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31st Aug 20201st Editorial Decision

Dear Dr Hill, 

Thank you for the submission of your manuscript  (EMBOJ-2020-106317) to The EMBO Journal.
Please accept my apologies for the unusual delay with the peer-review of your manuscript  due to
delayed referee input at  this t ime of the year and detailed discussions in the team. We have sent
your manuscript  to three reviewers for evaluat ion and now received reports from all of them, which I
copy below. I am afraid that in light  of their comments we decided that we cannot offer publicat ion
in The EMBO Journal. 

As you will see, the referees appreciate the potent ial interest  of your results for the field. However
they also raise major concerns with the analysis that  I am afraid preclude publicat ion here. In more
detail, referee #1 points to major caveats regarding data inconsistencies and not sufficient ly
supported claims on a kinase act ivity-independent funct ion of structural receptor clustering in
ACVR signaling (ref#1 pts. 5-7). Further, this reviewer is concerned about the pathophysiological
relevance of the current ACVR1R206H related findings (ref#1, pts.1, 8). Referee #3 agrees in that
the disease relevance of your results is only prematurely explored (Ref#3, standfirst ; pt .5). Referee
#2 states that the advance of your results as well as the extent of downstream signaling analysis
are too limited (ref#2 pts1,3) and that more experiments are required to conclusively support  the
model proposed. 

Given these negat ive opinions from good experts on the field, and considering that the journal only
offers one concise round of major revisions, I am afraid we have concluded that we cannot offer to
publish your study in The EMBO Journal. 

Please note that we would per se be able to re-assess a substant ially reworked and amended
version of the manuscript , but  considering the major revision of the study apparent ly required, as
well as the unclear outcome of such experiments, re-evaluat ion would be ent irely open at  this point ,
and you might thus be better advised to seek an alternat ive venue. 

Thank you in any case for the opportunity to consider this manuscript . I regret  we cannot be more
posit ive on this occasion, but we hope nevertheless that you will find our referees' comments
helpful. I again apologise for the unusual protract ion. 

Kind regards, 

Daniel Klimmeck 

Daniel Klimmeck, PhD 
Editor 
The EMBO Journal 



**************************************************** 

Referee #1: 

In this manuscript , Ramachandran et  al. ident ified a new mechanism by which ACVR1R206H
promotes TGFB signaling and the pathogenesis of fibrodysplasia ossificans progressiva (FOP) and
diffuse intrinsic pont ine glioma (DIPG). ACVR1 is a Type 1 TGFB family receptor that  is involved in a
wide variety of biological processes, including bone, heart , and development regulat ion. While
several ACVR1 mutat ions have been ident ified, the majority of DIP and FOP pat ients exhibit  a
single amino acid change, Arg206His. Previous studies have shown that this point  mutat ion results
in enhanced Smad 1/5-induced signaling. However, the underlying mechanisms are not well
understood. To address this, the authors introduced a point  mutat ion in the endogenous ACVR1
locus of HEK23T cells and demonstrated that ACVR1R206H exhibited an enhanced response to
Act ivin A compared to ACVR1WT. Mechanist ically, the authors show that Act ivin A promotes
clustering of ACVR1R206H with ACVRII A/B at  the cell surface and this clustering is sufficient  for
ACVR1R206H autoact ivat ion and Smad 1/5 phosphorylat ion. 

The novelty of this study lies in the findings that ACVR1R206H act ivat ion does not require
upstream kinases, but is largely act ivated by Act ivin A-dependent receptor clustering. Prior to this
study, the accepted model of TGFβ signaling centered on const itut ively act ive TβRII
phosphorylat ing TβRI to act ivate Smad 1/5. The present study introduces a new paradigm to TGFβ
signaling, especially in the pathogenesis of FOP and DIP. Moreover, this study is one of the first  to
show that TβRI act ivat ion can occur independent ly of TβRII kinase act ivity. The overall conclusion
appears sound and the ident ificat ion of a novel mechanism for FOP and DIPG is very promising.
However, a number of addit ional experiments need to be performed to fully support  their overall
findings, and the translat ional applicat ion of this study is unclear. 

Major Comments: 

