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Abstract 15 
 16 
Alternative lengthening of telomeres (ALT) pathway maintains telomeres in a significant fraction 17 
of cancers associated with poor clinical outcomes. A better understanding of ALT mechanisms 18 
can provide a basis for developing new treatment strategies for ALT cancers. SUMO 19 
modification of telomere proteins plays a critical role in the formation of ALT telomere-20 
associated PML bodies (APBs), where telomeres are clustered and DNA repair proteins are 21 
enriched to promote homology-directed telomere DNA synthesis in ALT. However, whether and 22 
how SUMO contributes to ALT beyond APB formation remains elusive. Here, we report that 23 
SUMO promotes collaboration among DNA repair proteins to achieve APB-independent 24 
telomere maintenance. By using ALT cancer cells with PML protein knocked out and thus 25 
devoid of APBs, we show that sumoylation is required for manifesting ALT features, including 26 
telomere clustering and telomeric DNA synthesis, independent of PML and APBs. Further, small 27 
molecule-induced telomere targeting of SUMO produces signatures of phase separation and 28 
ALT features in PML null cells in a manner depending on both sumoylation and SUMO 29 
interaction with SUMO interaction motifs (SIMs). Mechanistically, SUMO-induced effects are 30 
linked to the enrichment of DNA repair proteins, including Rad52, Rad51AP1, and BLM, to the 31 
SUMO-containing telomere foci. Finally, we find that Rad52 can undergo phase separation, 32 
enrich SUMO on telomeres, and promote telomere DNA synthesis in collaboration with the BLM 33 
helicase in a SUMO-dependent manner. Collectively, our findings suggest that, in addition to 34 
forming APBs, SUMO also promotes collaboration among DNA repair proteins to support 35 
telomere maintenance in ALT cells. Given the promising effects of sumoylation inhibitors in 36 
cancer treatment, our findings suggest their potential use in perturbing telomere maintenance in 37 
ALT cancer cells. 38 
 39 
Introduction 40 
 41 
To sustain continuous proliferation, cancer cells must maintain their telomeres either by 42 
telomerase reactivation or by alternative telomere lengthening (ALT)(Henson et al., 2002; Varley 43 
et al., 2002). An estimated 10-15% of cancer types employ ALT and these are often associated 44 
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with poor survival outcomes(Dilley & Greenberg, 2015; Yeager et al., 1999). Past studies have 45 
established that telomere synthesis in ALT is achieved by break-induced replication (BIR), a 46 
homologous recombination (HR) mechanism(Cho et al., 2014; Dilley et al., 2016). ALT can 47 
either utilize a BIR pathway that depends on the recombination protein Rad52(Min et al., 2017; 48 
J. M. Zhang et al., 2019) or another one that requires the repair protein Rad51AP1(Barroso-49 
González et al., 2019; Yadav et al., 2022; J. M. Zhang et al., 2019). Among additional HR 50 
proteins involved in ALT, the BLM helicase plays a prominent role by enabling both of the BIR 51 
pathways(J. M. Zhang et al., 2019; J.-M. Zhang et al., 2021). 52 
 53 
In addition to HR proteins, ALT also relies on sumoylation that conjugates the small ubiquitin 54 
modifier (SUMO) to target proteins(Seeler & Dejean, 2003). Sumoylation of telomere proteins, 55 
such as TRF1 and TRF2, can promote the formation of ALT-specific nuclear bodies called ALT-56 
associated PML bodies (APBs)(Brouwer et al., 2009; Chung et al., 2011; Potts & Yu, 2007). 57 
APB formation also depends on the PML protein, which is both sumoylated and contains SUMO 58 
interaction motifs (SIMs)(Kamitani et al., 1998; Shen et al., 2006). The multi-valent SUMO-SIM 59 
interactions mediated by PML and telomere proteins enable APB formation via phase 60 
separation(H. Zhang et al., 2020). It is thought that APBs facilitate ALT by enriching telomere 61 
clusters (Draskovic et al., 2009; Heaphy et al., 2011) and DNA repair proteins within the same 62 
space(Dilley et al., 2016; Roumelioti et al., 2016). Despite the critical roles of APBs in ALT, a 63 
recent study examined cancer cell lines that rely on ALT for telomere maintenance and found 64 
that while PML protein knockout abolished APBs and reduced ALT, cells are viable for 65 
months(Loe et al., 2020). This finding suggests the possibility of APB-independent telomere 66 
lengthening in PML null cells. However, the nature of this process and the role of sumoylation in 67 
ALT beyond APB formation remain elusive. 68 
 69 
Here, we address the above questions by examining PML null ALT-positive U2OS cells lacking 70 
APBs. We found SUMO is enriched at telomeres even in the absence of PML and APBs. 71 
Importantly, telomere breaks induced by the FokI nuclease fused to the telomere protein TRF1 72 
can induce two key ALT features in PML null cells, namely telomere clustering and telomeric 73 
DNA synthesis. This provides evidence that ALT can take place in the absence of PML and 74 
APBs. We further applied two experimental strategies not previously used in ALT studies. These 75 
include the application of sumoylation inhibitors and chemical-induced protein targeting, which 76 
allows live cell imaging and prevents toxicity caused by constitutive targeting. Results derived 77 
from SUMO inhibitor studies revealed that sumoylation is required for ALT features induced by 78 
telomere DNA cleavage by FokI in PML null cells. This result strongly argues that sumoylation 79 
can contribute to ALT in an APB-independent manner. Data from the chemical-induced protein 80 
telomere targeting technique showed that transiently targeting SUMO to telomeres induces ALT 81 
features independent of PML and this requires both sumoylation and SUMO-SIM interaction. 82 
Finally, we show that targeting SUMO or Rad52 to telomeres mutually enriches each other at 83 
telomers and both induce signatures of phase separation and promote telomere synthesis in 84 
PML null cells. Collectively, our data provided several lines of evidence to support the 85 
conclusion that sumoylation and DNA repair proteins collaborate to support ALT features 86 
beyond promoting APB formation.  87 

   88 
Results   89 
 90 
Sumoylation contributes to ALT features even in the absence of PML and APBs 91 
 92 
To address whether SUMOylation contributes to ALT independent of APBs and PML, we 93 
utilized PML knockout (PML KO) U2OS cells devoid of APBs(Loe et al., 2020). We confirmed 94 
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the absence of nuclear bodies containing PML in these cells using immunofluorescent staining 95 
(Fig. S1A). As seen previously (Loe et al., 2020), the growth of U2OS cells was largely 96 
unaffected by the loss of PML despite impairment in ALT. These cells allowed us to address 97 
possible roles of SUMO in ALT that are independent of APBs and PML. 98 
 99 

ALT features can be induced by telomere-specific DNA breaks generated by the FokI 100 
nuclease targeted to telomeres through fusing to the telomeric protein TRF1(Cho et al., 2014; 101 
Dilley et al., 2016). While previous studies used this system in PML-containing cells, we 102 
employed it in PML null U2OS cells to address whether telomere breaks can induce ALT 103 
features without PML and APBs and whether these features require SUMO. First, we assessed 104 
whether SUMO was localized to telomeres after FokI induction. Immunofluorescent imaging 105 
revealed that the TRF1-Fok1 fusion, but not the nuclease dead mutant fusion TRF1-FokI-106 
D450A, increased SUMO1 and SUMO2/3 (SUMO2 and SUMO3 detected by the same 107 
antibody) localization at telomeres in PML null cells (Fig. 1A, B, Fig. S1B, C). The level of 108 
telomeric SUMO in PML null cells was similar to that of control PML-containing cells (Fig. 1A, 109 
B).  In addition, MMS21 and PIAS4, two SUMO E3 ligases important for ALT(Potts & Yu, 2005, 110 
2007; J.-M. Zhang et al., 2021), were found at telomeres in PML null cells, just like in PML-111 
containing cells (Fig. S1E, F). These data suggest that SUMO and SUMO E3 enrichment at ALT 112 
telomeres can occur in response to telomere breaks without PML and APBs. 113 
 114 

