Response to Editorial and Reviewer Comments. 

Editorial comments:
Changes to be made by the Author(s):
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues. Please define all abbreviations at first use (TNH, AbDil etc).

We proofread the manuscript and we defined the abbreviations. We also asked Jason Tones whose first language is English to help find grammar issues. 

2. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols (™), registered symbols (®), and company names before an instrument or reagent. Please remove all commercial language from your manuscript and use generic terms instead. All commercial products should be sufficiently referenced in the Table of Materials and Reagents.
For example: Optimem, lipofectamine, NIS-Elements software etc

We removed commercial language from the manuscript. 

3. Please revise the text, especially in the protocol, to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.).

We changed the text to avoid personal pronouns. 

4. Please highlight only up to 3 pages of the Protocol (including headings and spacing) that identifies the essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol. Remember that non-highlighted Protocol steps will remain in the manuscript, and therefore will still be available to the reader.

We un-highlighted Note section in the protocol to reduce it to 3 pages.

5. Please include legends (title and description) for the three video files in the figure and table legends section.

The legends for the three video files are added in the manuscript. 

6. Please sort the Materials Table alphabetically by the name of the material.

We sorted the Materials Table alphabetically.

____________________________________
Reviewers' comments:
Reviewer #1:
Manuscript Summary:
The last few years have witnessed the emergence of a novel paradigm to explain the compartmentalization of proteins within cells. The well described physical mechanism of liquid-liquid phase separation (LLPS) can indeed be applied in the context of cell biology and offers a new prism to consider how molecules may self-organize within cells. Upon specific biophysical conditions, biological macromolecules concentrate in a spontaneous manner in phase-separated liquid-like droplets that have been called biomolecular condensates. This phenomenon has brought a renewed interest in the mechanisms that shape and drive cellular responses to environmental stimuli.
In this manuscript, the authors describe a novel method to induce protein condensates on a specific genomic locus, the telomeres, via a chemical dimerization system. This method, which has already been published by the authors in Zhang et al. Mol. Biol. of the Cell 2020, have proven effective to establish that APB coalescence can drive telomere clustering. While the manuscript will be undoubtedly be useful for scientists to establish the chemical dimerization system in their labs, it currently lacks accuracy in experiment details as well as a critical comparison with another type of system that allows to achieve the same goal (published in Min et al. G&D 2019, http://www.genesdev.org/cgi/doi/10.1101/gad.324905.119). This should be addressed before publication in JoVE.

Major Concerns:
- In the introduction section, the description of the relationship between LLPS and cell biology could be a bit more balanced. While it is now widely recognized that LLPS does play an important role in organizing cellular compartments and biochemical reactions, it is also highly debated whether "true" LLPS mechanisms apply in the case of transcription or heterochromatin formation (see for review A and Weber, 2019, doi:10.3390/ncrna5040050 or McSwiggen et al., 2019, http://www.genesdev.org/cgi/doi/10.1101/gad.331520.119). For example, the authors describe the LLPS properties of HP1 protein that is involved in the formation of heterochromatin domains (refs 4 and 5 in the manuscript : Larson et al., 2018 and Strom et al., 2018). While these papers have indeed made a landmark contribution by showing the LLPS properties of HP1, heterochromatin foci in vivo seem to lack liquid-like properties and may rather behave as collapsed polymer globules (see Erdel et al., Mol Cell 2020, https://doi.org/10.1016/j.molcel.2020.02.005, as well as Erdel and Rippe, 2018, https://doi.org/10.1016/j.bpj.2018.03.011).

We thank the reviewer for this insightful comment. We changed the introduction to the following so it is more balanced: However, despite many examples of chromatin-associated condensates being discovered, the underlying mechanisms of condensate formation, regulation and function remain poorly understood. In particular, not all chromatin-associated condensates are formed through LLPS and careful evaluations of condensate formation in live cells are still needed 8, 9. For example, HP1 protein in mouse is shown to have only a weak capacity to form liquid droplets in live cells and heterochromatin foci behave as collapsed polymer globules10.