1. A number of experiments were performed using H293T cells. While these cells are sufficient  for
preliminary studies, more physiological relevant cell lines should be used.
2. For Figure 2, the authors should provide direct  evidence that ACVR1R206H is not internalized
following Act ivin A st imulat ion and is localized at  the cell surface through immunofluorescence
studies or biot inylat ing/streptavidin labeling. Moreover, Smad 1/5 nuclear accumulat ion should also
be invest igated.
3. The conclusion that ACVR1R206Hsignals independent ly of ACVR1B/C at  higher concentrat ions
of Act ivin A are unsupported. Slight  impairment of Smad 1/5 act ivat ion at  high concentrat ions of
Act ivin A can largely be explained by the fact  that  higher SB-431542 concentrat ion that was used
was not sufficient  enough to fully inhibit  receptor act ivity. Moreover, this conclusion is also not
supported by Figure 3B as dKO of ACVR1B/C significant ly impaired Smad 1/5 act ivat ion in HOM1
cells (as indicated by the representat ive western blot  image). More direct  evidence is needed to
show that ACVR1R206H signals independent ly of ACVR1 B/C at  higher concentrat ions of Act ivin A.
4. The authors argue that the kinase act ivity is not needed for ACVR1R206H - mediated induct ion
of Smad 1/5. However, in Figure 4C, overexpression of ACVR2AKR failed to rescue Smad 1/5
act ivat ion compared to ACVR2AWT cells, suggest ing that the kinase domain of type II receptors is
crit ical for ACVR1R206H funct ion. The authors should address this.
5. In Figure 4B, it  is unclear why the authors overexpress pFlag-Smad1 for their optogenet ic studies.
The western blot  clearly shows that endogenous pSmad 1/5 can be detected. While there is a large
change in pFlag-Smad1 upon light-induced clustering of ACVR1206H, there is very lit t le to no
change in endogenous pSmad 1/5 between ACVR1WT and ACVR1R206H groups, suggest ing that



Smad 1 act ivat ion by ACVR1R206H-mediated clustering may be an art ifact . The authors should
address this discrepancy. 
6. While TIRF microscopy data is intriguing and dramat ic, it  does not direct ly demonstrate that
Act ivin A promotes ACVR1R206H and ACVR2A/B clustering, rather it  only demonstrates that the
lipid bilayer conformat ion is altered. More direct  evidence demonstrat ing that Act ivin A select ively
promotes ACVR1R206H and ACVR2A/B clustering is needed.
7. The authors claim that ACVRIIA/B promotes cluster format ion structurally rather than through its
kinase act ivity as double knockout of ACVRII A/B resulted in a significant reduct ion in tetramers and
oligomers. This is not surprising as one would expect higher order structures to be altered if total
levels of a receptor are depleted. To fully demonstrate that ACVRII A/B structure but not enzymatic
act ivity is needed for cluster format ion, the authors should t reat cells with an ACVRII A/B specific
inhibitor or use a KD (kinase dead) ACVRII A/B and reperform Figure 6.
8. While the signaling data is strong, there is a lack of clinical relevance. The authors should
demonstrate that receptor clustering occurs in FOP mouse models or in human samples. Moreover,
the authors should show that FOP pathogenesis and receptor clustering can be at tenuated using
an ACVR1 inhibitor. These studies should be also be performed in vit ro.
9. The conclusion that ACVRIR206H undergoes autoact ivat ion is unsupported in this manuscript .
To fully demonstrate this, the authors should perform proteomic analysis of ACVRIR206H in the
presence or absence of ACVRII A/B.

Minor Comments: 

1. In Figure 1A, the authors claim that ACVR1R206H specifically promotes Act ivin A-mediated
Smad 1/5 act ivat ion and not BMP-mediated Smad 2/3 act ivat ion. However, based on the western
blot  image and fold change, ACVR1R206H also enhances BMP-mediated Smad2/3 act ivat ion. The
authors should address this.
2. It  is unclear if high concentrat ions of Act ivin A were used in Figure 3B.
3. Longer exposure for Flag should be shown to demonstrate that at  ACVR2AWT and ACVR2AKR
are being expressed at  20 ng and 200 ng.
4. The authors should perform confocal and live cell imaging to supplement their findings from
Figure 6A.
5. The authors demonstrate that Act ivin A st imulat ion induces receptor clustering of Type I and
Type II receptors to promote Smad 1/5/8 act ivat ion but they did not address whether Act ivin A
promotes the overall stability of this complex at  the cell surface.
6. Alterat ions in Smad 1/5 signaling should be supplemented with the expression of Smad 1/5-
target genes.

Referee #2: 

In this manuscript  the authors explore Act ivin signaling through ACVR1, also known as ALK2. When
ACVR1 was first  cloned it  was ident ified as an act ivin receptor, and then subsequent ly a BMP
receptor. Since then it  has become clear that  act ivin can engage ACVR1 to act ivate Smad1 and
Smad5 in certain contexts, as well as ACTR1B/C more generally to induce Smad2/3 act ivat ion (see
for example, Olson et  al., 2020. Biomolecules 2020, 10(4), 519). This dual specificity of act ivins is
dependent on context , since Act ivins can also antagonize BMP signalling in certain systems. A
specific mutat ion in ACVR1 (R206H) causing fibrodysplasia ossificans progressive (FOP) was
shown in 2015 to promote Act ivin-dependent signaling through Smad1/5. In these models Act ivin
maintains a TGFbeta-like pathway and forms a non-signaling complex with ACVR1 presumably to



buffer Smad1 signaling. In contrast , the R206H mutant leads to aberrant act ivin-dependent
act ivat ion of Smad1/5. So the prior literature suggests that in certain contexts, part icularly with
respect to the R206H mutant, Act ivin A can induce BMP-Smad signaling and disease. 