Significantly, TRF1-FokI, but not TRF1-FokI-D450A, induced telomere clustering in PML 115 
null cells, evidenced by telomere DNA FISH data that showed a reduction in telomere numbers 116 
(Fig. S1D). The degree of telomere clustering in the PML null cells was similar to that in the 117 
PML-containing control cells (Fig. 1A, C). Live cell imaging further captured the process of 118 
telomere clustering after FokI induction in PML null cells (Fig. 1D, Movie 1), as reported in PML-119 
containing cells(Cho et al., 2014). To test if damaged telomeres can cluster without APBs even 120 
in the PML-containing ALT cells, we used a U2OS cell line where endogenous PML is labeled 121 
with Clover(Pinder et al., 2015). Live imaging revealed that upon inducing TRF1-FokI, clustered 122 
telomeres form independent of forming APBs. (Fig. 1E, Movie 2). Collectively, these data show 123 
that telomere breaks can induce telomere clustering without APBs.   124 
 125 

Next, we measured nascent telomeric DNA synthesis based on EdU incorporation at 126 
telomeres. We observed the induction of telomeric DNA synthesis in PML null cells after FokI 127 
induction (Fig. 1F, G). Unlike SUMO localization (Fig. 1B) and telomere clustering (Fig. 1C), 128 
telomeric DNA synthesis in PML null cells was less pronounced than that in PML-containing 129 
control cells, suggesting that APBs are more important for telomeric DNA synthesis than SUMO 130 
enrichment and telomere clustering. In conclusion, while our data are consistent with an 131 
established role of PML/APBs in telomere DNA synthesis in ALT cells(O’Sullivan et al., 2014; 132 
Sahin Umut et al., 2014), they unveil that in the absence of PML, telomere breaks can induce 133 
three key ALT features, namely localization of SUMO to telomeres, telomere clustering, and 134 
telomeric DNA synthesis.  135 
 136 

Finally, we asked whether sumoylation is required for telomere clustering and telomere 137 
DNA synthesis independent of PML and APBs. To this end, we used a well-established small 138 
molecule inhibitor (ML-792) of the SUMO-activating enzyme to downregulate sumoylation(He et 139 
al., 2017). Treatment with this SUMO inhibitor (SUMOi) decreased SUMO1 and SUMO2/3 140 
levels at telomeres after TRF1-FokI expression in PML null and PML-containing cells (Fig. 1A, 141 
B, Fig. S1G, H), confirming the effectiveness of the inhibitor. Significantly, SUMOi treatment 142 
decreased telomere clustering upon TRF1-FokI induction in both types of cells (Fig. 1C). In 143 
addition, in both PML null and PML-containing cells, SUMOi treatment decreased telomeric 144 
DNA synthesis upon TRF1-FokI induction to a level similar to that seen either without FokI 145 
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expression or expressing the FokI mutant TRF1-FokI-D450A (Fig. 1F, G). These results suggest 146 
that upon induction of telomere breaks, sumoylation is required for ALT telomere clustering and 147 
telomere DNA synthesis in the absence of PML/APBs.  148 
 149 
Sumoylation is required for endogenous telomere clustering independent of APBs 150 
 151 
We next examined how endogenous ALT is affected by sumoylation in the absence of APBs. 152 
First, we arrested the PML null cells in the G2 phase when ALT was active and assessed 153 
whether SUMO was localized to telomeres. Immunofluorescent imaging revealed that SUMO1 154 
and SUMO2/3 are localized to telomeres at a level moderately lower than those seen in the 155 
control cells with intact PML (Fig. S2A-D). This result suggests that SUMO has an intrinsic 156 
ability to be enriched at ALT telomeres, and this can be enhanced by PML in the endogenous 157 
ALT pathway.  158 
 159 

Next, we asked whether SUMO inhibitors affected ALT features in G2-arrested PML null 160 
cells. SUMOi decreased SUMO1 and SUMO2/3 levels at telomeres both in PML null and PML-161 
containing cells (Fig. S2A-D). Significantly, SUMOi treatment decreased telomere clustering in 162 
both types of cells (Fig. S2E). This is in addition to reduced numbers of APBs and PML bodies 163 
seen in cells containing PML, as expected from an established role of SUMO in the formation of 164 
PML bodies(Hirano & Udagawa, 2022; Zhong et al., 2000) and APBs (Chung et al., 2011; Potts 165 
& Yu, 2007) (Fig. S2F, G). These data reveal an APB-independent role of sumoylation during 166 
endogenous ALT. 167 
 168 
 169 
Targeting SUMO to telomeres induces signatures of phase separation and ALT features 170 
in PML null cells.  171 
 172 
We have previously shown that in PML-containing cells, SUMO-SIM interactions on telomeres 173 
induce telomere clustering and signatures of phase separation(H. Zhang et al., 2020). We 174 
asked whether enriching SUMO at telomeres would have the same effects in PML null cells. To 175 
this end, we used an inducible protein dimerization system that can transiently and effectively 176 
recruit proteins to specific genomic loci(Lackner et al., 2022; Zhao et al., 2021). In our setup, 177 
each SUMO isoform (SUMO1, 2, and 3) was fused to mCherry and the eDHRF protein, while 178 
the telomere protein TRF1 was fused to GFP and the 3xHalo-enzyme (Fig. 2A). The addition of 179 
the chemical dimerizer, trimethylolpropane- fluorobenzamide-halo ligand (TFH), that binds to 180 
both eDHRF and Halo-enzyme can induce interaction between the two fusion proteins. This 181 
technique can minimize toxicity associated with constitutive SUMO enrichment at telomeres and 182 
is compatible with live cell imaging for the examination of key ALT features in real-time.  183 
 184 

Successful recruitment of each SUMO isoform to TRF1-GFP marked telomeres upon the 185 
addition of the dimerizer in the PML null cells was confirmed with microscopy (Fig. 2B). Both 186 
SUMO-mCherry and TRF1-GFP formed bright and round foci and the two types of foci showed 187 
high degrees of colocalization (Fig. 2B, Fig. S3A, Movie 3-5). Further, these foci showed fusion 188 
behaviors characteristic of phase-separated condensates (Fig. 2B, Fig. S3A, Movie 3-5). 189 
Moreover, telomeres clustered after dimerizer addition in PML null cells, as reflected in the 190 
reduced telomere numbers compared with the condition without dimerizer (Fig. 2C). The 191 
increased telomere clustering was also confirmed with FISH (Fig. 2D, E, Fig. S3B). Significantly, 192 
live imaging of PML-Clover cells after dimerizing SUMO to telomeres showed APB-independent 193 
telomere clustering in addition to APB-dependent clustering (Fig. S3C-G). Finally, recruiting 194 
SUMO isoforms to telomeres increased telomere DNA synthesis (Fig. 2F, G, Fig. S3H, I). 195 
Collectively, the observed effects of dimerizer-induced SUMO recruitment to telomeres provide 196 
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evidence for PML and APB-independent formation of phase-separated condensates containing 197 
SUMO and clustered telomeres that are capable of telomere DNA synthesis. 198 

 199 
For all examined effects described above, the three SUMO isoforms behaved similarly. 200 

Recruiting one isoform enriched the others on telomeres. As SUMOi reduced such mutual 201 
enrichment (Fig. S4A, B), we conclude that sumoylation underlies this isoform inter-202 
dependancy. Focusing on  SUMO3, we found that its recruitment to telomeres resulted in a 203 
similar level of telomere clustering in either PML-containing or PML KO cells (Fig. 2E), but more 204 
telomere DNA synthesis in the former (Fig. 2G), highlighting a role of APBs in ALT telomere 205 
synthesis beyond SUMO enrichment and telomere clustering. Collectively, these results suggest 206 
that, in PML-free cells, SUMO enrichment at telomeres can induce signatures of phase 207 
separation as well as key ALT features, including telomere clustering and telomeric DNA 208 
synthesis.  209 
 210 
 211 
Sumoylation and SUMO-SIM interaction underlie the PML-independent role of SUMO in 212 
ALT 213 
 214 
We moved on to examine the mechanisms underlying SUMO-mediated ALT features in the 215 
absence of PML and APBs. Previously, we found that recruiting SIM to telomeres in PML-216 
containing cells using the chemically induced dimerization system described above induced 217 
APB formation via phase separation and that this requires its SUMO binding capacity(H. Zhang 218 
et al., 2020). We asked here whether SUMO-SIM interaction also contributes to ALT in a PML 219 
and APB-independent manner.   220 
 221 

