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1st Editorial Decision 28 March 2017 

Thank you for sending a preliminary point-by-point response to the concerns raised by our three 
referees. I am glad to hear that you find the referee comments constructive and useful, and that you 
will set up experiments to address most of them. However, we also had to notice that the outcome of 
the proposed experiments cannot be predicted at the current stage, which could potentially alter the 
conclusion in the final manuscript.  
 
Based on the input from our referees, I would like to invite you to submit a revised manuscript 
incorporating the work outlined in your response, provided that the original conclusions still hold 
true. I should remind you that it is EMBO Journal policy to allow a single round of revision only 
and that, therefore, acceptance or rejection of the manuscript will depend on the completeness of 
your responses in this revised version. I do realize that addressing all the referees' criticisms will 
require a lot of additional time and effort and be technically challenging. I would therefore 
understand if you wish to publish the manuscript rapidly and without any significant changes 
elsewhere, in which case please let us know so we can withdraw it from our system. In addition, I 
want to add that I can understand that you wish to keep an extensive characterization of the 
implications for mTORC1 activity for at future study but since this is brought up as a major point by 
the referee, I would encourage you to include at least some data on the effects on downstream 
signaling.  
 
If you decide to thoroughly revise the manuscript for The EMBO Journal, please include a detailed 
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point-by-point response to the referees' comments. Please bear in mind that this will form part of the 
Review Process File, and will therefore be available online to the community. For more details on 
our Transparent Editorial Process, please visit our website: http://www.embo.org/embo-press  
 
We generally allow three months as standard revision time but could offer and extension of up to a 
total of six months in this case. As a matter of policy, competing manuscripts published during this 
period will not negatively impact on our assessment of the conceptual advance presented by your 
study. However, we request that you contact the editor as soon as possible upon publication of any 
related work, to discuss how to proceed. Should you foresee a problem in meeting this three-month 
deadline, please let us know in advance and we may be able to grant an extension.  
 
Thank you for the opportunity to consider your work for publication. I look forward to your 
revision.  
 
 
------------------------------------------------  
REFEREE REPORTS 
 
 
 
Referee #1:  
 
In this work, Woodford et al. carry out an exhaustive list of experiments to establish that the tumor 
suppressor Tsc1 acts as an Hsp90 cofactor that inhibits the chaperone ATPase activity and that 
competes with another Hsp90 cofactor, Aha1, for the interaction with the chaperone. The authors 
show that Tsc1 forms a dimer and that its C-terminus interacts with the middle domain of Hsp90. 
Tsc1 together with Tsc2 form tuberous sclerosis complex (TSC). It is known that Tsc1 stabilizes 
Tsc2, but the mechanism of this stabilization was not known. Here, the authors suggest that Tsc1 
stabilizes Tsc2 as well as other proteins by acting as an Hsp90 cochaperone.  
 
 
GENERAL COMMENTS  
While the manuscript provides very compelling evidence that Tsc1 is a new cochaperone of Hsp90, 
there is little mechanistic information about how this protein might function. Furthermore, while 
initially the authors highlight the possibility that Tsc1 acts to stabilize Tsc2 through interactions 
with Hsp90, this point is not further raised and no specific follow up experiments are done. The 
manuscript as a whole is more phenotypic and less mechanistic. Finally, several of the experiments 
need to be better controlled or repeated as discussed below.  
 
 
SPECIFIC COMMENTS  
Tsc2 is a client of Hsp70 and Hsp90  
Figure 1A  
1. Tsc1 CoIP: why do the authors see two bands instead of one as shown in the inputs?  
2. In the article, they claim that Tsc1 and Aha1 compete for Hsp90 binding, but why they do not blot 
for Aha1 in these experiments?  
3. Why is the Hsp70 IP band cutoff?  
 
Figures 1B  
1. I understand that in Figure 1C they blot for p-Akt because its phosphorylation is defective in cells 
lacking Tsc1 and Tcs2, and Akt is an Hsp90 client. However, if Hsp70 inhibition is affecting levels 
of Tsc2, it should also be affecting levels of p-Akt. Therefore, I would suggest to blot for p-Akt in 
Figure 1B.  
 
Figure 1C  
1. Akt lane: I understand Akt should be the lower band and p-Akt the upper one. I suggest the 
authors indicate it to avoid misunderstanding. Both p-Akt and Akt are being degraded.  
2. Is there a reason why we only see one band at the time 0 but doublets at other times?  
3. The authors should also show a blot for Hsp70 and Hsp90. It is important to see what is 
happening to these chaperones upon inhibition.  
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Figure 1D  
1. p-Akt and Akt lanes look very different from Figure 1C. It is strange to see only one band now for 
Akt.  
2. Why they do not blot for Hsp90 and Hsp70?  
 
Figure 1C-1F  
1. The authors should blot for Hsp70 and Hsp90.  
 
Figure 1G  
1. What happens to the levels of ubiquitinated Tsc2 when Hsp70 is inhibited? Its known that Hsp70-
CHIP can target clients for degradation.  
 
 
The new co-chaperone Tsc1 inhibits Hsp90 ATPase activity  
Figure 2A  
1. Co-IP of GR is not convincing.  
 
Figures 2C and 2E  
1. Deletion of the MEEVD motif affects Tsc1 binding to Hsp90. However, further experiments 
showed that Tsc1 binds to the M-domain of Hsp90. The reason for why Tsc1 does not bind to Hsp90 
C-domain anymore should be addressed. Is it the FLAG-tag added to Hsp90 N- or C-terminus? If 
FLAG-tag is at the C-terminus, this might be messing up the interaction. I would suggest performing 
the experiments of Figure 2C and 2E with Hsp90 N-terminally tagged.  
 
Figure 2F  
1. In the presence of GB, the authors claim that Tsc1 does not bind Hsp90. However, there is a 
positive slope in the binding curve. My question is: did the authors perform a control experiment 
with some known protein that does not bind Hsp90? Is the behavior similar to Tsc1-Hsp90+GB 
titration?  
 
Figure 2G  
1. I suggest changing the x-axis to Hsp90-Tsc molar ratio instead of Tsc1 concentration. Tsc1 seems 
to be a potent Hsp90 inhibitor (molar ratio of around 1 Hsp90:3 Tsc1 completely abolishes Hsp90 
ATPase activity).  
 
Figure 2H  
1. It is very interesting to see that knocking out a co-chaperone impacts the activity of Hsp90 even 
after purification. How can the authors explain this? Is there any evidence of differential PTMs of 
Hsp90 when Tsc1 is knocked-out? This question should be addressed.  
 
 
Tsc1 co-chaperone enables Tsc2 binding to Hsp90  
Figure 3A, B and C  
1. These are very interesting results. Did the levels of Hsp90 change upon Tsc1 deletion or over-
expression? Also, the authors need to blot for Tsc2.  
 
Figure 3D, E and F  
1. Very nice result. I understand that Tsc2 stability is dependent on Hsp90. My question is if Tsc2 is 
binding directly to Hsp90 as a client, in a way that Tsc1 promotes this binding, or if Tsc2 binds to 
Tsc1, and then Tsc1 binds to Hsp90 (this would be an indirect interaction). I would suggest to 
perform the same experiments in the presence of GB to discriminate between these 2 mechanisms.  
 
 
The co-chaperone Tsc1 binds to the closed conformation of Hsp90  
Figure 4G and H  
1. The fact that Hsp90 D93A binds less to Tsc1, but binds the same to Tsc1-D could suggest a 
mechanism of two binding sites. How do the authors address this finding?  
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Tsc1-D dimer binds to both protomers of the Hsp90 middle-domain  
Figure 5G  
The co-IP in the Figure 5F gives some support to the results of Figure 5G. However, SEC is not the 
best method to estimate MW of proteins by far, especially if the structure is unknown. Elongated 
proteins have a different frictional coefficient that affects their elution profile.  
 
 
Phosphorylation of Aha1 displaces Tsc1 from Hsp90  
Figure 6F and G  
1. In the DPH untreated cells Tsc1+/+ (Figure 6F), Hsp90 interacts strongly with Tsc1 and less with 
Aha1. In the Figure 6G (GNF5 untreated cells Tsc1+/+), the same control is done but Aha1 is 
strongly bound to Hsp90 and Tsc1 is not seen. This is very strange. These controls experiments 
should look the same.  
 
 
Discussion  
Page 16, line 6  
The authors argue that Hsp70 and Hsp90 inhibition leads to Tsc2 ubiquitination and degradation. 
While they have shown the data for Hsp90, they did not show any evidence of ubiquitination when 
Hsp70 was inhibited.  
 
Page 17, line 3  
The authors say a mutation in Tsc1 could destabilize the protein and leads to impairment of Tsc2 
binding to Hsp90 resulting in the degradation of Tsc2. It would be important to test one such mutant 
in this work.  
 
Page 18  
It would be very interesting if the authors check the effect of Aha1-Y223E on the maturation of 
CFTR (as in Figure 3C). It is known that the Aha1-Hsp90 interaction leads to a 'premature' form of 
CFTR. It would give substantial support to the author's conclusion that the delay in the Hsp90 cycle 
by Tsc1 binding is responsible in driving proper CFTR maturation.  
 
 
 
Referee #2:  
 