Here the authors explore ACVR1 signaling downstream of Act ivin and report  that  ACVR1 mediates
Act ivin-dependent Smad1/5 act ivat ion through a canonical type II receptor-dependent pathway
that also employs ACVR1B/C. This is analogous to previous studies showing that in endothelial
cells TBR1 mediates recruitment and opt imal act ivat ion of the ACVR1-like type I receptor, ALK1, to
mediate TGFbeta-dependent act ivat ion of Smad1/5 in endothelial cells (Goumans et  al., Mol. Cell,
2003; EMBO J., 2002). The current manuscript  at tempts to extend this prior work to an act ivin
pathway, and addit ionally proposes that as in prior publicat ions, the R206H mutant converts
ACVR1 into an act ivin-dependent BMP receptor. Here the authors add to this work by proposing
the mutat ion might induce receptor clustering and promiscuous kinase act ivity, which supports
previously published structural studies of ACVR1. Overall, this paper explores how the R206H
mutat ion in ACVR1 might funct ion at  the molecular level, but  very lit t le of the conclusions are all
that  novel, and rather extend prior observat ions to this part icular model. As noted below, the
studies to t ry and demonstrate an ACVR2:ACVR1B/C:ACVR1 signaling complex in wild type cells
are highly problemat ic. In sum, I'm puzzled by what "new paradigm" is revealed in this manuscript .
Furthermore, the paper relies on a single cell line model, which is highly problemat ic, given the
important role of cell context  of TGFbeta family dual pathway signaling highlighted above. 

Specific comments: 
1) The biggest issue with this manuscript  is that  the ent ire model for wild type signaling is based on
inferring a molecular model of receptor interact ions by only measuring Smad act ivat ion. Crit ical to
support  the authors' model is showing a ligand receptor complex comprised of
ACVR2:ACVR1B/C:ACVR1, showing that within this complex that ACVR2 phosphorylates
ACVR1B/C, and then showing that ACVR1B/C phosphorylates ACVR1. Relying ent irely on Smad
act ivat ion is highly problemat ic and the results can be interpreted in many different ways. For
example, act ivin could signal through its canonical receptor pathway to modulate an autocrine BMP
response. Evidence in the manuscript  certainly points to autocrine BMP signaling present in this cell
type.

2) In Figure 1 the authors make mutant HEK293 cell lines where they introduce the R206H mutant
and KO ACVR1. The results are largely consistent with the known literature. What 's puzzling is that
while mutant ACVR1 promotes Act ivin A signaling it  does not affect  Act ivin B. At the molecular level
it 's difficult  to reconcile this with the future conclusions about ligand induced ACVR1B/C receptor
clustering. Switching to analysis of BMP2 in C and D is puzzling since BMP2 employs addit ional type
I receptors. BMP4:7 should be used for comparat ive analyses.

3) Figure 2 provides a bit  more informat ion on Act ivin A temporal induct ion of Smad1/5 and adds to
the previous studies of Hatsell, Hino and more recent ly Olsen. The authors cont inue comparison of
act ivin A with BMP2 in temporal kinet ics. This is problemat ic as BMP2 signaling is not shown to be
dependent on ACVR1 in this model. They need to use BMP4:7 dimers, or BMP6 or BMP7, which
require ACVR1, part icularly as they are using these data to conclude that ACVR1 and the R206H
variant do not show substant ive differences in t rafficking. They then explore the I-SMAD negat ive
feedback loop and propose that Smad2/3-mediated induct ion of I-SMADs regulate ACVR1.
However, BMPs also induce I-SMADs, which was not explored in this model and they did not assess
whether I-SMAD KOs affected extended signaling by the mutant receptor. In part icular, the t ime
course of Act ivin A signaling through mutant receptors in EV3A is extended compared to WT, and
so could be consistent with R206H promot ing cell surface levels. This highlights a challenge with



this part  of the manuscript  in that  it  only employs indirect  measures of receptor act ivity to make
strong conclusions about WT and R206H having "broadly similar intracellular signaling dynamics
and recycling". Direct ly measuring cell surface and endosomal receptor is required. 

4) In Figure 3 the authors present experiments that suggest ACVR1B/C is important for Act ivin-
dependent ACVR1 signaling to BMP Smads. The problem with these experiments is that  the cell
model displays marginal Act ivin-dependent Smad1 act ivat ion (only about 3 fold at  best and about
~10-fold less than the BMP response, see Fig. 1), so the pathway is not act ive in these cells, which
makes interpretat ion of the results challenging, especially since KO lines are essent ially clonal
derivat ives of the parental. Thus, even slight  clonal variat ion in responsiveness could account for
the observat ions on WT ACVR1 cells in panel B. Of note, recent studies (Aykul et  al., eLife, 2020),
also in HEK293 cells, show no evidence of act ivin-dependent act ivat ion of Smad1 either by blot t ing
for P-Smad1 or assessing a BMP reporter construct . It 's unclear why the current studies show
these trace BMP act ivat ion events.