First, we examined the consequences of targeting SIM to telomeres using a dimerizer 222 
system. We found that recruiting SIM to telomeres in PML null cells led to the enrichment of 223 
SUMO isoforms at telomeres (Fig. S4C-E). Second, this system generated TRF1-containing 224 
round droplets that fuse among themselves over time, which is suggestive of phase separation 225 
behavior (Fig. S4G, H). Third, SIM recruitment to telomeres increased telomere clustering (Fig. 226 
S4F, H), though less pronounced than that caused by telomere targeting of SUMO (Fig. 2E). 227 
Fourth, SIM recruitment to telomeres was insufficient to induce telomere DNA synthesis in PML 228 
null cells (Fig. 2G), similar to what we reported in cells containing PML(H. Zhang et al., 2020), 229 
but different from targeting SUMO to telomeres that induced telomere synthesis (Fig. 2F, G). 230 
We suspect that the difference could be caused by differences in SUMO-SIM stoichiometries, 231 
as this feature affects condensate composition(Banani et al., 2016; Ditlev et al., 2018). 232 
Regardless, the above findings support the notion that targeting SIM to telomeres can induce a 233 
subset of ALT features.  234 

 235 
We moved on to investigate whether the SUMO-SIM interaction is important for ALT 236 

features. To this end, we utilized SUMO and SIM mutants that are defective in SUMO-SIM 237 
binding and targeted them to telomeres using the dimerization system. First, we found that a 238 
SUMO3 variant mutated for its SIM binding site (FKIK mutated to FAAA) (Banani et al., 2016) 239 
did not induce signatures of phase separation (Fig, 2B, C, Movie 6), and led to less telomere 240 
clustering (Fig. 2D, E) and less telomere DNA synthesis (Fig. 2F, G). Second, recruiting a SIM 241 
mutant that cannot interact with SUMO (VIDL mutated to VADA) (Banani et al., 2016) failed to 242 
generate TRF1-containing droplets and telomere clustering (Fig. S4G, H). Third, recruiting a 243 
SUMO3 mutant that could not be conjugated to substrates (C-terminal di-Gly motif mutated to 244 
di-Val) (Banani et al., 2016) resulted in less telomere clustering (Fig. 2D, E) and less telomere 245 
DNA synthesis (Fig. 2F, G). This is accompanied by a lack of enrichment of SUMO1 and 2 on 246 
telomeres (Fig. S4A, B). These results are consistent with each other and suggest that protein 247 
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sumoylation and SUMO-SIM interaction contribute to SUMO-induced ALT features in PML null 248 
cells. 249 
 250 
Sumoylation and SUMO-SIM interaction promote DNA repair factor enrichment at 251 
telomeres independent of APBs  252 
 253 
We next addressed how SUMO-SIM interaction can promote ALT features in PML null cells. It is 254 
known that SUMO and DNA repair proteins colocalize at damage sites in a PML-independent 255 
manner(Claessens et al., 2023) and that many DNA repair proteins are often both sumoylated 256 
and contain SIMs(Dhingra & Zhao, 2019; Hu & Parvin, 2014; Psakhye & Jentsch, 2012). We 257 
thus reasoned that DNA repair factors that both contribute to ALT and contain SUMOylation 258 
sites and/or SIMs could mediate SUMO-SIM-dependent effects on ALT. After surveying the 259 
literature, we tested three proteins, each of which contains at least one predicted and/or 260 
confirmed sumoylation site and SIM site. These include the BLM helicase(Min et al., 2019), the 261 
Rad51AP1(Barroso-González et al., 2019), and Rad52 repair factors(Sacher et al., 2006; Silva 262 
et al., 2016; Torres-Rosell et al., 2007; Verma et al., 2019). While Rad52 and Rad51AP1 each 263 
control one of the two ALT pathways, BLM contributes to both(J. M. Zhang et al., 2019). Thus 264 
the behavior of these proteins can help us understand how the SUMO-SIM interaction affects 265 
both ALT pathways. 266 

 267 
We found that targeting SUMO3 to telomeres in PML null cells induced enrichment of 268 

BLM, Rad51AP1, and Rad52 at telomeres (Fig. 3A, B, Fig. S5A, B). Similar effects were seen 269 
when SIM was targeted to telomeres, though to a much lesser degree (Fig. S5D, G, H). The 270 
differences here are consistent with the relatively weaker effects of SIM on inducing ALT 271 
features described above (Fig. 2E, G). These observations suggested the three ALT proteins 272 
can be recruited to telomeres upon increasing SUMO abundance at telomeres in the absence of 273 
PML and APBs.  274 

Significantly, sumoylation per se is required for the enrichment of BLM, Rad51AP1, and 275 
Rad52 at telomeres, since much less enrichment was seen when non-conjugatable SUMO1 or 276 
SUMO3 was used or when SUMOi was applied (Fig. 3D, Fig. S5C-F). The effect also required 277 
the SUMO-SIM interaction, since reduced levels of the three repair proteins were found at 278 
telomeres when a SUMO3 mutant defective in SIM binding was used (Fig. 3D, Fig. S5C-H). 279 
Consistently, the enrichment of Rad51AP1 was diminished when its sumoylation and SIM sites 280 
were mutated separately or together (Fig. 3C, D). These data support the conclusion that 281 
sumoylation and SUMO-SIM interaction contribute to telomere enrichment of BLM, Rad51AP1, 282 
and Rad52 in the absence of PML and APBs.  283 

Finally, we used the FokI-induced telomere break system described above in PML null 284 
U2OS cells to assess the contribution of sumoylation to telomeric localization of BLM, 285 
Rad51AP1, and Rad52 in ALT cells. After induction with FokI, but not a FokI enzymatically dead 286 
mutant, BLM, Rad52, and Rad51AP1 were found to be localized at telomeres (Fig. 3F, Fig. 287 
S6C), suggesting that their recruitment to ALT telomeres is DNA break-dependent and PML-288 
independent. In addition, telomere recruitment of BLM, Rad51AP1, and Rad52 was reduced 289 
upon SUMOi treatment (Fig. 3E, F, Fig. S6A, B). This result is consistent with the notion that 290 
SUMO contributes to the recruitment of the three repair factors to ALT telomeres depending on 291 
DNA damage response but independent of PML and APBs.  292 

 293 
Rad52 recruitment induces SUMO enrichment and signatures of phase separation  294 
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 295 
Given that SUMO enriches BLM, Rad52, and Rad51AP1 at telomeres to promote ALT, we 296 
asked whether directly targeting BLM, Rad52, and Rad51AP1 at telomeres can promote ALT 297 
features. To this end, we directed Rad52, Rad51AP1, and BLM individually to telomeres in PML 298 
null U2OS cells using the dimerizer system described above (Fig. 4A). Live cell imaging of the 299 
GFP-TRF1 foci, which represent telomeres, showed increase in intensity and decrease in 300 
numbers over time, suggesting the formation of phase-separated condensates containing 301 
telomeres (Fig. 4B, Fig. S7A-E, Movie 7-9). Importantly, all three tested proteins formed bright 302 
and round foci that showed fusion behaviors characteristic of phase-separated condensate (Fig. 303 
4B, Fig. S7A-E, Movie 7-9). As a result of condensate fusion in all three cases, telomeres 304 
became clustered, as confirmed by telomeric DNA FISH (Fig. S7J). These effects are 305 
reminiscent of those seen upon telomere targeting SUMO or SIM described above (Fig. 2E). 306 
Thus, telomere-targetting BLM, Rad52, and Rad51AP1 in PML null cells can induce nuclear 307 
structures with features of phase-separated condensates that contain both telomeres and DNA 308 
repair proteins, reminiscent of APBs.  309 
 310 

