional repression and our new findings of Repo-Man being 416 

associated with several polycomb repressed genes, we tested if Repo-Man 417 

dosage would affect the expression of some of these telomeric-located genes. 418 

We selected 5 genes based on their telomeric positioning, enrichment for 419 

H3K27me2/3 and association with Repo-Man (ADCY2, GRP133, SLC6A18, 420 

PPP2R2C and SLC6A19). The expression profile of these genes, assessed 421 

by qPCR upon Repo-Man RNAi, shows an increase in their expression 422 
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consistent with Repo-Man/PP1 playing an active role in maintaining a 423 

repressive environment at these telomeric loci (Fig. 6g).  424 

Because we have identified Nup153 as having a critical role in recruiting and 425 

maintaining Repo-Man at the periphery, we tested if depletion of Nup153 itself 426 

would affect the peripheral chromatin organisation. We have therefore 427 

analysed the enrichment of H3K27me2/3 and H3K9me3 at the nuclear 428 

periphery after Nup153 RNAi; in this condition both markers lose the 429 

accumulation at this nuclear compartment (Fig. 6e and f) and more 430 

importantly, a selection of Repo-Man bound sub-telomeric genes became de-431 

repressed (Fig. 6g). 432 

 433 

Repo-Man de-phosphorylates H3S28  434 

We have previously shown that Repo-Man/PP1 is essential for the de-435 

phosphorylation of H3S10 during mitotic exit however the phosphatase for the 436 

H3S28 site is not known. H3S28 is phosphorylated both in mitosis (by Aurora 437 

B) and in interphase (by MSK1) in response to stress46. This phosphorylation 438 

helps to modulate the binding of PRC2 and the expression of polycomb-439 

regulated genes (reviewed in47). We therefore tested if Repo-Man/PP1 de-440 

phosphorylates H3S28 for which a phosphatase has not been identified. 441 

To this purpose we used two different approaches. First, we overexpressed a 442 

hyperactive Repo-Man mutant TA3 (previously characterised alongside with 443 

its effects in H3T3 de-phosphorylation9) and tested the phosphorylation levels 444 

of H3S28 in early mitosis; indeed Repo-Man TA3 can induce premature 445 

histone de-phosphorylation of H3S28 (Fig. 7a). Second, we depleted Repo-446 

Man in HeLa cells and analysed the H3S28 phosphorylation levels in 447 
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anaphase and cytokinesis: in Repo-Man depleted cells a significant level of 448 

H3S28 is retained compared to the controls (Fig. 7b and c). Moreover, mitotic 449 

chromosomes of Repo-Man depleted cells show a higher level of H3S28 450 

phosphorylation (Supplementary Fig. 6a). All together this data suggests that 451 

H3S28 is a substrate of Repo-Man/PP1 at least during mitotic exit. However, 452 

due to Repo-Man being bound to some chromatin regions during interphase 453 

and the fact that some polycomb-repressed genes increase expression upon 454 

Repo-Man RNAi, we can speculate that Repo-Man/PP1 could potentially de-455 

phosphorylate H3S28 in interphase as well. 456 

These results clearly identify Repo-Man/PP1 as a key chromatin-linked 457 

phosphatase complex essential for modulating the levels of S10 and S28 458 

phosphorylations, which might drive phospho/methyl switches through HP1 459 

and PRC2 binding (Fig. 7d). 460 

  461 
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DISCUSSION 462 

 463 

Repo-Man/PP1 complex has been shown to have important functions both in 464 

early mitosis and during mitotic exit. One of the established roles for this 465 

complex is reverting the mitotic phosphorylation events on histone H3, 466 

T3/S1048, and here we show that de-phosphorylates the S28 residue as well. 467 

Beside this catalytic activity, Repo-Man is also an important factor necessary 468 

for the timely re-organisation of the nuclear envelope during mitotic exit. 469 

However, this complex is not degraded once mitosis is over but remains 470 

stably linked to chromatin in interphase until the following division. In the 471 

present study we found that a fraction of Repo-Man is enriched at the nuclear 472 

periphery where it is maintained via an interaction with Nup153, associates 473 

with heterochromatin marks and is essential for the peripheral localisation, 474 

epigenetic environment maintenance and expression of a subset of sub-475 

telomeric and polycomb-regulated genes. 476 

Previous studies demonstrated that Repo-Man interacts with Importin β in 477 

anaphase and that its depletion leads to deformed G1 nuclei. After cell 478 

division, it remains associated with chromatin13, and a fraction is bound to the 479 

nuclear periphery. Nup153 has been previously shown to co-purify with Repo-480 

Man in chicken and human cells9,14 but the function of this interaction 481 

remained unknown. Here we have demonstrated that this interaction is 482 

important to stabilise the pool of Repo-Man at the nuclear periphery of the 483 

newly-formed nuclei and point to an extended function for Nup153 involved 484 

also in tethering chromatin-associated proteins, distinct from interactions with 485 
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nucleoporins and import proteins necessary for the normal function of the 486 

