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1st Editorial Decision 21 December 2017 

Thank you for submitting your manuscript on H2B-S14 phosphorylation in the nucleolar DNA 
damage response for our editorial consideration. We have now received the enclosed reports from 
three expert referees, in light of which we should be happy to consider a revised version of this 
manuscript further for publication. Nevertheless, despite their overall support for the study, all 
reviewers point out a number of important issues that will need to be decisively addressed before 
EMBO Journal publication would be warranted. Among the recurrent key concerns are the request 
for more definitive epistasis experiments (utilizing also H2B S14A substitutions), and the need for 
various additional controls, increased sample sizes and additional examples, as well as 
quantification of results.  
 
I would thus like to invite you to address the referees' comments by way of a revised version of the 
manuscript. Please keep in mind that our policy to allow only a single round of major revision will 
make it important to carefully answer to all points raised at this stage - therefore, please do not 
hesitate to get back to me with any questions/comments you may have regarding the referee reports 
already during the early stages of your revision. We might further discuss possible extension of the 
revision period (beyond the regular three months), during which time the publication of any 
competing work elsewhere would have no negative impact on our final assessment of your own 
study.  
 
Please refer to the sections below for additional information on preparing and uploading a revised 
manuscript.  
 
Thank you again for the opportunity to consider this work for The EMBO Journal, and I look 
forward to hearing from you in due time.  
 
------------------------------------------------  
REFEREE REPORTS 
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Referee #1:  
 
This manuscript by O'Neill and colleagues provides a compelling dissection of the molecular basis 
for DNA damage-induced rRNA silencing. The work is overall well-presented and convincing. 
While the use of the H2BS14D mutant supports a direct role for H2BS14 phosphorylation in rRNA 
repression, it would be important to complement these studies with an S14A mutant that cannot be 
phosphorylated and should therefore impair damage-induced silencing.  
 
Minor comments:  
 
1) The images for MST1 and MST2 in Fig 2B are not very convincing, much better images for 
MST2 nucleolar localization are shown in subsequent panels.  
 
2) More than one housekeeping gene (GAPDH is listed) should be used for normalization of pre-
mRNA expression, particularly when overexpressing histone mutants.  
 
3) Does the loss of H2B phosphorylation upon MST2/RASSF1A depletion reflect a reduction or a 
kinetic delay?  
 
4) I-PpoI was recently shown to cut degenerate recognition sites in mouse cells, resulting in an 
estimated > 100 non-nucleolar DSB sites (PMID: 26687720).  
 
5) How does the observed effect on rRNA silencing relate to RASSF1A/MST2 function during 
replication stress, reported previously by the same group?  
 
 
Referee #2:  
 
Pefani et al. report on the involvement of the histone modification H2BS14p in transcriptional 
repression within nucleoli upon DNA damage. Previously this post-translational modification has 
primarily been associated with apoptotic signalling, during which the kinase MST1 is responsible 
for establishment of this modification. In this study, the authors make the interesting observation 
that after DNA damage the paralogue MST2 is responsible for transient nucleolar H2BS14p and that 
this is necessary for damage-induced transcriptional repression. The authors provide evidence that 
MST2 activation occurs downstream of the DDR kinase ATM and is mediated by the scaffold 
protein and ATM target RASSF1A. Further, the authors show that cells lacking MST2 or 
RASSF1A, which results in impaired H2BS14p and failure to suppress nucleolar transcription, have 
compromised genome stability and cell survival upon rDNA damage. The identification of a new 
role for H2BS14p in the nucleolar DNA damage response is exciting and novel, and the dynamic 
phosphorylation of this mark may have important functions for nucleolar integrity and rDNA 
stability. However, additional experiments, important controls and quantification of imaging data 
would be needed to strengthen the main conclusions and fully corroborate the study. Specifically, 
the following points should be addressed:  
 
Major points  
 
1. While the authors provide multiple lines of evidence to link the triad of ATM, RASSF1A and 
MST2 to nucleolar transcriptional repression upon DNA damage, the only experiment to directly 
demonstrate that this works through H2BS14p is over-expression of an H2BS14D mutant, which 
results in decreased Pol I transcription. The specificity of this effect should be controlled employing 
a phospho-deficient H2B mutant (e.g. H2BS14A, which was used successfully before), and 
expression levels of GFP-histones should be quantified to ensure equal expression.  
 
2. The same phospho-deficient H2B mutant could serve as a crucial specificity control for the two 
H2BS14p antibodies used in IF experiments. Further, it would be important to indicate which of the 
two antibodies has been used for which experiment.  
 
3. From a conceptual point of view, how do the authors envisage that H2BS14 phosphorylation 
leads to repression of Pol I transcription? The model depicts increased nucleosome density, 
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presumably to indicate compaction, but this is not demonstrated by the experiments. In fact, it 
remains completely unclear how H2BS14p is linked to repression. Would readers of this mark (e.g. 
RCC1) be involved? While a complete dissection of the molecular mechanism downstream of 
H2BS14p might go beyond the scope of this study, it would be helpful to test obvious candidates 
and discuss potential mechanisms.  
 
4. Most experiments were performed with a single siRNA against MST2. Key results, e.g. on the 
transcriptional repression upon rDNA breaks after IR and I-PpoI should be repeated with a second, 
independent siRNA. Further, could the authors perform rescue experiments with wild-type MST2 
and a catalytic mutant to strengthen their findings?  
 
5. Besides ATM also DNA-PK (Pankotai et al. 2012) and PARP activity (Chou et al. 2010, Awwad 
et al. 2017) have been linked to transcriptional repression after DNA damage. It would be 
informative if the authors could test whether DNA-PK and PARP inhibition would play a role in 
nucleolar transcription shut-off in their systems, especially since ATM inhibition does not seem to 
fully rescue rDNA transcription (Fig. 3B).  
 
6. Along the same lines, epistasis experiments between MST2 knockdown and ATM inhibition 
would strengthen the conclusions on their cooperation for damage-induced rDNA repression.  
 
7. To more directly link ATM to MST2 activation, it would be useful to assess changes in MST2 
activation/phosphorylation upon IR and ATM inhibition by Western Blot.  
 
8. The comparability of the time-course experiments in the manuscript suffers a bit from being done 
at different time-points for different experiments. This makes it challenging to judge if e.g. the 
transcriptional shutdown (3A, 10min, 30min) follows similar kinetics as the H2BS14p modification 
(Fig 1A, B, C, D, 30min, 1h, 2h or 10min, 20min, 40min). Similarly, does e.g. EU incorporation 
follow inverse kinetics as the H2BS14p modification?  
 
9. In Figure 2E the authors show increased interaction between MST2 and H2B after IR. Is this 
specific for H2B? How would H2A and H3/H4 look in this interaction assay? If the increased 
histone interaction of MST2 after damage was a general phenomenon that happens on both 
nucleolar and non-nucleolar chromatin, why would only nucleolar H2B become phosphorylated?  
 
10. In several cases single cell images are shown and quantifications from larger cell cohorts would 
be very beneficial. Where quantifications are provided, it should be indicated what the error bars 
signify and not just how many experiments they are derived from. Further, it would be useful to 
provide information on the number of cells that were analysed. Significance levels (*, **, ***, etc.) 
should be explained in the figure legends and it should be made clear which two samples were 
compared against each other.  
 
Minor points:  
 
1. In Figure 1D it would be useful to have time-points beyond 40min and/or similar to the time-
points taken for the immunofluorescence to fully support the 'similar kinetics'.  
 
2. In EV1C, at the 10min time-point the DAPI channel is not included in the merged image and the 
cell images in EV1C after 1h and 2h are identical.  
 
3. In Figure 5, it would help corroborate the relation between the rDNA damage and the H2BS14p 
modification by a Western Blot showing (presumably) increase in the modification levels with 
similar kinetics as the gH2AX signal in the nucleolus after transfection of the V5-I-Ppol.  
 
4. In Figure 2D, why is the merged image not shown for this panel, when it is for all other ones?  
 
5. The different channels and the merge in Figure 4A (and throughout) should be properly aligned, 
the y-axis seems off in some images relative to others and the same is probably the case for the x-
axis, although less easy to spot.  
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Referee #3:  
 
In this manuscript Eric O'Neill and colleagues discover that histone H2B phosphorylation on Ser14 
specifically marks damaged rDNA repeats in the nucleoli in response to treatments that induce DNA 
double-strand breaks (DSBs). They demonstrate that H2B is phosphorylated on Ser14 in the nucleoli 
in response to ionizing radiation (IR) treatment in an ATM-dependent manner. They then present 
convincing evidence that the MST2 kinase phosphorylates H2B in response to IR. Furthermore, the 
authors show that H2B Ser14 phosphorylation is associated with rRNA transcriptional suppression 
in response to DNA damage and that this chromatin mark is somehow contributing to the rRNA 
transcriptional repression and to survival of cells upon rDNA breakage. Based on these data they 
propose that ATM-dependent activation of MST2 specifically marks histone H2B by 
phosphorylation in rDNA chromatin, leading to transcriptional repression of the rRNA gene clusters 
in the nucleoli, which may facilitate DSB repair in these highly transcribed and repetitive chromatin 
regions.  
 
This is an interesting paper. Even though the data set is somewhat descriptive and short of 
mechanistic insights, I still think it is interesting and novel enough to warrant publication in EMBO 
J. I have a few suggestions for additional experiments that would further strengthen this story.  
 
1) On several occasions key findings are presented by fluorescence microscopy micrographs where 
just one cell is shown. In my opinion the paper would benefit from some quantification of the 
microscopy experiments.  
 