This manuscript reports the discovery of a novel Hsp90 co-chaperone, Tsc1.  
The molecular chaperone Hsp90 and its numerous cochaperones form an important hub in the 
protein folding and quality control network of the eukaryotic cell. The cochaperones target specific 
substrates to Hsp90, control its ATPase cycle and recruit additional activities such as peptidyl-prolyl 
isomerase activity to the complex.  
Mutations in the genes Tsc1 and Tsc2 are the cause of a rare form of cancer, tuberous sclerosis 
complex (TSC). Tsc2 is a GTPase activating protein. The cancer mutations seem to destabilize Tsc2 
and upregulate the mTOR pathway. The 140 kDa protein Tsc1 functions by stabilizing Tsc2 against 
degradation.  
The authors present a plethora of data in support of Tsc1 being a general Hsp90 cochaperone and 
Tsc2 being a Hsp90 substrate:  
First, they show that Tsc2 associates with Tsc1 and the chaperones Hsp70 and Hsp90. Moreover, 
Tsc2-IP pulls down the Hsp90 cochaperones HOP, PP5, Cdc37 and p23. Inhibition with Hsp70 and 
Hsp90 inhibitors destabilizes Tsc2; proteasome inhibition stabilizes Tsc2. This suggests that Hsp70 
and Hsp90 are involved in quality control of Tsc2. Tsc1 is unaffected, consistent with a cochaperone 
function. Experiments with purified Tsc2 and Hsp90 suggest that Tsc1 is needed for efficient 
loading of Tsc2 onto Hsp90.  
Tsc1 also associates with Hsp70 and Hsp90, and with typical Hsp90 client proteins, such as the 
kinases Raf-1, Akt1 and Cdk4 and the steroid receptor GR. Intriguingly, several Hsp90 
cochaperones influencing the ATPase cycle of Hsp90, such as HOP, p23 and Aha1 did not associate 
with Tsc1, suggesting mutually exclusive binding to Hsp90. Tsc1 associates with the middle and C-
terminal domains of Hsp90; binding is dependent on the C-terminal MEEVD motif of Hsp90, 
although Tsc1 does not seem to contain a TPR domain, which is known to associate with MEEVD 
motifs. The C-terminal 166 residues of Tsc1, Tsc1-D, appear sufficient for Hsp90 binding; this part 
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exclusively interacts with the middle domain. Tsc1-D inhibits Hsp90 ATPase activity in a dose-
dependent manner.  
The authors also investigate the interplay of Tsc1 with the ATPase-activating Hsp90 co-chaperone 
Aha1. Binding of the two factors to the middle domain seems mutually exclusive, and dependent on 
phosphorylation of Hsp90 at position 313. Binding of Tsc1 and Aha1 is sensitive to a mutation in 
the middle domain of Hsp90.  
In yeast, expression of Tsc1 is toxic, when endogenous Hsp90 is replaced by human Hsp90. Co-
expression of a phosphomimetic mutant of human Aha1 relieves toxicity.  
Critique:  
The amount of data in the manuscript is overwhelming. I am not sure, whether everything that is 
shown in the main text is needed to demonstrate that Tsc1 functions as a Hsp90 cochaperone. To 
convey the story, it would be advantageous to explain the actual function of Tsc1 in cells better. Is it 
highly specialized in chaperoning Tsc2, or a general factor that affects every Hsp90 client protein? 
Is its cellular abundance similar to Aha1? Is Tsc1 conserved in protists, animals and plants? Why is 
Tsc1 such a large protein, when the C-terminal snippet is sufficient to regulate Hsp90 ATPase 
activity? These aspects should be explained in the Introduction and Discussion sections of the 
manuscript.  
Deletion of Tsc1 in vivo appears to destabilize Hsp90 client proteins, in support of the conclusion 
that Tsc1 is a Hsp90 cochaperone. In order to show that this is a direct consequence of Hsp90 mis-
regulation, the same effects should be shown for Hsp90 inhibition.  
Perhaps one could take advantage of the Tsc1 knockout cell lines and express the minimum 
construct Tsc1-D, in order to investigate the effect on different Hsp90 client proteins. This could 
show which clients are directly affected by Tsc1 expression, in contrast to indirect effects by 
unbalancing the competition between Tsc1 and cochaperones Aha1, HOP and p23.  
In summary, this is an interesting study. Additional work is mainly needed to make the narrative 
more digestible.  
 
 
 
Referee #3:  
 
The paper by Woodford et al delineates a physical and functional interaction between the Tuberous 
Sclerosis Complex (TSC) 1 and the Hsp90 chaperone. Using biochemical and functional data, the 
authors propose that TSC1 functions as an inhibitor of the ATPase activity of Hsp90. In turn, 
binding of TSC1 to Hsp90 affects cellular levels of several Hsp90 substrates, including kinases 
involved in signal transduction. These data imply an unexpected connection between the TSC 
protein complex, traditionally associated with mTOR regulation, and a broad range of physiological 
processes controlled by Hsp90 and its co-chaperones.  
 
Despite its potential interest, the manuscript suffers from major conceptual weaknesses.  
 
1- The exact role of TSC1 toward Hsp90 remains unclear. In Fig 3A and 3B, both TSC1 deletion 
and its overexpression lead to reduced levels of Hsp90 clients such as ErbB2 and Raf1, which is 
difficult to reconcile with the biochemical data of Fig 4-6. Although the biochemical data suggest 
inhibition of Hsp90 catalytic activity by TSC1, whether this translates into geniuine regulatory 
actions is left wide open.  
2- A crucial point is that the effects of TSC1 deletion and overexpression on cellular levels of TSC2 
are not shown. If TSC2 was a client of Hsp90 (as suggested by the results in Fig 1), one would 
expect that TSC1 deletion/overexpression should have major effects on TSC2 stability. It is 
surprising that the authors did not check this point.  
3- The fact that TSC1 is upstream of Hsp90, whereas TSC2 is downstream of it, implies that 
deletion of TSC1 and TSC2 should not phenocopy each other, which runs contrary to most reports. 
Have the authors looked at the levels and activity of Erk1, Raf-1, ULK1 and c-Src, side-by-side in 
TSC1 vs TSC2 null cells?  
4- Does the TSC1-Hsp90 connection play a role in mTORC1 signaling or does it represent a 
completely separate activity? The authors should perform a basic characterization of mTORC1 
signaling in TSC1 vs TSC2 null cells. They should also rescue TSC1 null cells with TSC1 
constructs that can or cannot bind to Hsp90 and determine their ability to restore mTORC1 
regulation.  
5- The fact that TSC1 and TSC2 interact with both Hsp90 and Hsp70 raises concerns that the 
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interaction may not be as specific as the authors propose. Since the Hsp70 interaction is shown in 
the paper, its reproducibility and significance should be documented, at least in part.  
 
Additional points.  
 
1- The interaction between TSC2 and Hsp90 (Fig 1A) lacks adequate negative controls. IgG is not 
sufficient, another protein of comparable size to TSC2 should be provided.  
2- Similarly, in Fig 2A, an adequate negative control must be provided for the interaction of TSC1 
with Hsp90.  
3- The ATPase assay in Fig 2G also lacks a negative control protein, therefore it cannot be 
concluded that TSC1 (D-domain) is a specific Hsp90 inhibitor. 
1st Revision - authors' response 27 July 2017 
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Dr Anne Nielsen 
Editor  
The EMBO Journal 
Postfach 1022.40, 
69012 Heidelberg,  
Germany 
 
 

750 East Adams St  
Syracuse, NY 13210 
Phone: +1-315-464-8749 
Fax      +1-315-464-8750 
mollapom@upstate.edu 
www.mollapourlab.com 

    July 27, 2017 
 
RE: EMBOJ-2017-96700R 
 
Dear Dr Nielsen, 
 
Thank you for giving us the opportunity to address the reviewer’s questions and concerns. We are also 
grateful to the reviewers for their constructive and insightful comments on our manuscript by Woodford 
et al., entitled “Tsc1 co-chaperone breaks the asymmetric binding of Aha1 with Hsp90 and inhibits the 
ATPase activity”. We are happy to see that the reviewers found our study interesting and significant. 
 
We were able to carry out all our proposed experiments in our original response to the reviewer’s 
comments except for one. Unfortunately we were unable to silence AHA1 (activating co-chaperone) by 
siRNA in Tsc1-/- MEF cells and examine the stability and activity of the clients (eg ErbB2, Raf1, ULK1, 
c-Src, Cdk4, GR, FLCN and Tsc2) by immunoblotting. We believe this was due to abnormalities 
associated with the growth of Tsc1-/- MEF cells. 
 
In the revised manuscript, we have incorporated additional and revised data in Fig 1A, B, C, D, E, F, G; 
Fig 2A; Fig 3A, B, C; Fig 6F, G. New results are presented in Fig 3G, H, I, J, K; Fig EV1, EV2B, E; EV3. 
 
Below, we provide a detailed point-by-point response to the reviewers’ questions and explanation of 
how the new additions and revisions address their concerns. The new data has only strengthened our 
original claim. 
 
We would also like to point out that we have included 4 additional figures (referred to as Response Fig) 
in the response below that are not presented in the manuscript. We strongly believe that these results 
are too preliminary and also not within the scope of our manuscript. 
 
Thank you for considering our manuscript for publication in The EMBO Journal. 
 
Sincerely, 

 
Mehdi Mollapour PhD 
Assistant Professor of Urology 
Head, Renal Cancer Biology Section 
Department of Urology 
SUNY Upstate Medical University  
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We are grateful to the reviewers for their constructive and insightful comments on our manuscript. We 
are happy to see that the reviewers found our study interesting and significant. 
 
In the revised manuscript, we have incorporated additional and revised data in Fig 1A, B, C, D, E, F, G; 
Fig 2A; Fig 3A, B, C; Fig 6F, G.  
 
New results are presented in Fig 3G, H, I, J, K; Fig EV1, EV2B, E; EV3. These new data did not exist in 
the original manuscript. 
 
Below, we provide a detailed point-by-point response to the reviewers’ questions and explanation of 
how the new additions and revisions address their concerns. We also believe that the new data has 
strengthened our original claim. 
 
We would also like to point out that we have included 4 additional figures (referred to as Response Fig) 
in the response below that are not presented in the manuscript. Although these results are informative, 
we strongly believe that they are too preliminary and not within the scope of our manuscript. 
 
 
Referee #1: 
 
In this work, Woodford et al. carry out an exhaustive list of experiments to establish that the tumor 
suppressor Tsc1 acts as an Hsp90 cofactor that inhibits the chaperone ATPase activity and that 
competes with another Hsp90 cofactor, Aha1, for the interaction with the chaperone. The authors show 
that Tsc1 forms a dimer and that its C-terminus interacts with the middle domain of Hsp90. Tsc1 
together with Tsc2 form tuberous sclerosis complex (TSC). It is known that Tsc1 stabilizes Tsc2, but 
the mechanism of this stabilization was not known. Here, the authors suggest that Tsc1 stabilizes Tsc2 
as well as other proteins by acting as an Hsp90 cochaperone. 
 
GENERAL COMMENTS 
While the manuscript provides very compelling evidence that Tsc1 is a new cochaperone of Hsp90, 
there is little mechanistic information about how this protein might function. Furthermore, while initially 
the authors highlight the possibility that Tsc1 acts to stabilize Tsc2 through interactions with Hsp90, this 
point is not further raised and no specific follow up experiments are done. The manuscript as a whole is 
more phenotypic and less mechanistic. Finally, several of the experiments need to be better controlled 
or repeated as discussed below. 
 
We would like to thank the reviewer for their constructive and insightful comments to our manuscript. 
We also appreciate their positive note on our findings, however we would like to respond to their 
comment on “little mechanistic information about how this protein might function” and “the manuscript 
as a whole is more phenotypic and less mechanistic.” 
 
We have identified Tsc1 as a new co-chaperone and Tsc2 as a new client of Hsp90. Tsc1 decelerates 
the chaperone cycle by inhibiting Hsp90 ATPase-activity, therefore loading Tsc2 on Hsp90. This 
prevents Tsc2 from ubiquitination and proteasomal degradation. Our work has also mechanistically 
demonstrated that Tsc1 carboxy-domain homodimerizes and binds to both protomers of the Hsp90 
middle-domain, which is sufficient to inhibit Hsp90 ATPase activity. Tsc1 interacts with the Aha1 
binding sites on Hsp90 middle-domain, therefore breaking the asymmetric interaction of Aha1 with 
Hsp90. Our data has also led us to speculate that Tsc1 prevents the conformational changes in the 
catalytic loop of Hsp90 and stops the release of R400 from its retracted inactivating conformation 
consequently inhibiting Hsp90 ATPase activity. The latter statement is only a speculation on how 
exactly Tsc1 might inhibit Hsp90 ATPase activity, which requires structural data in order to confirm this 
phenomenon. This is clearly not within the scope of this paper. 
 
SPECIFIC COMMENTS 
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Tsc2 is a client of Hsp70 and Hsp90 
Figure 1A 
1. Tsc1 CoIP: why do the authors see two bands instead of one as shown in the inputs?  
We appreciate the reviewer’s comment and we have presented an improved blot showing a single band 
for Tsc1 co-IP. 
 