NPC. 487 

Using EM we were able to show that Repo-Man lies right outside the NPC, it 488 

sits on the dense chromatin at its boundary as well as underneath the nuclear 489 

lamina within patches of heterochromatin, pointing that Repo-Man bound 490 

chromatin is indeed different from the active type of chromatin commonly 491 

associated within the nucleopore basket49. Interestingly, recent investigations 492 

in ES cells have also shown enrichment of polycomb repressive chromatin 493 

associated with Nup15350. 494 

Repo-Man contributes to the re-formation of HP1 foci after division and its 495 

depletion coincides with decreases in heterochromatin marks such as 496 

H3K27me3 and, to a lesser extent, H3K9me3. When Repo-Man is artificially 497 

tethered to a locus (using the LacI:LacO system), repressive histone marks 498 

accumulate at this region. All these evidences strongly suggest that Repo-499 

Man is necessary and sufficient to generate and maintain a repressive 500 

chromatin environment within the nucleus. In fact, the nuclear periphery is 501 

enriched in repressive chromatin and the pool of Repo-Man localised at the 502 

periphery could be important to maintain this nuclear environment. 503 

In this respect, the important question is: how does Repo-Man bind to 504 

chromatin and where?  505 

Repo-Man and progressively to chromatin after anaphase onset8 through its 506 

histone-binding domain localised to the C-terminus of the protein9. Binding of 507 

PP1 and PP2A to Repo-Man allows its de-phosphorylation and targeting to 508 

chromatin11. Here we have identified that Repo-Man has affinity for a subset 509 

of histone modifications including H3K27 (me2/3 or ac) that could represent 510 
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its docking sites at anaphase onset in nucleosomes voided of S28 511 

phosphorylation; in fact only 36.5% of S28 is phosphorylated in mitosis. 512 

Because of this finding and with the knowledge that Repo-Man is involved in 513 

the de-phosphorylation of histone H3, we hypothesized that Repo-Man could 514 

also target S28 for de-phosphorylation, for which thus far no phosphatases 515 

had been identified. Our study in fact indicates that this is the case.  516 

These findings place Repo-Man/PP1 at the centre of the phosphorylation 517 

switches occurring on histone H3 critical for the M/G1 transition but also 518 

suggest that this complex could be involved in signal transduction in 519 

interphase, for example opposing the activity of MSK1 and PLK1 51,52. This 520 

latter is a very interesting avenue that will be interesting to explore further in a 521 

well-characterised model system. 522 

Our peptide array analyses identified the binding to H3K27me2/3 but also to 523 

H3K27ac and H4K20me1/2. A dynamic interplay between H3K27ac and 524 

H3K27me3 has been shown in ES cells. Depending on the levels of the 525 

respective enzymes, developmentally regulated genes seem to transit 526 

between an active, marked by H3K27ac, and poised, marked by H3K27me3 527 

state53. A rapid transition between these states would possibly require that 528 

chromatin readers could recognise opposing modifications perhaps with 529 

different affinities. Another possibility is that Repo-Man C-terminus domain 530 

interacts with positive and negative histone markers via different subdomains.  531 

H4K20me1 and H4K20me2 are widely present in the genome and H4K20me3 532 

is deposited by Suv4-20h2, which interacts with H3K9me3 and HP154-56. It 533 

might be the case that Repo-Man binds the bookmarked H4K20me1/2 for 534 

facilitating a later conversion into the repressive H4K20me3 state. Further 535 
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studies will be necessary to analyse in detail the biological significance of 536 

Repo-Man and H4K20me binding. The presence of combinations of these 537 

modifications within the same or adjacent nucleosomes could increase and 538 

tighten the binding of Repo-Man to a specific chromatin region. Nucleosome 539 

reconstitution experiments will address these important questions in the 540 

future. 541 

Chromatin containing the H2A variant H2AZ seems to be preferentially bound 542 

by Repo-Man. Interestingly, H2AZ is associated with polycomb-repressed 543 

genes and its loss reduces PRC2 occupancy levels in ES cells57. 544 

Repo-Man binds chromatin characterised by a repressive histone code and is 545 

enriched at sub-telomeric regions. Telomeres are enriched for the histone 546 

variant H3.3 and often found associated with the repressive markers 547 

H3K9me3, H4K20me3 and HP1 at sub-telomeric regions58 and H2AZ in 548 

yeast32. A high percentage of Repo-Man binding sites overlap with H3K9me3 549 

and H3K27me3 and in conjunction with H2AZ. The first two histone 550 

modifications are markers of repression (H3K9me3 and H3K27me3) and the 551 

latter demarks insulator regions (H2AZ). Moreover, H3K9me3 and H3K27me3 552 

can co-associate and they have been found together with H2AZ in facultative 553 

heterochromatin bound by lamin A/C, thought to be more dynamic59. 554 

Very little Repo-Man is found at promoters, as previously shown using a 555 

DamID approach28, although its presence in these regions is higher than 556 

expected. Interestingly, Repo-Man has a large portion of binding sites at CpG 557 

islands. CpG islands are usually found in promoters of active genes and 558 

studies in ES cells found both H3K4me3 and H3K27me3 at CpG islands and 559 

are bound by PRC235. 560 
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The functional relevance of Repo-Man targeting to telomeres and its presence 561 

at the nuclear periphery has implications in genome organisation. In fact we 562 

have shown that sub-telomeric regions of chr13 and chr14 move away from 563 

the periphery in Repo-Man depleted cells and the expression of telomeric 564 

genes is elevated upon RNAi. These changes are not simply explained by 565 

cell-cycle arrest/defects caused by Repo-Man knock-down since previous 566 

studies show that Repo-Man depletion does not cause major cell cycle 567 

changes in HeLa cells8. It has been suggested that telomeres are tethered to 568 

the periphery in late anaphase during the process of nuclear envelope 569 

reassembly60. Repo-Man is crucial for the nuclear assembly process as well9, 570 

suggesting that the role of Repo-Man in telomere organisation may begin at 571 

these early stages of nuclear formation. Moreover we have provided the first 572 

evidence of a role of Nup153 in organising the peripheral chromatin via Repo-573 

Man. 574 

In the present study we have also shown that Repo-Man not only counteracts 575 

the S109 phosphorylation but also the S28 during mitotic exit; this role could 576 

also persist in interphase at specific sites. Multiple kinases, including RSK2, 577 