2) It was previously shown that nucleolar segregation in response to DNA damage and/or Pol I 
inhibition is associated with movement of the rDNA repeats from the nucleolar interior into 
nucleolar caps (e.g. van Sluis and McStay 2015). Surprisingly, judging from Figure 5, this relocation 
does not seem to happen for the pS14 H2B signal. Do we have to conclude that H2B remains in the 
nucleoli while the rDNA repeats are localized to the caps? And does this mean that it is free H2B 
that is modified on Ser14 by MST2? This should perhaps be analyzed in more detail and/or 
discussed in the text.  
 
3) It is still unclear if transcriptional repression of the rDNA repeats is a cause or a consequence of 
nucleolar segregation. Therefore it would be interesting to test if MST2 silencing is also affecting 
nucleolar segregation (cap formation).  
 
 
Minor points:  
 
1) Manuscript pages should be numbered, otherwise it's difficult to refer to certain passages of the 
text  
 
2) Somewhere towards the end of the paper, there is this sentence:  
"Nucleolar caps are formed under these conditions due to the vast levels of breaks in the nucleoli 
(van Sluis & McStay, 2015)". This is not entirely correct. Nucleolar caps also form under conditions 
where few breaks are induced in the rDNA repeats (i.e. upon IR treatment) (see Kruhlak et al., 
2007). However, in response to IR, fewer caps form and they are not present in all the nucleoli. 
Thus, I-Ppo1 treatment just accents this physiological response. This should be clarified in the text. 
 
 
1st Revision - authors' response 21 March 2018 

 
  



	
  
We	
  would	
   like	
   to	
   thank	
   the	
   reviewers	
   for	
   their	
  helpful	
   and	
  constructive	
   comments.	
   In	
  our	
   revised	
  
manuscript	
  we	
  have	
  now	
  addressed	
   their	
   concerns	
  with	
  additional	
   experimental	
  data	
   that	
   further	
  
supports	
  our	
  model.	
  Please	
  find	
  below	
  a	
  point	
  by	
  point	
  reply	
  to	
  the	
  raised	
  comments:	
  

Referee	
  #1:	
  	
  

	
  
	
  
This	
  manuscript	
  by	
  O'Neill	
  and	
  colleagues	
  provides	
  a	
  compelling	
  dissection	
  of	
  the	
  molecular	
  basis	
  for	
  
DNA	
  damage-­‐induced	
  rRNA	
  silencing.	
  The	
  work	
   is	
  overall	
  well-­‐presented	
  and	
  convincing.	
  While	
   the	
  
use	
  of	
  the	
  H2BS14D	
  mutant	
  supports	
  a	
  direct	
  role	
  for	
  H2BS14	
  phosphorylation	
  in	
  rRNA	
  repression,	
  it	
  
would	
   be	
   important	
   to	
   complement	
   these	
   studies	
   with	
   an	
   S14A	
   mutant	
   that	
   cannot	
   be	
  
phosphorylated	
  and	
  should	
  therefore	
  impair	
  damage-­‐induced	
  silencing.	
  

We	
  would	
  like	
  to	
  thank	
  the	
  reviewer	
  for	
  appreciating	
  the	
  novelty	
  of	
  our	
  work	
  and	
  supporting	
  
publication	
  in	
  EMBO	
  J.	
  We	
  have	
  now	
  performed	
  additional	
  experiments	
  using	
  the	
  H2BS14A-­‐GFP	
  
phospho-­‐deficient	
  mutant	
  as	
  suggested.	
  	
  These	
  new	
  experiments	
  indeed	
  demonstrate	
  the	
  impact	
  of	
  
the	
  H2BS14A	
  mutant	
  on	
  rDNA	
  transcription	
  upon	
  induction	
  of	
  damage	
  with	
  γIR	
  and	
  the	
  I-­‐Ppo	
  I	
  
endonuclease	
  is	
  reciprocal	
  to	
  the	
  phospho-­‐mimetic	
  mutant	
  H2BS14D	
  (Fig	
  4E,	
  	
  EV3A,	
  EV3D)	
  and	
  in	
  
keeping	
  with	
  our	
  model.	
  	
  

Minor	
  comments:	
  	
   	
  
	
  
1)	
  The	
  images	
  for	
  MST1	
  and	
  MST2	
  in	
  Fig	
  2B	
  are	
  not	
  very	
  convincing,	
  much	
  better	
  images	
  for	
  MST2	
  
nucleolar	
  localization	
  are	
  shown	
  in	
  subsequent	
  panels.	
  	
  

We	
  now	
  provide	
  new	
  images	
  for	
  Fig	
  2B	
  as	
  well	
  as	
  lower	
  magnification	
  images	
  displaying	
  intracellular	
  
MST1	
  and	
  MST2	
  staining	
  in	
  multiple	
  cells	
  in	
  Figure	
  2A	
  and	
  Figure	
  2D.	
  
	
  
2)	
  More	
  than	
  one	
  housekeeping	
  gene	
  (GAPDH	
  is	
  listed)	
  should	
  be	
  used	
  for	
  normalization	
  of	
  pre-­‐
mRNA	
  expression,	
  particularly	
  when	
  overexpressing	
  histone	
  mutants.	
  	
  

We	
  now	
  included	
  additional	
  normalisation	
  of	
  pre-­‐rRNA	
  expression	
  against	
  beta-­‐2-­‐microglobulin	
  as	
  
well	
  as	
  GAPDH	
  for	
  all	
  the	
  experiments	
  where	
  we	
  have	
  overexpressed	
  histone	
  variants.	
  New	
  data	
  
presented	
  in	
  Figures	
  EV3C,	
  EV3D,	
  EV4G.	
  

3)	
  Does	
  the	
  loss	
  of	
  H2B	
  phosphorylation	
  upon	
  MST2/RASSF1A	
  depletion	
  reflect	
  a	
  reduction	
  or	
  a	
  
kinetic	
  delay?	
  

We	
  now	
  show	
  data	
  from	
  time	
  points	
  up	
  to	
  4	
  hours	
  post	
  exposure	
  to	
  γIR	
  from	
  cells	
  that	
  have	
  been	
  
treated	
  with	
   siRNA	
   against	
  MST2	
   compared	
   to	
   control	
   siRNA	
   (Fig	
   EV2D).	
   As	
  we	
  were	
   not	
   able	
   to	
  
detect	
  H2BS14p	
  in	
  any	
  of	
  the	
  timepoints	
   in	
  the	
  absence	
  of	
  MST2,	
  we	
  suggest	
  that	
  MST2	
  depletion	
  
results	
  in	
  a	
  reduction	
  rather	
  than	
  a	
  kinetic	
  delay	
  in	
  the	
  H2BS14p	
  establishment.	
  	
  

	
  



	
  
4)	
  I-­‐PpoI	
  was	
  recently	
  shown	
  to	
  cut	
  degenerate	
  recognition	
  sites	
  in	
  mouse	
  cells,	
  resulting	
  in	
  an	
  
estimated	
  >	
  100	
  non-­‐nucleolar	
  DSB	
  sites	
  (PMID:	
  26687720).	
  

This	
   is	
  correct;	
  however	
  the	
  human	
  genome	
  only	
  contains	
  13	
  canonical	
  sites	
   in	
  non-­‐nucleolar	
  DNA	
  
(Muscarella	
  et	
  al,	
  1990)	
  and	
  one	
  site	
  located	
  within	
  the	
  28S	
  rDNA	
  coding	
  region	
  within	
  the	
  repetitive	
  
45S	
  rDNA	
  locus.	
  	
  Degenerate	
  DNA	
  recognition	
  has	
  also	
  been	
  reported	
  (Wittmayer	
  et	
  al.,	
  1998)	
  but	
  as	
  
the	
  45S	
  rDNA	
  locus	
  has	
  >	
  300	
  repeats	
  this	
  represents	
  the	
  majority	
  of	
  specific	
  sites	
  in	
  the	
  genome	
  and	
  
responsible	
   for	
   high	
   levels	
   of	
   DSB	
   formation	
  within	
   the	
   nucleolus.	
   Indeed	
   	
   the	
  majority	
   of	
   γH2Ax	
  
staining	
  after	
  introduction	
  of	
  the	
  I-­‐PpoI	
  mRNA	
  is	
  evident	
  at	
  the	
  nucleolar	
  caps	
  (Fig	
  6A),	
  therefore	
  we	
  
believe	
  this	
  system	
  provides	
  an	
  appropriate	
  model	
  for	
  an	
  enriched	
  nucleolar	
  DNA	
  damage	
  response	
  
as	
   it	
   has	
   also	
   been	
   described	
   previously	
   (Van	
   Sluis	
   and	
   McStay,	
   2015,	
   Harding	
   et	
   al.,	
   2015,	
  
Warmerdam	
  et	
  al.	
  2016).	
  	
  

	
  
5)	
   How	
   does	
   the	
   observed	
   effect	
   on	
   rRNA	
   silencing	
   relate	
   to	
   RASSF1A/MST2	
   function	
   during	
  
replication	
  stress,	
  reported	
  previously	
  by	
  the	
  same	
  group?	
  	
  

In	
  Pefani	
  et	
  al.	
  (2014)	
  we	
  presented	
  a	
  model	
  for	
  ATR-­‐RASSF1A-­‐MST2-­‐LATS1	
  that	
  maintained	
  genome	
  
stability	
   through	
   protection	
   of	
   stalled	
   forks.	
   Here	
   we	
   report	
   an	
   ATM-­‐RASSF1A-­‐MST2	
   mediated	
  
regulation	
  of	
  chromatin	
  in	
  response	
  to	
  DSBs	
  in	
  rDNA	
  at	
  the	
  nucleolus.	
  We	
  believe	
  that	
  these	
  are	
  two	
  
stimuli	
   that	
   are	
   required	
   to	
   resolve	
   breaks	
   and	
   prevent	
   increased	
   replication	
   defects.	
   The	
   high	
  
concentration	
   of	
   MST2	
   at	
   the	
   nucleolus	
   suggests	
   that	
   our	
   original	
   finding	
   may	
   have	
   greater	
  
relevance	
   to	
   rDNA	
   and	
   would	
   correlate	
   with	
   emerging	
   evidence	
   for	
   rDNA	
   damage	
   being	
   more	
  
detrimental	
  due	
  to	
  the	
  extensive	
  repetitive	
  nature	
  of	
   the	
   locus	
   (Ide	
  et	
  al,	
  2010,	
  Warmerdam	
  et	
  al,	
  
2016).	
  This	
  is	
  something	
  we	
  are	
  now	
  addressing	
  in	
  detail	
  and	
  have	
  included	
  the	
  following	
  paragraph	
  
in	
  the	
  discussion	
  (p8).	
  	