- Concerning the introduction part on PML and ALT, references 11 and 12 are a bit out of date. Two recent reviews should be added: Corpet et al., NAR 2020 (doi: 10.1093/nar/gkaa828) and Li et al., Trends in Cancer 2020 (https://doi.org/10.1016/j.trecan.2020.05.005). In particular, they discuss the possible involvement of LLPS in PML NBs formation, an aspect that should be discussed more extensively in the introduction part. While it is well-proven that polySUMO-polySIM polymers undergo LLPS, phase transition properties of the PML protein itself have yet to be demonstrated. Thus, caution should be taken when stating "enrichment of... PML protein induces local phase separation to form APBs". It is the SUMO-SIM interactions that drive LLPS and in fact, the authors indeed use a SIM motif only (and not the PML protein) to induce protein condensation at telomeres. Here, addition of a figure showing SUMO recruitment to condensates could help to understand the LLPS formation via SIM-SUMO interactions at telomeres. PML, as a SUMO-SIM containing protein, is recruited in the condensate.

We thank the reviewer for this comment. We added the suggested references in Introduction. We added a new figure (Figure 2) to show that recruiting SIM on telomeres enriches SUMO1/2/3 to drive phase separation. We also changed Introduction to the following to reflect more clearly that it is SUMO-SIM interactions that drive phase separation:  Since telomere proteins in ALT cells are uniquely modified by small ubiquitin-like modifier (SUMO)22, many APB components  contain sumoylation sites 22–25 and/or SUMO-interacting motifs (SIMs)26, 27 and SUMO-SIM interactions drive phase separation28, we hypothesized that sumoylation on telomeres leads to enrichment of SUMO/SIM containing proteins and SUMO-SIM interactions between those proteins lead to phase separation.  PML protein, which has three sumoylation sites and one SIM site, can be recruited to form APBs and coalescence of liquid APBs leads to telomeres clustering. To test this hypothesis, we used the chemical dimerization system to mimic sumoylation-induced APB formation by recruiting SIM to telomeres (Figure 2A)11. GFP is fused to Haloenzyme for visualization and to the telomere-binding protein TRF1 to anchor the dimerizer to telomeres. SIM is fused to eDHFR and mCherry. Kinetics of condensate formation and droplet fusion-induced telomere clustering is followed with live cell imaging.  Phase separation is reversed by adding excess free TMP to compete with eDHFR binding. Immunofluorescence (IF) and fluorescence in situ hybridization (FISH) is used to determine condensate composition and telomeric association. Recruiting SIM enriches SUMO on telomeres and the induced condensates contain PML and therefore are APBs. Recruiting a SIM mutant that cannot interact with SUMO does not enrich SUMO on telomeres or induce phase separation, indicating that the fundamental driving force for APB condensation is SUMO-SIM interaction. 


- Regarding the ALT process, one recent review to be added could be the following : Zhang and Zou, 2020, https://doi.org/10.1186/s13578-020-00391-6). In addition, there is no mention nor discussion of the following paper : Min et al. G&D 2020, http://www.genesdev.org/cgi/doi/10.1101/gad.324905.119. This paper describes the use of another system to induce protein condensates at telomeres and follow their clustering. The authors have used the polySUMO-polySIM polymers, initially described in Banani et al., 2016, fused to the C-terminal domain of RAP1 that binds strongly to TRF2, with addition of NLS sequences. A critical discussion about the similarities/disparities, advantages/disadvantages of such a system compared to the one described the authors should be of interest in such a method paper.

We thank the reviewer for this comment. We added the suggested review by Zhang et. al. and added the comparison of our system to that used by Min et.al. in the Introduction : Agreeing with this observation, APB formation can be induced with polySUMO-polySIM polymers that fused to a TRF2 binding factor RAP134. Compared to the polySUMO-polySIM fusion system where phase separation occurs as long as enough proteins are produced, the chemical dimerization approach presented here induces phase separation on demand and thus offers better temporal resolution to observe the kinetics of phase separation and telomere clustering process. In addition, this chemical dimerization system permits the recruitment of other proteins to assess their ability in inducing phase separation and telomere clustering. For example, a disordered protein recruited to telomeres can also form droplets and cluster telomeres without inducing APB formation, suggesting telomere clustering is independent of APB chemistry and only relies on APB liquid property11.  