Note that panel A is very noisy and certainly shows evidence of SB421542 inhibit ion of the R206H
mutant. In panel B BMP4:7 should be used for the comparison. The data suggest ing ACVR1B/C is
not required for R206H act ivity is convincing. 

5). The authors also at tempt to show that TGFbeta induces p-Smad1 in MEFs. Unfortunately, the
data is even less convincing than the conclusion that Act ivin A induces P-Smad1. What 's the
biological significance of such a marginal effect? This experiment is also noisy and the authors
should employ BMP4:7 for comparat ive purposes. 

6) Having established that ACVR1B/C are not important for act ivin-dependent R206H signaling, the
authors tackle the role of the upstream type II receptors, ACVR2A/B. They show that type II
receptors and their catalyt ic act ivity are important for signaling in the wild type scenario, but then
show a kinase dead ACVR2A can support  R206H signaling. They use optogenet ics to induce
receptor clusters and show that art ificially induced clustering of R206H induces act ivat ion. An
important observat ion here that is ignored by the authors is that  in the absence of light  the R206H
mutant also clusters at  higher expression levels. So this mutat ion provides a propensity for type I
receptors to cluster and yield promiscuous autophosphorylat ion that at  endogenous levels is
promoted by the type II receptor. This supports previous conclusions about how the mutant
converts into an Act ivin->BMP Smad signaling complex as well as structure-based studies.

7). At  the top of page 11 the authors make the strange conclusion that since light-induced ACVR1
clusters fail to act ivate Smad1, then this demonstrates the key requirement for ACVR1B/C. But
BMP signaling through ACVR1 does not require ACVR1B/C so there is no reason why ACVR1 in
such an art ificial system would not act ivate Smad1 except for the fact  no type II kinase is present in
these light-induced clusters. 

8) In the final experiments the authors go on to hypothesize that in vivo Act ivin A induces type II-
type I complexes and receptor clustering. I found this phrasing rather odd given that this has been
amply demonstrated in the prior literature including structural studies of higher order receptor ligand
complexes, all of which is confirmed here, so I don't  understand the value of these experiments in
the context  of the current paper.

9). Throughout the manuscript  there are numerous experiments that lead to important conclusions
that appear to have only been done once. Eg Fig. 1A, EV3A et al. I also find the use of mean +/-
SEM for experiments done only twice to be inappropriate. 



Referee #3: 

The manuscript  by Ramachandran et  al. invest igates the mechanisms through which the wildtype
Act ivin Type 1 receptor (ACVR1WT) and a "gain-of-funct ion" mutant form (ACVR1R206H) are
act ivated in response to Act ivin st imulat ion. Through a series of biochemical experiments, the
authors elucidate two dist inct  mechanisms governing the act ivat ion of these receptors. In the case
of ACVR1WT, the authors determine that Act ivin A can bind to ACVR2A/B and ACVR1B/C, which in
turn phosphorylates and act ivates ACVR1WT. A similar mechanism may also act ivate
ACVR1R206H at low act ivin concentrat ions. However, at  high act ivin concentrat ions the authors
demonstrate that ACVR1R206H can form direct  complexes with ACVR2A/B. In this lat ter scenario,
the catalyt ic domain of the type II act ivin receptors (ACVR2A/B) are dispensable, contribut ing a
scaffolding funct ion that enhances signaling via ACVR1R206H. 

The ACVR1R206H receptor is implicated in two diseases, which include Fibrodysplasia ossificans
progressiva (FOP) and diffuse intrinsic pont ine glioma (DIPG). Thus, considerable effort  has been
invested into determining how the ACVR1R206H receptor is const itut ively act ivated. The current
study uses extensive biochemical assays and sophist icated approaches to generate data that
supports the novel mechanisms proposed in the paper. This paper will be of interest  to researchers
in this field. One aspect that  is missing from the current study is an at tempt to assess if the
proposed mechanisms elucidated in this paper are operat ive in disease models in which this gain oft
funct ion receptor contributes to the disease (e.g. FOP). 

Specific Points: 

1) The authors state that HEK293T cells that  are homozygous for the ACVR1R206H mutat ion
exhibit  dramat ically increased pSmad1/5 levels compared to parental HEK293T cells. While this is
true for the HOM1 cells in Figure 1, this does not appear to be the case for HOM2 cells (Figure EV1).
For example, the pSmad1/5:Act in rat io in parental HEK293T cells is increased 29 fold following
Act ivin A treatment compared to a 253fold increase in HOM1 cells (Figure 1A). In contrast , in Figure
EV1C, Act ivin increases the pSmad1/5:Act in rat io by 13-fold relat ive to unst imulated HEK293T
parental cells and only 10-fold in HOM2 cells. Can the authors comment on this discrepancy?