Among the three tested proteins described above, only telomere targeting of Rad52 led 311 
to increased levels of SUMO at telomeres (Fig. 4C, D, Fig. S7F, I). Further, sumoylation per se 312 
is required for Rad52-induced SUMO enrichment since SUMOi abolished SUMO enrichment 313 
after Rad52 recruitment (Fig. 4D, Fig. S7G-I). Concomitantly, SUMOi also reduced telomere 314 
clustering upon telomere-targeting Rad52 (Fig. S7J). This effect was not seen for BLM or 315 
Rad51AP1. These results suggest that Rad52’s effects on telomeres are uniquely connected to 316 
sumoylation. 317 
 318 

Next, we tested whether Rad52 had the intrinsic ability to phase separate and enrich 319 
SUMO or whether the observed phase separation and SUMO enrichment were due to Rad52’s 320 
function at the telomere. To this end, we used an established method to test Rad52’s ability to 321 
phase separate off telomeres in PML null cells (Lackner et al., 2022; Q. Zhang et al., 2018) (Fig. 322 
4E). In the method, the potential phase separation protein is dimerized to an oligomer, the 323 
synthetic hexamer HOtag3, which would increase interaction valence between the phase 324 
separation proteins to induce condensation formation. Live imaging showed that before 325 
dimerization, both Rad52 and HOtag3 had diffusively localized signals in the nucleoplasm (Fig. 326 
4F, Movie 10). After adding the dimerizer, condensates containing both Rad52 and HOtag3 327 
were formed. In addition, the condensates coarsened over time through coalescence, 328 
suggesting liquid properties of the condensates. Since Rad52 in budding yeast has been 329 
reported to undergo phase separation to facilitate DNA repair (Oshidari et al., 2020), our 330 
observations suggest that the ability of Rad52 to phase separate is conserved.  331 

 332 
Similar to Rad52, we found dimerizing Rad51AP1 and BLM to HOtag3 also led to 333 

condensate formation (Fig. S8A, B, Movie 11-12). Phase diagram mapping indicated that BLM 334 
had a higher, while Rad51AP1 had a lower, propensity to phase separate than Rad52 (Fig. 335 
S8C). However, SUMO2/3 enrichment,  as shown by immunofluorescence, only occurred in the 336 
synthetic Rad52 condensates, but not in BLM, Rad51AP1, or another synthetic condensate 337 
formed by dimerizing the phase separating arginine/glycine-rich (RGG) domain from the P 338 
granule component LAF-1 protein (Elbaum-Garfinkle et al., 2015; Schuster et al., 2018) to 339 
HOtag3 (Fig. 4G, H, Fig. S8D). Interestingly, we found SUMO1 was not very significantly 340 
enriched in Rad52 condensates (Fig. S8E, F). Together these results suggest that though BLM, 341 
Rad52, and Rad51AP1 all have the ability to phase separate, only Rad52 has the intrinsic 342 
property to enrich SUMO. 343 
 344 
SUMO promotes Rad52 collaboration with BLM  for telomere DNA synthesis 345 
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 346 
To explore the relationship between Rad52 and SUMO further, we investigated if Rad52 347 
recruitment to telomeres could enrich other DNA repair factors in a SUMO-dependent manner. 348 
Live imaging showed that recruiting Rad52 to PML null telomeres enriched BLM and Rad51AP1 349 
(Fig. 5A, B). The enrichment of both proteins, along with SUMO1 and SUMO2/3, was reduced 350 
after adding the SUMO inhibitor (Fig. 5A, B). Conversely, recruiting BLM and Rad51AP1 also 351 
enriched Rad52 and the enrichment can be reduced by SUMOi treatment (Fig. S9A-C), but the 352 
degree of enrichment was much less than BLM and Rad51AP1 enrichment after recruiting 353 
Rad52. Consistent with this difference, in PML-containing control cells, recruiting Rad52 led to 354 
APB formation, while recruiting Rad51AP1 and BLM did not (Fig. S9D, E). These results 355 
suggest that Rad52 has a unique ability to enrich SUMO and DNA repair proteins at telomeres 356 
and to promote APB formation in ALT cells.  357 
 358 

Next, we examined the effects of telomere targeting Rad52, BLM, and Rad51AP1 on 359 
telomere DNA synthesis. We found that Rad52 and BLM, but not Rad51AP1, recruitment to 360 
telomeres was sufficient to induce telomere DNA synthesis in PML-containing cells (Fig. S9F, 361 
G). However, in PML null cells, recruiting BLM, but not Rad52 and Rad51AP1, to telomeres 362 
induced telomere DNA synthesis and SUMOi abolished BLM-induced telomere DNA synthesis 363 
(Fig. S9F, G). This finding confirmed the critical role of BLM in ALT telomere DNA synthesis(Loe 364 
et al., 2020; Min et al., 2019; J.-M. Zhang et al., 2021), and further suggests that BLM function 365 
in ALT can be APB-independent but still requires SUMO. Significantly, Rad52 telomere 366 
targeting enhanced telomere synthesis induced by BLM overexpressing in PML null cells, which 367 
is abolished by SUMOi treatment, indicating the dependence on sumoylation (Fig. 5C, D). 368 
Together, these data suggest that SUMO promotes Rad52 collaboration with BLM to support 369 
ALT telomere DNA synthesis beyond APB formation in ALT cells.  370 
 371 
Discussion 372 
 373 
Previous studies conducted in PML-containing ALT cells have established an important role of 374 
SUMO in ALT via promoting APB formation. Building on the recent establishment of PML null 375 
ALT cell lines, we addressed whether SUMO also contributes to ALT in a PML- and APB-376 
independent manner. We provide multiple lines of evidence to support an intrinsic ability of 377 
sumoylation in promoting multiple ALT features in PML null cells. We show that this ability is 378 
mediated by SUMO-SIM interaction, and we have identified DNA repair proteins involved in ALT 379 
that can mediate SUMO-based contribution to ALT features independent of PML. We further 380 
unveiled a unique ability of Rad52 to mediate the enrichment of SUMO at telomeres and 381 
SUMO-based enabling of telomere clustering, as well as its positive effect on telomere DNA 382 
synthesis. Collectively, our work defines the important roles of sumoylation and SUMO-SIM 383 
interaction in promoting both branches of the ALT processes independent of PML. 384 
 385 

Utilization of a SUMO inhibitor and a chemically induced protein-protein dimerization 386 
method, we examined the roles of sumoylation and telomere targeting of SUMO isoforms, SIM, 387 
and DNA repair proteins. We queried endogenously ALT features and those induced by 388 
telomere breaks. Using both live cell imaging and immunofluorescent imaging, we 389 
systematically examined the telomere localization of these proteins, telomere clustering, and 390 
telomere DNA synthesis. Our data suggest that sumoylation at ALT telomeres can directly 391 
recruit DNA repair proteins via SUMO-SIM interaction and drive telomere clustering and 392 
telomere DNA synthesis in the absence of PML and APBs (Fig. 5E). The proteins enriched via 393 
SUMO include helicase BLM known to be important for ALT, as well as Rad52 and Rad51AP1, 394 
two proteins that control each of the ALT pathways, suggesting SUMO can mediate both 395 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 29, 2024. ; https://doi.org/10.1101/2024.02.29.582813doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.29.582813
http://creativecommons.org/licenses/by-nc-nd/4.0/


 9 

branches of the ALT processes. In addition, we discover that, though not required, APBs still 396 
play important roles in ALT, and these roles are intricately linked to sumoylation. We thus 397 
conclude that sumoylation and not APB formation per se is a fundamental requirement for ALT. 398 
These data let us propose that targeting the SUMO pathway using SUMOi can efficiently 399 
abolish ALT, thus providing a potentially effective approach for ALT cancer therapy. 400 
 401 