2. In the article, they claim that Tsc1 and Aha1 compete for Hsp90 binding, but why they do not blot for 
Aha1 in these experiments? 
We have probed for Aha1 in the blot for Fig 2A and the data was presented in Fig EV2A. We have 
already presented data in Fig 5A, B, C, D, E showing the binding of Tsc1 and Aha1 to Hsp90. Fig5H 
and Fig5I show the dynamic of Aha1 and Tsc1-D fragment interaction with Hsp90. 
 
3. Why is the Hsp70 IP band cutoff? 
We are presenting a better blot for Hsp70. 
 
Figures 1B 
1. I understand that in Figure 1C they blot for p-Akt because its phosphorylation is defective in cells 
lacking Tsc1 and Tcs2, and Akt is an Hsp90 client. However, if Hsp70 inhibition is affecting levels of 
Tsc2, it should also be affecting levels of p-Akt. Therefore, I would suggest to blot for p-Akt in Figure 
1B. 
We have provided new data in the revised Figure 1B. As the reviewer correctly suggested, the level of 
p-Akt has significantly decreased upon Hsp90 inhibition. 
 
Figure 1C 
1. Akt lane: I understand Akt should be the lower band and p-Akt the upper one. I suggest the authors 
indicate it to avoid misunderstanding. Both p-Akt and Akt are being degraded. 
2. Is there a reason why we only see one band at the time 0 but doublets at other times? 
3. The authors should also show a blot for Hsp70 and Hsp90. It is important to see what is happening 
to these chaperones upon inhibition. 
We thank the reviewer and we have replaced the p-Akt and Akt blots. 
Blots for Hsp70 and Hsp90 have also been included. 
 
Figure 1D 
1. p-Akt and Akt lanes look very different from Figure 1C. It is strange to see only one band now for Akt. 
We have replaced the blots in Figure 1C. This is consistent with our previous data in Figure 1B. 
 
2. Why they do not blot for Hsp90 and Hsp70? 
Blots for Hsp70 and Hsp90 have been added. 
 
Figure 1C-1F 
1. The authors should blot for Hsp70 and Hsp90. 
Hsp70 and Hsp90 blots have been included.  
 
Figure 1G 
1. What happens to the levels of ubiquitinated Tsc2 when Hsp70 is inhibited? Its known that Hsp70-
CHIP can target clients for degradation. 
We have provided new data showing that inhibition of Hsp70 leads to ubiquitination of Tsc2.  
 
The new co-chaperone Tsc1 inhibits Hsp90 ATPase activity 
Figure 2A 
1. Co-IP of GR is not convincing. 
We have re-run the samples and have included a new blot for the Co-IP of GR. 
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Figures 2C and 2E 
1. Deletion of the MEEVD motif affects Tsc1 binding to Hsp90. However, further experiments showed 
that Tsc1 binds to the M-domain of Hsp90. The reason for why Tsc1 does not bind to Hsp90 C-domain 
anymore should be addressed. Is it the FLAG-tag added to Hsp90 N- or C-terminus? If FLAG-tag is at 
the C-terminus, this might be messing up the interaction. I would suggest performing the experiments of 
Figure 2C and 2E with Hsp90 N-terminally tagged. 
We thank the reviewer and we would like to explain that Hsp90 constructs in Figures 2C and 2E are 
FLAG-tagged at the N-domain.  
 
Our finding is not unusual and that is why we included HOP as a control. Elegant work by Agard’s 
group using cryo-EM structure has shown the Hsp90 MD-CTD junction to be the primary binding 
interaction between Hsp90 and HOP (Southworth & Agard, 2011). Also, work by Buchner’s group 
(Schmid et al., 2012) has shown that Sti1/HOP binds to both MEEVD and the middle-domain of Hsp90.  
 
It is perhaps possible that Tsc1 employs a similar two-step mechanism for binding to Hsp90. However, 
our data suggest that the Tsc1-D fragment binding to the middle domain of Hsp90 is sufficient to inhibit 
its ATPase activity. Again, as it was mentioned above, this requires structural data, which is not within 
the scope of this paper. 
 
Figure 2F 
1. In the presence of GB, the authors claim that Tsc1 does not bind Hsp90. However, there is a positive 
slope in the binding curve. My question is: did the authors perform a control experiment with some 
known protein that does not bind Hsp90? Is the behavior similar to Tsc1-Hsp90+GB titration? 
This is a very interesting comment by the reviewer. We have carried out the binding assay with labeled 
BSA showing that it does not interact with Hsp90 (Fig EV2B). The binding curve of Tsc1-Hsp90+GB 
suggests that Tsc1-Hsp90 specific interaction is significantly reduced compared to non-drug control. 
We will therefore modify our claim from “lack of Tsc1 binding to Hsp90 in the presence of GB” to “Tsc1-
D-His6 binding to Hsp90 is significantly reduced in the presence of GB”. 
 
Figure 2G 
1. I suggest changing the x-axis to Hsp90-Tsc molar ratio instead of Tsc1 concentration. Tsc1 seems to 
be a potent Hsp90 inhibitor (molar ratio of around 1 Hsp90:3 Tsc1 completely abolishes Hsp90 ATPase 
activity). 
We thank the reviewer for this constructive comment. We have changed the x-axis to molar ratio. 
 
Figure 2H 
1. It is very interesting to see that knocking out a co-chaperone impacts the activity of Hsp90 even after 
purification. How can the authors explain this? Is there any evidence of differential PTMs of Hsp90 
when Tsc1 is knocked-out? This question should be addressed. 
 
 
 
 
(Text related to Response Fig. 1 for referees not shown) 
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(Response Fig1. for referees not shown)
 
 
 
 
 
 
 
Tsc1 co-chaperone enables Tsc2 binding to Hsp90 
Figure 3A, B and C 
1. These are very interesting results. Did the levels of Hsp90 change upon Tsc1 deletion or over-
expression? Also, the authors need to blot for Tsc2. 
We have probed for Tsc2 and Hsp90 in Fig 3A, B and C. The levels of Hsp90 are unaffected by Tsc1 
deletion or over-expression. 
 
Figure 3D, E and F 
1. Very nice result. I understand that Tsc2 stability is dependent on Hsp90. My question is if Tsc2 is 
binding directly to Hsp90 as a client, in a way that Tsc1 promotes this binding, or if Tsc2 binds to Tsc1, 
and then Tsc1 binds to Hsp90 (this would be an indirect interaction). I would suggest to perform the 
same experiments in the presence of GB to discriminate between these 2 mechanisms. 
We thank the reviewer for their kind words and their great suggestion.  
 
We carried out this experiment and our data showed that treating the Tsc1:Hsp90 complex with GB 
does not disrupt Hsp90 interaction with Tsc1 (Fig 3G). The interaction of Tsc1:Tsc2 is also not 
disrupted with GB (Fig 3H). We next formed a trimeric Tsc1:Tsc2:Hsp90 complex and then treated the 
samples with GB showing the dissociation of Tsc2 from the complex (Fig 3I). However, Tsc1:Hsp90 
interaction was unaffected (Fig 3J), suggesting that Tsc1 act as a loading scaffold facilitating the direct 
binding of Tsc2 to Hsp90 (Fig 3K). 
 
The co-chaperone Tsc1 binds to the closed conformation of Hsp90 
Figure 4G and H 
1. The fact that Hsp90 D93A binds less to Tsc1, but binds the same to Tsc1-D could suggest a 
mechanism of two binding sites. How do the authors address this finding? 
We completely agree with the reviewer and that is why we chose our comments very carefully. In the 
Discussion we wrote; “Our data suggest that the binding of Tsc1 to Hsp90 is complex, and it requires 
multiple surfaces of Tsc1 to interact with Hsp90.”  
 
We did not think it would be useful or appropriate to make these comments at the end of the “The co-
chaperone Tsc1 binds to the closed conformation of Hsp90” in the Result section.  
 
Tsc1-D dimer binds to both protomers of the Hsp90 middle-domain 
Figure 5G 
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The co-IP in the Figure 5F gives some support to the results of Figure 5G. However, SEC is not the 
best method to estimate MW of proteins by far, especially if the structure is unknown. Elongated 
proteins have a different frictional coefficient that affects their elution profile. 
 
We performed gel filtration on the purified protein. Tsc1-D-His6 migrated as a monodisperse peak with 
an apparent molecular weight of approximately twice the predicted molecular weight of the monomer 
(22.1 kDa). Of course this data alone cannot confirm the dimerization of Tsc1-D. However, our results 
(Fig 5F and G) collectively indicate that the protein is a dimer in solution. 
 
Phosphorylation of Aha1 displaces Tsc1 from Hsp90 
Figure 6F and G 
1. In the DPH untreated cells Tsc1+/+ (Figure 6F), Hsp90 interacts strongly with Tsc1 and less with 
Aha1. In the Figure 6G (GNF5 untreated cells Tsc1+/+), the same control is done but Aha1 is strongly 
bound to Hsp90 and Tsc1 is not seen. This is very strange. These controls experiments should look the 
same. 
We thank the reviewer for their constructive comment. The reason for this inconsistency is because of 
different exposures of the blots. We have replaced the Co-IP of Tsc1 in Fig 6G to reflect a more 
comparative exposure to Fig 6F. 
 
 
Discussion 
Page 16, line 6 
The authors argue that Hsp70 and Hsp90 inhibition leads to Tsc2 ubiquitination and degradation. While 
they have shown the data for Hsp90, they did not show any evidence of ubiquitination when Hsp70 was 
inhibited. 

We have included additional data with the Hsp70 inhibitor. Please see our response to the initial 
comment for Fig 1G. 
 
Page 17, line 3 
The authors say a mutation in Tsc1 could destabilize the protein and leads to impairment of Tsc2 
binding to Hsp90 resulting in the degradation of Tsc2. It would be important to test one such mutant in 
this work. 
It has previously been shown by (Hoogeveen-Westerveld et al., 2011) that mutation of Tsc1-L117P 
destabilizes Tsc1. Based on previous studies, this mutation is not within the Tsc2 binding domain, and 
thus when stable should be able to bind Tsc2. We have created this Tsc1-L117P mutant and transiently 
expressed different amounts of the construct in TSC1–/– MEF cells (Fig EV3A). Our data showed that 
overexpression of Tsc1-L117P correlates to its stabilization as well as stability of Tsc2 (Fig EV3A). 
Furthermore, expression of 1µg Tsc1-L117P in TSC1–/– MEF cells is undetectable by Western blot, 
however treatment of these cells with the proteasome inhibitor bortezomib leads to stabilization of 
Tsc1-L117P (Fig EV3B). Finally, we overexpressed Tsc1-L117P and could detect it by Western blot 
(Fig EV3C). Immunoprecipitation of this mutant allowed us to Co-IP and detect both Tsc2 and Hsp90 
together (Fig EV3C). We believe our data at least partially addresses the reviewer’s comment. 
 

Page 18 
It would be very interesting if the authors check the effect of Aha1-Y223E on the maturation of CFTR 
(as in Figure 3C). It is known that the Aha1-Hsp90 interaction leads to a 'premature' form of CFTR. It 
would give substantial support to the author's conclusion that the delay in the Hsp90 cycle by Tsc1 
binding is responsible in driving proper CFTR maturation. 

We appreciate this great comment by the reviewer. We have previously reported the effect of Aha1-
Y223E on the maturation of CFTR (Response Fig 2), (Dunn et al., 2015).  
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Please see below. 