2) In the discussion, the authors speculate that the ACVR1R206H receptor could undergo
different ial ubiquit inat ion and lysosomal degradat ion (reduced relat ive to wildtype ACVR1), which
could lead to prolonged signaling. In light  of this, it  would be important to show that similar levels of
ACVR1WT is expressed in wildtype HEK293T cells when compared to ACVR1R206H in HOM1 or
HOM2 cells by immunoblot  approaches.

3) In line with the second comment, the authors have created a unique dimeric Act ivin A ligand that
is tagged with a fluorophore (His-Act ivin A-Atto647N: used in Figure 6 and 7). Could live-imaging
approaches be used to t race act ivin-bound ACVR1WT or ACVR1R206H receptors with co-labelling
with an early endosomal marker (EEA1) or a lysosomal marker (LAMP1). This would corroborate the
conclusions drawn from Figure 3 (no difference between endosomal signaling between the two
receptors) and determine if less ACVR1R206H is degraded.

4) Non-canonical pathways, beyond Smad1/5, have also been suggested to be act ivated
downstream of ACVR1R206H, most notably p38 act ivat ion. Have the authors assessed p-p38 and
total p38 levels in parental, HET and HOM cells following Act ivin st imulat ion?



5) The strength of the paper lies in the rigorous biochemical characterizat ion of these receptor
act ivat ion mechanisms in a t ractable cell model. However, it  would strengthen the paper
considerably if support ing evidence for this act ivat ion model could be obtained using samples in
which expression of ACVR1R206H is implicated in the pathology. Indeed, knock in mice harboring
the ACVR1R206H allele develop phenotypes reminiscent of those seen in FOP pat ients. Significant
data also indicates that Act ivin A can contribute to excessive ossificat ion in models of FOP. Could
samples (ossified skeletal muscle for example) from the ACVR1R206H knock in model be assessed
for complex format ion between ACVR2A/B receptors with ACVR1R206H using proximity ligat ion
assays (PLAs). This would depend on ant ibodies that could detect  the type II and type I receptors.
One might predict , based on the model, that  high PLA signals should be detected between
ACVR2A/B and ACVR1R206H. If such samples are impossible to get, could the MEFs be used
(described in Figure EV5). PLA assays in +/ ACVR1R206H MEFs would show a low PLA signal
between ACVR2A/B and ACVR1R206H under low Act ivin A condit ions but an increased
associat ion between the type II receptors and gain of funct ion type I receptor under high act ivin A
concentrat ions, if the model is correct . A low PLA signal would be expected in the wildtype MEFs.
These experiments would add substant ially to the paper.

** As a service to authors, EMBO Press provides authors with the possibility to t ransfer a
manuscript  that  one journal cannot offer to publish to another EMBO publicat ion or the open
access journal Life Science Alliance launched in partnership between EMBO Press, Rockefeller
University Press and Cold Spring Harbor Laboratory Press. The full manuscript  and if applicable,
reviewers' reports, are automat ically sent to the receiving journal to allow for fast  handling and a
prompt decision on your manuscript . For more details of this service, and to t ransfer your
manuscript  please click on Link Not Available. ** 

Please do not share this URL as it  will give anyone who clicks it  access to your account.
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1st Dec 20201st Authors' Response to Reviewers

Dear Dr Klimmeck,

Many thanks for your e-mail regarding the reviews of our manuscript 
(EMBOJ-2020-106317). We were very pleased to see that the reviewers appreciated 
the potential interest of our results for the field. Reviewer 1 thought that the overall 
conclusions appear sound and that the identification of a novel mechanism for FOP and 
DIPG is very promising. Reviewer 3 appreciated that our study uses extensive and 
rigorous biochemical assays and sophisticated approaches to generate data that 
supports the novel mechanisms proposed in the paper.

You indicated in your decision letter that you would be able to re-assess a substantially 
reworked and amended version of the manuscript. We have been through all the 
reviewers' comments and realised that we could readily address all of them with 
additional experiments or with textual clarifications, where the comments arose from 
misunderstandings, which was particularly the case with Reviewer 1's comments.

I have waited to write back to you until I knew for certain that we could actually perform 
all the necessary experiments in these difficult restricted COVID times. We have now 
almost completed them, so I am writing with a point-by-point rebuttal to show you how 
we can address the reviewers' comments and criticisms. Most importantly, we have 
been able to increase the clinical relevance of our study with the inclusion of tumour 
cells from DIPG patients that have either ACVR1WT or ACVR1R206H, obtained from 
our collaborator, Prof Chris Jones (ICR).

Once you have had a chance to look at the rebuttal, I would like to know whether you 
would consider the revised manuscript for publication in EMBO J. We would be ready to 
submit a substantially reworked manuscript in a couple of weeks' time.

I look forward to hearing from you soon.

Best wishes

Caroline Hill



1st Dec 20201st Revision - Editorial Decision

Dear Caroline, 

Thank you for contact ing me regarding our decision and for your pat ience with my feedback, which
got delayed due to internal discussions in the team regarding your point-by-point  response. 