  

‘We	
  previously	
  identified	
  a	
  key	
  role	
  for	
  RASSF1A-­‐MST2	
  in	
  replication	
  fork	
  stability	
  upon	
  stalling,	
  e.g.	
  
in	
   response	
   to	
   DNA	
   breaks,	
   which	
   occurs	
   via	
   activation	
   of	
   LATS1	
   and	
   promotion	
   of	
   BRCA2-­‐RAD51	
  
nucleofilaments	
  that	
  prevent	
  stalled	
  forks	
  from	
  Mre11	
  mediated	
  nucleolytic	
  attack.	
  Here,	
  we	
  further	
  
expand	
  these	
  findings	
  to	
  report	
  on	
  RASSF1A-­‐MST2	
  direct	
  regulation	
  of	
  chromatin	
  and	
  transcriptional	
  
repression	
  near	
  sites	
  of	
  DNA	
  breaks,	
  suggesting	
  a	
  wider	
  coordination	
  of	
  chromatin	
  architecture	
  and	
  
replication	
  fork	
  stability	
  by	
  the	
  MST2	
  kinase.	
  Moreover,	
  as	
  MST2	
  appears	
  predominantly	
  localised	
  in	
  
the	
   nucleolus	
   this	
   suggests	
   that	
   RASSF1A-­‐MST2	
   signalling	
   may	
   be	
   particularly	
   important	
   in	
   the	
  
protection	
  of	
  genomic	
  stability	
  within	
  repetitive	
  elements	
  or	
  highly	
  transcribed	
  areas	
  of	
  the	
  genome.’	
  

	
  

	
  
Referee	
  #2:	
  	
  
	
  
Pefani	
  et	
  al.	
  report	
  on	
  the	
  involvement	
  of	
  the	
  histone	
  modification	
  H2BS14p	
  in	
  transcriptional	
  
repression	
  within	
  nucleoli	
  upon	
  DNA	
  damage.	
  Previously	
  this	
  post-­‐translational	
  modification	
  has	
  
primarily	
  been	
  associated	
  with	
  apoptotic	
  signalling,	
  during	
  which	
  the	
  kinase	
  MST1	
  is	
  responsible	
  for	
  
establishment	
  of	
  this	
  modification.	
  In	
  this	
  study,	
  the	
  authors	
  make	
  the	
  interesting	
  observation	
  that	
  
after	
  DNA	
  damage	
  the	
  paralogue	
  MST2	
  is	
  responsible	
  for	
  transient	
  nucleolar	
  H2BS14p	
  and	
  that	
  this	
  



is	
  necessary	
  for	
  damage-­‐induced	
  transcriptional	
  repression.	
  The	
  authors	
  provide	
  evidence	
  that	
  MST2	
  
activation	
  occurs	
  downstream	
  of	
  the	
  DDR	
  kinase	
  ATM	
  and	
  is	
  mediated	
  by	
  the	
  scaffold	
  protein	
  and	
  
ATM	
  target	
  RASSF1A.	
  Further,	
  the	
  authors	
  show	
  that	
  cells	
  lacking	
  MST2	
  or	
  RASSF1A,	
  which	
  results	
  in	
  
impaired	
  H2BS14p	
  and	
  failure	
  to	
  suppress	
  nucleolar	
  transcription,	
  have	
  compromised	
  genome	
  
stability	
  and	
  cell	
  survival	
  upon	
  rDNA	
  damage.	
  The	
  identification	
  of	
  a	
  new	
  role	
  for	
  H2BS14p	
  in	
  the	
  
nucleolar	
  DNA	
  damage	
  response	
  is	
  exciting	
  and	
  novel,	
  and	
  the	
  dynamic	
  phosphorylation	
  of	
  this	
  mark	
  
may	
  have	
  important	
  functions	
  for	
  nucleolar	
  integrity	
  and	
  rDNA	
  stability.	
  However,	
  additional	
  
experiments,	
  important	
  controls	
  and	
  quantification	
  of	
  imaging	
  data	
  would	
  be	
  needed	
  to	
  strengthen	
  
the	
  main	
  conclusions	
  and	
  fully	
  corroborate	
  the	
  study.	
  Specifically,	
  the	
  following	
  points	
  should	
  be	
  
addressed:	
  	
  

We	
   would	
   like	
   to	
   thank	
   the	
   reviewer	
   for	
   recognising	
   the	
   novelty	
   of	
   our	
   work.	
   Below	
   there	
   is	
   a	
  
detailed	
   description	
   in	
   all	
   the	
   experiments	
   and	
   changes	
   performed	
   to	
   answer	
   their	
   concerns.	
  
	
  
Major	
  points	
  	
  

	
  
	
  
1.	
  While	
  the	
  authors	
  provide	
  multiple	
  lines	
  of	
  evidence	
  to	
  link	
  the	
  triad	
  of	
  ATM,	
  RASSF1A	
  and	
  MST2	
  to	
  
nucleolar	
  transcriptional	
  repression	
  upon	
  DNA	
  damage,	
  the	
  only	
  experiment	
  to	
  directly	
  demonstrate	
  
that	
   this	
   works	
   through	
   H2BS14p	
   is	
   over-­‐expression	
   of	
   an	
   H2BS14D	
   mutant,	
   which	
   results	
   in	
  
decreased	
  Pol	
  I	
  transcription.	
  The	
  specificity	
  of	
  this	
  effect	
  should	
  be	
  controlled	
  employing	
  a	
  phospho-­‐
deficient	
  H2B	
  mutant	
   (e.g.	
  H2BS14A,	
  which	
  was	
  used	
   successfully	
  before),	
   and	
  expression	
   levels	
  of	
  
GFP-­‐histones	
  should	
  be	
  quantified	
  to	
  ensure	
  equal	
  expression.	
  	
  

We	
   have	
   now	
   performed	
   the	
   experiments	
   using	
   the	
   H2BS14A-­‐GFP	
   phospho-­‐deficient	
   mutant.	
  
Expression	
  levels	
  and	
  intracellular	
  expression	
  pattern	
  of	
  H2B-­‐GFP,	
  H2BS14A-­‐GFP	
  and	
  H2BS14D-­‐GFP	
  
is	
  now	
  shown	
  in	
  Figure	
  EV3A.	
  We	
  now	
  provide	
  data	
  that	
  assess	
  the	
  impact	
  of	
  the	
  H2BS14A	
  mutant	
  in	
  
rDNA	
  transcription	
  upon	
  induction	
  of	
  damage	
  with	
  γIR	
  and	
  the	
  I-­‐PpoI	
  endonuclease	
  (Fig	
  4E,	
  EV3D).	
  In	
  
both	
  cases	
  we	
  observed	
   increased	
  abundancy	
  of	
  pre-­‐rRNA	
  transcripts	
   in	
  cells	
   transfected	
  with	
   the	
  
H2BS14A-­‐GFP	
  variant	
  compared	
  to	
  control	
  cells.	
  	
  

	
  
2.	
   The	
   same	
   phospho-­‐deficient	
  H2B	
  mutant	
   could	
   serve	
   as	
   a	
   crucial	
   specificity	
   control	
   for	
   the	
   two	
  
H2BS14p	
  antibodies	
  used	
  in	
   IF	
  experiments.	
  Further,	
   it	
  would	
  be	
  important	
  to	
   indicate	
  which	
  of	
  the	
  
two	
  antibodies	
  has	
  been	
  used	
  for	
  which	
  experiment.	
  	
  

We	
  now	
  provide	
   this	
  data	
   in	
  Figure	
  EV1B.	
   Information	
  of	
   the	
  antibody	
  used	
   in	
  each	
  experiment	
   is	
  
provided	
  in	
  material	
  and	
  methods.	
  For	
  most	
  of	
  the	
  immunofluorescence	
  experiments	
  the	
  H2BS14p	
  
antibody	
  from	
  cell	
  signalling	
  was	
  utilised	
  unless	
  stated	
  otherwise.	
  	
  

	
  
3.	
  From	
  a	
  conceptual	
  point	
  of	
  view,	
  how	
  do	
  the	
  authors	
  envisage	
  that	
  H2BS14	
  phosphorylation	
  leads	
  
to	
  repression	
  of	
  Pol	
  I	
  transcription?	
  The	
  model	
  depicts	
  increased	
  nucleosome	
  density,	
  presumably	
  to	
  
indicate	
  compaction,	
  but	
  this	
  is	
  not	
  demonstrated	
  by	
  the	
  experiments.	
  In	
  fact,	
  it	
  remains	
  completely	
  
unclear	
   how	
  H2BS14p	
   is	
   linked	
   to	
   repression.	
  Would	
   readers	
   of	
   this	
  mark	
   (e.g.	
   RCC1)	
   be	
   involved?	
  
While	
  a	
  complete	
  dissection	
  of	
  the	
  molecular	
  mechanism	
  downstream	
  of	
  H2BS14p	
  might	
  go	
  beyond	
  



the	
   scope	
   of	
   this	
   study,	
   it	
   would	
   be	
   helpful	
   to	
   test	
   obvious	
   candidates	
   and	
   discuss	
   potential	
  
mechanisms.	
  	