Between the two proteins promoting separate ALT pathways, Rad52 has a unique ability 402 
to enrich SUMO and enhance telomere clustering and telomere DNA synthesis. These effects 403 
are reminiscent of PML, though Rad52 does not have a wide range of functions as PML. What 404 
is the unique biochemical nature of Rad52 that renders its unique connection with SUMO in the 405 
ALT pathway remains to be determined. We speculate that these features may be related to its 406 
ability to interact with the only SUMO E2 enzyme UBC9(Ouyang et al., 2009), an interaction that 407 
has not been reported for other proteins involved in ALT. Future work to test this hypothesis and 408 
other possible mechanisms to further clarify the roles of Rad52 in ALT would be interesting.  409 
 410 

In PML-containing ALT cells, it is known that SUMO mediates PML protein phase 411 
separation to form APBs(H. Zhang et al., 2020). We also observed signatures of phase 412 
separation after recruiting SUMO and DNA repair factors to telomeres in PML null cells, which 413 
might be linked to the intrinsic ability of these DNA repair proteins, including Rad52, BLM, and 414 
Rad51AP1, to undergo phase separation. Since SUMO has been established to act as a glue to 415 
promote the co-enrichment of repair factors at the DNA damage site(Psakhye & Jentsch, 2012), 416 
we suggest a model where SUMO mediates co-phase separation of DNA repair factors at ALT 417 
telomeres in the absence of PML (Fig. 5E). It is worth noting that these repair proteins have 418 
lower propensity to phase separate than PML because unlike PML, expressing these protein 419 
alone in cells does not form condensates. Therefore, even though not required, gaining access 420 
to PML protein can enhance SUMO-mediated phase separation of repair factors at ALT 421 
telomere for more efficient telomere clustering and telomere DNA synthesis. We suspect that 422 
SUMO-mediated co-phase separation of repair factors may be used at non-telomere damage 423 
sites to enrich multiple DNA repair proteins and DNA substrates. Future experiments to test 424 
these ideas will further clarify how SUMO collaborates with a wide range of DNA repair factors 425 
in many DNA repair processes for genome protection. 426 
 427 
 428 
Materials and Methods 429 
 430 
Cell culture  431 
All WT experiments were performed with U2OS cells. PML KO cells were gifts from Dr. Eros 432 
Lazzerini Denchi. U2OS cells with endogenous PML tagged with Clover (U2OS Clover-PML) 433 
are previously described(Pinder et al., 2015). Cells were cultured in growth medium (Dulbecco’s 434 
Modified Eagle’s medium with 10% FBS and 1% penicillin–streptomycin) at 37 °C in a 435 
humidified atmosphere with 5% CO2.  436 
 437 
Plasmids 438 
The plasmid for inducing DNA damage at telomeres (mCherry-TRF1-FokI) was previously 439 
published(Cho et al., 2014). 3xHalo-GFP-TRF1 was previously published(H. Zhang et al., 440 
2020). SIM (or SIM mutant) for mCherry-eDHFR-SIM, PML WT, PML SUMOylation sites, and 441 
non-conjugatable SUMOs are from plasmids gifted by Michael Rosen(Banani et al., 2016). 442 
SUMO1/2/3 (or SUMO mutant) for mCherry-eDHFR-SUMO is from plasmids gifted by Karsten 443 
Rippe(Chung et al., 2011). SUMO SIM interacting mutant was generated by mutating the 444 
FKIK (SUMO3) or FKVK (SUMO1) sequence in each SUMO module to FAAA(Banani et al., 445 
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2016). Non-conjugatable SUMO modules were generated by mutating the C-terminal di-Gly 446 
motif to di-Val(Banani et al., 2016). SIM mutant was generated by mutating the VIDL 447 
sequence into VADA(Banani et al., 2016). The vector containing mCherry-eDHFR is from our 448 
published plasmid Mad1-mCherry-eDHFR(H. Zhang et al., 2017). NLS was cloned in 3xHalo-449 
GFP-HOTag3(Lackner et al., 2022). RGG-mCherry-RGG-eDHFR was previously 450 
published(Lackner et al., 2022). GFP-BLM is from Addgene plasmid #80070. GFP-Rad51AP1 451 
and mutants are gifted by Dr. Roderick J. O’Sullivan and introduced into target plasmids through 452 
in-fusion cloning (#638948, Takara Bio). All the target plasmids in this study are derived from a 453 
plasmid that contains a CAG promoter for constitutive expression, obtained from E. V. 454 
Makeyev(Khandelia et al., 2011).  455 
 456 
Cell treatment with chemicals 457 
SUMO inhibitor ML-792 (HY-108702, Selleck Chem) used to inhibit SUMOylation was added to 458 
cells at 1 μM for 2 days.  For triggering telomere DNA damage in FokI cells, 4-hydroxytamoxifen 459 
(4-OHT) (H7904, Sigma-Aldrich) was added to cells at 1 μM working concentration for the 460 
indicated time. 461 
 462 
Synchronize cells to G2 463 
Cells were first treated with 2 mM thymidine (T1895, Sigma-Aldrich) for 21 h, released into fresh 464 
medium for 4 h, and then treated with 15 μM CDK1i (RO-3306, cat# SML0569, Sigma-Aldrich) 465 
for 12 h.  466 
 467 
Protein dimerization with chemical dimerizers 468 
Design, synthesis, and storage of the dimerizer TFH (TMP- Fluorobenzamide-Halo) were 469 
reported previously(Lackner et al., 2022). Dimerization on telomeres was performed as 470 
previously described(Xu et al., 2022). Briefly, TFH was added directly to the growth medium to 471 
a final working concentration of 100 nM. Cells were incubated with the dimerizer-containing 472 
medium for the indicated times, followed by immunofluorescence (IF) or fluorescence in situ 473 
hybridization (FISH). For live imaging with protein dimerization, the dimerizers are first diluted to 474 
200 nM in growth medium and then further added to cell chambers to the working concentration 475 
after first-round imaging. 476 
 477 
Immunofluorescence  (IF) and telomere DNA fluorescence in situ Hybridization (FISH) 478 
IF and FISH were performed following a previously published protocol(Zhao et al., 2021). Cells 479 
were fixed in 4% formaldehyde for 10 min at room temperature, followed by permeabilization in 480 
0.5% Triton X-100 for 10 min. Cells were incubated with primary antibody at 4°C in a humidified 481 
chamber overnight and then with secondary antibody for 1 h at room temperature before 482 
washing and mounting. Primary antibodies were anti-SUMO1 (Ab32058, Abcam,1:200 dilution), 483 
anti-SUMO2/3 (Asm23, Cytoskeleton, 1:200 dilution), and anti-PML (sc966, Santa Cruz, 1:50 484 
dilution). For IF-FISH, coverslips were first stained with primary and secondary antibodies, then 485 
fixed again in 4% formaldehyde for 10 min at room temperature. Coverslips were then 486 
dehydrated in an ethanol series (70%, 80%, 90%, 2 min each) and incubated with a 488-tel G or 487 
Cy3-tel C PNA probe (F1008, F1002, Panagene) at 75°C for 5 min and then overnight in a 488 
humidified chamber at room temperature. Coverslips were then washed and mounted for 489 
imaging.  490 
 491 
Telomere DNA synthesis detection by EdU 492 
Following transfection, cells were pulsed with EdU (10 μM) along with protein dimerization or 493 
DNA damage induction for 6 hrs before harvest. Cells on glass coverslips were washed twice in 494 
PBS and fixed with 4% paraformaldehyde (PFA) for 10 min. Cells were permeabilized with 0.3% 495 
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(v/v) Triton X-100 for 5 min. The Click-IT Plus EdU Cell Proliferation Kit with Alexa Flour 488 496 
and 647 (C10633, C10635 Invitrogen) was applied to cells for 30 minutes to detect EdU. 497 
 498 
Cell imaging and image processing 499 
Imaging acquisition was performed as previously described(Xu et al., 2022). For live imaging, 500 
cells were seeded on 22 x 22 mm glass coverslips coated with poly-D-lysine (P1024, Sigma-501 
Aldrich). When ready for imaging, coverslips were mounted in magnetic chambers (Chamlide 502 
CM-S22-1, LCI) with cells maintained in a normal medium supplemented with 10% FBS and 1% 503 
penicillin/streptomycin at 37 °C on a heated stage in an environmental chamber (TOKAI HIT 504 
Co., Ltd.). Images were acquired with a microscope (ECLIPSE Ti2) with a 100 × 1.4 NA 505 
objective, a 16 XY Piezo-Z stage (Nikon Instruments Inc.), a spinning disk (Yokogawa), an 506 
electron multiplier charge-coupled device camera (IXON-L-897), and a laser merge module that 507 
was equipped with 488 nm, 561 nm, 594 nm, and 630 nm lasers controlled by NIS-Elements 508 
Advanced Research. For both fixed cells and live imaging, images were taken with 0.5 μm 509 
spacing between Z slices, for a total of 8 μm. For movies, images were taken at 5 min intervals 510 
for up to 3 hr.  511 
 512 
Images were processed and analyzed using NIS-Elements AR (Nikon). Maximum projections 513 
were created from z stacks, and thresholds were applied to the resulting 2D images to segment 514 
and identify telomere/ SUMO foci as binaries. For colocalization quantification of two fluorescent 515 
labels, fixed images were analyzed by the binary operation in NIS-Elements AR. Colocalized 516 
foci were counted if the objects from different layers contained overlapping pixels.  517 
 518 
Statistical methods 519 
All error bars represent means ± SEM. Statistical analyses were performed using Prism 10.0 520 
(GraphPad software). Two-tailed nonpaired t-tests have been used for all tests. Statistical 521 
significance: N.S., not significant, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.  522 
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Fig. 1. SUMO pathway is required for ALT features regardless of APB status. (A) Representative images and 726 
(B) quantification of SUMO2/3 localization on telomeres and (C) telomere numbers in PML knockout (PML KO) U2OS 727 
cells expressing mCh-TRF1-FokI with the treatment of 4-Hydroxyestradiol (4-OHT) for 6 hr to translocate FokI to the 728 
nucleus with or without 1 μM SUMO inhibitor (SUMOi) for 2 days. (each dot represents one cell, three independent 729 
experiments). White arrows indicate SUMO2/3 co-localizations on telomeres. (D) Live cell imaging of PML KO cells 730 
expressing mCh-TRF1-FokI after inducing DNA damage. (E) Representative images of PML-Clover cells expressing 731 
mCh-TRF1-FokI after adding 4-OHT at the indicated time. Zoomed-in images on the right side of (D) and (E) show 732 
telomere clustering events. (F) Representative images and (G) quantification of Edu staining for newly synthesized 733 
telomeric DNA after 6-hour FokI induction with or without SUMOi for 2 days in U2OS WT and PML KO cells. White 734 
arrows indicate EdU signals on telomeres. Scale bars: 1 μm for the zoomed images and 5 μm for other images.  735 
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 736 
Fig. 2. SUMO enrichment induces signatures of phase separation and ALT phenotypes regardless of APBs. 737 
(A) Dimerization schematic: SUMO3 is fused to mCherry and eDHFR, and TRF1 is fused to GFP and 3xHalo 738 
enzyme. The dimerizer, TMP (trimethoprim)-Fluorobenzamide-Halo ligand (TFH), can interact with eDHFR and Halo 739 
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enzyme to dimerize SUMO3 to TRF1. (B) Representative images of PML KO cells after dimerizing mCh-eDHFR-740 
SUMO3 or SUMO3 SIM binding mutant to 3xHalo-GFP-TRF1 after the first time point. Zoomed-in images on the right 741 
show the fusion of TRF1 foci after dimerizing SUMO3. (C) Telomere number per cell over time from live images after 742 
dimerizing SUMO3 or SUMO3 mutant that cannot interact with SIM. Telomere numbers are normalized by the 743 
number at the first time point for each cell (more than 22 cells per group, three independent experiments, two-tailed 744 
unpaired t-test). (D) Representative images of telomere DNA FISH and (E) quantification of telomere number after 745 
dimerizing SUMO3, SUMO3 SIM interacting mutant, SUMO3 non-conjugable mutant, and SIM to telomeres for 6 746 
hours. (more than 60 cells per group, three independent experiments). (F) Representative images and (G) 747 
quantification of Edu staining for newly synthesized telomere DNA with/without dimerizing SUMO3, SUMO3 mutants, 748 
and SIM to telomeres in PML KO cells. Telomeres were visualized by FISH (images not shown). White arrows 749 
indicate EdU foci on telomeres. Scale bars: 1 μm for the zoomed images and 5 μm for other images.  750 
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 752 