We realise that you would - judging from the informat ion provided in the rebuttal let ter - be
potent ially able to address the issues raised by the referees in a revised version of the manuscript . 

Overall, we would thus invite you to work towards resubmission and re-review 
. Accordingly, we would - given that you addressed the experimental issues with compelling data -
be prepared to ask the referees for further input. 

Please note however, that  we would need the major concerns of the reviewers regarding conclusive
support  on the signaling mechanism, as well as the pathophysiological relevance of your findings to
be sat isfactorily addressed. In that sense, it  would be essent ial to provide a definit ive and
accurately described dataset in the revised version. 

Please contact  me if you have any quest ions, need further input on the referee comments or if you
consider engaging in a compelling revision, in which case we would not close the file. 

Kind regards, 

Daniel 

Daniel Klimmeck, PhD 
Senior Editor 
The EMBO Journal 

Instruct ions for preparing your revised manuscript : 

Please make sure you upload a let ter of response to the referees' comments together with the
revised manuscript . 

Please also check that the t it le and abstract  of the manuscript  are brief, yet  explicit , even to non-
specialists. 

When assembling figures, please refer to our figure preparat ion guideline in order to ensure proper
formatt ing and readability in print  as well as on screen: 
ht tps://bit .ly/EMBOPressFigurePreparat ionGuideline 

IMPORTANT: When you send the revision we will require 
- a point-by-point  response to the referees' comments, with a detailed descript ion of the changes
made (as a word file).



- a word file of the manuscript  text .
- individual product ion quality figure files (one file per figure)
- a complete author checklist , which you can download from our author guidelines
(ht tps://www.embopress.org/page/journal/14602075/authorguide).
- Expanded View files (replacing Supplementary Informat ion)
Please see out instruct ions to authors
https://www.embopress.org/page/journal/14602075/authorguide#expandedview

Please remember: Digital image enhancement is acceptable pract ice, as long as it accurately 
represents the original data and conforms to community standards. If a figure has been subjected 
to significant electronic manipulat ion, this must be noted in the figure legend or in the 'Materials and 
Methods' sect ion. The editors reserve the right to request original versions of figures and the 
original images that were used to assemble the figure. 

Further informat ion is available in our Guide For Authors:
ht tps://www.embopress.org/page/journal/14602075/authorguide 

The revision must be submit ted online within 90 days; please click on the link below to submit the 
revision online before 1st Mar 2021. 

Link Not Available 

------------------------------------------------ 
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Rebuttal to reviewers’ comments: EMBO J-2020-106317 

Referee #1: 

In this manuscript, Ramachandran et al. identified a new mechanism by which 
ACVR1R206H promotes TGFB signaling and the pathogenesis of fibrodysplasia ossificans 
progressiva (FOP) and diffuse intrinsic pontine glioma (DIPG). ACVR1 is a Type 1 TGFB 
family receptor that is involved in a wide variety of biological processes, including bone, 
heart, and development regulation. While several ACVR1 mutations have been identified, 
the majority of DIP and FOP patients exhibit a single amino acid change, Arg206His. 
Previous studies have shown that this point mutation results in enhanced Smad 1/5-induced 
signaling. However, the underlying mechanisms are not well understood. To address this, 
the authors introduced a point mutation in the endogenous ACVR1 locus of HEK23T cells 
and demonstrated that ACVR1R206H exhibited an enhanced response to Activin A 
compared to ACVR1WT. Mechanistically, the authors show that Activin A promotes 
clustering of ACVR1R206H with ACVRII A/B at the cell surface and this clustering is 
sufficient for ACVR1R206H autoactivation and Smad 1/5 phosphorylation.  

The novelty of this study lies in the findings that ACVR1R206H activation does not require 
upstream kinases, but is largely activated by Activin A-dependent receptor clustering. Prior 
to this study, the accepted model of TGFβ signaling centered on constitutively active TβRII 
phosphorylating TβRI to activate Smad 1/5. The present study introduces a new paradigm to 
TGFβ signaling, especially in the pathogenesis of FOP and DIP. Moreover, this study is one 
of the first to show that TβRI activation can occur independently of TβRII kinase activity. The 
overall conclusion appears sound and the identification of a novel mechanism for FOP and 
DIPG is very promising. However, a number of additional experiments need to be performed 
to fully support their overall findings, and the translational application of this study is unclear. 

We thank the reviewer for appreciating the new mechanism we propose in this paper and for 
recognising its significance. For clarification, this manuscript primarily focuses on the Activin 
receptors (ACVR2A/B, ACVR1B/C) and on ACVR1, although we do touch on the 

mechanism of TGF--mediated activation of ACVR1R206H (Appendix Figure S2) and 
generally believe it to be similar to Activin in this context. 

Major Comments: 

1. A number of experiments were performed using H293T cells. While these cells are
sufficient for preliminary studies, more physiological relevant cell lines should be used.