  

We	
   agree	
   with	
   the	
   reviewer	
   that	
   a	
   direct	
   experimental	
   validation	
   of	
   our	
   hypothesis	
   that	
   the	
  
H2BS14p	
  mark	
  results	
  in	
  chromatin	
  condensation	
  in	
  the	
  nucleolus	
  is	
  missing.	
  This	
  is	
  due	
  to	
  technical	
  
reasons	
   as	
   a	
   Micrococcal	
   Nuclease	
   (MNase)	
   assay	
   in	
   isolated	
   nucleoli	
   has	
   proven	
   technically	
  
challenging.	
   However,	
   there	
   is	
   a	
   well-­‐established	
   connection	
   between	
   H2BS14p	
   and	
   chromatin	
  
compaction	
  both	
   in	
  vitro	
  and	
  in	
  vivo	
  (Cheung	
  et	
  al,	
  2003;	
  de	
  la	
  Barre	
  et	
  al,	
  2001).	
  As	
  suggested,	
  we	
  
have	
   now	
   looked	
   for	
   RCC1	
   as	
   a	
   possible	
   reader	
   of	
   nucleolar	
   H2BS14p.	
   Indeed,	
   we	
   observed	
  
accumulation	
   of	
   RCC1	
   in	
   the	
   nucleoli	
   with	
   the	
   same	
   kinetics	
   as	
   the	
   establishment	
   of	
   H2BS14p	
  
response	
  to	
  γIR.	
  This	
  new	
  data	
  are	
  now	
  shown	
  in	
  Figure	
  4F.	
  This	
  finding	
  supports	
  our	
  hypothesis	
  that	
  
nucleolar	
   H2BS14p	
  would	
   lead	
   in	
   nucleosome	
   density	
   changes	
   and	
   opens	
   interesting	
   avenues	
   on	
  
how	
  DNA	
  damage	
  can	
  regulate	
  RAN-­‐GTP	
  gradient	
  and	
  nuclear	
  import-­‐export	
  that	
  immobilisation	
  of	
  
RCC1	
  onto	
  chromatin	
  was	
  shown	
  to	
  regulate	
  before	
  (Wong	
  et	
  al,	
  2009),	
  that	
  however	
  is	
  beyond	
  the	
  
scope	
  of	
  the	
  current	
  manuscript.	
  
	
  

	
  
4.	
  Most	
  experiments	
  were	
  performed	
  with	
  a	
  single	
  siRNA	
  against	
  MST2.	
  Key	
  results,	
  e.g.	
  on	
  the	
  
transcriptional	
  repression	
  upon	
  rDNA	
  breaks	
  after	
  IR	
  and	
  I-­‐PpoI	
  should	
  be	
  repeated	
  with	
  a	
  second,	
  
independent	
  siRNA.	
  Further,	
  could	
  the	
  authors	
  perform	
  rescue	
  experiments	
  with	
  wild-­‐type	
  MST2	
  and	
  
a	
  catalytic	
  mutant	
  to	
  strengthen	
  their	
  findings?	
  	
  

We	
   have	
   observed	
   that	
   overexpression	
   of	
  MST2	
   or	
   the	
   catalytically	
   inactive	
  mutant	
  MST2K56R	
   is	
  
highly	
   enriched	
   in	
   the	
   cytoplasm	
   and	
   the	
   nuclear	
   fraction	
   is	
   very	
   low.	
   Therefore,	
  we	
   believe	
   that	
  
overexpression	
   experiments	
   cannot	
   be	
   confidently	
   interpreted.	
   However,	
   we	
   now	
   provide	
   a	
   full	
  
analysis	
   on	
   the	
   impact	
   of	
   MST2	
   on	
   rDNA	
   transcription	
   using	
   a	
   second	
   siRNA	
   oligo	
   against	
   MST2	
  
(siMST2_2).	
   In	
   the	
   original	
   version	
   of	
   our	
   MS	
   we	
   showed	
   that	
   siMST2_2	
   also	
   results	
   in	
   loss	
   of	
  
H2BSS14p	
  (Figure	
  EV2H).	
  We	
  now	
  show	
  siMST2_2	
  also	
  results	
  in	
  increased	
  pre-­‐rRNA	
  transcription	
  in	
  
response	
   to	
   γIR	
   (Figure	
   EV2I	
   and	
   EV2J).	
   We	
   also	
   tested	
   the	
   second	
   siRNA	
   oligo	
   to	
   assess	
  
incorporation	
  of	
   5-­‐EU	
  upon	
  nucleolar	
  DSB	
   formation	
  using	
   the	
   I-­‐PpoI	
   endonuclease	
   (Figure	
   EV4F).	
  
The	
  data	
  with	
  siMST2_2	
  are	
  similar	
  to	
  the	
  data	
  obtained	
  using	
  the	
  original	
  smart	
  pool	
  supporting	
  the	
  
specificity	
  of	
  our	
  phenotype.	
  	
  

	
  
	
  
5.	
  Besides	
  ATM	
  also	
  DNA-­‐PK	
  (Pankotai	
  et	
  al.	
  2012)	
  and	
  PARP	
  activity	
  (Chou	
  et	
  al.	
  2010,	
  Awwad	
  et	
  al.	
  
2017)	
  have	
  been	
   linked	
   to	
   transcriptional	
   repression	
  after	
  DNA	
  damage.	
   It	
  would	
  be	
   informative	
   if	
  
the	
   authors	
   could	
   test	
   whether	
   DNA-­‐PK	
   and	
   PARP	
   inhibition	
   would	
   play	
   a	
   role	
   in	
   nucleolar	
  
transcription	
  shut-­‐off	
   in	
  their	
  systems,	
  especially	
  since	
  ATM	
  inhibition	
  does	
  not	
  seem	
  to	
  fully	
  rescue	
  
rDNA	
  transcription	
  (Fig.	
  3B).	
  	
  

	
  In	
  agreement	
  with	
  previous	
  publications	
  (Hamilton	
  et	
  al.,	
  2009),	
  in	
  newly	
  added	
  data	
  presented	
  in	
  
Figure	
  5B	
  we	
  detect	
  high	
  levels	
  of	
  pMST2	
  in	
  the	
  presence	
  of	
  γIR	
  and	
  this	
  is	
  significantly	
  affected	
  by	
  
inhibition	
  of	
  ATM	
  kinase.	
  To	
  test	
  whether	
  PARP	
  or	
  DNA-­‐PK	
  regulate	
  MST2	
  kinase	
  activity	
  we	
  looked	
  
for	
  MST2	
   auto-­‐phosphorylation	
   and	
   subsequent	
   activation	
   under	
   conditions	
   that	
   PARP	
  or	
  DNA-­‐PK	
  



activity	
   are	
   inhibited.	
   	
   In	
   contrast	
   to	
   ATM	
   inhibition,	
  we	
   now	
   show	
   inhibition	
   of	
   DNA-­‐PK	
   or	
   PARP	
  
does	
  not	
  result	
   in	
  changes	
  in	
  MST2	
  kinase	
  activity	
  (Fig	
  EV3F).	
  However,	
   it	
   is	
   important	
  to	
  point	
  out	
  
that	
   this	
   data	
   does	
   not	
   exclude	
   the	
   possibility	
   that	
   DNA-­‐PK	
   or	
   PARP	
   can	
   impact	
   on	
   rDNA	
  
transcription	
  in	
  response	
  to	
  γIR	
  via	
  MST2	
  kinase	
  activity	
  independent	
  routes	
  (Calkins	
  et	
  al,	
  2013).	
  

6.	
  Along	
  the	
  same	
  lines,	
  epistasis	
  experiments	
  between	
  MST2	
  knockdown	
  and	
  ATM	
  inhibition	
  would	
  
strengthen	
  the	
  conclusions	
  on	
  their	
  cooperation	
  for	
  damage-­‐induced	
  rDNA	
  repression.	
  	
  

We	
  now	
  provide	
  new	
  qPCR	
  data	
  that	
  show	
  that	
  in	
  agreement	
  with	
  ATM	
  acting	
  upstream	
  of	
  MST2	
  we	
  
do	
   not	
   see	
   any	
   additive	
   impact	
   on	
   rDNA	
   transcription	
   upon	
   concomitant	
   depletion	
   of	
   MST2	
  
expression	
  with	
  an	
  siRNA	
  and	
  inhibition	
  of	
  ATM	
  (Fig	
  5C).	
  We	
  did	
  observe	
  though	
  higher	
  levels	
  of	
  pre-­‐
rRNA	
  transcripts	
  in	
  the	
  presence	
  of	
  ATM	
  inhibition	
  compared	
  to	
  siMST2	
  deletion	
  which	
  suggests	
  that	
  
ATM	
  also	
  impacts	
  on	
  rDNA	
  transcription	
  independently	
  of	
  MST2	
  activation	
  (Larsen	
  et	
  al.,	
  2014,	
  Ciccia	
  
et	
  al.,	
  2014).	
  This	
  is	
  also	
  suggested	
  by	
  the	
  data	
  on	
  5-­‐EU	
  incorporation	
  (Fig	
  6F,	
  Fig	
  EV4B)	
  upon	
  rDNA	
  
DSB	
   formation	
   with	
   the	
   I-­‐PpoI	
   that	
   ATM	
   inhibition	
   has	
   a	
   more	
   profound	
   impact	
   than	
   MST2	
  
knockdown	
  on	
  the	
  rescue	
  of	
  Pol	
  I	
  transcription.	
  

	
  
7.	
  To	
  more	
  directly	
  link	
  ATM	
  to	
  MST2	
  activation,	
  it	
  would	
  be	
  useful	
  to	
  assess	
  changes	
  in	
  MST2	
  
activation/phosphorylation	
  upon	
  IR	
  and	
  ATM	
  inhibition	
  by	
  Western	
  Blot.	
  	