- Experimental details are not accurate enough in order for an external reader to fully replicate the experiments.
- For example, on step 3.3, it is stated that cells are permeabilized in 0.5% Triton X-100: what is this reagent dissolved in ? PBS ? or TBS ? are there washing steps following fixation in 4% formaldehyde and prior to permeabilization?

The reagent is dissolved in PBS and permeabilization is in the same step with fixation. Yes, there is a wash step that was left out. We changed step 3.3 to : Fix cells in PBS solution containing 4% formaldehyde and 0.1% Triton X-100. Wash cells three times with PBS. 


- Step 3.4 is not clear as well : "once with AbDil (add 50uL buffer to rinse)". It is not clear which buffer is added to rinse ? AbDil or TBS-Tx ? is 50uL enough to rinse a 12mm coverslip ?

We thank the reviewer for this comment. 50uL is enough to rinse a 12mm coverslip. To make it clearer, we changed to: Wash coverslips two times with 50 μL TBS-Tx and once with 50 μL Antibody Dilution Buffer. 

- Step 3.9 : what is the amount of mouting medium ? this is important to know the final DAPI concentration (addition of 2uL of DAPI at 1ug/mL does not mean anything if we don't know the dilution ratio).

The mounting media is 2ul.  We changed the text to make it clear: Dilute DAPI in mounting media to reach DAPI final concentration of 1 μg/mL. Then put 2 μL diluted DAPI on the slide.

- The FISH protocol is not very standard and this could be explained. For example, incubation of the probe is performed at room temperature versus 37°C in most cases. Washes are usually performed with SSC solutions of various concentrations at various temperatures. Here, there is no mention of the temperature used for FISH washes, which can be highly critical.

We washed at room temperature; this information is now added. We follow published protocol from Cho et al., 2014, doi: 10.1016/j.cell.2014.08.030 and Dilley et al., 2016, doi:10.1038/nature20099 used for telomere FISH. We’ve added the references as ref 32 and 33 to the manuscript. 

- Concerning the plasmid constructions, more details should be provided. Are they available ? what is the SIM sequence used ? from which protein ? how many SIMs are present ?

We thank the reviewer for this comment. We are depositing plasmids Halo-GFP-TRF1, mCherry-eDHFR-SIM, mCherry-eDHFR-SIM mutant to addgene. We also added the sequence information for SIM: SIM is from ﻿PIASx28. SIM sequence is AAAGTCGATGTAATTGACTTAACGATCGAATCTAGCAGCGATGAAGAAGAAGATCCACCGGCTAAACGT. SIM mutant is generated by mutating SIM amino acid VIDL to VADA28, and the sequence is AAAGTCGATGTAGCCGACGCCACGATCGAATCTAGCAGCGATGAAGAAGAAGATCCACCGGCTAAACGT.

Minor Concerns:
- in Figure 1 : it is not clear whether addition of TMP only disrupts binding of LLPS-mCherry-eDHFR protein to the linker, or if the linker also detaches from the Halo enzyme. If not, in the zoom of the top left nucleus, the linker should still be attached to the anchor protein (but without any LLPS protein bound to it).

Yes, linker shouldn’t be detached from Halo and we added another step in figure 1 to reflect this. 

- in Figure 3B the number of telomeres does not match to images presented in figure 3A. 40 to 58 (approximately) telomeres foci (counted in the TRF1 binary image) are presented in figure 3A. How do the authors explain the discrepancy with the numbers presented on the graph (75 to 100 telomeres) ?

We thank the reviewer pointing this discrepancy out. We plotted data from a different cell by mistake and we’ve changed the two plots to match the cell in Figure 4A. We want to note that we’ve observed large heterogeneity in telomere number per cell, likely because of aneuploidy, the presence of extrachromosomal telomere DNA, and the difference in the degree of clustering in these cells. The reader is referred to our previous publication for population plot: The figures here show representative images. For statistical analysis with more cells, please refer to Zhang et. al., 202011. 


[bookmark: _GoBack]- A few typos were found: nucleic acids (line 50), vortex (line 113), optimem (lines 113, 118, 121 *2)

We corrected the typos. 