MSK1/2, PIM1, and IKKα, have been shown to directly phosphorylate H3 578 

thereby indicating that H3 phosphorylation is a critical step in signal 579 

transduction to the chromatin/transcriptional regulatory machinery (reviewed 580 

in61). Stress induction of MSK1 can re-activate the polycomb-silenced α-globin 581 

gene via H3S28 phophorylation62 and gene activation during ES cells 582 

differentiation through dissociation of PRC63. On the other hand, H3S28P 583 

could also trigger more permanent changes in the epigenetic landscape. A 584 

methyl/acetylation switch on the lysine 27 has been proposed in a luciferase 585 
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reporter where MSK1 phosphorylation of S28P leads to K27 acetylation 586 

coupled with reduction of K27me3 and of polycomb group of proteins binding 587 

at the reporter62. Previous models suggest that phosphorylation of S28 588 

through stress activated kinases underlies the methyl/acetyl switches 589 

regulating the nearby K27, however, the nature of the counteracting 590 

phosphatase is not known 64. Since we detect a decrease of H3K27me2/3 591 

after Repo-Man RNAi at specific loci where Repo-Man is bound, we suggest 592 

that Repo-Man could be important in mediating the acetyl-methyl switch, 593 

through de-phosphorylation of H3.  594 

Collectively our data shows that Repo-Man/PP1 facilitate a particular 595 

chromatin environment in the daughter cells and, by doing so, this complex 596 

contributes to shape nuclear chromatin structure and organisation in 597 

interphase.  This represents the first study suggesting Repo-Man/PP1 598 

complex as epigenetic regulator. As can be predicted by this model, a 599 

phosphatase with such a role should be maintained at highly controlled levels 600 

and alterations of its dosage may have drastic consequences for gene 601 

organisation and expression that might arise in disease scenarios like cancer.602 