  

This	
  data	
  is	
  now	
  provided	
  as	
  Fig	
  5B.	
  We	
  show	
  increased	
  phosphorylation	
  of	
  MST2	
  at	
  Thr	
  180	
  upon	
  
exposure	
   to	
   γIR	
   that	
   depends	
   on	
   ATM	
   kinase	
   inhibition	
   in	
   agreement	
   with	
   previous	
   studies	
  
(Hamilton	
  et	
  al,	
  2009,	
  Yee	
  et	
  al.,	
  	
  2012).	
  

8.	
  The	
  comparability	
  of	
  the	
  time-­‐course	
  experiments	
  in	
  the	
  manuscript	
  suffers	
  a	
  bit	
  from	
  being	
  done	
  
at	
   different	
   time-­‐points	
   for	
   different	
   experiments.	
   This	
   makes	
   it	
   challenging	
   to	
   judge	
   if	
   e.g.	
   the	
  
transcriptional	
   shutdown	
   (3A,	
   10min,	
   30min)	
   follows	
   similar	
   kinetics	
   as	
   the	
   H2BS14p	
  modification	
  
(Fig	
  1A,	
  B,	
  C,	
  D,	
  30min,	
  1h,	
  2h	
  or	
  10min,	
  20min,	
  40min).	
  Similarly,	
  does	
  e.g.	
  EU	
  incorporation	
  follow	
  
inverse	
  kinetics	
  as	
  the	
  H2BS14p	
  modification?	
  	
  	
  

We	
   would	
   like	
   to	
   point	
   out	
   that	
   all	
   our	
   experiments	
   in	
   response	
   to	
   γIR	
   are	
   conducted	
   within	
   a	
  
timeline	
  of	
  40	
  mins	
  that	
  has	
  been	
  shown	
  by	
  us	
  here	
  and	
  others	
  to	
  be	
  the	
  timeframe	
  in	
  which	
  Pol	
  I	
  
transcriptional	
  shut	
  down	
  takes	
  place	
  in	
  response	
  to	
  γIR	
  (	
  Fig	
   	
  4A,	
  Kruhlak	
  et	
  al,	
  2007;	
  Larsen	
  et	
  al,	
  
2014).	
  	
  This	
  is	
  in	
  agreement	
  with	
  the	
  time	
  that	
  we	
  detect	
  nucleolar	
  H2BS14p	
  (Fig	
  1C	
  and	
  1D).	
  	
  

Polymerase	
   I	
   inhibition	
   in	
   response	
   to	
   γIR	
   is	
   a	
   transient	
   event	
   (Kruhlak	
   et	
   al,	
   2007;	
   Larsen	
   et	
   al,	
  
2014).	
  We	
   also	
   hypothesize	
   that	
   the	
   levels	
   or	
   kinetics	
   of	
   Pol	
   I	
   inhibition	
  may	
   be	
   affected	
   by	
   the	
  
position	
   of	
   the	
   break	
   and/or	
   the	
   amount	
   of	
   damage	
   in	
   each	
   cell.	
   Since	
   we	
   are	
   using	
   different	
  
methods	
  to	
  assess	
  the	
  establishment	
  of	
  H2BS14p	
  and	
  Pol	
  I	
  transcription	
  we	
  had	
  to	
  stratify	
  our	
  time	
  
points	
   to	
   overcome	
   technical	
   difficulties	
   (e.g.	
   10	
   min	
   exposure	
   to	
   5-­‐EU	
   are	
   not	
   sufficient	
   for	
   a	
  
detectable	
   signal).	
   20	
  min	
  after	
  exposure	
   to	
   	
   γIR	
  we	
  can	
  detect	
  MST2	
  dependent	
  accumulation	
  of	
  
H2BS14p	
   in	
  the	
  nucleolus	
  (Fig	
  3C	
  and	
  3D)	
  and	
  reduced	
  rDNA	
  transcription	
  that	
  can	
  be	
  significantly	
  
rescued	
  by	
  MST2	
  depletion	
  as	
  assessed	
  both	
  by	
  qPCR	
  and	
  5-­‐EU	
   incorporation	
  experiments	
   (Fig	
  4B	
  
and	
  4C).	
  We	
  also	
  show	
  the	
  inverse	
  kinetics	
  between	
  H2BS14p	
  and	
  5-­‐EU	
  incorporation	
  in	
  response	
  to	
  
DSBs	
  formed	
  with	
  the	
  I-­‐PpoI	
  endonuclease	
  (Fig	
  EV4C	
  and	
  EV4D).	
  



	
  
9.	
  In	
  Figure	
  2E	
  the	
  authors	
  show	
  increased	
  interaction	
  between	
  MST2	
  and	
  H2B	
  after	
  IR.	
  Is	
  this	
  specific	
  
for	
  H2B?	
  How	
  would	
  H2A	
  and	
  H3/H4	
  look	
  in	
  this	
  interaction	
  assay?	
  	
  

We	
  have	
  now	
  looked	
  for	
  H2A,	
  H3	
  and	
  H4	
  in	
  MST2	
  immunoprecipitates	
  in	
  the	
  presence	
  and	
  absence	
  
of	
  DNA	
  damage	
  and	
  identified	
  increased	
  presence	
  upon	
  exposure	
  to	
  γIR,	
  indicating	
  that	
  MST2	
  does	
  
not	
  bind	
  to	
  free	
  H2B	
  pools	
  but	
  with	
  chromatin	
  bound	
  nucleosomes	
  (Fig	
  EV4B).	
  Additionally,	
  we	
  have	
  
now	
   performed	
   CHIP-­‐qPCR	
   experiments	
   to	
   access	
  MST2	
   binding	
   to	
   the	
   rDNA	
   locus	
   and	
   detected	
  
MST2	
   across	
   the	
  DNA	
   repeat	
   soon	
   after	
   exposure	
   to	
   γIR	
   (Fig	
   3B),	
   suggesting	
   association	
  with	
   the	
  
rDNA	
  repeats.	
  	
  

If	
  the	
  increased	
  histone	
  interaction	
  of	
  MST2	
  after	
  damage	
  was	
  a	
  general	
  phenomenon	
  that	
  happens	
  
on	
  both	
  nucleolar	
  and	
  non-­‐nucleolar	
  chromatin,	
  why	
  would	
  only	
  nucleolar	
  H2B	
  become	
  
phosphorylated?	
  

Apologies	
  if	
  we	
  were	
  misleading	
  in	
  the	
  original	
  submission,	
  we	
  believe	
  this	
  is	
  apparent	
  at	
  the	
  rDNA	
  
repeats	
  as	
  MST2	
  is	
  enriched	
  at	
  the	
  nucleolus	
  and	
  binds	
  to	
  nucleolar	
  chromatin	
  upon	
  DNA	
  damage,	
  as	
  
we	
  now	
  show	
  in	
  CHIP-­‐qPCR	
  experiments	
  (Fig	
  3B).	
  This	
  may	
  occur	
  at	
  other	
  loci	
  but	
  below	
  detection	
  
potentially	
   due	
   to	
   absence	
   of	
   MST2,	
   lower	
   levels	
   of	
   active	
   transcription	
   or	
   different	
   chromatin	
  
structure.	
  We	
  clarify	
  and	
  discuss	
  this	
  in	
  our	
  MS	
  (p.7).	
  

	
  
10.	
  In	
  several	
  cases	
  single	
  cell	
   images	
  are	
  shown	
  and	
  quantifications	
  from	
  larger	
  cell	
  cohorts	
  would	
  
be	
  very	
  beneficial.	
  	
  

We	
  now	
  include	
  lower	
  magnification	
  images	
  and	
  quantified	
  data	
  for	
  all	
  our	
  key	
  experiments.	
  
Additional	
  quantifications	
  are	
  given	
  in	
  Figures	
  3C,	
  4F,	
  5A,	
  5D,	
  EV4B.	
  

Where	
  quantifications	
  are	
  provided,	
   it	
   should	
  be	
   indicated	
  what	
   the	
  error	
  bars	
   signify	
  and	
  not	
   just	
  
how	
  many	
  experiments	
  they	
  are	
  derived	
  from.	
  Further,	
  it	
  would	
  be	
  useful	
  to	
  provide	
  information	
  on	
  
the	
  number	
  of	
  cells	
  that	
  were	
  analysed.	
  Significance	
  levels	
  (*,	
  **,	
  ***,	
  etc.)	
  should	
  be	
  explained	
  in	
  the	
  
figure	
   legends	
  and	
   it	
  should	
  be	
  made	
  clear	
  which	
  two	
  samples	
  were	
  compared	
  against	
  each	
  other.	
  	
  
	
  

We	
  have	
  now	
  added	
  this	
  info	
  in	
  figure	
  legends	
  and	
  the	
  material	
  and	
  methods	
  section.	
  

	
  
Minor	
  points:	
  	
  
	
  
1.	
  In	
  Figure	
  1D	
  it	
  would	
  be	
  useful	
  to	
  have	
  time-­‐points	
  beyond	
  40min	
  and/or	
  similar	
  to	
  the	
  time-­‐points	
  
taken	
  for	
  the	
  immunofluorescence	
  to	
  fully	
  support	
  the	
  'similar	
  kinetics'.	
  	
  

We	
  removed	
  the	
  phrase	
  similar	
  kinetics.	
  
	
  
2.	
  In	
  EV1C,	
  at	
  the	
  10min	
  time-­‐point	
  the	
  DAPI	
  channel	
  is	
  not	
  included	
  in	
  the	
  merged	
  image	
  and	
  the	
  cell	
  
images	
  in	
  EV1C	
  after	
  1h	
  and	
  2h	
  are	
  identical.	
  	