Fig. 3. SUMO promotes DNA repair factor enrichment at telomeres independent of APBs. (A) Representative 753 
images of PML KO cells expressing mCherry-eDHFR-SUMO3, 3xHalo-TRF1, and GFP-Rad51AP1 with/without 754 
adding dimerizer to dimerize SUMO3 to TRF1 at indicated time points. (B) Quantification of the percentage of cells 755 
that have indicated proteins enriched on telomeres after dimerizing SUMO3 to PML KO telomeres for 2 hours (each 756 
dot represents one independent experiment, more than 15 cells per group, three independent experiments). (C) 757 
Representative images of PML KO cells expressing mCherry-eDHFR-SUMO3, 3xHalo-TRF1, and GFP-Rad51AP1 758 
SUMO/SIM double mutant after adding dimerizer at the indicated time point. (D) Quantification of cells that have 759 
indicated proteins enriched to PML KO telomeres for 2 hours of adding dimerizes. (E) Representative images of PML 760 
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KO cells expressing mCh-TRF1-FokI and GFP-Rad51AP1 with the treatment of 4-Hydroxyestradiol (4-OHT) to 761 
induce DNA damage at an indicated time point, treated with/without 1 μM SUMOi for 2 days. White arrows indicate 762 
Rad51AP1 co-localizations with telomeres. (F) Quantification of PML KO cells that have indicated proteins enriched 763 
on telomeres after inducing FokI-TRF1 and with/without 1 μM SUMOi treatment for 2 days. Scale bars, 5 μm. 764 

765 
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766 
Fig. 4. Rad52 recruitment induces phase separation and enriches SUMO.  (A) Dimerization schematic: 767 
Rad52/BLM/Rad51AP1 is fused to mCherry and eDHFR, and TRF1 is fused to GFP and 3xHalo enzyme. (B) 768 
Representative images of PML KO cells after dimerizing mCh-eDHFR-Rad52 to 3xHalo-GFP-TRF1 at indicated time 769 
points. Zoomed-in images on the right show a fusion event of TRF1 foci. (C) Representative images and (D) 770 
quantification of SUMO2/3 localization on telomeres in PML KO cells expressing mCh-eDHFR-771 
BLM/Rad51AP1/Rad52 and 3xHalo-TRF1 after adding the dimerizer for 6 hours, with or without 1 μM SUMO inhibitor 772 
for 2 days. White arrows indicate SUMO2/3 co-localization on telomeres. (E) Dimerization schematic: 773 
Rad52/BLM/Rad51AP1 is fused to mCherry and eDHFR, and HOtag3 is fused to GFP and 3xHalo enzyme. (F) 774 
Representative images of PML KO cells expressing mCh-eDHFR-Rad52 and 3xHalo-GFP-HOtag3 after adding the 775 
dimerizer to induce dimerization at indicated time points. Zoomed-in images on the right show a fusion event over 776 
time. (G) Representative images and (H) quantification of SUMO2/3 localization in foci in PML KO cells after 777 
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dimerizing mCh-eDHFR-BLM, Rad51AP1, Rad52 or RGG to 3xHalo-GFP-HOtag3 for 3 hours (each dot represents 778 
one independent experiment, more than 18 cells per group, three independent experiments). Scale bars: 1 μm for the 779 
zoomed images and 5 μm for other images.  780 