 

Response Fig 2. HEK293 cells were co-transfected with CFTR and hAha1-FLAG (WT) and Y223F and 
Y223E mutants. After 24 hr, CFTR, hAha1-FLAG, and hHsp90 were detected by immunoblotting. 
Taken from (Dunn et al., 2015).   
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Referee #2: 
 
This manuscript reports the discovery of a novel Hsp90 co-chaperone, Tsc1. 
The molecular chaperone Hsp90 and its numerous cochaperones form an important hub in the protein 
folding and quality control network of the eukaryotic cell. The cochaperones target specific substrates to 
Hsp90, control its ATPase cycle and recruit additional activities such as peptidyl-prolyl isomerase 
activity to the complex. 
Mutations in the genes Tsc1 and Tsc2 are the cause of a rare form of cancer, tuberous sclerosis 
complex (TSC). Tsc2 is a GTPase activating protein. The cancer mutations seem to destabilize Tsc2 
and upregulate the mTOR pathway. The 140 kDa protein Tsc1 functions by stabilizing Tsc2 against 
degradation. 
The authors present a plethora of data in support of Tsc1 being a general Hsp90 cochaperone and 
Tsc2 being a Hsp90 substrate: 
First, they show that Tsc2 associates with Tsc1 and the chaperones Hsp70 and Hsp90. Moreover, 
Tsc2-IP pulls down the Hsp90 cochaperones HOP, PP5, Cdc37 and p23. Inhibition with Hsp70 and 
Hsp90 inhibitors destabilizes Tsc2; proteasome inhibition stabilizes Tsc2. This suggests that Hsp70 and 
Hsp90 are involved in quality control of Tsc2. Tsc1 is unaffected, consistent with a cochaperone 
function. Experiments with purified Tsc2 and Hsp90 suggest that Tsc1 is needed for efficient loading of 
Tsc2 onto Hsp90. 
Tsc1 also associates with Hsp70 and Hsp90, and with typical Hsp90 client proteins, such as the 
kinases Raf-1, Akt1 and Cdk4 and the steroid receptor GR. Intriguingly, several Hsp90 cochaperones 
influencing the ATPase cycle of Hsp90, such as HOP, p23 and Aha1 did not associate with Tsc1, 
suggesting mutually exclusive binding to Hsp90. Tsc1 associates with the middle and C-terminal 
domains of Hsp90; binding is dependent on the C-terminal MEEVD motif of Hsp90, although Tsc1 does 
not seem to contain a TPR domain, which is known to associate with MEEVD motifs. The C-terminal 
166 residues of Tsc1, Tsc1-D, appear sufficient for Hsp90 binding; this part exclusively interacts with 
the middle domain. Tsc1-D inhibits Hsp90 ATPase activity in a dose-dependent manner. 
The authors also investigate the interplay of Tsc1 with the ATPase-activating Hsp90 co-chaperone 
Aha1. Binding of the two factors to the middle domain seems mutually exclusive, and dependent on 
phosphorylation of Hsp90 at position 313. Binding of Tsc1 and Aha1 is sensitive to a mutation in the 
middle domain of Hsp90. In yeast, expression of Tsc1 is toxic, when endogenous Hsp90 is replaced by 
human Hsp90. Co-expression of a phosphomimetic mutant of human Aha1 relieves toxicity. 
 
In summary, this is an interesting study. Additional work is mainly needed to make the narrative more 
digestible. 
 
Critique: 
The amount of data in the manuscript is overwhelming. I am not sure, whether everything that is shown 
in the main text is needed to demonstrate that Tsc1 functions as a Hsp90 cochaperone.  
 
To convey the story, it would be advantageous to explain the actual function of Tsc1 in cells better. Is it 
highly specialized in chaperoning Tsc2, or a general factor that affects every Hsp90 client protein?  
We appreciate the reviewer’s comment and as we have already mentioned in the Introduction and 
Discussion, the current literature describe the role of Tsc1 in the stability of Tsc2, hence down-
regulation of the mTORC1 pathway (Crino et al., 2006, Neuman & Henske, 2011). However, our 
findings suggest an additional function, mainly regulation of Hsp90 in cells. Our results (Fig 2I, 3A, 3B, 
3C) suggest that Tsc1 is involved in not only chaperoning of Tsc2 but also other Hsp90 clients (ie 
kinases and non-kinases). We have explicitly stated this in the Discussion; “Tsc1 is a new co-
chaperone of Hsp90 and our findings suggest that the newly identified function of Tsc1 is to regulate 
the chaperoning of Hsp90 clients including Tsc2”. We have explained this point in detail in the 
Discussion section.  
 
Is its cellular abundance similar to Aha1?  
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This is a very good question and based on the published data (Carpy et al., 2014) available on the 
fission yeast genome database (https://www.pombase.org/), S. pombe has approximately 400,000 
Aha1 molecules/cell; 6,200 Tsc1 molecules/cell and 883,920 Hsp90 molecules/cell Hsp90. 
However, as it has been demonstrated previously, PTMs of Hsp90 and its co-chaperones can 
dramatically impact the binding affinity (Dunn et al., 2015, Mollapour et al., 2010, Mollapour et al., 2011, 
Soroka et al., 2012).  
 
Is Tsc1 conserved in protists, animals and plants? 
Plants appear to lack TSC1/2 complex altogether (Diaz-Troya et al., 2008, Vernoud et al., 2003) 
despite the presence of TORC1 (Deprost et al., 2007, Menand et al., 2002).  
 
Tsc1 orthologs have been found in animals and fungi but not in C. elegans and S. cerevisiae. 
Furthermore, while Tsc1 orthologs are always observed together with Tsc2 orthologs in the same 
genomes, Tsc2 can be found on its own in additional eukaryotic species (see below figure from (van 
Dam et al., 2011)). Interestingly GAP domain exists in Tsc2 from these species (D. discoideum, C. 
merolae, P. infestans, P. sojae, Phaeodactylum tricornutum) but not the Tsc1-binding domain that is 
necessary for interaction with Tsc1. Additionally the existence of Tsc1 orthologs in animals and fungi is 
similar to phylogenetic distribution of the Tsc1-binding domain of Tsc2. This suggests that Tsc2 stability 
depends on another mechanism that may be independent of Hsp90 or perhaps Tsc2 takes advantage 
of another co-chaperone for its’ binding to Hsp90. We will definitely explore these possibilities in our 
future research. 

 
(Taken from (van Dam et al., 2011)) 
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Why is Tsc1 such a large protein, when the C-terminal snippet is sufficient to regulate Hsp90 ATPase 
activity? These aspects should be explained in the Introduction and Discussion sections of the 
manuscript. 
We appreciate this comment and we have discussed this point in the Discussion and very briefly in 
Introduction section because of character limits set by the journal. 
 
More specifically, although Tsc1-D fragment is sufficient to inhibit Hsp90 ATPase activity, other regions 
of Tsc1, as it has been shown previously, are essential for binding to Tsc2. We expect that Tsc1’s role 
as a co-chaperone is dependent not just on its effect on Hsp90 ATPase activity but possibly also on 
other functions such as loading clients to Hsp90. It is worth mentioning that we have also recently 
identified and reported new co-chaperones of Hsp90, FNIP1 (131 kDa) and FNIP2 (125 kDa), which 
are similar size in molecular weight to Tsc1 (130kDa) (Woodford et al., 2016a). 
 
Deletion of Tsc1 in vivo appears to destabilize Hsp90 client proteins, in support of the conclusion that 
Tsc1 is a Hsp90 cochaperone. In order to show that this is a direct consequence of Hsp90 mis-
regulation, the same effects should be shown for Hsp90 inhibition. 
We appreciate the reviewer’s comment, however we respectfully oppose inclusion of these data, 
because we have carefully chosen these clients based on previous publications, including some from 
our group (Dunn et al., 2015, Woodford et al., 2016a, Woodford et al., 2016b). They have been 
characterized and classified as the bona fide clients of Hsp90. Although the suggested experiment 
could serve as an additional control, our “overwhelming amount of data” contains adequate positive and 
negative controls that inclusion of data with Hsp90 inhibitors would appear redundant.  
 
Perhaps one could take advantage of the Tsc1 knockout cell lines and express the minimum construct 
Tsc1-D, in order to investigate the effect on different Hsp90 client proteins. This could show which 
clients are directly affected by Tsc1 expression, in contrast to indirect effects by unbalancing the 
competition between Tsc1 and cochaperones Aha1, HOP and p23. 
This is a great suggestion by the reviewer. In response, we have carried out the following experiments; 
 
A) Transiently over-expressed Tsc1-D fragment in Tsc1–/– MEF cells and examined the stability and 
activity of the clients (eg ErbB2, Raf1, ULK1, c-Src, Cdk4, GR, FLCN and Tsc2) by immunoblotting.  
 
Our data showed that overexpression of Tsc1-D-FLAG in Tsc1–/– MEF cells led to marked increase in 
c-Src activation (as observed by phospho-Y416-c-Src). In contrast, GR levels were slightly reduced. 
Further, the levels of Tsc2 were unchanged (see below, Response Fig 3A). 
 
B) Transiently over-expressed Tsc1-D fragment in HEK293 cells and then evaluated the stability and 
activity of the clients (eg ErbB2, Raf1, ULK1, c-Src, Cdk4, GR, FLCN and Tsc2) by immunoblotting 
(Response Fig 3B).  
 
Again we found activation of c-Src as assessed by phospho-Y416-c-Src antibody, and surprisingly, a 
reduction in Tsc2 stability. See figure below (Response Fig 3B).  
 
Taken together, these data suggest that overexpression of Tsc1-D in either the presence or absence of 
endogenous Tsc1 leads to activation of c-Src (see below, Response Fig 3A, B). We speculate that this 
effect is through deceleration of Hsp90 ATPase activity or perhaps as the reviewer rightly suggested, 
the consequence of imbalance of interaction of other co-chaperones such as Aha1, HOP or p23 with 
Hsp90.  Additionally, our data suggest that the co-chaperone function of Tsc1 towards the other clients 
requires additional domains of Tsc1. Since Tsc1-D lacks these domains and can no longer bind to 
Tsc2, it therefore cannot enhance the stability of Tsc2 in the Tsc1–/– MEF cells. Our surprising 
observation of Tsc2 destabilization in HEK293 cells overexpressing Tsc1-D fragment could be the 
result of its competition with endogenous Tsc1 for binding to Hsp90 (Response Fig 3B). Dissecting the 
dynamic of the Tsc1-D fragment binding to the Hsp90 co-chaperone complex requires additional 
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experiments and we plan to address these questions in our future work. Therefore we have decided not 
to include these data in the current manuscript. 
 

 
 
(Response Fig 3. for referees not shown)
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Referee #3: 
 
The paper by Woodford et al delineates a physical and functional interaction between the Tuberous 
Sclerosis Complex (TSC) 1 and the Hsp90 chaperone. Using biochemical and functional data, the 
authors propose that TSC1 functions as an inhibitor of the ATPase activity of Hsp90. In turn, binding of 
TSC1 to Hsp90 affects cellular levels of several Hsp90 substrates, including kinases involved in signal 
transduction. These data imply an unexpected connection between the TSC protein complex, 
traditionally associated with mTOR regulation, and a broad range of physiological processes controlled 
by Hsp90 and its co-chaperones. 
 