 27

Methods 603 
 604 
Cell Culture, Cloning, and Transfections 605 
HT1080 and HeLa cells were grown in DMEM supplemented with 10% FBS 606 
and 1% Penicillin-Streptomycin (Invitrogen Gibco) at 370C with 5% CO2. 607 
DT40 cells carrying a single integration of the LacO array 26 were cultured in 608 
RPMI1640 supplemented with 10% FBS and 1% chicken serum at 390C and 609 
5% CO2.  610 
Transient transfections for DT40 in LacO array background were conducted 611 
as previously described using GFP fused LacI, LacI:RMWT, LacI:RMRAXA 612 
LacI:KI67PP1BD constructs 9,26. 613 
For RNAi treatments, HeLa cells in exponential growth were seeded in six-614 
well plates containing glass coverslips and grown overnight. Transfections 615 
were performed using Polyplus jetPRIME (PEQLAB, Southampton, UK) with 616 
the indicated siRNA oligos and analysed at 48 hr after transfection as 617 
previously described9. For the rescue experiments HeLa cells at 50% 618 
confluence were transfected with 400 ng of plasmid DNA and 50 nM of siRNA 619 
oligonucleotides and analysed 48 hr post-transfection. The siRNA 620 
oligonucleotides against Repo-Man (CDCA2) and SDS22 (PPP1R7) were 621 
obtained from Qiagen, Hs_CDCA2_5 and PPP1R7_7, respectively, 622 
Nup153_1 5’-GGCAGACUCUACCAAAUGUtt-3’ and Nup153_2 5’-623 
GGACUUGUUAGAUCUAGUUtt-3’, and finally 624 
CGUACGCGGAAUACUUCGAdTdT was used as a control. For rescue 625 
experiments, as in Fig. 3a, the oligo 5’-UGACAGACUUGACCAGAAATT-3’ 626 
was used instead of Hs_CDCA2_5. 627 
Constructs and cell lines used in this study, were generated in9; HP1:GFP and 628 
Nup153:GFP construct were a kind gifts from Schirmer Lab (Welcome Trust 629 
Edinburgh) and Ullman Lab (University of Utah), respectively. 630 
 631 
Immunofluorescence Microscopy 632 
Cells were fixed in 4% PFA and processed as previously described26. Primary 633 
antibodies were used as in Supplementary Table 1. Fluorescence-labeled 634 
secondary antibodies were applied at 1:200 (Jackson ImmunoResearch). 3D 635 
data sets were acquired using a wide-field microscope (NIKON Ti-E super 636 
research Live Cell imaging system) with a NA 1.45 Plan Apochromat lens. 637 
The data sets were deconvolved with NIS Elements AR analysis software 638 
(NIKON). Three-dimensional data sets were converted to Maximum Projection 639 
in the NIS software, exported as TIFF files, and imported into Adobe 640 
Photoshop for final presentation. 641 
Live cell imaging was performed with a Nikon Ti-E super research Live Cell 642 
imaging system microscope as previously described9. 643 
For quantification of the staining in RNAi background masks were created 644 
around the DAPI nuclei. Mean intensity of antibodies signals were extracted 645 
and background was subtracted. For quantification of enrichment in 646 
LacI/LacO systems, three circles were designed around the LacI spot, within 647 
the nucleus and outside the cell and signals intensities were extracted. The 648 
outside circle served as background and was subtracted from both the 649 
nuclear and the LacI spot, then the signal intensity from the LacI was 650 
normalised relative to the intensity of the nuclear signal.  651 
 652 
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PLA 653 
Proximity ligation assay was performed according to the manufacturer’s 654 
protocol (Sigma). HeLa cells were fixed, permeabilised and blocked with BSA 655 
as previously described9. The antibodies were used at a concentration as per 656 
Supplementary Table 1. PLA probes were added and ligation was performed 657 
following manufacturer instructions (Sigma). Coverslips were mounted on 658 
DAPI and observed on the previously mentioned wide-field NIKON 659 
microscope. Spots lying within nuclear masks were counted in control and 660 
Repo-Man siRNA experiments. 661 
 662 
Quantitative real-time PCR 663 
RNA was collected from RNAi treated HeLa cells and extracted using the 664 
Tissue and Cells RNA Isolation Kit (Mobio) according to manufacturer’s 665 
protocol. 1μg of RNA was used to prepare cDNA using the cDNA synthesis kit 666 
(Thermo Scientific) and oligo(dT) primers according to manufacturer’s 667 
instructions. qPCR was quantified using SYBR green Master Mix (Thermo 668 
Scientific) and according to manufacturer’s instructions (primers in 669 
Supplementary Table 2). Delta-delta CT method was used with normalisation 670 
for GAPDH. 671 
 672 
Immuno Electron Microscopy 673 
Cells were fixed in 2x 4% paraformaldehyde, 0.2% glutaraldehyde in PHEM 674 
buffer (60mM PIPES, 25 mM HEPES, 2mM MgCl2, 10 mM EGTA, pH6.9) for 675 
60 minutes. Then 1X fix was added without the glutaraldehyde. Cells were 676 
scraped off the culture dish, pelleted, stored 1-2 days, resuspended in 15% 677 
PVP, 1.7M sucrose in 0.1M phosphate buffer with 33mM Na2CO3, pH7.4 and 678 
frozen in liquid nitrogen. Frozen pellets were sectioned on a cryo-679 
ultramicrotome (Leica, UC6 with FC6 cryo-attachment). Cryosections, 680 
retrieved in 15% PVP, 1.7M sucrose, were thawed, rinsed in PBS with 1% 681 
glycine, incubated in PBS with 1% BSA, incubated with rabbit anti-GFP 682 
antibody (Abcam) at 1:100 dilution, rinsed in PBS then incubated with the 683 
secondary anti-rabbit 10 nm colloidal gold (BBI Solutions). Grids were then 684 
rinsed in PBS, transferred to 1% glutaraldehyde (Agar Scientific) in PBS, 685 
washed in water and embedded in 2% methyl cellulose containing 0.4% 686 
uranyl acetate (Agar Scientific). Images were taken on a Hitachi H7600 687 
electron microscope at 100 kV. For quantification of gold labelling, 50 images 688 
were acquired at a magnification of 60,000 times, corresponding to 5µm2 of 689 
cell area. Analysis was carried out using Fiji. The Freehand selection tool was 690 
used to measure the total nuclear area within the images analysed, delineated 691 
by the inner nuclear membrane or the edge of the image, as well as to 692 
estimate the area of the peripheral heterochromatin. Distinct nuclear bodies 693 
were only analysed if they were labelled.  694 
 695 
In-vitro Binding Array 696 
The peptide array was purchased from Active Motif. GST: Repo-Man403-1023 697 
GST: Repo-Man1-135 9 or GST alone was expressed in Rosetta and purified on 698 
glutathione beads (Thermo Scientific). 1 µM of protein was processed onto 699 
the histone peptide array using the anti-GST (Pierce CAB4169, 1:1000) and 700 
c-myc (positive control) as described by the manufacturer (Active Motif). LiCor 701 
secondary antibodies (LiCor IRDye 800CW and 680RD at 1:3000 dilution) 702 
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were used to allow imaging with the Odyssey system. Arrays were analysed 703 
through manufacturer’s software. 704 
 705 
Preparation of Repo-Man bound nucleosomes 706 
Chromatin was extracted from HeLa cells and digested with Micrococcal 707 
Nuclease (NEB, 37oC, 20min) and incubated overnight (4oC) with either 708 
GST:Repo-Man or GST alone glutathione beads (Thermo Scientific) in 709 
binding buffer (50mM TRIS, 1mM CaCl2, 4mM MgCl2, 0.32M sucrose, 710 
150mM NaCl and 0.1% NP-40). Bound fraction was washed with binding 711 
buffer and eluted with glutathione reduced. DNA extracted and sequenced in 712 
Illumina HiSeq2500. 713 
 714 
Protein assays and quantitative immunoblotting 715 
HeLa cells were pelleted and prepared for blotting either through sonication in 716 
SDS sample buffer or fractionated according to the Subcellular Protein 717 
Fractionation Kit (Thermo Scientific). Membranes were incubated with primary 718 
antibodies as in Supplementary Table 1 and subsequently with IRDye-labeled 719 
secondary antibodies (LiCor). Fluorescence intensities were determined using 720 
an LiCor Odyssey CCD scanner according to manufacturer’s instructions 721 
(LiCor Biosciences). 722 
 723 
Mass spectrometry 724 
Part of the chromatin eluted from the GST:Repo-Man or GST alone was 725 
loaded on an SDS PAGE then stained with Instant Blue (Expedeon). The 726 