HEK293T cells were chosen as a model as they are very amenable to genetic modification 
and responsive to Activin signalling. To strengthen the mechanistic implications of this study, 
and to investigate the disease relevance, we have now additionally used tumour cells from 
DIPG patients that have either ACVR1WT or ACVR1R206H, obtained from our collaborator, 
Prof Chris Jones (ICR) to perform key experiments (new Figure 3C, new Figure 6i, new 
Figure EV4B-F). We show that in cells expressing ACVR1R206H, Activin A-induced 
pSMAD1/5 is independent of ACVR1B/C as we see in HEK293T cells. Most importantly, we 
demonstrate Activin A-dependent receptor clustering in these patient cell lines, which is 
stronger for the line containing ACVR1R206H, and in both cell lines is dependent on the type II 
receptors ACVR2A/B. 

21st Jan 20212nd Authors' Response to Reviewers
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2. For Figure 2, the authors should provide direct evidence that ACVR1R206H is not 
internalized following Activin A stimulation and is localized at the cell surface through 
immunofluorescence studies or biotinylating/streptavidin labeling. Moreover, Smad 1/5 
nuclear accumulation should also be investigated.  
 
Based on our previous work (Miller et al, 2018; 2019, PMIDs 30428352 and 31217285 
respectively) and the experiments shown in Figure EV3, we believe that both ACVR1WT and 
ACVR1R206H are internalised upon Activin A binding. Indeed, from the Follistatin chase 
experiments, we conclude that the internalisation/recycling rates for both ACVR1WT and 
ACVR1R206H are equivalent (Figure EV3).  
 
Despite the many years for which the receptors have been known and the vast body of 

literature on TGF- family signalling, there are very few antibodies that reproducibly and 
reliably detect endogenous receptors and there are none that can detect endogenous 
ACVR1 in any cell type. I should stress that we have tested many antibodies over the last 20 
years. Therefore, at present, we cannot study the dynamics of endogenous ACVR1, either 
by immunofluorescence or biotinylation/streptavidin labelling. While transgenic receptors can 
be monitored, overexpression greatly alters the physiological balance of receptors in 
different compartments and this would confound the results. 
 
We have attempted to use our fluorescently-labelled Activin A to label endogenous 
receptors, but unfortunately, this was not successful as the signal-to-noise ratio was just too 
low, even using a super resolution microscope. 
 
The reviewer suggests looking at SMAD1/5 nuclear accumulation. We have chosen not to 
do this as SMAD1 and SMAD5 tend to be quite nuclear even in the absence of signal; they 
are imported slightly faster than they are exported. Thus, the differential between untreated 
and treated cells is not very striking. See for example Xiao et al 2001, PMID 11509558, 
Figure 2 and Figure 4. We find that using Western blotting for pSMAD1/5 is much more 
quantitative, as we are averaging thousands of cells, and the range of the assay is very high. 
 
 
3. The conclusion that ACVR1R206H signals independently of ACVR1B/C at higher 
concentrations of Activin A are unsupported. Slight impairment of Smad 1/5 activation at 
high concentrations of Activin A can largely be explained by the fact that higher SB-431542 
concentration that was used was not sufficient enough to fully inhibit receptor activity. 
Moreover, this conclusion is also not supported by Figure 3B as dKO of ACVR1B/C 
significantly impaired Smad 1/5 activation in HOM1 cells (as indicated by the representative 
western blot image). More direct evidence is needed to show that ACVR1R206H signals 
independently of ACVR1 B/C at higher concentrations of Activin A.  
 
We thank the reviewer for raising a point that was perhaps not sufficiently clear in the 
manuscript. First, to address the technical issue raised, the concentration of SB-431542 
used in these experiments (10 µM) is not limiting. It completely inhibits SMAD2 
phosphorylation mediated by Activin A in parental, HET and HOM1 cells and so is sufficient 
to inhibit all kinase activity of ACVR1B/C. This is now made clear in the text (page 9, 
paragraph 2). Higher concentrations will likely lead to off-target effects on other kinases, 
making the interpretation of results very difficult. 
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The results in Figure 3 demonstrate that Activin A achieves phosphorylation of SMAD1/5 by 
two mechanisms depending on dose of Activin A and status of ACVR1. In parental cells, at 
both doses of Activin A, low or high, Activin A-induced pSMAD1/5 is inhibited by SB-431542 
or by ACVR1B/C dKO, showing that it is entirely dependent on ACVR1B/C. In ACVR1R206H 