  



We	
  have	
  now	
  included	
  the	
  DAPI	
  channel	
  at	
  the	
  10	
  min	
  time	
  point	
  and	
  corrected	
  the	
  2h	
  time	
  point	
  
image.	
  
	
  
3.	
  In	
  Figure	
  5,	
  it	
  would	
  help	
  corroborate	
  the	
  relation	
  between	
  the	
  rDNA	
  damage	
  and	
  the	
  H2BS14p	
  
modification	
  by	
  a	
  Western	
  Blot	
  showing	
  (presumably)	
  increase	
  in	
  the	
  modification	
  levels	
  with	
  similar	
  
kinetics	
  as	
  the	
  gH2AX	
  signal	
  in	
  the	
  nucleolus	
  after	
  transfection	
  of	
  the	
  V5-­‐I-­‐Ppol.	
  	
  

We	
  now	
  provide	
  this	
  data	
  (Fig	
  6A).	
  
	
  

4.	
  In	
  Figure	
  2D,	
  why	
  is	
  the	
  merged	
  image	
  not	
  shown	
  for	
  this	
  panel,	
  when	
  it	
  is	
  for	
  all	
  other	
  ones?	
  	
  

Merged	
  channels	
  are	
  now	
  shown.	
  
	
  
5.	
  The	
  different	
  channels	
  and	
  the	
  merge	
  in	
  Figure	
  4A	
  (and	
  throughout)	
  should	
  be	
  properly	
  aligned,	
  
the	
  y-­‐axis	
  seems	
  off	
  in	
  some	
  images	
  relative	
  to	
  others	
  and	
  the	
  same	
  is	
  probably	
  the	
  case	
  for	
  the	
  x-­‐
axis,	
  although	
  less	
  easy	
  to	
  spot.	
  	
  

We	
  have	
  now	
  carefully	
  aligned	
  all	
  our	
  images.	
  

	
  
	
  
	
  
	
  
Referee	
  #3:	
  

	
  	
  
In	
   this	
  manuscript	
   Eric	
  O'Neill	
   and	
   colleagues	
   discover	
   that	
   histone	
  H2B	
   phosphorylation	
   on	
   Ser14	
  
specifically	
  marks	
  damaged	
  rDNA	
  repeats	
  in	
  the	
  nucleoli	
  in	
  response	
  to	
  treatments	
  that	
  induce	
  DNA	
  
double-­‐strand	
  breaks	
  (DSBs).	
  They	
  demonstrate	
  that	
  H2B	
  is	
  phosphorylated	
  on	
  Ser14	
  in	
  the	
  nucleoli	
  
in	
   response	
   to	
   ionizing	
   radiation	
   (IR)	
   treatment	
   in	
   an	
   ATM-­‐dependent	
  manner.	
   They	
   then	
   present	
  
convincing	
  evidence	
   that	
   the	
  MST2	
  kinase	
  phosphorylates	
  H2B	
   in	
   response	
   to	
   IR.	
   Furthermore,	
   the	
  
authors	
  show	
  that	
  H2B	
  Ser14	
  phosphorylation	
  is	
  associated	
  with	
  rRNA	
  transcriptional	
  suppression	
  in	
  
response	
   to	
   DNA	
   damage	
   and	
   that	
   this	
   chromatin	
   mark	
   is	
   somehow	
   contributing	
   to	
   the	
   rRNA	
  
transcriptional	
   repression	
   and	
   to	
   survival	
   of	
   cells	
   upon	
   rDNA	
   breakage.	
   Based	
   on	
   these	
   data	
   they	
  
propose	
  that	
  ATM-­‐dependent	
  activation	
  of	
  MST2	
  specifically	
  marks	
  histone	
  H2B	
  by	
  phosphorylation	
  
in	
   rDNA	
   chromatin,	
   leading	
   to	
   transcriptional	
   repression	
   of	
   the	
   rRNA	
  gene	
   clusters	
   in	
   the	
   nucleoli,	
  
which	
   may	
   facilitate	
   DSB	
   repair	
   in	
   these	
   highly	
   transcribed	
   and	
   repetitive	
   chromatin	
   regions.	
  	
  
	
  
This	
   is	
   an	
   interesting	
   paper.	
   Even	
   though	
   the	
   data	
   set	
   is	
   somewhat	
   descriptive	
   and	
   short	
   of	
  
mechanistic	
  insights,	
  I	
  still	
  think	
  it	
  is	
  interesting	
  and	
  novel	
  enough	
  to	
  warrant	
  publication	
  in	
  EMBO	
  J.	
  I	
  
have	
  a	
  few	
  suggestions	
  for	
  additional	
  experiments	
  that	
  would	
  further	
  strengthen	
  this	
  story.	
  	
  

	
  
	
  

We	
   thank	
   the	
   reviewer	
   for	
   their	
   comments	
   that	
   our	
   manuscript	
   sufficiently	
   interesting	
   for	
  
publication	
   in	
   EMBO	
   J.	
  While	
   the	
   technical	
   challenges	
   of	
   addressing	
   the	
   specific	
   mechanism	
   in	
   a	
  
minor	
   fraction	
   of	
   the	
   genome	
   are	
   difficult,	
  we	
   have	
   attempted	
   to	
   answer	
   all	
   comments	
   and	
   now	
  
provide	
  additional	
  data	
  that	
  we	
  feel	
  does	
  address	
  this	
  referee’s	
  concerns.	
  



	
  
1)	
  On	
  several	
  occasions	
  key	
  findings	
  are	
  presented	
  by	
  fluorescence	
  microscopy	
  micrographs	
  where	
  
just	
  one	
  cell	
  is	
  shown.	
  In	
  my	
  opinion	
  the	
  paper	
  would	
  benefit	
  from	
  some	
  quantification	
  of	
  the	
  
microscopy	
  experiments.	
  	
  

We	
  now	
  show	
  lower	
  magnification	
  images	
  of	
  multiple	
  cells	
  and	
  provide	
  quantified	
  data	
  for	
  all	
  our	
  
key	
  experiments.	
  Additional	
  quantifications	
  are	
  given	
  in	
  Figures	
  3C,	
  4G,	
  5A,	
  5D,	
  6F	
  and	
  EV4B.	
  

	
  
2)	
  It	
  was	
  previously	
  shown	
  that	
  nucleolar	
  segregation	
  in	
  response	
  to	
  DNA	
  damage	
  and/or	
  Pol	
  I	
  
inhibition	
  is	
  associated	
  with	
  movement	
  of	
  the	
  rDNA	
  repeats	
  from	
  the	
  nucleolar	
  interior	
  into	
  nucleolar	
  
caps	
  (e.g.	
  van	
  Sluis	
  and	
  McStay	
  2015).	
  Surprisingly,	
  judging	
  from	
  Figure	
  5,	
  this	
  relocation	
  does	
  not	
  
seem	
  to	
  happen	
  for	
  the	
  pS14	
  H2B	
  signal.	
  Do	
  we	
  have	
  to	
  conclude	
  that	
  H2B	
  remains	
  in	
  the	
  nucleoli	
  
while	
  the	
  rDNA	
  repeats	
  are	
  localized	
  to	
  the	
  caps?	
  And	
  does	
  this	
  mean	
  that	
  it	
  is	
  free	
  H2B	
  that	
  is	
  
modified	
  on	
  Ser14	
  by	
  MST2?	
  This	
  should	
  perhaps	
  be	
  analyzed	
  in	
  more	
  detail	
  and/or	
  discussed	
  in	
  the	
  
text.	
  	
  

Two	
  recent	
  studies	
  from	
  van	
  Sluis	
  &	
  McStay	
  and	
  Harding	
  et	
  al.	
  offer	
  a	
  very	
  detailed	
  characterisation	
  
on	
  how	
  DSBs	
  in	
  the	
  rDNA	
  repeats	
  impact	
  on	
  Pol	
  I	
  inhibition,	
  nucleolar	
  re-­‐organisation	
  and	
  how	
  their	
  
repair	
  is	
  achieved.	
  In	
  these	
  studies	
  it	
  was	
  shown	
  that	
  damaged	
  rDNA	
  is	
  re-­‐localised	
  in	
  the	
  nucleolar	
  
periphery	
   where	
   it	
   gets	
   repaired	
   by	
   Homologous	
   Recombination	
   (HR).	
   In	
   Harding	
   et	
   al.	
   Non-­‐
Homologous	
  End	
  Joining	
  (NHEJ)	
  was	
  also	
  found	
  to	
  have	
  a	
  central	
  role	
  in	
  rDNA	
  DSB	
  repair.	
  However	
  
central	
   components	
  of	
   the	
  NHEJ	
  machinery	
   (DNA-­‐PK,	
   KU70/80)	
  do	
  not	
   re-­‐localise	
   in	
   the	
  nucleolar	
  
caps	
   suggesting	
   that	
   NHEJ	
   takes	
   place	
   in	
   the	
   nucleolar	
   interior	
   potentially	
   with	
   different	
   kinetics	
  
from	
  HR.	
  	
  

van	
   Sluis	
  &	
  McStay,	
   reported	
   that	
   at	
   6h	
  post	
   I-­‐PpoI	
  mRNA	
   transfection	
  only	
  20%	
  of	
   rDNA	
   repeats	
  
acquire	
   a	
   DSB	
   (van	
   Sluis	
   &	
  McStay,	
   2015).	
   The	
   complete	
   lack	
   of	
   5-­‐EU	
   incorporation	
   under	
   these	
  
conditions	
  (Fig	
  6B	
  and	
  EV4B,	
  van	
  Sluis	
  &	
  McStay,	
  2015	
  )	
  suggests	
  that	
  the	
  transcriptional	
  shut	
  down	
  
must	
  also	
  take	
  place	
  within	
  the	
  rDNA	
  repeats	
  that	
  are	
  not	
  damaged	
  (i.e.	
  the	
  other	
  80%).	
  	
