Dear Dr. Steindel,
Thank you very much for the critical reading of our manuscript and the opportunity to revise the manuscript # JoVE59472, Lindner et al., originally entitled "Chemical inactivation of the E3 Ubiquitin Ligase CRBN by pomalidomide-based homo-PROTACs“. A full revision of the manuscript has been performed and all points raised by the editors and reviewers have been thoroughly addressed. We are grateful for the thoughtful comments of all reviewers, and we hope that the improved manuscript is now suitable for publication. 

Yours sincerely, 
Jan Krönke 

Department of Internal Medicine III
University Hospital Ulm
Albert-Einstein-Allee 23
89081 Ulm
Germany

jan.kroenke@uni-ulm.de
Tel. +49 731 500 45718
-------------------------------------------------------------------------------
Point-by-point reply to the reviewers’ comments (Reviewer Comments to the Author & Author Responses to the Reviewer)
Editorial comments:
Changes to be made by the author(s) regarding the manuscript:
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted revision may be present in the published version.

We carefully proofread the manuscript.

2. Please print and sign the attached Author License Agreement (ALA). Please then scan and upload the signed ALA with the manuscript files to your Editorial Manager account.

ALA has been signed and uploaded with the revised manuscript.

3. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit permission can be expressed in the form of a letter from the editor or a link to the editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from [citation].”

The permission to reuse the adapted figures in this journal is granted by ACS Chemical Biology and indicated in the manuscript on page 11, Figure legend 7:” Reprinted (adapted) with permission from Steinebach, C. et al. Homo-PROTACs for the Chemical Knockdown of Cereblon. ACS Chem Biol. 13 (9), 2771-2782, 2018. Copyright 2019 American Chemical Society.” 

4. Figure 1: Please number different panels as separate/individual movies/figure.

All panels of figure 1 were number as separate figures. 

5. Figure 2: Please delete “))),”.

This was deleted.

6. Figure 3: Please define panels A and B in the figure legend.

Panels have been defined as requested.

7. Figure 6 and Figure 7B: Please include a space between numbers and their units (24 h, 48 h, 100 nM, etc.).

We have corrected the figures accordingly.

8. Please upload each Figure individually to your Editorial Manager account as a .png, .tiff, .pdf, .svg, .eps, .psd, or .ai file.

We uploaded all figures separately as .pdf file. 

9. Please revise lines 41-44 and 71-73 to avoid previously published text.

Lines revised.

10. Affiliations: Please provide an email address for each author.

Email addresses for each author have been provided within the submission process. 

11. Please define all abbreviations before use.

We defined all abbreviations.  

12. Please use centrifugal force (x g) for centrifuge speeds.

We specified all centrifugation steps in units x g.

13. Please add more details to your protocol steps. There should be enough detail in each step to supplement the actions seen in the video so that viewers can easily replicate the protocol. Please ensure you answer the “how” question, i.e., how is the step performed?
Alternatively, add references to published material specifying how to perform the protocol action. See examples below.
14. 1.1.6: Please describe how this step is done.
15. 1.2.3: Is this done at room temperature?
16. 2.1.1.1: Please describe how the treatment is done and specify the treatment time.
17. 2.1.1.2: What happens after centrifugation, the supernatant discarded?
18. 2.1.1.3: What is washed?
19. 2.1.3.8, 2.1.3.10: Please specify the primary/secondary antibody used in this step.
20. 2.1.3.13: Please specify incubation conditions.

We read carefully through the protocol section and tried to specify each step. 

21. Please combine some of the shorter Protocol steps so that individual steps contain 2-3 actions and maximum of 4 sentences per step.

We read carefully through the protocol section and shortened the protocol. 

22. Please apply single line spacing throughout the manuscript, and include single-line spaces between all paragraphs, headings, steps, etc.

We corrected the manuscript accordingly.

23. After you have made all the recommended changes to your protocol (listed above), please highlight 2.75 pages or less 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.

As reviewer #3 proposed, we would like to visualize the syntheses of the compounds as well as one validation experiment and marked these sections accordingly (yellow).

24. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted part of the step includes at least one action that is written in imperative tense. Notes cannot usually be filmed and should be excluded from the highlighting.

25. Please include all relevant details that are required to perform the step in the highlighting. For example: If step 2.5 is highlighted for filming and the details of how to perform the step are given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be highlighted.

26. Please remove commercial language (ChemiDoc, Bruker Avance, etc.).

All commercial language has been removed and only listed in the table of Materials.

27. Please include at least one paragraph of text to explain the Representative Results in the context of the technique you have described, e.g., how do these results show the technique, suggestions about how to analyze the outcome, etc. The paragraph text should refer to all of the figures. However for figures showing the experimental set-up, please reference them in the Protocol. Data from both successful and sub-optimal experiments can be included.

We described all results and referenced to the figures at the beginning of each experimental setup and in the discussion. 

28. Discussion: As we are a methods journal, please also discuss critical steps within the protocol, any modifications and troubleshooting of the technique, and any limitations of the technique.

We added the following comment.
Thalidomide analogs, in general, are susceptible to hydrolytic decomposition and should only be used in the next step after sufficient drying. Compound 3 is susceptible to an aromatic nucleophilic substitution with primary aliphatic amines (Ref. 25). This conversion was found to proceed efficiently only when dry solvents are used.

29. Table of Materials: Please remove trademark (™) and registered (®) symbols and sort the items in alphabetical order according to the name of material/equipment.

We removed all trademarks in the table of Materials.

30. References: Please do not abbreviate journal titles.

We edited the references by Endnote using JoVE´s suggested style. We hope the references are in the right style now. 
 


Reviewer #1:
Manuscript Summary:
In the manuscript the authors describe the synthesis and application of a pomalidomide-based PROTAC and analyze its potential to selectively induce the auto ubiquitination and degradation of CRBN using PROTACS. The authors describe the synthesis of a novel pomalidomide pomalidomide compound that specifically targets CRBN

Major Concerns:
No major concerns

Thank you for the strong vote of support!



Reviewer #2:
Manuscript Summary:
The authors have done expert chemical synthesis to create a symmetrical small molecule that selectively promotes autodegradation of CRBN.

Major Concerns:
1) The Introduction does not adequately state the goal of this research, i.e., the reason why compound 8 has been made and the experiments performed. It appears to be stated at the end of the Abstract: "Homobifunctional CRBN degraders will be useful tools for future biomedical investigations on CRBN-related signaling and may help to understand the molecular mechanisms of thalidomide analogs." However, this needs to be emphasized more and better. It is already known that thalidomide and its analogs (lenalidomide and pomalidomide) work through CRBN, so there is little to be gained from demonstrating that cells are rescued from them by CRBN degradation via the homo-PROTAC compound 8. Compound 8 provides proof of the general principle that an E3 ubiquitin ligase can be selectively eliminated by a small molecule, potentially opening a new path in drug development. In the particular case of compound 8, it may be useful to have a CRBN degrader for studies of the biology and proteome regulated by CRBN, as stated at the end of the Abstract. However, as a research tool, there is substantial competition from genetic approaches, or chemical genetic approaches (e.g., fusion to a ligand-controlled degron). The relative merits of ProTACS vis-à-vis those other approaches should be discussed.

We thank reviewer #2 for the comment. Here, we describe the synthesis of highly selective and potent homodimeric CRBN degraders. We agree that genetic approaches like CRISPR-mediated knockout of CRBN are likewise potent and specific and also confer resistance to IMiDs, as already mentioned in a previous publication (Ref.24 S6A). However, the major advantage of a chemical degrader is that it is reversible, rapid and can be direct to a wide spectrum of target cells and tissue types (Ref:28). We discussed this aspect in our manuscript.