 781 
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 783 

Fig. 5. SUMO promotes Rad52 collaboration with BLM  for telomere DNA synthesis.  (A) Representative images 784 
and (B) quantification of Rad51AP1 and BLM localization on telomeres after Rad52 dimerization in PML KO cells 785 
expressing GFP-Rad51AP1 or GFP-BLM  after dimerizing mCh-eDHFR-Rad52 to 3xHalo-TRF1, with or without 1 μM 786 
SUMOi for 2 days. (C) Representative images and (D) quantification of EdU assay showing newly synthesized 787 
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telomeric DNA after dimerizing Rad52 to telomeres in PML KO and WT, with or without overexpressing BLM and 788 
treating with 1 μM SUMO inhibitor for 2 days. Scale bars, 5 μm. (E) Model: in the absence of PML, SUMOylation after 789 
DNA damage at ALT telomeres recruits DNA repair factors, including Rad52, Rad51AP1, and BLM, and promotes 790 
their co-phase separation for telomere clustering and elongation without APBs. 791 
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This file includes: 802 

Supplementary Figures 1 to 9; Supplementary Movies 1 to 12 803 

Movie 1 Inducing DNA damage at PML KO telomeres. Movie for Fig. 1D. 4-OHT was added to 804 
cells after the first time point to induce damage. The box shows a telomere fusion event. Scale 805 
bars, 5 μm. 806 

Movie 2 Inducing DNA damage at PML-Clover telomeres. Movie for Fig. 1E. Left: Composite of 807 
FokI-TRF1 (magenta) and PML (green), middle: mCh-FokI-TRF1, right: PML. 4-OHT was added 808 
to cells after the first time point to induce damage. The boxes show telomere fusion without 809 
forming APBs. Scale bars, 5 μm. 810 

Movie 3 Dimerizing SUMO3 to PML KO telomeres. Movie for Fig. 2B. Left: Composite of 811 
SUMO3 (magenta) and TRF1 (green), middle: mCh-eDHFR-SUMO3, right: 3xHalo-GFP-TRF1. 812 
The dimerizer was added to cells after the first time point to induce dimerization. The box shows 813 
a telomere fusion event. Scale bars, 5 μm. 814 

Movie 4 Dimerizing SUMO1 to PML KO telomeres. Movie for Fig. S3A. Left: Composite of 815 
SUMO1 (magenta) and TRF1 (green), middle: mCh-eDHFR-SUMO1, right: 3xHalo-GFP-TRF1. 816 
The dimerizer was added to cells after the first time point to induce dimerization. The box shows 817 
a telomere fusion event. Scale bars, 5 μm. 818 

Movie 5 Dimerizing SUMO2 to PML KO telomeres. Movie for Fig. S3A. Left: Composite of 819 
SUMO2 (magenta) and TRF1 (green), middle: mCh-eDHFR-SUMO2, right: 3xHalo-GFP-TRF1. 820 
The dimerizer was added to cells after the first time point to induce dimerization. The box shows 821 
a telomere fusion event. Scale bars, 5 μm. 822 

Movie 6 Dimerizing SUMO3 SIM interacting mutant to PML KO telomeres. Movie for Fig. 2B. 823 
Left: Composite of SUMO3 mutant (magenta) and TRF1 (green), middle: mCh-eDHFR-824 
SUMO3m, right: 3xHalo-GFP-TRF1. The dimerizer was added to cells after the first time point to 825 
induce dimerization. Scale bars, 5 μm. 826 

Movie 7 Dimerizing Rad52 to PML KO telomeres. Movie for Fig. 4B. Left: Composite of Rad52 827 
(magenta) and TRF1 (green), middle: mCh-eDHFR-Rad52, right: 3xHalo-GFP-TRF1. The 828 
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dimerizer was added to cells after the first time point to induce dimerization. The box shows a 829 
telomere fusion event. Scale bars, 5 μm. 830 

Movie 8 Dimerizing BLM to PML KO telomeres. Movie for Fig. S7A. Left: Composite of BLM 831 
(magenta) and TRF1 (green), middle: mCh-eDHFR-BLM, right: 3xHalo-GFP-TRF1. The 832 
dimerizer was added to cells after the first time point to induce dimerization. The box shows a 833 
telomere fusion event. Scale bars, 5 μm. 834 

Movie 9 Dimerizing Rad51AP1 to PML KO telomeres. Movie for Fig. S7C. Left: Composite of 835 
Rad51AP1 (magenta) and TRF1 (green), middle: mCh-eDHFR-Rad51AP1, right: 3xHalo-GFP-836 
TRF1. The dimerizer was added to cells after the first time point to induce dimerization. The box 837 
shows a telomere fusion event. Scale bars, 5 μm. 838 

Movie 10 Dimerizing Rad52 to HOtag3 in PML KO cells. Movie for Fig. 4F. Left: Composite of 839 
Rad52 (magenta) and HOtag3 (green), middle: mCh-eDHFR-Rad52, right: 3xHalo-GFP-840 
HOtag3. The dimerizer was added to cells after the first time point to induce dimerization. The 841 
box shows a droplet fusion event. Scale bars, 5 μm. 842 

Movie 11 Dimerizing BLM to HOtag3 in PML KO cells. Movie for Fig. S8A. Left: Composite of 843 
BLM (magenta) and HOtag3 (green), middle: mCh-eDHFR-BLM, right: 3xHalo-GFP-HOtag3. 844 
The dimerizer was added to cells after the first time point to induce dimerization. The box shows 845 
a droplet fusion event. Scale bars, 5 μm. 846 

Movie 12 Dimerizing Rad51AP1 to HOtag3 in PML KO cells. Movie for Fig. S8B. Left: 847 
Composite of Rad51AP1 (magenta) and HOtag3 (green), middle: mCh-eDHFR-Rad51AP1, 848 
right: 3xHalo-GFP-HOtag3. The dimerizer was added to cells after the first time point to induce 849 
dimerization. Scale bars, 5 μm. 850 
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Fig. S1. ALT features after inducing telomere-specific double-strand break with/without SUMOi in U2OS WT 853 
and PML KO cells. (A) Representative images of PML staining in WT and PML KO cells. (B) Representative images 854 
of SUMO1/2/3 localization on telomeres in PML KO expressing TRF1-FokI-D450A after adding 4-Hydroxyestradiol (4-855 
OHT) for 6 hours. (C) Quantification of SUMO1/2/3 localization on telomeres and (D) telomere numbers in PML KO 856 
with or without expressing TRF1-FokI-WT and TRF1-FokI-D450A to induce DNA damage for 6 hours. (E) 857 
Representative images and (F) quantification of MMS21 and PIAS4 localization on telomeres in U2OS WT and PML 858 
KO cells expressing mCh-TRF1-FokI and FokI enzymatic dead mutant TRF1-FokI-D450A with treatment of 4-859 
Hydroxyestradiol (4-OHT) for 6 hours. (G) Representative images and (H) Quantification of SUMO1 localization on 860 
telomeres in PML KO and WT cells with or without 1 μM SUMOi under 6-hour FokI-induced DNA damage. (I) 861 
Representative images, (J) quantification of APB and PML body number in WT treating with or without 1 μM SUMOi 862 
under FokI-induced DNA damage for 6 hours. Scale bars, 5 μm.  863 
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 865 

  866 
Fig. S2. ALT features in G2 arrested-WT and PML KO cells with/without SUMOi treatment. (A) Representative 867 
images and (B) quantification of SUMO1 localization on telomeres in G2 arrested-WT and PML KO cells with or 868 
without 1 μM SUMOi after 2 days. (C) Representative images and (D) quantification of SUMO2/3 localization on 869 
telomeres in G2 arrested-WT and PML KO treating with or without 1 μM SUMOi after 2 days. (E) Quantification of 870 
telomere number in G2 arrested-WT and PML KO treating with or without 1 μM SUMOi after 2 days. (F) 871 
Representative images, (G) quantification of APB and PML body number in G2 arrested-WT treating with or without 1 872 
μM SUMOi after 2 days. Scale bars, 5 μm. 873 
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 874 