regions of gel containing the histones were excised and sent for Mass 727 
spectrometry.  728 
Excised gel bands were de-stained and proteins were digested with trypsin, 729 
as previously described65. In brief, proteins were reduced in 10 mM 730 
dithiothreitol (Sigma) for 30 min at 37°C and alkylated in 55 mM 731 
iodoacetamide (Sigma) for 20 min at ambient temperature in the dark. They 732 
were then digested overnight at 37°C with 12.5 ng μL-1 trypsin (Pierce).  733 
MS-analyses were performed either on an LTQ-Orbitrap mass spectrometer 734 
(Thermo Scientific) or on a Q Exactive mass spectrometer (Thermo Scientific) 735 
both coupled on-line to Ultimate 3000 RSLCnano Systems (Dionex, Thermo 736 
Scientific).  737 
The MaxQuant software platform version 1.5.1.2 was used to process the raw 738 
files and search was conducted against Homo sapiens complete/reference 739 
proteome set of UniProt database (released on 14/05/2014), using the 740 
Andromeda search engine. For the first search peptide tolerance was set to 741 
20 ppm while for the main search peptide tolerance was set to 4.5 pm. 742 
Isotope mass tolerance was 2 ppm and maximum charge to 7. Digestion 743 
mode was set to specific with trypsin allowing maximum of two missed 744 
cleavages. Carbamidomethylation of cysteine was set as fixed modification. 745 
Oxidation of methionine, acetylation, single, di- and tri-methylation of lysine, 746 
as well as single and di-methylation of arginine were set as variable 747 
modifications. Peptide and protein identifications were filtered to 1% FDR. 748 
Histone PTM were detected only amongst the three GST:Repo-ManCTerm 749 
datasets and none on GST alone. Histone variants peptide counts mentioned 750 
in the text (H2AZ) or represented in Fig. 5a were over-represented in the 751 
GST:Repo-ManCTerm (at least 3-fold) when compared to GST alone. 752 
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For the characterization of serine 28 phosphorylation during mitosis, cells 753 
were grown overnight with nocodazole and mitotic extracts were collected and 754 
ran on a gel and stained with Instant Blue (Expedeon). The histone bands 755 
were excised for Mass Spectrometry. For the determination of the degree of 756 
phosphorylation on H3S28 two similar histone gel bands were digested as 757 
previously described. Prior to the addition of trypsin one of the samples was 758 
treated with alkaline phosphatase for 30 min at 37°C. The analyses of 759 
phosphorylated S28 peptides was conducted as described in66. 760 
 761 
Bioinformatic analyses 762 
Sequencing libraries were constructed, quantified and analysed according to 763 
standard protocols. Sequencing libraries were constructed on the Apollo 324 764 
Next Generation Sample Preparation system (Wafergen) using the PrepX 765 
Complete ILMN 32i DNA Library Kit (Wafergen) according to the 766 
manufacturer’s guidelines. The prepared libraries were quantified and 767 
multiplexed before 50-nt paired end sequencing on a HiSeq2500 (Rapid 768 
mode) according to standard Illumina protocols. Approximately 60-80 million 769 
read pairs were produced per sample and mapped to the human reference 770 
genome (hs37d5 version of build 37). Bam files from individual sequencing 771 
lanes were merged using Picard (Picard, 772 
http://broadinstitute.github.io/picard/). Mapped reads were analysed for 773 
standard ChIP-Seq quality metrics; in particular, for each sample, the 774 
Normalized Strand Cross-correlation was > 1.05 and the Relative Strand 775 
Cross-correlation coefficients was > 0.8, suggesting a good degree of 776 
enrichment for the protein of interest, in agreement with67. Peaks were called 777 
using the software MACS2 with default parameters for narrow regions. Peaks 778 
located on unlocalised genomic contigs (e.g. GL000192.1 or hs37d5) were 779 
excluded from the final set of significantly enriched regions. The sequences 780 
obtained with the GST alone were subtracted from the datasets. 781 
Using a 5% FDR cut-off, 7550 binding sites were detected from the first and 782 
4201 from the second duplicate. A stringent approach was applied to select 783 
634 Repo-Man binding sites resulting from the union of common sites found in 784 
replicates 1 and 2. 785 
HeLa broad peaks of histone markers and chromatin proteins of interest were 786 
downloaded from the ENCODE depository 787 
(https://genome.ucsc.edu/ENCODE/) and compared with Repo-Man binding 788 
sites in terms of overlapping peaks using a Python script. UCSC Genome 789 
browser was used to visualise Repo-Man and ENCODE datasets. 790 
Characterisation of Repo-Man binding sites was performed using ChromHMM 791 
states downloaded from the Roadmap Epigenomics Database for the HeLa 792 
epigenome and using a 15-state Hidden Markov Model (HMM) 43. 793 
Subtelomeric regions were defined as 500-kb windows adjacent to the 794 
terminal fragment of each chromosome as in68. 795 
 796 
Chromosome positioning 797 
HT1080 cell line carrying a LacO integration on chromosome 13q22 and 798 
expressing a LacI:GFP (kindly provided by W Bickmore) was used with RNAi 799 
for Repo-Man as described before. Images of LacI:GFP co-stained with 800 
Nup153 were taken and analysed with the nuclear erosion scrip69 to assess 801 
chromosome 13q22 location in relation to each of the five concentric shells. 802 
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 803 
3D-FISH 804 
The PAC CTC-820M16, localised in the subtelomeric region of chromosome 805 
14 (14q32.33, Chr14:107106019-107206128 Ensemble draft 7545) was 806 
labelled by nick translation with digoxigenin –dUTP (Roche), using the Abbott 807 
Molecular Nick Translation kit, as per manufacturer instructions. The 22-14 808 
alpha satellite probe p14.170 was similarly labelled with biotin-dUTP.  809 
For 3-D FISH, the transfected cells were incubated in CSK buffer (0.1 M NaCl; 810 
0.3 M Sucrose; 0.003 M MgCl2; 0.01 M Pipes) for 10 minutes, and then fixed 811 
in 2% formaldehyde/1 x PBS for 5 minutes. Cells permeabilisation was carried 812 
out in 0.5% Triton X-100/1 x PBS for 20 minutes. Following an incubation in 813 
0.1 N HCl for 10 minutes, and a wash in 2xSCC, the probes were applied onto 814 
the cells, and the probe and nuclear DNA were denatured simultaneously at 815 
85ºC for 5 minutes. The slides were incubated at 37ºC. The following day, 816 
slides were washed three times in 0.1XSSC at 65ºC. 817 
The probes were detected with anti-digoxigenin antibody, conjugated with 818 
rhodamine (Roche), or avidin Alexa Fluor 488 Conjugate (Invitrogen), both at 819 
5 μg/ml, and the slides mounted in Vectashield DAPI (Oncor). Images were 820 
acquired with an Olympus BX-51 epifluorescence microscope coupled to a 821 
JAI CVM4+ CCD camera, with Leica Cytovision Genus v7.1. 822 
 823 
Chromatin immunoprecipitation 824 
ChIP was performed using the ChIP-IT express kit (Active Motif) according to 825 
Manual’s Instructions. The protocol was performed on RNAi treated HeLa 826 
cells and using 10uL of H3K27me2/3 antibody (Active Motif, 39535) and 827 
digoxin as a negative control (Jackson Laboratories, 200-002-156). After 828 
ChIP, DNA was purified using Phenol Chloroform and ethanol precipitation 829 
with glycogen. DNA concentration was measured using Qubit (High Sensitivity 830 
Kit, Thermo) and reduced to 0.2ng/uL. qPCR was quantified using SYBR 831 
green Master Mix (Thermo Scientific) and according to manufacturer’s 832 
instructions (primers in Supplementary Table 2). Delta-delta CT method was 833 
used with normalisation for Input DNA. MYT1 gene was used as a control for 834 
H3K27me2/3 enrichment. 835 
 836 
Data Availability 837 
Mass Spec data generated in this study have been deposited in PRIDE under 838 
accession number PXD004613. 839 
Hi-Seq data generated in this study have been deposited on Gene Expression 840 
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Figure Legends 1107 