  

We	
  now	
  provide	
  CHIP-­‐qPCR	
  experiments	
  and	
  co-­‐immunoprecipitation	
  experiments	
  to	
  assess	
  MST2	
  
interaction	
  with	
  all	
  the	
  core	
  histones	
  of	
  the	
  nucleosome	
  within	
  the	
  rDNA	
  repeats	
  (Fig	
  3B	
  and	
  EV2B),	
  
that	
   support	
   that	
   MST2	
   should	
   modify	
   H2B	
   on	
   nucleolar	
   chromatin	
   rather	
   than	
   free	
   H2B	
   pools.	
  
Surprisingly	
   though	
  we	
   did	
   not	
   detect	
   H2BS14p	
   co-­‐localising	
  with	
   γH2Ax	
   at	
   the	
   nucleolar	
   caps,	
   in	
  
contrast	
  we	
   show	
  now	
  data	
   that	
   the	
  modification	
  marks	
  H2B	
   in	
   the	
   interior	
   of	
   the	
   nucleolus	
   (Fig	
  
EV5B).	
   While	
   it	
   is	
   possible	
   that	
   H2BS14p	
   marks	
   a	
   fraction	
   that	
   is	
   repaired	
   by	
   NHEJ	
   or	
   the	
   non-­‐
damaged	
  nucleolar	
  chromatin	
  that	
  is	
  transcriptionally	
  shut	
  down	
  in	
  trans,	
  it	
  has	
  been	
  proposed	
  that	
  
in	
   the	
   presence	
   of	
   rDNA	
   breaks	
   the	
   majority	
   of	
   the	
   rDNA	
   moves	
   to	
   the	
   periphery	
   (van	
   Sluis	
   &	
  
McStay,	
  2015).	
  Therefore,	
  we	
  may	
  detect	
  H2BS14p	
  in	
  evicted	
  nucleosomes	
  that	
  have	
  been	
  released	
  
in	
   the	
   interior	
   to	
   allow	
   efficient	
   repair	
   in	
   the	
   cap.	
   Previous	
   studies	
   have	
   shown	
   nucleosome	
  
destabilisation	
   is	
   required	
   around	
   I-­‐PpoI	
   induced	
   DSBs	
   to	
   allow	
   efficient	
   repair.	
   This	
   process	
   has	
  
been	
  shown	
  to	
  be	
  transient	
  and	
  depend	
  on	
  ATM-­‐Nbs1,	
  both	
  necessary	
  factors	
  for	
  the	
  establishment	
  
of	
   rDNA	
   transcriptional	
   shut	
  down	
   (Berkovich	
  et	
   al,	
   2007;	
  Goldstein	
  et	
   al,	
   2013).	
   These	
  points	
   are	
  
now	
  discussed	
  in	
  page	
  8	
  of	
  the	
  MS.	
  



	
  
3)	
  It	
  is	
  still	
  unclear	
  if	
  transcriptional	
  repression	
  of	
  the	
  rDNA	
  repeats	
  is	
  a	
  cause	
  or	
  a	
  consequence	
  of	
  
nucleolar	
  segregation.	
  Therefore	
  it	
  would	
  be	
  interesting	
  to	
  test	
  if	
  MST2	
  silencing	
  is	
  also	
  affecting	
  
nucleolar	
  segregation	
  (cap	
  formation).	
  

We	
  have	
  now	
  looked	
  for	
  nucleolar	
  segregation	
  in	
  the	
  presence	
  of	
  I-­‐PpoI	
  induced	
  rDNA	
  damage	
  upon	
  
MST2	
  silencing,	
  accessing	
  UBF	
  translocation	
  to	
  the	
  cap	
  (Fig	
  EV5A).	
  Previous	
  studies	
  and	
  our	
  data	
  in	
  
this	
  MS,	
  show	
  that	
  Pol	
  I	
  inhibition	
  in	
  the	
  presence	
  of	
  rDNA	
  DSBs	
  introduced	
  by	
  I-­‐PpoI	
  is	
  fully	
  rescued	
  
by	
  ATM	
  inhibition.	
  Under	
  these	
  conditions	
  reduced	
  nucleolar	
  segregation	
  was	
  observed	
  (van	
  Sluis	
  &	
  
McStay,	
  2015	
  and	
  Harding	
  et	
  al,	
  2015).	
  Upon	
  MST2	
  depletion	
  we	
  see	
  a	
  decrease	
  in	
  fully-­‐segregated	
  
nucleoli	
   and	
  an	
   increase	
   in	
  partial-­‐segregated	
  nucleoli	
   (Fig	
   EV5A).	
  While	
   this	
   is	
   not	
   as	
  dramatic	
   as	
  
ATM	
   inhibition,	
   supports	
   the	
   model	
   of	
   rDNA	
   transcriptional	
   shut	
   down	
   leading	
   to	
   nucleolar	
  
segregation.	
   This	
   data	
   also	
   supports	
   a	
   dominant	
   upstream	
   role	
   for	
   ATM	
   that	
   regulates	
   rDNA	
  
transcriptional	
  responses	
  via	
  activation	
  of	
  additional	
  downstream	
  factors	
  (Larsen	
  et	
  al.,	
  2014,	
  Ciccia	
  
et	
   al.,	
   2014).	
   Of	
   note,	
   in	
   the	
   cases	
  where	
  we	
   see	
   partial-­‐segregated	
   nucleoli	
   we	
   can	
   still	
   observe	
  
γH2Ax,	
  as	
  shown	
  in	
  Figure	
  7B.	
  

	
  
Minor	
  points:	
  	
  
	
  
1)	
  Manuscript	
  pages	
  should	
  be	
  numbered,	
  otherwise	
  it's	
  difficult	
  to	
  refer	
  to	
  certain	
  passages	
  of	
  the	
  
text	
  	
  

Manuscript	
  pages	
  are	
  now	
  numbered.	
  
	
  
2)	
  Somewhere	
  towards	
  the	
  end	
  of	
  the	
  paper,	
  there	
  is	
  this	
  sentence:	
  	
  
"Nucleolar	
  caps	
  are	
  formed	
  under	
  these	
  conditions	
  due	
  to	
  the	
  vast	
  levels	
  of	
  breaks	
  in	
  the	
  nucleoli	
  
(van	
  Sluis	
  &	
  McStay,	
  2015)".	
  This	
  is	
  not	
  entirely	
  correct.	
  Nucleolar	
  caps	
  also	
  form	
  under	
  conditions	
  
where	
  few	
  breaks	
  are	
  induced	
  in	
  the	
  rDNA	
  repeats	
  (i.e.	
  upon	
  IR	
  treatment)	
  (see	
  Kruhlak	
  et	
  al.,	
  2007).	
  
However,	
  in	
  response	
  to	
  IR,	
  fewer	
  caps	
  form	
  and	
  they	
  are	
  not	
  present	
  in	
  all	
  the	
  nucleoli.	
  Thus,	
  I-­‐Ppo1	
  
treatment	
  just	
  accents	
  this	
  physiological	
  response.	
  This	
  should	
  be	
  clarified	
  in	
  the	
  text.	
  

This	
  now	
  has	
  been	
  changed	
  in	
  the	
  text.	
  



The EMBO Journal - Peer Review Process File 
 

 
© European Molecular Biology Organization 5 

2nd Editorial Decision 9 April 2018 

Thank you for submitting your revised manuscript for our consideration. It has now been seen once 
more by the original reviewers, and I am happy to inform you that all three of them are generally 
satisfied with the revisions and improvements to the paper. Referee 2 still retains a number of 
specific issues, of which I would invite you to address the presentational ones (text, microscopy 
images) as well as the inhibitor control experiments (which could be included in a referee response 
figure) during a final, minor re-revision round.  
------------------------------------------------  
REFEREE REPORTS 
 
Referee #1:  
 
The authors have addressed my concerns. I recommend publication of this manuscript.  
 
 
Referee #2:  
 
The authors have addressed most of my initial comments and now provide additional experiments, 
including important controls, to substantiate their findings. In particular the additional data with the 
H2B S14A mutant and with a second siRNA against MST2 as well as the quantification of the 
imaging data strengthen the main conclusions. Overall, this is a timely and relevant study, which I 
consider now well suited for publication in EMBO Journal.  
 
The authors may want to address the following issues to further improve the quality of their work:  
 
- Several microscopy images are still misaligned and the authors may want to correct this prior to 
publication (e.g. Fig. 2E, 3C, 4F, 5A, 5D). In Fig. 2D in the control condition the green and the red 
channels do not show the same cells.  
 
- The experiments with DNA-PKi (NU7441), PARPi (olaparib) and Pol Ii (CX-5461) lack the 
controls that the inhibitors were working.  
 
- A valuable extension of the new RCC1 recruitment data would be to test how this behaves upon 
MST2 knockdown.  
 
- There are a couple of typos and inconsistencies in the text, which should be corrected, for example:  
 
o "HistoneH2B" should be "Histone H2B" in the abstract and throughout the manuscript.  
o In the abstract, it should be "We show that establishment of H2BS14p ...".  
o In the introduction, there is a duplication after the first sentence.  
o Halfway through the first paragraph, "... (Pol I) ATM kinase dependent ..." should probably be 
rephrased.  
o Page 4, "phospho-dead" is misspelled  
o The sentence on the Pol I inhibitor (page 4/5) is unclear. I assume what the authors want to say is 
that H2BS14p occurs upstream of transcriptional silencing, rather than being induced by Pol I 
inhibition.  
o Page 8, fourth paragraph, the sentence on NHEJ is incomplete ("repair" is missing, "in" should be 
"is").  
 