 875 
Fig. S3. ALT features after dimerizing SUMO to telomeres in PML KO cells. (A) Representative images of PML 876 
KO cells after dimerizing mCh-eDHFR-SUMO1/SUMO2 to 3xHalo-GFP-TRF1 after the first time point. (B) Telomere 877 
number after dimerizing mCh-eDHFR-SUMO1/2 to 3xHalo-TRF1 in PML KO cells (more than 50 cells per group, 878 
three independent experiments, two-tailed unpaired-test). (C) Representative images of PML-Clover cells after 879 
dimerizing mCh-eDHFR-SUMO3 to 3xHalo-TRF1 at indicated time points. (D)-(F) Zoomed-in images from (C) 880 
showing telomere clustering events. (G) Zoomed-in images show two telomeres sticking to a PML body. (H) 881 
Representative images and (I) quantification of EdU assay showing newly synthesized telomeric DNA without 882 
dimerizing any protein or dimerizing SUMO1/2 and their SIM interaction mutants to telomeres for 6 hours in PML KO 883 
cells. Scale bars, 5 μm or 1 μm for the zoomed-in images. 884 
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 887 
Fig. S4. ALT phenotypes after dimerizing SIM and SUMO mutants to telomeres in PML KO cells. (A) 888 
Immunofluorescent images of SUMO1 in PML KO cells dimerizing mCh-eDHFR-SUMO2/3, non-conjugatable 889 
SUMO3 to telomeres for 6 hours. (B) Immunofluorescent images of SUMO2/3 in PML KO cells after dimerizing mCh-890 
eDHFR-SUMO1 and non-conjugatable SUMO1 to telomeres for 6 hours, with/without SUMOi. (C)(D) 891 
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Immunofluorescent images and (E) quantification of SUMO1/2/3 localization on telomeres and (F) telomere numbers 892 
in PML KO after dimerizing SIM or SIM mutant to telomeres for 6 hours. (G) Representative images of PML KO cells 893 
after dimerizing mCh-eDHFR-SIM, or SIM mutant to 3xHalo-GFP-TRF1 at indicated time points. Zoomed-in images 894 
show a fusion event of TRF1 foci. (H) Telomere number, telomere sum intensity per cell after dimerizing SIM or SIM 895 
mutant to PML KO telomeres (more than 21 cells per group, three independent experiments, two-tailed unpaired t-896 
test). Scale bars, 5 μm or 1 μm for zoomed-in images. 897 
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Fig. S5. Localization of DNA repair factors to telomeres after dimerizing SUMO to PML KO telomeres. (A) 901 
Representative images of BLM and (B) Rad52 localization on telomeres after dimerizing SUMO3 to telomeres in PML 902 
KO cells. (C) Representative images of PML KO cells expressing GFP-Rad51AP1, or (E) BLM, or (F) Rad52 after 903 
dimerizing mCh-eDHFR-SUMO3/SIM-binding mutant/non-conjugable mutant to 3xHalo-TRF1, with/without SUMOi at 904 
1 μM for 2 days. (D) Quantification of cells with Rad51AP1 or its indicated mutants localized to telomeres after 905 
dimerizing SUMO/SIM mutant to PML KO telomeres for 2 hours. (G) Quantification of cells that have BLM and (H) 906 
Rad52 localized to telomeres after dimerizing SUMO/SIM mutant to PML KO telomeres for 2 hours. Scale bars, 5 μm. 907 

 908 

 909 

 910 
Fig. S6. Localization of DNA repair factors to telomeres after inducing FokI in PML KO telomeres. (A) 911 
Representative images of PML KO cells expressing mCh-TRF1-FokI or enzymatically dead mutant TRF1-FokI-912 
D450A and GFP-Rad52, (B) BLM, with the treatment of 4-Hydroxyestradiol (4-OHT) to induce DNA damage at 913 
indicated time points, with or without 1 μM SUMOi for 2 days. (C) Quantification of cells that have indicated proteins 914 
localized to telomeres after inducing DNA damage on PML KO telomeres for 6 hours. Scale bars, 5 μm.  915 
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Fig. S7. SUMO enrichment after dimerizing DNA repair factors to telomeres in PML KO cells. (A) 917 
Representative images of PML KO cells after dimerizing mCh-eDHFR-BLM to 3xHalo-GFP-TRF1 at indicated time 918 
points. Zoomed-in images show a fusion event of TRF1 foci. (B) Telomere sum intensity and telomere number per 919 
cell after adding the dimerizer (telomere numbers are normalized by the number at the first time point for each cell, 920 
more than 23 cells per group, three independent experiments, two-tailed unpaired t-test). (C) Representative images 921 
of PML KO cells after dimerizing mCh-eDHFR-Rad51AP1 to 3xHalo-GFP-TRF1 at indicated time points. Zoomed-in 922 
images show a fusion event of TRF1 foci. (D) Telomere sum intensity and telomere number per cell after adding the 923 
dimerizer. (E) Telomere sum intensity and telomere number per cell after dimerizing mCh-eDHFR-Rad52 to 3xHalo-924 
GFP-TRF1. (F) Representative images of SUMO1 localization on telomeres in PML KO cells after dimerizing mCh-925 
eDHFR-BLM/Rad51AP1/Rad52 to 3xHalo-TRF1. (G) Representative images of SUMO1 and (H) SUMO2/3 926 
localization on telomeres and (I) quantification in PML KO cells after dimerizing mCh-eDHFR-BLM/Rad51AP1/Rad52 927 
to 3xHalo-TRF1 with 1 μM SUMOi for 2 days. (J) Number of telomeres in PML KO after dimerizing 928 
Rad52/BLM/Rad51AP1 to telomeres for 6 hours, with or without 1 μM SUMO inhibitor for 2 days. Scale bars, 5 μm or 929 
1 μm for the zoomed-in images. 930 
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 933 
Fig. S8. Condensate formation and SUMO enrichment after dimerizing DNA repair factors to HOtag3 in PML 934 
KO cells. (A) Representative images of PML KO cells after dimerizing mCh-eDHFR-BLM to 3xHalo-GFP-HOtag3 at 935 
indicated time points. Inset Zoomed-in images show a fusion event. (B) Representative images of PML KO cells after 936 
dimerizing mCh-eDHFR-Rad51AP1 to 3xHalo-GFP-HOtag3 at indicated time points. (C) Phase diagram of 937 
BLM/Rad51AP1/Rad52 droplet formation. Intensities are the mean intensity in cells before dimerization. (D) 938 
Representative images of SUMO1/2/3 localization in foci in PML KO  cells after dimerizing RGG-mCh-eDHFR-RGG 939 
to 3xHalo-GFP-HOtag3. (E) Representative images and (F) quantification of SUMO1 localization in foci in PML KO 940 
cells after dimerizing mCh-eDHFR-BLM/Rad51AP1/Rad52 to 3xHalo-GFP-HOtag3. Scale bars, 5 μm or 1 μm for the 941 
zoomed-in images. 942 
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Fig. S9. Importance of SUMO for mutual enrichment of repair factors and telomere DNA synthesis. (A)(B) 945 
Representative images and (C) quantification of protein localization to telomeres in PML KO cells expressing GFP-946 
BLM/Rad51AP1/Rad52 after dimerizing mCh-eDHFR-Rad51AP1/BLM to 3xHalo-TRF1, with or without 1 μM SUMOi 947 
for 2 days. (D) Representative images and (E) quantification of APB numbers in WT cells after dimerizing 948 
BLM/Rad51AP1/Rad52 to telomeres for 6 hours. (F) Representative images of EdU on telomeres after dimerizing 949 
BLM, Rad51AP1, or Rad52 to telomeres in PML KO and WT cells. (G) Quantification of EdU on telomeres after 950 
dimerizing BLM, Rad51AP1, or Rad52 to telomeres in PML KO and WT U2OS cells with or without 1 μM SUMOi for 2 951 
days.  Scale bars, 5 μm. 952 
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