2) Another deficiency of the presentation is that the authors do not provide a chemical mechanism, even theoretical, as to how compound 8 works, and/or how they designed their ultimate approach. The ImIDs were not originally conceived of as ProTACs; instead, after long and brilliant research, it was elucidated that they had certain protein targets (IKZF1, IKZF3, CK1α, and SALL4) that were directed to CRBN for ubiquitination and degradation. I was not aware that the structural determinants of the IMiDs responsible for these two functions (targeting and CRBN binding) had been determined, but it would be logical to link two copies of the CRBN binding moiety, without the other parts, to make a homo-ProTAC for CRBN degradation, which also does not affect original IMiD targets such as IKZF1 and IKZF3. None of that is explained; it is merely suggested by Figure 1C.

We thank reviewer #2 for this comment. We agree that a crystal structure of our PROTAC may underline the mechanism of action, but previously described crystal structures of CRBN-DDB1 complexes with IMiDs showed the precise mechanism of action and binding moieties of the molecules (Ref. 3, 8). It is a good idea to synthesize our compounds with only the glutarimide rings as the binding moiety, but already described PROTACs also contain all parts of the IMiD molecule.  

Minor Concerns:
1) For the benefit of readers unfamiliar with the JoVE format, it should be stated at the outset of the Protocol section that there is a Table of all materials needed.

We included that information at the beginning of the Protocol section: “All reagents and materials used in this paper are listed in a table of materials attached. “

2) Page 8, line 215: "2.1.1.1) Treat 1x106 MM1S cells with compound 8 or 9 for indicated time points." What is/are the dose(s) to be used?

We included the doses of the compounds:
2.1.1.1) Seed 1x 106 MM1S cells in a 6-well plate with 2.5 ml media and treat cells with 100 nM or 1 µM compound 8 or 9 for 24h. 

3) Page 8, line 217: "2.1.1.2) Harvest cells after treatments and centrifuged at 2800 RPM". Should be present tense, "centrifuge". More important, the centrifuge to use needs needs to be specified, or stated in units x g.

We corrected the tense and specified all centrifugation steps in units x g.

4) Page 8, line 225: "2.1.1.5) Measure protein concentration by a BCA assay according to the manufacturer's protocol." "BCA" is an example of an undefined acronym.

We corrected the abbreviation BCA: 
2.1.1.5) Measure protein concentration by a bicinchoninic acid protein assay (BCA assay) according to the manufacturer’s protocol. 

5) Page 8, line 226: "Load 15-30 μg of protein." Presumably this refers to how much protein to load per well for protein electrophoresis. This is done after the next step, of course: "2.1.1.6) Denature proteins with 1x LDS loading buffer (5% 2-Mercaptoethanol) and boil 10 min, 75 °C."

We added the sentence “Load protein sample from 2.1.1.4.” to section 2.1.2.2.

6) Page 9, line 260: "2.1.3.8) Incubate membrane in primary antibody solution (in 5% BSA, TBS-T) with gentle shaking at 4°C, over night." The source of primary antibody needs to be specified.

We specified every antibody used in our protocol. All details are included in the table of materials. 

7) Page 9, line 278: "2.1.3.16) Strip membrane in stripping buffer for 15 min." The stripping buffer needs to be specified. Also, why is this being done? There is no subsequent reprobing of the blot specified. Does the stripping merely need to be enough to inactivate the horseradish peroxidase, or do the antibodies need to be removed?

We thank reviewer #2 for this observation and totally agree that the protocol needs to be specified in regard of stripping and reprobing. We changed this section accordingly:

2.1.3.7) Incubate membrane for 2 min with HRP substrate solution according to manufacturers’ protocol and detect chemiluminescence in a chemiluminescence detection device.

2.1.3.8) Wash membrane 1x in 1X TBS for 5-10 min each at room temperature. For release of antibodies, strip membrane in commercial available stripping buffer for 15 min. Wash membrane 3x in 1X TBS for 5-10 min each at room temperature. 