 1108 

Figure 1: Repo-Man is enriched at the periphery of interphase nuclei 1109 

(a) Summary of Repo-Man interactors identified in previous studies 9,11,14. In 1110 

green interactions with nuclear envelope proteins, blue with histones; yellow 1111 

phosphatases (PP2A- mitotic exit onset only) and (PP1). (b) Hela cells were 1112 

transfected with GFP:Repo-Man (red) then fixed and stained for Nup153 1113 

(green). (c) HeLa cells immunostained for endogenous Repo-Man (red) (a, b, 1114 

d, e) transfected with GFP:Nup153 (a, c) or co-immunostained for 1115 

endogenous Nup153 (green) (d, f). Example of PLA signals (red) using Repo-1116 

Man and Nup153 antibodies (g, h). Scale bar = 10 μm. (d) HeLa cells were 1117 

transfected with GFP:Nup153 (b, d, f) or GFP alone (a, c, e) and PLA (red) 1118 

was performed using Repo-Man and GFP antibodies (c, d). (e) Quantification 1119 

and cellular distribution of PLA signals as described in (d) from two 1120 

independent experiments (Fisher **** p-value < 0.0001). (f) Percentage and 1121 

cellular distribution of PLA signals in Repo-Man (green) or Control RNAi 1122 

(grey) (Chi-Square, **** p-value < 0.0001). (g) Electron Microscopy image of 1123 

Repo-Man cell line expressing the peripheral N-terminus domain fused to 1124 

GFP. Immuno-EM was conducted using an anti-GFP antibody. Black Arrow 1125 

shows accumulation at the edge of the NPC (white arrow) and Red arrows 1126 

show accumulation on heterochromatin adjacent to the nuclear envelope (see 1127 

Supplementary Fig. 1), bar = 500nm. (h) Quantification of the experiment in 1128 

(g). Numbers represent the density of labelling in each of the indicated sub-1129 

compartments as the number of gold particles/µm2 (see materials and 1130 

methods). Total number of gold particles counted was 1057. 1131 
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 1132 

Figure 2: Nup153 is necessary for Repo-Man targeting to the nuclear 1133 

periphery 1134 

(a) Anaphase from HeLa stable cell line expressing GFP:Repo-ManN (N-1135 

terminus Repo-Man), stained for Nup153 (red). Late anaphase showing 1136 

Repo-Man accumulation at the chromosome periphery and co-localisation 1137 

with Nup153. (b) HeLa cells transfected with Control (1) or Nup1532 RNAi 1138 

oligo (2) and stained for endogenous Nup153 (red) and endogenous Repo-1139 

Man (green). Zoom-in image of Nup153 and Repo-Man at the chromosome 1140 

periphery in control cells (3). Scale bar = 5 μm. (c) Quantification (line profile 1141 

analysis) of Repo-Man enrichment at the chromosome periphery. (d) 1142 

Interphase nucleus of GFP: Repo-ManN HeLa stable cell line showing the 1143 

nuclear localisation of the construct with enrichment at the nuclear periphery. 1144 