Referee #3:  
 
I went through the revised version of this manuscript and also carefully read the rebuttal letter. The 
authors have adequately addressed all of my previous concerns. I therefore recommend publication 
of this interesting paper without further delay. 
 
 
2nd Revision - authors' response 18 April 2018 

 



We would like to thank all 3 referees for suggesting the publication of our work in EMBO Journal.  

Please find below Please find below a point by point replay to the comments raised by Referee 2. 
 

Referee #1:  

 

The authors have addressed my concerns. I recommend publication of this manuscript.  

 

 

Referee #2:  

 

The authors have addressed most of my initial comments and now provide additional experiments, 

including important controls, to substantiate their findings. In particular the additional data with the 

H2B S14A mutant and with a second siRNA against MST2 as well as the quantification of the imaging 

data strengthen the main conclusions. Overall, this is a timely and relevant study, which I consider 

now well suited for publication in EMBO Journal.  

 

The authors may want to address the following issues to further improve the quality of their work:  

 

- Several microscopy images are still misaligned and the authors may want to correct this prior to 

publication (e.g. Fig. 2E, 3C, 4F, 5A, 5D). In Fig. 2D in the control condition the green and the red 

channels do not show the same cells.  

We have now carefully aligned our microscopy images and corrected control condition in Fig 2D. 

 

- The experiments with DNA-PKi (NU7441), PARPi (olaparib) and Pol Ii (CX-5461) lack the controls 

that the inhibitors were working.  

Please find below the data that show that inhibitors are working at the concentrations used in our 

study. (A) Lack of 5-EU incorporation in CX-4561- treated cells (B) Decreased RPA S4/8 

phosphorylation for cells treated with the NU7441 DNA-PK inhibitor (C) Decreased PAR levels in the 

presence of Olaparib. 

 

 

 



- A valuable extension of the new RCC1 recruitment data would be to test how this behaves upon 

MST2 knockdown.  

We agree with the reviewer that an in depth characterisation of how RCC1 recruitment impacts on 

chromatin condensation in response to DNA damage is an interesting point. We feel however that 

this is a subject for a separate study and beyond the scope of this manuscript. 

 

 

- There are a couple of typos and inconsistencies in the text, which should be corrected, for example:  

 

o "HistoneH2B" should be "Histone H2B" in the abstract and throughout the manuscript.  

o In the abstract, it should be "We show that establishment of H2BS14p ...".  

o In the introduction, there is a duplication after the first sentence.  

o Halfway through the first paragraph, "... (Pol I) ATM kinase dependent ..." should probably be 

rephrased.  

o Page 4, "phospho-dead" is misspelled  

o The sentence on the Pol I inhibitor (page 4/5) is unclear. I assume what the authors want to say is 

that H2BS14p occurs upstream of transcriptional silencing, rather than being induced by Pol I 

inhibition.  

o Page 8, fourth paragraph, the sentence on NHEJ is incomplete ("repair" is missing, "in" should be 

"is").  

We have corrected the typos and inconsistencies. 

 

 

 

Referee #3:  

 

I went through the revised version of this manuscript and also carefully read the rebuttal letter. The 

authors have adequately addressed all of my previous concerns. I therefore recommend publication 

of this interesting paper without further delay. 
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http://1degreebio.org
http://www.equator-­‐network.org/reporting-­‐guidelines/improving-­‐bioscience-­‐research-­‐reporting-­‐the-­‐arrive-­‐guidelines-­‐for-­‐reporting-­‐animal-­‐research/

http://grants.nih.gov/grants/olaw/olaw.htm
http://www.mrc.ac.uk/Ourresearch/Ethicsresearchguidance/Useofanimals/index.htm
http://ClinicalTrials.gov
http://www.consort-­‐statement.org
http://www.consort-­‐statement.org/checklists/view/32-­‐consort/66-­‐title

è

http://www.equator-­‐network.org/reporting-­‐guidelines/reporting-­‐recommendations-­‐for-­‐tumour-­‐marker-­‐prognostic-­‐studies-­‐remark/
è

http://datadryad.org
è

http://figshare.com
è

http://www.ncbi.nlm.nih.gov/gap
è

http://www.ebi.ac.uk/ega

http://biomodels.net/

http://biomodels.net/miriam/
è http://jjj.biochem.sun.ac.za
è http://oba.od.nih.gov/biosecurity/biosecurity_documents.html
è http://www.selectagents.gov/
è

è
è

è
è

� common	
  tests,	
  such	
  as	
  t-­‐test	
  (please	
  specify	
  whether	
  paired	
  vs.	
  unpaired),	
  simple	
  χ2	
  tests,	
  Wilcoxon	
  and	
  Mann-­‐Whitney	
  
tests,	
  can	
  be	
  unambiguously	
  identified	
  by	
  name	
  only,	
  but	
  more	
  complex	
  techniques	
  should	
  be	
  described	
  in	
  the	
  methods	
  
section;

� are	
  tests	
  one-­‐sided	
  or	
  two-­‐sided?
� are	
  there	
  adjustments	
  for	
  multiple	
  comparisons?
� exact	
  statistical	
  test	
  results,	
  e.g.,	
  P	
  values	
  =	
  x	
  but	
  not	
  P	
  values	
  <	
  x;
� definition	
  of	
  ‘center	
  values’	
  as	
  median	
  or	
  average;
� definition	
  of	
  error	
  bars	
  as	
  s.d.	
  or	
  s.e.m.	
  

1.a.	
  How	
  was	
  the	
  sample	
  size	
  chosen	
  to	
  ensure	
  adequate	
  power	
  to	
  detect	
  a	
  pre-­‐specified	
  effect	
  size?

1.b.	
  For	
  animal	
  studies,	
  include	
  a	
  statement	
  about	
  sample	
  size	
  estimate	
  even	
  if	
  no	
  statistical	
  methods	
  were	
  used.

2.	
  Describe	
  inclusion/exclusion	
  criteria	
  if	
  samples	
  or	
  animals	
  were	
  excluded	
  from	
  the	
  analysis.	
  Were	
  the	
  criteria	
  pre-­‐
established?

3.	
  Were	
  any	
  steps	
  taken	
  to	
  minimize	
  the	
  effects	
  of	
  subjective	
  bias	
  when	
  allocating	
  animals/samples	
  to	
  treatment	
  (e.g.	
  
randomization	
  procedure)?	
  If	
  yes,	
  please	
  describe.	
  

For	
  animal	
  studies,	
  include	
  a	
  statement	
  about	
  randomization	
  even	
  if	
  no	
  randomization	
  was	
  used.

4.a.	
  Were	
  any	
  steps	
  taken	
  to	
  minimize	
  the	
  effects	
  of	
  subjective	
  bias	
  during	
  group	
  allocation	
  or/and	
  when	
  assessing	
  results	
  
(e.g.	
  blinding	
  of	
  the	
  investigator)?	
  If	
  yes	
  please	
  describe.

4.b.	
  For	
  animal	
  studies,	
  include	
  a	
  statement	
  about	
  blinding	
  even	
  if	
  no	
  blinding	
  was	
  done

5.	
  For	
  every	
  figure,	
  are	
  statistical	
  tests	
  justified	
  as	
  appropriate?

Do	
  the	
  data	
  meet	
  the	
  assumptions	
  of	
  the	
  tests	
  (e.g.,	
  normal	
  distribution)?	
  Describe	
  any	
  methods	
  used	
  to	
  assess	
  it.

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

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

The	
  statistical	
  tests	
  performed	
  are	
  stated	
  in	
  all	
  figure	
  legends.

Data	
  were	
  tested	
  for	
  normality	
  using	
  the	
  Graphpad	
  Prism	
  software.

SD	
  is	
  shown

We	
  did	
  not	
  perform	
  separate	
  variance	
  tests

YOU	
  MUST	
  COMPLETE	
  ALL	
  CELLS	
  WITH	
  A	
  PINK	
  BACKGROUND	
  ê

Appropriate	
  sample	
  sizes	
  were	
  chosen	
  for	
  analysis.	
  Biological	
  replicates	
  resulted	
  in	
  similar	
  results	
  
with	
  small	
  SD	
  indicating	
  appropriate	
  sample	
  size.

N/A

Only	
  data	
  that	
  resulted	
  from	
  technal	
  problems	
  were	
  ommited	
  (eg.	
  failed	
  immunoflouresent	
  
stainings	
  or	
  smeared	
  bands	
  in	
  western	
  blots)

Cells	
  were	
  seeded	
  and	
  chosen	
  randomly	
  for	
  transfection	
  or	
  drug	
  treatment.	
  For	
  	
  	
  fluorescence	
  	
  	
  	
  
image	
  	
  	
  	
  analysis,	
  	
  	
  	
  random	
  	
  	
  	
  fields	
  	
  	
  	
  were	
  	
  	
  	
  chosen	
  	
  	
  	
  by	
  	
  	
  	
  observing	
  	
  	
  	
  samples	
  	
  	
  	
  on	
  	
  	
  	
  channels	
  	
  	
  	
  
not	
  	
  	
  	
  relevant	
  	
  	
  	
  for	
  	
  	
  	
  the	
  	
  	
  	
  analysis	
  	
  	
  	
  (eg	
  	
  	
  DAPI).	
  	
  

N/A

The	
  investigator	
  was	
  not	
  blinded

N/A

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.

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).

C-­‐	
  Reagents

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.

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.).
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  good	
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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.
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The	
  source	
  of	
  all	
  the	
  antibodies	
  used	
  in	
  this	
  studys	
  is	
  reported	
  in	
  the	
  materials	
  and	
  methods	
  
section

The	
  source	
  of	
  cell	
  lines	
  used	
  in	
  this	
  study	
  is	
  reported	
  in	
  the	
  materials	
  and	
  method	
  section
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