2.1.3.9) Reblock membrane  in in 5% nonfat-dried milk, TBS-T for 1 h at room temperature. Wash membrane 3x in 1X TBS-T for 5-10 min each at room temperature and reprobe with IKZF1, IKZF3 or tubulin according to 2.1.3.4.
8) Page 10, line 304: "2.3.1) Seed 5x105 MM1S cells per well in a 96-well plate and in 1x106 MM1S cells per well in a 6-well plate biological triplicates." Presumably this means "in biological triplicates." 5x105 MM1S cells per well in a 96-well plate is likely to produce a much higher cell concentration than would 1x106 MM1S cells per well in a 6-well plate. Most likely, what is meant is "5x104 MM1S cells per well in a 96-well plate". In any case, the concentration should be specified, and should be the same regarding of the well size.

Again, we thank the reviewer #2 for this very thoughtful observation. We corrected this mistake in the revised manuscript.

9) Animated Figure 1B could not execute on my computer.

We apologize for this and tested the video by running it on various computers. 



Reviewer #3:
Notes to the authors:
1. While the authors discuss the potential future use of homo-PROTACs, the purpose of this study remains vague. A quantitative mass-spec analysis of MM1s cells with/without treatment would have been a valuable addition to identify the native protein targets of CRBN.

We thank reviewer #3 for that comment. The reviewer raises the importance of the identification of new proteins that may be endogenous CRBN substrates and may possess pharmacological relevance. We totally agree with this aspect and already performed TMT-labeling MS proteomics experiments in our previous publication (Ref. 24, Homo-PROTACs for the Chemical Knockdown of Cereblon) to characterize potential off-target effects in an unbiased fashion at the global proteome level. Our proteomic analyses also revealed several candidates that may represent endogenous substrates of the CRBN E3 ligase whose levels increase after treatment with our compounds or pomalidomide. However, functional validation and biological evaluation of potential new substrates will require a multitude of experiments and time. Therefore, we believe that this is beyond the scope of our manuscript. The focus of our present manuscript lies on the preparation and functional validation of the compounds. Quantitative mass spectrometry is a highly sophisticated and complex analyses and inclusion would have extended the manuscript dramatically what is the reason that we did not include it but referred to our previous manuscript. We totally agree that further analyses should be performed to identify additional CRBN substrates.  

2. It is unclear what purity the dimers 8 and 9 have. Any contamination with monomeric pomalidomide would have confounding effects. In this regard, how would the authors argue that compound 9, the methylated negative control, induces IKZF degradation at higher concentrations (Fig. 4)? The same for compound 8?

We added the following notation with respect to the purity of 8 and 9. 
1.7.8) Elucidate and verify molecule structure (Figure 5A compound 8, 5B compound 9) by 1H NMR and 13C NMR spectra in DMSO-d6 on a nuclear magnetic resonance (NMR) spectrometer. Check the purity of both compounds to be higher than 97% by means of liquid chromatography-mass spectrometry (LC-MS) applying a diode array detection (DAD) at 220 – 500 nm.  

Traces of pomalidomide are not responsible for neo-substrate degradation because (i) the purity of the PROTACs was checked by LC-MS and NMR as noted in the revised version and (ii) pomalidomide is not an intermediate in these syntheses. Also, remaining degradation of neo-substrates has been observed in other IMiD-based PROTACs (Ref. 12-21).

3. The power of JOVE is the visualization of the actual experiments or reagent generation. A video showing the PROTAC preparation would have been valuable.

We thank the Reviewer for this suggestion and agree that a major cohesive aspect of our manuscript is the synthesis of the PROTAC. We included steps of the molecule preparation for visualization.  

4. The manuscript is overall well written. However, Fig. 7b (and possibly 7a) were taken from a previous publication (Ref. 32, Fig. 5b), which violates accepted standards of (self)plagiarism.

We agree with Reviewer #3 that we already published part of the figures in a previous publication (Ref.24 in review manuscript). The permission to reuse the adapted figures in the JoVE journal is granted by ACS Chemical Biology and indicated in the manuscript on page 7, Figure legend 9:” Reprinted (adapted) with permission from Steinebach, C. et al. Homo-PROTACs for the Chemical Knockdown of Cereblon. ACS Chem Biol. 13 (9), 2771-2782, 2018. Copyright 2019 American Chemical Society.” According to the JoVE editors the inclusion of previously published figures is accepted.
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