The quantification of Repo-Man distribution was measured as line profile 1145 

across the nucleus (Yellow line) for the experiments in (c and g). (e) Profiles 1146 

of Repo-Man (green) and H3K9me2 (grey) signals across the nucleus. Repo-1147 

Man enrichment was measured as the ratio between the average of the two 1148 

maximum intensity values (Max1 and Max2) by the median of the values in 1149 

the plateau (c and g). (f) HeLa cells expressing GFP:Repo-ManN were 1150 

transfected with control or Nup153 siRNA oligos and the GFP profiles were 1151 

analysed as in (e). Lower panels are representations of GFP:Repo-ManN 1152 

localisation in a section of a nucleus. (g) Quantification of Repo-Man 1153 

enrichment at the nuclear periphery in HeLa cells stably expressing 1154 

GFP:Repo-ManN or transiently transfected with GFP: Repo-ManFL (full-length 1155 

Repo-Man) after RNAi with Control oligos (grey bars) or with a single 1156 
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(Nup1532) or combination (Nup1531&2) Nup153 oligos (green bars). Data in (c) 1157 

and (g) were analysed with Mann-Whitney test (**** p<0.0001), n are depicted 1158 

in the figures. 1159 

 1160 

Figure 3: Repo-Man is necessary and sufficient to establish a 1161 

heterochromatic environment 1162 

(a) Quantification of HP1 alpha foci after immunostaining of HeLa cells 1163 

depleted of Repo-Man (green) or SDS22 (yellow) (1). Rescue of the HP1 foci 1164 

numbers is achieved by a Repo-Man:GFP oligo-resistant construct in a Repo-1165 

Man siRNA background (brown) (2). Chi-Square (****p<0.0001). Typical 1166 

image of HP1 foci in a control (a, b) or Repo-Man (c, d) RNAi. Scale bar = 5 1167 

μm. (b) DT40 cells containing a LacO array inserted in a single locus were 1168 

transfected with GFP:LacI, GFP:LacI:Repo-Man(RM), GFP:LacI:Repo-1169 

Man(RM)RAXA and the PP1 binding domain GFP:LacI:Ki67PP1BD. Cells were 1170 

fixed and stained with HP1 antibody (representative image shown in the 1171 

inset). The enrichment was calculated as a ratio between the intensity at LacI 1172 

spot (green arrow in the inset), and a random nuclear spot. (c) Correlation 1173 

between the accumulation of GFP:LacI:Repo-Man(RM) at the LacO array and 1174 

HP1 from the experiments in (b), linear regression. (d)-(f): Intensities of 1175 

H3K27me2/3 (d), H3K9me3 (e) and H3K9ac (f) staining in fixed HeLa cells 1176 

after control RNAi (grey) or Repo-Man (green). Cell numbers are depicted in 1177 

the figure. Data sets were analysed with Mann-Whitney test between three 1178 

replicates (****p<0.0001). (g)-(h): DT40 cells containing a LacO array inserted 1179 

at a single locus were transfected with GFP:LacI (grey) or GFP:LacI:Repo-1180 

Man (green). Cells were fixed and stained with antibodies against H3K9ac, 1181 
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H3K9me3 and H3K27me2/3. The signal intensity levels were measured as 1182 

described in (b). (h) Correlation between GFP:LacI:Repo-Man(RM) 1183 

enrichment at the LacO array and the levels of the active H3K9ac, linear 1184 

regression. Stars indicate t-test unless stated otherwise (* p<0.05, **p<0.01 1185 

using two-three replicates). 1186 

 1187 

Figure 4: Repo-Man interacts with modified histone H3  1188 

(a) Recombinant GST tagged Repo-Man (C-terminus domain) was incubated 1189 

with a histone peptide array (Active Motif). The signal intensity was detected 1190 

with an anti-GST antibody and quantified by LICOR. Preferential interactions 1191 

of GST:Repo-ManCTerm (C-terminus domain) are shown between two 1192 

biological replicas. (b) Repo-Man has less affinity for peptides containing 1193 

modified K27 residue (either methylated or acetylated) if the adjacent S28 is 1194 

Phosphorylated (S28P). Error bars represent SEM between two arrays. (c) 1195 

The histone peptide array was incubated with recombinant GST:Repo-Man1-1196 

135 (dark green bars) or GST alone (white bars) and signals detected with an 1197 

anti-GST antibody as in (a). (d) InstantBlue staining of GST alone, GST:Repo-1198 

ManCTerm or GST:Repo-Man1-135 proteins incubated with HeLa nucleosomes 1199 

(bound and unbound fractions are shown). (e) Endogenous Repo-Man and 1200 

H3K27me2/3 interactions in interphase detected by PLA. Panel on the right 1201 

shows the overlay of the PLA signals with the nuclear erosion script69. Bar = 1202 