Reviewer #2:
Manuscript Summary:
Dr. Zhang and colleagues show a protocol to study the telomere condensation generated by liquid-liquid phase separation, using chemically induced protein dimerization system; fusion of TMP and Halo (TNH).
This protocol has been written very carefully and provided many informative procedures for the colleagues in the field.

Major Concerns:
1. While using the TNH, a customized chemical reagent fused form of TMP and Halo, is the most important procedure in this protocol, no mention about how one can access this reagent. Alternatively, the author could introduce other commercially available chemicals.

The molecules are synthesized by David Chenoweth lab and will be available upon request. We added this information in the materials list. 

2. There are several recent studies about ALT telomeres and PML phase separation (Zhang et al., 2019, Min et al., 2019, Loe et al., 2019) in addition to the author's recent work (Zhang et al., 2020), this reviewer suggests to refer these works as well.

We thank the reviewer for this comment. We expanded the introduction as following to include those reference:  We use this tool to induce de novo promyelocytic leukemia (PML) nuclear body formation on telomeres in telomerase-negative cancer cells that use an alternative lengthening pathway (ALT) pathway for telomere maintenance13, 14.  PML nuclear bodies are membrane-less compartments involved in many nuclear processes15, 16 and are uniquely localized to ALT telomeres to form APBs, for ALT telomere-associated PML bodies17, 18. Telomeres cluster within APBs, presumably to provide repair templates for homology-directed telomere DNA synthesis in ALT19. Indeed, telomere DNA synthesis has been detected in APBs and APBs play essential roles in enriching DNA repair factors on telomeres20, 21. However, the mechanisms underlying APB assembly and telomere clustering within APBs were unknown. Since telomere proteins in ALT cells are uniquely modified by small ubiquitin-like modifier (SUMO)22, many APB components  contain sumoylation sites 22–25 and/or SUMO-interacting motifs (SIMs)26, 27 and SUMO-SIM interactions drive phase separation28, we hypothesized that sumoylation on telomeres leads to enrichment of SUMO/SIM containing proteins and SUMO-SIM interactions between those proteins lead to phase separation.  PML protein, which has three sumoylation sites and one SIM site, can be recruited to form APBs and coalescence of liquid APBs leads to telomeres clustering. To test this hypothesis, we used the chemical dimerization system to mimic sumoylation-induced APB formation by recruiting SIM to telomeres (Figure 2A)11. GFP is fused to Haloenzyme for visualization and to the telomere-binding protein TRF1 to anchor the dimerizer to telomeres. SIM was fused to eDHFR and mCherry. Kinetics of condensate formation and droplet fusion-induced telomere clustering is followed with live cell imaging.  Phase separation is reversed by adding excess free TMP to compete with eDHFR binding. Immunofluorescence (IF) and fluorescence in situ hybridization (FISH) is also used. We observe that recruiting SIM enriches SUMO on telomeres and the induced condensates contain PML and therefore are APBs. Recruiting a SIM mutant that cannot interact with SUMO did not enrich SUMO on telomeres and did not induce phase separation, indicating that the fundamental driving force for APB condensation is SUMO-SIM interaction. Agreeing with this observation, polySUMO-polySIM polymers that fused to a TRF2 binding factor RAP1 can also induce APB formation 34. Compared to the polySUMO-polySIM fusion system where phase separation occurs as long as enough proteins are produced, the chemical dimerization approach presented here induces phase separation on demand and thus offers better temporal resolution to observe the kinetics of phase separation and telomere clustering process. In addition, this chemical dimerization system permits the recruitment of other proteins to assess their ability in inducing phase separation and telomere clustering. For example, a disordered protein recruited to telomeres can also form droplets and cluster telomeres without inducing APB formation, suggesting telomere clustering is independent of APB chemistry and only relies on APB liquid property11.  