Despite its potential interest, the manuscript suffers from major conceptual weaknesses. 
We are grateful to the reviewer for the above summary of our manuscript. However, we would like to 
clarify a few points that the reviewer may have misunderstood in our manuscript. Previous work has 
shown that Tsc1 protects Tsc2 from interacting with HERC1 ubiquitin ligase and prevents its ubiquitin-
mediated degradation (Chong-Kopera et al., 2006). However, it is unclear if Tsc1 has a chaperone or a 
co-chaperone activity towards Tsc2. This has remained one of the major gaps in our knowledge with 
respect to the TSC research field. 
 
The reviewer is correct by stating that we have used biochemical, biophysical, and functional cell-based 
assays to conclude that Tsc1 is a new co-chaperone of Hsp90 by inhibiting its ATPase activity. This 
allows Hsp90 to chaperone its kinase and non-kinase clients including Tsc2, therefore preventing their 
ubiquitination and proteasomal degradation. Our findings will conceptually advance not only the 
molecular chaperone research area but also the TSC field, because it has emphasized the importance 
of Tsc1 function in different signaling pathways through regulating Hsp90 chaperone function. 
 
 
1- The exact role of TSC1 toward Hsp90 remains unclear. In Fig 3A and 3B, both TSC1 deletion and its 
overexpression lead to reduced levels of Hsp90 clients such as ErbB2 and Raf1, which is difficult to 
reconcile with the biochemical data of Fig 4-6. Although the biochemical data suggest inhibition of 
Hsp90 catalytic activity by TSC1, whether this translates into geniuine regulatory actions is left wide 
open. 
 
We appreciate the reviewer’s comment, and we would like to explain that there are common assays 
agreed upon by the experts in the Hsp90 field to evaluate the function of Hsp90 in cells. It is only when 
we take these data together that we are able to assess and evaluate Hsp90 chaperone function. These 
assays involve the binding of Hsp90 to its previously characterized client and co-chaperone proteins, 
the stability and activity of the clients, and the ability of Hsp90 to bind and hydrolyze ATP.  
 
Data generated from these experiments allows us to evaluate the chaperone activity of Hsp90. This is 
exactly what we have achieved here and our data has shown that Tsc1 is a decelerator/inhibitor of the 
Hsp90 chaperone function and it also competes with the activator co-chaperone Aha1 for binding to 
Hsp90 (Figure 4-6). In Figure 3A the reviewer will notice that deletion of TSC1 reduces the stability of 
the kinase (eg ErbB2, Raf1, ULK1, c-Src and CDK4) and non-kinase clients such as GR, Tsc2, and the 
tumor suppressor FLCN. This is due to hyperactivity of the Hsp90 chaperone cycle and perhaps 
inability of these clients to be loaded to Hsp90 as the result of TSC1 absence in cells. 
 
In Figure 3B overexpression of TSC1 and deceleration/inhibition of Hsp90 chaperone function actually 
increases the stability of GR and FLCN and also the activity of GR. This is in agreement with the 
current model in the Hsp90 field that the non-kinase clients such as steroid hormone receptors 
generally prefer “slow” Hsp90 chaperone function. We further demonstrated this point with another non-
kinase client, CFTR, in Figure 3C. Over-expression of TSC1 actually improved the chaperoning of 
CFTR. 
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This effect gets confusing when we examine the kinase clients such as ErbB2, Raf1, ULK1, and c-Src 
where hyper- or hypoactive Hsp90 as the result of absence or over-expression of TSC1 can lead to 
destabilization or down-regulation of these kinase clients. These kinase clients are very sensitive to 
changes to the Hsp90 chaperone cycle. We have included Cdk4 as a control, because it is already 
established that a slow chaperone cycle of Hsp90 has very little effect on Cdk4 stability.  
 
To address the reviewer’s comment and unravel the “genuine regulatory actions of Tsc1”, we have 
carried out further experiments in order to delineate Tsc1 co-chaperone function as a 
decelerator/inhibitor of Hsp90 chaperone function and a scaffold co-chaperone that facilitates client 
binding to Hsp90.  
 
This was achieved by;  
 
A) Transiently over-expressed Tsc1-D fragment in Tsc1–/– MEF cells and examined the stability and 
activity of the clients (eg ErbB2, Raf1, ULK1, c-Src, Cdk4, GR, FLCN and Tsc2) by immunoblotting.  
 
Our data showed that overexpression of Tsc1-D-FLAG in Tsc1–/– MEF cells led to marked increase in 
c-Src activation (as observed by phospho-Y416-c-Src). In contrast, GR levels were slightly reduced. 
Further, the levels of Tsc2 were unchanged (Response Fig 3A). 
 
B) Transiently over-expressed Tsc1-D fragment in HEK293 cells and then evaluated the stability and 
activity of the clients (eg ErbB2, Raf1, ULK1, c-Src, Cdk4, GR, FLCN and Tsc2) by immunoblotting 
(Response Fig 3B).  
 
Again we found activation of c-Src as assessed by phospho-Y416-c-Src antibody, and surprisingly, a 
reduction in Tsc2 stability. See figure below.  
 
Taken together, these data suggest that overexpression of Tsc1-D in either the presence or absence of 
endogenous Tsc1 leads to activation of c-Src (Response Fig 3A, B). We speculate that this effect is 
through deceleration of Hsp90 ATPase activity. Additionally, our data suggest that the co-chaperone 
function of Tsc1 towards the other clients requires additional domains of Tsc1. Since Tsc1-D lacks 
these domains and can no longer bind to Tsc2, it therefore cannot enhance the stability of Tsc2 in the 
Tsc1–/– MEF cells. Our surprising observation of Tsc2 destabilization in HEK293 cells overexpressing 
Tsc1-D fragment could be the result of its competition with endogenous Tsc1 for binding to Hsp90 
(Response Fig 3B). Dissecting the dynamic of the Tsc1-D fragment binding to the Hsp90 co-chaperone 
complex requires additional experiments and we plan to address these questions in our future work. 
Therefore we have decided not to include these data in the current manuscript. 



	
   14 

 
 
(Response Fig 3. for referees not shown)
 
 
 
 
It is noteworthy that these data were also requested by the reviewer #2. 
 
 
2- A crucial point is that the effects of TSC1 deletion and overexpression on cellular levels of TSC2 are 
not shown. If TSC2 was a client of Hsp90 (as suggested by the results in Fig 1), one would expect that 
TSC1 deletion/overexpression should have major effects on TSC2 stability. It is surprising that the 
authors did not check this point. 
We have carried out this experiment. Please see our response to comment 1 above. Additionally we 
have probed Tsc2 in Fig 3A, B and C, and Fig EV2A, B, in order to show the effects of TSC1 deletion 
and overexpression on the stability of Tsc2. Taken together, absence of Tsc1 significantly reduces the 
stability of Tsc2. Conversely overexpression of Tsc1 had a slight positive impact on the stability of 
Tsc2. 
 
 
3- The fact that TSC1 is upstream of Hsp90, whereas TSC2 is downstream of it, implies that deletion of 
TSC1 and TSC2 should not phenocopy each other, which runs contrary to most reports. Have the 
authors looked at the levels and activity of Erk1, Raf-1, ULK1 and c-Src, side-by-side in TSC1 vs TSC2 
null cells? 
We thank the reviewer, however we respectfully disagree with their comment for the following reasons;   
 
Tsc1 ablation results in phenotypes that closely resemble Tsc2 mutants in different organisms (Orlova 
& Crino, 2010). This, together with the well-established Tsc1-Tsc2 interaction, led to the general view 
that Tsc1 and Tsc2 act exclusively in complex. Previous works (Miloloza et al., 2002, Thien et al., 2015) 
challenge the common notion that Tsc1 and Tsc2 are strictly interdependent. Further evidence for 
separate functions of Tsc1 and Tsc2 comes from microarray and proteomic approaches, which reveal 
that the TSC genes trigger substantially different cellular responses (Hengstschlager et al., 2005, 
Rosner et al., 2005). Interestingly, in renal and bladder cancers TSC1 mutations seem to be more 
prevalent, as compared to TSC2 (Hornigold et al., 1999, Kucejova et al., 2011, Pymar et al., 2008). 
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Finally, inactivation of TSC2 causes a different epilepsy phenotype than TSC1 inactivation in a mouse 
model of TSC (Zeng et al., 2011). Due to this body of evidence along with our current manuscript we 
strongly believe that TSC1 and TSC2 deletion do not phenocopy each other. Therefore the proposed 
experiments would not add any new information to our story presented here. 
 
4- Does the TSC1-Hsp90 connection play a role in mTORC1 signaling or does it represent a completely 
separate activity? The authors should perform a basic characterization of mTORC1 signaling in TSC1 
vs TSC2 null cells. They should also rescue TSC1 null cells with TSC1 constructs that can or cannot 
bind to Hsp90 and determine their ability to restore mTORC1 regulation. 
We are grateful to the reviewer for suggesting these experiments.  
We are providing new data comparing the mTORC1 signaling in Tsc1–/–, Tsc2–/– and WT MEFs (see 
below Response Fig 4A). Our data shows that total mTOR is reduced in Tsc1–/– but not Tsc2–/– 
MEFs. This is because mTOR is a known client of Hsp90. However, this reduction in mTOR protein 
level does not diminish its activity in the Tsc1–/– MEF cells, as shown by pS6K immunoblots. We do 
not have any mechanistic explanations for this data. We speculate that this is because of differences in 
Hsp90 chaperone activity between Tsc1–/– and Tsc2–/– MEFs. Our drug binding assays using the 
lysates from these two cells lines showed that Hsp90 from Tsc1–/– MEFs bound less ganetespib 
compared to the WT and Tsc2–/– MEFs (Fig 4D, Response Fig 4B). We also did not see any changes 
to drug binding of Hsp90 from WT and Tsc2–/– MEFs (Response Fig 4B). This suggests that Hsp90 
dynamics are more affected by Tsc1 vs. Tsc2 loss, which would have subsequent effects on mTORC1 
signaling since many pathway components are clients of Hsp90. 

 
 
Response Fig 4. mTOR signaling in TSC1 and TSC2 -/- MEF cells. 
A) Lysates from wild-type (WT), Tsc1 and Tsc2 -/- MEF cells were immunblotted for the components of 
the mTOR signaling 
B) Lysates from HEK293 overexpressing Tsc2-FLAG, as well as Tsc2 -/- and +/+ MEF cells were 
incubated with indicated amounts of biotinylated-GB followed by streptavidin agarose-beads. Hsp90 
was detected by immunoblotting. Hsp90 and Tsc2 inputs were presented in the lower panel. 
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Taken together our data, although preliminary, shows that the Tsc1-Hsp90 connection plays a role in 
mTORC1 signaling. Because of the complexity of this pathway and requirement of additional data to 
decipher the mTORC1 signaling, we believe addition of the current data (Response Fig 4) in the 
manuscript will confuse the readers and eventually dilute our take home message.  
 