5μm. (f) Counts of PLA signals in control and Repo-Man RNAi in two 1203 

replicates as described in (c). p-value was calculated using Mann-Whitney 1204 

test (** p<0.01). n is depicted in the figure. 1205 

 1206 
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Figure 5: Repo-Man associates with repressive histone modifications 1207 

and sub-telomeric regions 1208 

Eluted fractions of GST:Repo-Man and GST alone incubated with 1209 

nucleosomes (as in Fig. 4d) were analysed by Mass Spectrometry (a) or the 1210 

DNA was extracted and sequenced by Illumina HiSeq (b-f). (a): Histone H3 1211 

PTMs identified in the GST:Repo-Man fraction only. In bold are modifications 1212 

identified in all the replicate experiments and in red are coexistent PRC-1213 

dependent histone modifications found in34. (b) Overview of GST:Repo-Man 1214 

binding sites genome-wide in two replicates. (c) Repo-Man hits at sub-1215 

telomeric regions are higher than expected by chance. (d) Annotation of 1216 

Repo-Man hits according to gene features or lamina association71 (Fisher p-1217 

values). TES: Transcription End Site; TSS: Transcription Start Site; LADs: 1218 

Lamina Associated Domains (e) Overlaps between Repo-Man hits and double 1219 

histone modifications extracted from HeLa ENCODE datasets for H3K27ac, 1220 

H3K4me3, CTCF, H3K9ac, H3K79me2, H3K27me3, H2AZ, H3K9me3, EZH2 1221 

and H4K20me1 (Fisher p-values). (f) Single gene profiles of Repo-Man target 1222 

genes PPP2R2C (1) and PDE9A (2) classified as polycomb repressed and 1223 

heterochromatin associated (H3K9me3) respectively by the software 1224 

ChromHMM 43. The chromosomes and the position of the gene (red line) are 1225 

shown along with the representation of the gene genomic sequence 1226 

(lines/squares are exons). Repo-Man binding sites distribution is shown for 1227 

two independent datasets (light and dark green). Positioning of histone marks 1228 

along the genomic window were extracted from the UCSC in HeLa cells 1229 

(H2AZ, H3K9ac, H3K9me3, H3K27ac, H3K27me3, H4K20me1 and S2-PolII), 1230 

reads in y axis = 50. (g) H3K27me2/3 ChIP on chromatin from control and 1231 
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Repo-Man RNAi cells. Repo-Man RNAi enrichment is expressed over Control 1232 

RNAi enrichment, calculated relatively to input DNA using same amount of 1233 

DNA in PCR. Error bars represent SEM. t-test was applied. (* p<0.05, ** p< 1234 

0.01, *** p<0.001).  1235 

 1236 

Figure 6: Repo-Man depletion affects chromosome positioning 1237 

(a) HT1080 cells containing a LacO array inserted at 13q22 and expressing 1238 

GFP:LacI were fixed and stained for Nup153. The arrow indicates the 1239 

integration site. (b) Position of the chr13q22 was measured using an erosion 1240 

script software69 across five concentric shells (1 – most outer shell to 5 – most 1241 

inner shell) after RNAi with control or Repo-Man oligos or transiently 1242 

transfected with the dominant-negative Repo-ManRAXA mutant. (c) 3D FISH 1243 

with probe CTC-820M16 (red signal) mapping to the subtelomeric region of 1244 

chromosome 14 performed on HeLa cells. (d) Quantification of spots location 1245 

described in (c), using the erosion script software. (Fisher test, * p<0.05, 1246 

**p<0.01, *** p<0.001 using two-three replicates). (e) Enrichment of 1247 

H3K27me2/3 at the nuclear periphery after Nup153 RNAi. (f) Enrichment of 1248 

H3K9me3 at the nuclear periphery after Nup153 RNAi. Enrichment was 1249 

calculated as in Figure 2e. Mann-Whitney test (* p<0.05), n is depicted in the 1250 

figure. (g) Differential expression of telomeric genes bound by Repo-Man 1251 

between control and Repo-Man (green) or Nup153 (blue) RNAi. Delta-delta-1252 

CT method was used and normalised for GAPDH. Error bars = SEM between 1253 

three replicates. t-test was used for statistical analysis (* p< 0.05, ** p<0.01). 1254 

 1255 
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Figure 7: Repo-Man de-phosphorylates S28 and regulates a phospho- 1256 

switch necessary for heterochromatin maintenance 1257 

(a)-(c): Repo-Man de-phosphorylates H3S28P. (a) HeLa cells overexpressing 1258 

GFP:Repo-ManTA3, which prematurely associates with chromatin, were fixed 1259 

and stained for H3S28P. Scale bar = 5 μm. (b)-(c) Hela cells after control (1) 1260 

or Repo-Man (2) RNAi, were fixed and stained for H3S28P and tubulin. The 1261 

intensity of H3S28P was measured in anaphase and cytokinesis (cyto) in two 1262 

independent replicates (c). Scale bar = 10μm. Mann-Whitney test (**** 1263 

p<0.0001), n is depicted in the figure. (d) Model. Repo-Man associates with 1264 

modified Lysine 27 when the adjacent S28 is not modified. Through de-1265 

phosphorylations of the nearby serine 10 and 28 it regulates HP1 enrichment 1266 

and potentially the maintenance of H3K27 methylation respectively. These 1267 

processes may contribute to the establishment and/or maintenance of a 1268 

repressive environment. At the periphery, the position of this chromatin 1269 

environment is also locally maintained via the interaction between Repo-Man 1270 

and Nup153. 1271 

 1272 
 1273 
 1274 
 1275 
 1276 
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