Reviewer #3:
Manuscript Summary:
In the manuscript, Zhao et al described a method to induce protein condensates on telomeres through chemical dimerizer consisted of trimethoprim (TMP) and Halo ligand. Through the Halo ligand-Halo enzyme covalent interaction and TMP-eDHFR non-covalent interaction, the chemical dimerizer could induce the tethering of any protein (SIM as example) tagged with eDHFR to anchor proteins (TRF1 as example) tagged with Halo enzyme. The author provides detailed protocol for construction of cells, dimerization induction, living imaging, and fixed imaging of IF and FISH.

Minor Concerns:
Here, I have several points that the authors might want to consider.
1) How big are the tags used in this system? Whether it will affect the function of protein fused? Whether the size of the tags will affect the phase separation of the proteins studied.

Halo is 33 kD, eDHFR is around 28 kD, mCherry is 30 kD and GFP is 27 kD. Tags might affect the phase separation so we use controls such as SIM mutant to make sure that the phase behavior is sensitive to the mutations not the tags. We added this discussion in line 154.

2) In this protocol, 100 nM dimerizer is used. However, it seems pretty tricky to find a good concentration for other undefined system. As mentioned in the discussion, too low and too high dimerizer can't induce phase separation efficiently. Is there a range of the suitable concentration? Can the authors provide more advice in the protocol for determining a suitable concentration for a new system?

We discussed how to determine a suitable concentration in line 204: NOTE: The concentration of dimerizers used affects dimerization efficiency and thus phase separation. The dimerizer concentration allowing maximum dimerization efficiency depends on cell type and anchor protein concentration, so it will need to be determined for different experiments. One simple way is to incubate cells expressing the anchor protein and mCherry-eDHFR (without fusing to the phase separating protein or fused to a non-phase separating mutant) and identify the dimerizer concentration at which the highest mCherry intensity at the anchor is achieved. A more systematic approach is to incubate cells expressing the anchor only with different concentrations of dimerizer and then with a Halo binding dye to help determine the dimerizer concentration at which the Halo binding dye intensity starts to plateau (i.e., all Halo-fused anchors are occupied by the dimerizer and no more left for the Halo binding dye)31. 

We also discuss how dimerizer concentration can be used as a meaningful parameter for mapping phase diagram in line 526: Dimerizer concentration, along with the anchor DNA length and concentration of Halo-fused anchor protein, can be used to determine the critical concentration required for nucleating local phase separation. A systematic approach to vary those parameters (anchor DNA length, anchor protein concentration, phase separation protein concentration and dimerizer concentration) can help map a multi-dimensional phase diagram. However, if the interest is not in mapping phase diagram but forming chromatin associated-condensates like we demonstrated here, it is very easy to simply pick cells with bright Halo-GFP signal (larger anchor size) and cells with a wide range of brightness for mCherry-eDHFR (various phase separating protein concentration) to image with the dimerizer concentration for maximum dimerization determined in Protocol 2.3.


3) In the discussion (line 436-438), It's said "local condensation we depend on judging the physical properties of the foci, including size and intensity over time to verify phase separation". I don't think the increase of size and intensity can be easily used as evidence of phase separation. Any induced recruitment will have a process with gradual enrichment at certain loci, even without phase separation. Quantitative determination of fluorescent proteins is required to define whether there is extra enrichment of target proteins. Please give more comments about this point.

For the eDHFR fused prey proteins, the enrichment can be from  both dimerization and phase separation, which can be difficult to differentiate. For the anchor protein, the intensity will increase only if the prey protein undergoes phase separation so it can be used to quickly judge whether there is phase separation. We expanded our discussion (line 542) to make it more clear: Different from global phase separation where droplets (bright mCherry foci labeling the phase separating protein) will emerge after phase separation, local condensation at genomic locations cannot be easily spotted by judging the presence of mCherry foci. This is because recruitment of the protein alone, without phase separation, to genomic loci will result in formation of mCherry local foci. Phase separation occurs after recruitment, so mCherry foci continue to become bigger and brighter after initial recruitment. The phase separation induced enrichment can occur in GFP channel (the anchor protein) as well, due to the dimerization of the anchor protein to the phase separation protein. Therefore, change of physical properties (size and intensity) of the foci over time rather than the presence of foci should be used to judge phase separation. While it might be difficult to differentiate dimerization or phase separation-induced enrichment of mCherry foci, enrichment of the anchor protein only occurs if there is the prey protein condenses. Therefore, enrichment of anchor protein can be used to easily judge phase separation (Figure 3D). Photobleaching resulted from high laser power or long exposure time during imaging makes it more difficult to judge phase separation from live imaging and therefore should be avoided as much as possible by adjusting imaging conditions. Note that increase in foci intensity and size over time are characteristics of LLPS but cannot be used as the sole evidence for LLPS. In this case presented here, droplet fusion was used as evidence for the formation of liquid droplets, which may not occur for smaller number of anchors or less mobile anchors. Without droplet fusion, other methods such as diffusion of condensate components and sensitivity to small molecule perturbation can be used to further confirm condensate formation8,9,11. 