With regards to the reviewer’s second comment, “They should also rescue TSC1 null cells with TSC1 
constructs that can or cannot bind to Hsp90 and determine their ability to restore mTORC1 regulation”: 
unfortunately we have not yet identified a Tsc1 mutant that does not interact with Hsp90. Our 
alternative strategy was to express Tsc1 lacking the D-fragment (Tsc1 aa1-998) in the Tsc1-null cells, 
therefore disrupting Tsc1 interaction with Hsp90. However, we were concerned about our interpretation 
of this potential data because we show that Tsc1-D interacts with only the middle domain of Hsp90 (Fig 
2E) but deletion of the MEEVD motif (the TPR domain binding site) at the very C-terminus of Hsp90 
completely abrogates Tsc1 binding to Hsp90 (Fig 2C). This suggests that the binding of Tsc1 to Hsp90 
is complex, and it requires multiple surfaces of Tsc1 to interact with Hsp90. We therefore did not feel 
that this Tsc1 D-less fragment (Tsc1 aa1-998) was sufficient to answer this comment and would 
complicate the interpretation of our data.   
 
5- The fact that TSC1 and TSC2 interact with both Hsp90 and Hsp70 raises concerns that the 
interaction may not be as specific as the authors propose. Since the Hsp70 interaction is shown in the 
paper, its reproducibility and significance should be documented, at least in part. 
Based on our findings, Tsc2 is a client protein of both Hsp70 and Hsp90. We also propose that Tsc1 is 
a new co-chaperone of Hsp90. However, whether Tsc1 functions like the co-chaperone HOP and also 
regulates Hsp70 (Schmid et al., 2012, Southworth & Agard, 2011), remains unknown. We were careful 
not to make this speculation in the Discussion, however we have clarified and stated the significance of 
this finding in our Discussion; 

“Like other co-chaperones such as Cdc37 and HOP, Tsc1 behaves as a scaffold in order to load 
clients, in this case Tsc2, to Hsp90. It is also conceivable that Tsc1 regulates the chaperone function of 
Hsp70 and perhaps like HOP, connecting the transfer of clients between Hsp70 and Hsp90.” 

With regards to reproducibility, as we have stated in the Methods section, the data presented in our 
paper are the representative examples of three biological replicates. 
 
Additional points. 
 
1- The interaction between TSC2 and Hsp90 (Fig 1A) lacks adequate negative controls. IgG is not 
sufficient, another protein of comparable size to TSC2 should be provided. 
We thank the reviewer for this comment. Hsp90 is a molecular chaperone that has approximately 200 
known client proteins of various molecular weights. Therefore, we do not feel comfortable using a 
random protein of comparable size to Tsc2 as a negative control in this experiment. The use of IgG as 
a negative control is a common practice and is generally accepted in the field, as we have used 
previously in immunoprecipitation experiments of large molecular weight proteins, such as the new co-
chaperones FNIP1 and FNIP2 (Woodford et al., 2016a). We have provided additional negative data 
(please see below and Fig EV1) demonstrating the absence of interaction of Tsc2 with the co-
chaperone Aha1. We believe that this will serve as a better negative control and will not confuse the 
readers, instead of using a random protein of a similar size as Tsc2. 
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2- Similarly, in Fig 2A, an adequate negative control must be provided for the interaction of TSC1 with 
Hsp90. 

Similar to point 1, relevant negative controls are already presented in Fig EV2A. These include HOP, 
p23 and Aha1. 
Please see above. 

 
 
3- The ATPase assay in Fig 2G also lacks a negative control protein, therefore it cannot be concluded 
that TSC1 (D-domain) is a specific Hsp90 inhibitor. 
We thank the reviewer for this comment. We have demonstrated the specificity of Tsc1 on Hsp90 
ATPase activity using BSA as a negative control (Fig EV2E). We have previously shown that BSA does 
not affect Hsp90 ATPase activity in vitro (Woodford et al., 2016a).  
  

Aha1 

Tsc2 

Tsc2 
ab IgG 

Input 
Co–IP 

IP 
Total 

55 
55 

250 

250 

55 
55 
55 
55 
28 
28 

130 
130 

Tsc1 
ab IgG 

p23 

Aha1 

HOP Input 
Co–IP 

Input 
Co–IP 

Input 
Co–IP 

Tsc1 IP 
Total 

kDa 

Fig EV1. Tsc2 was immunoprecipitated from HEK293 cell 
lysates using anti-Tsc2 or IgG (control) and 
immunoblotted with indicated antibody to confirm the lack 
of Aha1 co-chaperones interaction with Tsc2.  

Fig EV2A. Tsc2 was immunoprecipitated from HEK293 cell lysates using 
anti-Tsc1 or IgG (control) and immunoblotted with indicated antibody to 
confirm the lack of Aha1, p23 and HOP co-chaperones interaction with 
Tsc1.  
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2nd Editorial Decision 21 August 2017 

Thank you for submitting a revised version of your manuscript. It has now been seen by all three of 
the original referees and their comments are shown below. As you will see, the referees find that the 
main criticisms have been addressed and they therefore recommend the manuscript for publication 
in The EMBO Journal, pending minor textual revision. I would therefore like to invite you to submit 
a final revision of the manuscript in which you discuss the remaining referee concerns and also 
address the following editorial points:  
 
-> We can accommodate up to 5 keywords per paper and noticed that your manuscript currently has 
7, could I ask you to remove two of them?  
 
-> It looks like the same Tsc2 IP is presented for the co-IPs shown in figure 1A and EV1A, could 
you confirm if this is the case? If so, then please make sure this is mentioned the figure legend. The 
same thing goes for the Tsc1 IPs shown in Figure 2A and Fig EV2A  
 
-> Please include the number of replicas used for calculating statistics in the relevant figure legends 
(currently missing for fig 2G, fig 5J, Fig EV2D-F, Fig EV4B)  
 
-> We generally encourage the publication of source data, particularly for electrophoretic gels and 
blots, with the aim of making primary data more accessible and transparent to the reader. We would 
need 1 file per figure (which can be a composite of source data from several panels) in jpg, gif or 
PDF format, uploaded as "Source data files". The gels should be labelled with the appropriate 
figure/panel number, and should have molecular weight markers; further annotation would clearly 
be useful but is not essential. These files will be published online with the article as a supplementary 
"Source Data". Please let me know if you have any questions about this policy.  
 
Thank you again for giving us the chance to consider your manuscript for The EMBO Journal, I 
look forward to receiving your final revision.  
 
 
------------------------------------------------  
REFEREE REPORTS 
 
 
Referee #1:  
 
In the revised manuscript, the authors have addressed most of my comments. However, in general, 
the paper remains to be lacking in terms of mechanistic insights.  
 
Also, recently a paper was published that shows the interaction of the TSC complex with the R2TP 
complex. R2TP is an Hsp90 cochaperone complex. The paper is:  
Cloutier, P., Poitras, C., Durand, M., Hekmat, O., Fiola-Masson, É., Bouchard, A., Faubert, D., 
Chabot, B., and Coulombe, B. (2017). R2TP/Prefoldin-like component RUVBL1/RUVBL2 directly 
interacts with ZNHIT2 to regulate assembly of U5 small nuclear ribonucleoprotein. Nature 
Communications 8, 15615.  
 
The authors need to cite/address this paper.  
 
 
 
Referee #2:  
 
This paper demonstrates the mechanistic basis for Tsc1 acting as a Hsp90 cochaperone in the 
regulation of the client protein Tsc2. Tsc1 acts by antagonizing the function of Aha1, unless Aha1 is 
phosphorylated. The revised manuscript is clearly improved.  
I am wondering, however, how Tsc1 can generally overcome the Aha1 activase function for diverse 
Hsp90 client proteins, considering the low cellular abundance of Tsc1 (2 orders of magnitude lower 
than Aha1, 3 orders of magnitude lower than Hsp90 in S. pombe). Similar ratios were reported for 
Hela cells (Kulak et al, Nat. Methods 2014)). Also, why should such a crucial factor be present only 
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in select animals and fungi? Is it not more likely that Tsc1 deletion affects the levels of Hsp90 
clients other than Tsc2 by an indirect mechanism, for example via the Tsc2 regulation of the kinase 
activity of mTORC1?  
 
 
 
Referee #3:  
 
In the revised manuscript, Woodford et al have addressed most of the concerns raised by the initial 
submission and clarified some conceptual points. The mechanism of Hsp90 co-chaperoning by 
TSC1 is well delineated and supported by the experiments. Interestingly, a similar Hsp90-regulating 
role for another mTOR regulator, the FNIP1/2 complex, was recently described by the authors, 
which raises the question of how unique or general each of these mechanisms is. Thus, follow-up 
studies will be required to fully uncover the physiological roles of the TSC1-Hsp90 interaction. 
 
 
2nd Revision - authors' response 15 September 2017 
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Dr Anne Nielsen 
Editor  
The EMBO Journal 
Postfach 1022.40, 
69012 Heidelberg,  
Germany 
 
 

750 East Adams St  
Syracuse, NY 13210 
Phone: +1-315-464-8749 
Fax      +1-315-464-8750 
mollapom@upstate.edu 
www.mollapourlab.com 

    September 15, 2017 
 
RE: EMBOJ-2017-96700R 
 
Dear Dr Nielsen, 
 
Thank you for giving us the opportunity to address the reviewer’s questions and concerns. We are also 
grateful to the reviewers for their constructive and insightful comments on our manuscript by Woodford 
et al., entitled “Tsc1 co-chaperone breaks the asymmetric binding of Aha1 with Hsp90 and inhibits the 
ATPase activity”. We are happy to see that the reviewers agreed to the publication of our work. 
 
Below, we provide a detailed point-by-point response to the reviewers’ questions. 
 
Thank you for agreeing to publish our manuscript in The EMBO Journal. 
 
 
 
Sincerely, 

 
Mehdi Mollapour PhD 
Assistant Professor of Urology 
Head, Renal Cancer Biology Section 
Department of Urology 
SUNY Upstate Medical University
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We are grateful to the reviewers for recommending our manuscript for publication. Below, we provide a 
detailed point-by-point response to the reviewers’ questions.  
 
 
Referee #1:  
In the revised manuscript, the authors have addressed most of my comments. However, in general, the 
paper remains to be lacking in terms of mechanistic insights.  
 
Also, recently a paper was published that shows the interaction of the TSC complex with the R2TP 
complex. R2TP is an Hsp90 cochaperone complex. The paper is:  
Cloutier, P., Poitras, C., Durand, M., Hekmat, O., Fiola-Masson, É., Bouchard, A., Faubert, D., Chabot, 
B., and Coulombe, B. (2017). R2TP/Prefoldin-like component RUVBL1/RUVBL2 directly interacts with 
ZNHIT2 to regulate assembly of U5 small nuclear ribonucleoprotein. Nature Communications 8, 15615. 
The authors need to cite/address this paper.  
 
We thank the reviewer for appreciating our additional data. We respectfully disagree with their comment 
about our manuscript lacking mechanistic insight. 
 
We would like you to refer to our previous response to this criticism; 
We have identified Tsc1 as a new co-chaperone and Tsc2 as a new client of Hsp90. Tsc1 decelerates 
the chaperone cycle by inhibiting Hsp90 ATPase-activity, therefore loading Tsc2 on Hsp90. This 
prevents Tsc2 from ubiquitination and proteasomal degradation. Our work has also mechanistically 
demonstrated that Tsc1 carboxy-domain homodimerizes and binds to both protomers of the Hsp90 
middle-domain, which is sufficient to inhibit Hsp90 ATPase activity. Tsc1 interacts with the Aha1 
binding sites on Hsp90 middle-domain, therefore breaking the asymmetric interaction of Aha1 with 
Hsp90. Our data has also led us to speculate that Tsc1 prevents the conformational changes in the 
catalytic loop of Hsp90 and stops the release of R400 from its retracted inactivating conformation 
consequently inhibiting Hsp90 ATPase activity. The latter statement is only a speculation on how 
exactly Tsc1 might inhibit Hsp90 ATPase activity, which requires structural data in order to confirm this 
phenomenon. This is clearly not within the scope of this paper.  

It is unfortunate that our response does not satisfy the reviewer’s critique; we therefore, 
respectfully, have to agree to disagree. 
 
We have referenced Cloutier et al., 2017. Nature Communications in our Discussion section. 
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Referee #2:  
This paper demonstrates the mechanistic basis for Tsc1 acting as a Hsp90 cochaperone in the 
regulation of the client protein Tsc2. Tsc1 acts by antagonizing the function of Aha1, unless Aha1 is 
phosphorylated. The revised manuscript is clearly improved. I am wondering, however, how Tsc1 can 
generally overcome the Aha1 activase function for diverse Hsp90 client proteins, considering the low 
cellular abundance of Tsc1 (2 orders of magnitude lower than Aha1, 3 orders of magnitude lower than 
Hsp90 in S. pombe). Similar ratios were reported for Hela cells (Kulak et al, Nat. Methods 2014)).  
We are happy and grateful that the reviewer is pleased with the revised manuscript.  
 
With regards to the reviewer’s question, we believe a similar mechanism to Aha1 post-translational 
modification might be playing a role in increasing the affinity of post-translationally modified Tsc1 
binding to Hsp90. We are currently dissecting the PTM of Tsc1 and their impact on binding to Hsp90. 
 
Also, why should such a crucial factor be present only in select animals and fungi?  
This is a very interesting observation, however we do not have an explanation for this phenomenon. 
 
Is it not more likely that Tsc1 deletion affects the levels of Hsp90 clients other than Tsc2 by an indirect 
mechanism, for example via the Tsc2 regulation of the kinase activity of mTORC1?  
 
This is a valid point, however one can make the same argument with the other co-chaperones of 
Hsp90. In other words it is not the direct effect of the co-chaperones per se but the consequential effect 
on the signaling pathways. However, what has made it difficult for the reviewers to digest our research 
is the fact that Tsc1 and Tsc2 has always been linked to the mTOR pathway, and therefore any effects 
of Tsc1 are automatically linked to defects in the mTOR pathway. However, if one looks at our study 
collectively, the biophysical, biochemical and cell-based assays conclude that Tsc1 is a bona fide co-
chaperone of Hsp90 and modulation of its activity has detrimental effects not only on the mTOR 
pathway, but other signaling pathways. We do appreciate that dissecting this in cells is a challenging 
task.  
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Referee #3:  
In the revised manuscript, Woodford et al have addressed most of the concerns raised by the initial 
submission and clarified some conceptual points. The mechanism of Hsp90 co-chaperoning by TSC1 is 
well delineated and supported by the experiments. Interestingly, a similar Hsp90-regulating role for 
another mTOR regulator, the FNIP1/2 complex, was recently described by the authors, which raises the 
question of how unique or general each of these mechanisms is. Thus, follow-up studies will be 
required to fully uncover the physiological roles of the TSC1-Hsp90 interaction.  
 
We would like to thank the reviewer for appreciating our revised manuscript. We are currently 
conducting further experiments to address the relationship between FNIPs and Tsc1 on Hsp90 
function. We are also planning to uncover the physiological role of Tsc1 as a co-chaperone of Hsp90. 
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3rd Editorial Decision 02 October 2017 

Thank you for submitting the final revision of your manuscript, I am pleased to inform you that your 
study has now been officially accepted for publication in The EMBO Journal.  
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  Reporting	
  Preclinical	
  Research	
  issued	
  by	
  the	
  NIH	
  in	
  2014.	
  Please	
  follow	
  the	
  journal’s	
  
authorship	
  guidelines	
  in	
  preparing	
  your	
  manuscript.	
  	
  

PLEASE	
  NOTE	
  THAT	
  THIS	
  CHECKLIST	
  WILL	
  BE	
  PUBLISHED	
  ALONGSIDE	
  YOUR	
  PAPER

Journal	
  Submitted	
  to:	
  EMBO	
  Journal
Corresponding	
  Author	
  Name:	
  Mehdi	
  Mollapour

a	
  statement	
  of	
  how	
  many	
  times	
  the	
  experiment	
  shown	
  was	
  independently	
  replicated	
  in	
  the	
  laboratory.

Any	
  descriptions	
  too	
  long	
  for	
  the	
  figure	
  legend	
  should	
  be	
  included	
  in	
  the	
  methods	
  section	
  and/or	
  with	
  the	
  source	
  data.

	
  

In	
  the	
  pink	
  boxes	
  below,	
  please	
  ensure	
  that	
  the	
  answers	
  to	
  the	
  following	
  questions	
  are	
  reported	
  in	
  the	
  manuscript	
  itself.	
  
Every	
  question	
  should	
  be	
  answered.	
  If	
  the	
  question	
  is	
  not	
  relevant	
  to	
  your	
  research,	
  please	
  write	
  NA	
  (non	
  applicable).	
  	
  
We	
  encourage	
  you	
  to	
  include	
  a	
  specific	
  subsection	
  in	
  the	
  methods	
  section	
  for	
  statistics,	
  reagents,	
  animal	
  models	
  and	
  human	
  
subjects.	
  	
  

definitions	
  of	
  statistical	
  methods	
  and	
  measures:

a	
  description	
  of	
  the	
  sample	
  collection	
  allowing	
  the	
  reader	
  to	
  understand	
  whether	
  the	
  samples	
  represent	
  technical	
  or	
  
biological	
  replicates	
  (including	
  how	
  many	
  animals,	
  litters,	
  cultures,	
  etc.).

Please	
  fill	
  out	
  these	
  boxes	
  ê	
  (Do	
  not	
  worry	
  if	
  you	
  cannot	
  see	
  all	
  your	
  text	
  once	
  you	
  press	
  return)

a	
  specification	
  of	
  the	
  experimental	
  system	
  investigated	
  (eg	
  cell	
  line,	
  species	
  name).

B-­‐	
  Statistics	
  and	
  general	
  methods

the	
  assay(s)	
  and	
  method(s)	
  used	
  to	
  carry	
  out	
  the	
  reported	
  observations	
  and	
  measurements	
  
an	
  explicit	
  mention	
  of	
  the	
  biological	
  and	
  chemical	
  entity(ies)	
  that	
  are	
  being	
  measured.
an	
  explicit	
  mention	
  of	
  the	
  biological	
  and	
  chemical	
  entity(ies)	
  that	
  are	
  altered/varied/perturbed	
  in	
  a	
  controlled	
  manner.

1.	
  Data

the	
  data	
  were	
  obtained	
  and	
  processed	
  according	
  to	
  the	
  field’s	
  best	
  practice	
  and	
  are	
  presented	
  to	
  reflect	
  the	
  results	
  of	
  the	
  
experiments	
  in	
  an	
  accurate	
  and	
  unbiased	
  manner.
figure	
  panels	
  include	
  only	
  data	
  points,	
  measurements	
  or	
  observations	
  that	
  can	
  be	
  compared	
  to	
  each	
  other	
  in	
  a	
  scientifically	
  
meaningful	
  way.
graphs	
  include	
  clearly	
  labeled	
  error	
  bars	
  for	
  independent	
  experiments	
  and	
  sample	
  sizes.	
  Unless	
  justified,	
  error	
  bars	
  should	
  
not	
  be	
  shown	
  for	
  technical	
  replicates.
if	
  n<	
  5,	
  the	
  individual	
  data	
  points	
  from	
  each	
  experiment	
  should	
  be	
  plotted	
  and	
  any	
  statistical	
  test	
  employed	
  should	
  be	
  
justified

the	
  exact	
  sample	
  size	
  (n)	
  for	
  each	
  experimental	
  group/condition,	
  given	
  as	
  a	
  number,	
  not	
  a	
  range;

Each	
  figure	
  caption	
  should	
  contain	
  the	
  following	
  information,	
  for	
  each	
  panel	
  where	
  they	
  are	
  relevant:

2.	
  Captions

The	
  data	
  shown	
  in	
  figures	
  should	
  satisfy	
  the	
  following	
  conditions:

Source	
  Data	
  should	
  be	
  included	
  to	
  report	
  the	
  data	
  underlying	
  graphs.	
  Please	
  follow	
  the	
  guidelines	
  set	
  out	
  in	
  the	
  author	
  ship	
  
guidelines	
  on	
  Data	
  Presentation.

YOU	
  MUST	
  COMPLETE	
  ALL	
  CELLS	
  WITH	
  A	
  PINK	
  BACKGROUND	
  ê

All	
  experiments	
  were	
  reproduced	
  with	
  independent	
  biological	
  replicates.
When	
  variance	
  was	
  observed	
  between	
  replicates	
  the	
  sample	
  size	
  was	
  increased.

Power	
  calculation:	
  differences	
  between	
  groups	
  was	
  evaluated	
  using	
  the	
  pair-­‐wise	
  comparisons	
  
based	
  on	
  the	
  two-­‐sided	
  two-­‐sample	
  t-­‐test	
  under	
  the	
  assumption	
  of	
  equal	
  variance.	
  To	
  keep	
  the	
  
overall	
  type	
  I	
  error	
  not	
  higher	
  than	
  0.05,	
  Bonferroni	
  adjustment	
  is	
  used.	
  A	
  sample	
  size	
  of	
  5	
  (total	
  
n=10)	
  mice	
  per	
  group	
  is	
  required	
  to	
  achieve	
  90%	
  power	
  to	
  detect	
  a	
  difference	
  of	
  1.5	
  SD	
  between	
  
two	
  groups	
  at	
  a	
  significance	
  level	
  of	
  0.025	
  (=0.05/2).	
  

No	
  samples	
  or	
  animals	
  were	
  exluded	
  from	
  this	
  study.

No	
  randomization	
  or	
  blinding	
  	
  was	
  	
  used	
  	
  in	
  	
  this	
  study.

No	
  randomization	
  or	
  blinding	
  	
  was	
  	
  used	
  	
  in	
  	
  this	
  study.

No	
  	
  blinding	
  	
  was	
  	
  used	
  	
  in	
  	
  this	
  study

No	
  	
  blinding	
  	
  was	
  	
  used	
  	
  in	
  	
  this	
  study

Yes,	
  all	
  	
  statistical	
  	
  tests	
  	
  are	
  	
  justified.	
  

The	
  data	
  presented	
  are	
  the	
  representative	
  or	
  examples	
  of	
  three	
  biological	
  replicates	
  unless	
  it	
  is	
  
specified.	
  Data	
  were	
  analyzed	
  with	
  unpaired	
  t-­‐test.	
  



Is	
  there	
  an	
  estimate	
  of	
  variation	
  within	
  each	
  group	
  of	
  data?

Is	
  the	
  variance	
  similar	
  between	
  the	
  groups	
  that	
  are	
  being	
  statistically	
  compared?