Reviewer #4:
Manuscript Summary:
In this article, Zhao et al. extend on their initial description of a newly developed/adapted live-cell assay to induce and analyze liquid-liquid phase separation (LLPS) at PML body-associated telomeres (ABPs) employing a chemical dimerization system (Zhang et al. MBoC 31:2048). Authors nicely describe in detail the procedure of this assay and hint to potential pitfalls and honestly indicate benefits and drawbacks of the approach in studying LLPS. With this protocol at hand, it will be straight forward for colleagues in the field of phase separation (in the nucleus) to establish the new approach in their own labs for their own projects. The study also describes potential further extensions to analyse LLPS at other subnuclear entities. Yet, a few minor points surfaced during the study of the manuscript which should be easily addressed by the authors:

Major Concerns:
none

Minor Concerns:
(1) line 106: Only U-2 OS (ALT-positive) cells were used in the current (and the previous study). Is SIM/TRF1-driven "artificial" LLPS also induced at telomeres in non-ALT cells (i.e. HeLa). This update will help colleagues to assess their own experiments.

We have data suggesting that SIM/TRF1 can also drive LLPS in HeLa cells and we are still analyzing the biological implications. We think this result is more appropriate to publish with the biological analysis later than in this protocol. 

(2) line 162: "till" should be "until"
We corrected the error.

(3) line 173. Is "100 nM" the final concentration in the dish? Please clarify.
Yes, it’s final concentration. We changed text to make it clear: Dilute dimerizer with growth medium to reach a final concentration of 100 nM.

(4) line 21: which mounting mediim was used?

We use VECTASHIELD Antifade Mounting Medium. We added this information to the material list.

(5) line 251: what does ND acquisition mean?

ND acquisition is an dialog box in the image acquisition software (Elements) that allows us to define x,y,z and wavelength information. We changed our description to be less specific to the software: Find around 20 cells, memorize each position with x,y,z information and set up parameters for time lapse imaging with 0.5 μm spacing for a total of 8 μm in Z and 5 minute time interval for 2-4 hours for both GFP and mCherry channels.

(6) line 253, 282f: "Use 30% of 594 nm and 50% of 488 nm power intensity…" These values may be different for other than the Nikon (Spinning Disc) Confocal used here.

We added the laser power: The output power of laser units is 20 mW.

(7) Banani et al. used several SIM sequences, SIMs and mutated SIMS from which parent protein(s) were used here?
We added this formation to line 142: SIM is from ﻿PIASx28. SIM sequence is AAAGTCGATGTAATTGACTTAACGATCGAATCTAGCAGCGATGAAGAAGAAGATCCACCGGCTAAACGT. SIM mutant is generated by mutating SIM amino acids VIDL to VADA28, and the sequence is AAAGTCGATGTAGCCGACGCCACGATCGAATCTAGCAGCGATGAAGAAGAAGATCCACCGGCTAAACGT.

(8) line 361: the majority

We corrected this error.

(9) line 365 and additional lines: the word "diffusive" is not entirely correct here, better use "diffusely localized" or "homogenouosly distributed"

We changed to ‘diffusely localized’.

(10) line 390: is "100 µm" the final concentration? Please clarify.

Yes, it’s final concentration. We changed text to make it clear: after adding 100 nM dimerizer (final concentration).

(11) The order of Figure description is different from the order of the figures (i.e. legend of Fig. 4 fits to Fig. 1), requires re-ordering.

We double checked the legends and figures to make sure they match. 