6.	
  To	
  show	
  that	
  antibodies	
  were	
  profiled	
  for	
  use	
  in	
  the	
  system	
  under	
  study	
  (assay	
  and	
  species),	
  provide	
  a	
  citation,	
  catalog	
  
number	
  and/or	
  clone	
  number,	
  supplementary	
  information	
  or	
  reference	
  to	
  an	
  antibody	
  validation	
  profile.	
  e.g.,	
  
Antibodypedia	
  (see	
  link	
  list	
  at	
  top	
  right),	
  1DegreeBio	
  (see	
  link	
  list	
  at	
  top	
  right).

7.	
  Identify	
  the	
  source	
  of	
  cell	
  lines	
  and	
  report	
  if	
  they	
  were	
  recently	
  authenticated	
  (e.g.,	
  by	
  STR	
  profiling)	
  and	
  tested	
  for	
  
mycoplasma	
  contamination.

*	
  for	
  all	
  hyperlinks,	
  please	
  see	
  the	
  table	
  at	
  the	
  top	
  right	
  of	
  the	
  document

8.	
  Report	
  species,	
  strain,	
  gender,	
  age	
  of	
  animals	
  and	
  genetic	
  modification	
  status	
  where	
  applicable.	
  Please	
  detail	
  housing	
  
and	
  husbandry	
  conditions	
  and	
  the	
  source	
  of	
  animals.

9.	
  For	
  experiments	
  involving	
  live	
  vertebrates,	
  include	
  a	
  statement	
  of	
  compliance	
  with	
  ethical	
  regulations	
  and	
  identify	
  the	
  
committee(s)	
  approving	
  the	
  experiments.

10.	
  We	
  recommend	
  consulting	
  the	
  ARRIVE	
  guidelines	
  (see	
  link	
  list	
  at	
  top	
  right)	
  (PLoS	
  Biol.	
  8(6),	
  e1000412,	
  2010)	
  to	
  ensure	
  
that	
  other	
  relevant	
  aspects	
  of	
  animal	
  studies	
  are	
  adequately	
  reported.	
  See	
  author	
  guidelines,	
  under	
  ‘Reporting	
  
Guidelines’.	
  See	
  also:	
  NIH	
  (see	
  link	
  list	
  at	
  top	
  right)	
  and	
  MRC	
  (see	
  link	
  list	
  at	
  top	
  right)	
  recommendations.	
  	
  Please	
  confirm	
  
compliance.

11.	
  Identify	
  the	
  committee(s)	
  approving	
  the	
  study	
  protocol.

12.	
  Include	
  a	
  statement	
  confirming	
  that	
  informed	
  consent	
  was	
  obtained	
  from	
  all	
  subjects	
  and	
  that	
  the	
  experiments	
  
conformed	
  to	
  the	
  principles	
  set	
  out	
  in	
  the	
  WMA	
  Declaration	
  of	
  Helsinki	
  and	
  the	
  Department	
  of	
  Health	
  and	
  Human	
  
Services	
  Belmont	
  Report.

13.	
  For	
  publication	
  of	
  patient	
  photos,	
  include	
  a	
  statement	
  confirming	
  that	
  consent	
  to	
  publish	
  was	
  obtained.

14.	
  Report	
  any	
  restrictions	
  on	
  the	
  availability	
  (and/or	
  on	
  the	
  use)	
  of	
  human	
  data	
  or	
  samples.

15.	
  Report	
  the	
  clinical	
  trial	
  registration	
  number	
  (at	
  ClinicalTrials.gov	
  or	
  equivalent),	
  where	
  applicable.

16.	
  For	
  phase	
  II	
  and	
  III	
  randomized	
  controlled	
  trials,	
  please	
  refer	
  to	
  the	
  CONSORT	
  flow	
  diagram	
  (see	
  link	
  list	
  at	
  top	
  right)	
  
and	
  submit	
  the	
  CONSORT	
  checklist	
  (see	
  link	
  list	
  at	
  top	
  right)	
  with	
  your	
  submission.	
  See	
  author	
  guidelines,	
  under	
  
‘Reporting	
  Guidelines’.	
  Please	
  confirm	
  you	
  have	
  submitted	
  this	
  list.

17.	
  For	
  tumor	
  marker	
  prognostic	
  studies,	
  we	
  recommend	
  that	
  you	
  follow	
  the	
  REMARK	
  reporting	
  guidelines	
  (see	
  link	
  list	
  at	
  
top	
  right).	
  See	
  author	
  guidelines,	
  under	
  ‘Reporting	
  Guidelines’.	
  Please	
  confirm	
  you	
  have	
  followed	
  these	
  guidelines.

18:	
  Provide	
  a	
  “Data	
  Availability”	
  section	
  at	
  the	
  end	
  of	
  the	
  Materials	
  &	
  Methods,	
  listing	
  the	
  accession	
  codes	
  for	
  data	
  
generated	
  in	
  this	
  study	
  and	
  deposited	
  in	
  a	
  public	
  database	
  (e.g.	
  RNA-­‐Seq	
  data:	
  Gene	
  Expression	
  Omnibus	
  GSE39462,	
  
Proteomics	
  data:	
  PRIDE	
  PXD000208	
  etc.)	
  Please	
  refer	
  to	
  our	
  author	
  guidelines	
  for	
  ‘Data	
  Deposition’.

Data	
  deposition	
  in	
  a	
  public	
  repository	
  is	
  mandatory	
  for:	
  
a.	
  Protein,	
  DNA	
  and	
  RNA	
  sequences	
  
b.	
  Macromolecular	
  structures	
  
c.	
  Crystallographic	
  data	
  for	
  small	
  molecules	
  
d.	
  Functional	
  genomics	
  data	
  
e.	
  Proteomics	
  and	
  molecular	
  interactions
19.	
  Deposition	
  is	
  strongly	
  recommended	
  for	
  any	
  datasets	
  that	
  are	
  central	
  and	
  integral	
  to	
  the	
  study;	
  please	
  consider	
  the	
  
journal’s	
  data	
  policy.	
  If	
  no	
  structured	
  public	
  repository	
  exists	
  for	
  a	
  given	
  data	
  type,	
  we	
  encourage	
  the	
  provision	
  of	
  
datasets	
  in	
  the	
  manuscript	
  as	
  a	
  Supplementary	
  Document	
  (see	
  author	
  guidelines	
  under	
  ‘Expanded	
  View’	
  or	
  in	
  
unstructured	
  repositories	
  such	
  as	
  Dryad	
  (see	
  link	
  list	
  at	
  top	
  right)	
  or	
  Figshare	
  (see	
  link	
  list	
  at	
  top	
  right).
20.	
  Access	
  to	
  human	
  clinical	
  and	
  genomic	
  datasets	
  should	
  be	
  provided	
  with	
  as	
  few	
  restrictions	
  as	
  possible	
  while	
  
respecting	
  ethical	
  obligations	
  to	
  the	
  patients	
  and	
  relevant	
  medical	
  and	
  legal	
  issues.	
  If	
  practically	
  possible	
  and	
  compatible	
  
with	
  the	
  individual	
  consent	
  agreement	
  used	
  in	
  the	
  study,	
  such	
  data	
  should	
  be	
  deposited	
  in	
  one	
  of	
  the	
  major	
  public	
  access-­‐
controlled	
  repositories	
  such	
  as	
  dbGAP	
  (see	
  link	
  list	
  at	
  top	
  right)	
  or	
  EGA	
  (see	
  link	
  list	
  at	
  top	
  right).
21.	
  Computational	
  models	
  that	
  are	
  central	
  and	
  integral	
  to	
  a	
  study	
  should	
  be	
  shared	
  without	
  restrictions	
  and	
  provided	
  in	
  a	
  
machine-­‐readable	
  form.	
  	
  The	
  relevant	
  accession	
  numbers	
  or	
  links	
  should	
  be	
  provided.	
  When	
  possible,	
  standardized	
  
format	
  (SBML,	
  CellML)	
  should	
  be	
  used	
  instead	
  of	
  scripts	
  (e.g.	
  MATLAB).	
  Authors	
  are	
  strongly	
  encouraged	
  to	
  follow	
  the	
  
MIRIAM	
  guidelines	
  (see	
  link	
  list	
  at	
  top	
  right)	
  and	
  deposit	
  their	
  model	
  in	
  a	
  public	
  database	
  such	
  as	
  Biomodels	
  (see	
  link	
  list	
  
at	
  top	
  right)	
  or	
  JWS	
  Online	
  (see	
  link	
  list	
  at	
  top	
  right).	
  If	
  computer	
  source	
  code	
  is	
  provided	
  with	
  the	
  paper,	
  it	
  should	
  be	
  
deposited	
  in	
  a	
  public	
  repository	
  or	
  included	
  in	
  supplementary	
  information.

22.	
  Could	
  your	
  study	
  fall	
  under	
  dual	
  use	
  research	
  restrictions?	
  Please	
  check	
  biosecurity	
  documents	
  (see	
  link	
  list	
  at	
  top	
  
right)	
  and	
  list	
  of	
  select	
  agents	
  and	
  toxins	
  (APHIS/CDC)	
  (see	
  link	
  list	
  at	
  top	
  right).	
  According	
  to	
  our	
  biosecurity	
  guidelines,	
  
provide	
  a	
  statement	
  only	
  if	
  it	
  could.

F-­‐	
  Data	
  Accessibility

C-­‐	
  Reagents

D-­‐	
  Animal	
  Models

E-­‐	
  Human	
  Subjects

It	
  	
  is	
  	
  compliant	
  	
  with	
  	
  the	
  	
  guidelines.

G-­‐	
  Dual	
  use	
  research	
  of	
  concern

NA

NA

Yes,	
  	
  standard	
  deviation	
  (S.D.)	
  or	
  standard	
  error	
  (S.E.)	
  for	
  three	
  independent	
  experiments,	
  unless	
  it	
  
is	
  indicated.

Yes,	
  significant	
  differences	
  (*	
  P	
  <	
  0.05,	
  **	
  P	
  <	
  0.005,	
  ***	
  P	
  <	
  0.0005,	
  and	
  ****	
  P	
  <	
  0.0001)	
  were	
  
indicated	
  on	
  the	
  figures

This	
  information	
  has	
  been	
  included	
  in	
  Appendix	
  Table	
  S1.

This	
  information	
  has	
  been	
  included	
  in	
  Appendix	
  Table	
  S1.	
  Cell	
  lines	
  were	
  tested	
  for	
  Mycoplasma	
  
contamination	
  on	
  a	
  regular	
  basis	
  in	
  our	
  lab.

This	
  information	
  is	
  included	
  in	
  the	
  Materials	
  and	
  Methods,	
  under	
  Mice.

All	
  the	
  mice	
  experiments	
  were	
  performed	
  under	
  the	
  ethical	
  guidelines	
  of	
  the	
  Washington	
  
University	
  School	
  of	
  Medicine,	
  and	
  animal	
  protocols	
  were	
  reviewed	
  and	
  approved	
  by	
  the	
  
Washington	
  University	
  School	
  of	
  Medicine	
  Institutional	
  Animal	
  Care	
  and	
  Use	
  Committee	
  (IACUC	
  #A-­‐
3381-­‐01;	
  Protocol	
  #20160091).	
  

NA

NA

NA

NA

NA

No

NA

NA

NA

NA
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