cells treated with a low dose of Activin A, SB-431542 also substantially inhibits induction of 
pSMAD1/5. Thus, at low dose, Activin A-induced pSMAD1/5 in ACVR1R206H cells is 
dependent on ACVR1B/C. However, at high doses of Activin A in ACVR1R206H cells, 
significant pSMAD1/5 persisted even after treatment with SB-431542 or in ACVR1B/C dKO 
cells. This is clear in both the representative westerns and in the quantitations (Figure 3A, B 
and D). This indicates that at high doses, Activin A additionally induces pSMAD1/5 via 
ACVR1R206H, independently of ACVR1B/C. The ACVR1B/C dKO cells are an excellent 
control in these experiments, as this approach overcomes any limitation of the use of small 
molecule inhibitors. We show later in the paper that the underlying mechanism involves the 
high dose of Activin A clustering ACVR1R206H to activate it, which is independent of the 
kinase activity of either ACVR1B/C or the type II receptors. Moreover, consistent with our 
findings in the knockin HEK293T cells, we have now shown that in the ACVR1R206H DIPG 
cell line HSJD-DIPG-007, SB-431542 has very little effect on Activin A-induced pSMAD1/5, 
although it completely inhibits Activin A-induced pSMAD2 (new Figure 3C). This finding 
demonstrates that this mechanism also operates in the disease context. 
 
Further support for ACVR1B/C-independent activation of ACVR1R206H is evident in the 
optogenetic experiments in Figure 5 where light-dependent clustering of ACVR1R206H alone 
is sufficient for pSMAD1/5, without a need for ACVR1B/C or a type II receptor. Thus, three 
independent lines of evidence demonstrate that ACVR1R206H can be activated independently 
of ACVR1B/C. We have improved the text in the results in the manuscript (pages 9, 10 and 
11) to make this clearer. 
 
4. The authors argue that the kinase activity is not needed for ACVR1R206H-mediated 
induction of Smad 1/5. However, in Figure 4C, overexpression of ACVR2AKR failed to 
rescue Smad 1/5 activation compared to ACVR2AWT cells, suggesting that the kinase 
domain of type II receptors is critical for ACVR1R206H function. The authors should address 
this.  
 
In Figure 4A, we demonstrate that in both parental and HOM1 cells, loss of ACVR2A/B 
leads to loss of Activin A-dependent pSMAD1/5. In Figure 4B, we demonstrate that in 
parental cells, only ACVR2AWT could restore pSMAD1/5 in response to Activin A. In Figure 
4C, we demonstrate that in HOM1 cells, both ACVR2AWT and ACVR2A kinase dead 
(ACVR2AKR) restore pSMAD1/5 downstream of Activin A. Thus, it is clear that ACVR2AKR 
can only complement ACVR1R206H and not ACVR1WT. We have improved the text in the 
results (pages 10–11) to make this clearer. 
 
It is true that the level of pSMAD1/5 in transiently-transfected HOM1 ACVR2A/B dKO cells is 
not equivalent to that in HOM1 cells. However, this is most likely due to the transfection 
efficiency, the delivery of sufficient ACVR2A to only a proportion of the cells, and the 
difficulty in getting transfected receptors to phosphorylate endogenous SMADs (please also 
see response under point 5 below). 
 
5. In Figure 4B, it is unclear why the authors overexpress pFlag-Smad1 for their optogenetic 
studies. The western blot clearly shows that endogenous pSmad 1/5 can be detected. While 
there is a large change in pFlag-Smad1 upon light-induced clustering of ACVR1206H, there 
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is very little to no change in endogenous pSmad 1/5 between ACVR1WT and ACVR1R206H 
groups, suggesting that Smad 1 activation by ACVR1R206H-mediated clustering may be an 
artifact. The authors should address this discrepancy.  
 
We thank the reviewer for raising this important point. We used FLAG-SMAD1 in the assays 
because, in our experience of overexpression of wildtype receptors in many different cell 
lines, we had previously found that they rarely phosphorylated endogenous SMADs very well 
(please see response to point 4 above) and were much better assayed by co-transfecting 
the substrate SMAD, possibly because of relatively low transfection efficiency (for a nice 
example of this see Figure 7A in Randall et al., 2004, PMID 14729957). The reviewer is 
correct that some phosphorylation of endogenous SMAD1/5 by Opto receptors is evident in 
these experiments. However, our ability to detect this is highly dependent on the transfection 
efficiency of the experiment. We have, therefore, retained FLAG-SMAD1 in these assay as it 
substantially extends the range and reproducibility of the assay. We have now included a 
sentence in the results (page 11, paragraph 2) to address this point. 
 
6. While TIRF microscopy data is intriguing and dramatic, it does not directly demonstrate 
that Activin A promotes ACVR1R206H and ACVR2A/B clustering, rather it only 
demonstrates that the lipid bilayer conformation is altered. More direct evidence 
demonstrating that Activin A selectively promotes ACVR1R206H and ACVR2A/B clustering 
is needed.  
 
This is an important point. The TIRF methodology used in this study is powerful and often 
used to study B- and T-cell receptor clustering (references in our manuscript and further 
PMID: 20054396, 16200067, 6333027 and 24411234). Lipid bilayers formed in this way 
diffuse laterally and longitudinally (i.e. X and Y planes), but not vertically (i.e. Z) and so 
cannot deform. Since the bilayer is mobile, as is the fluorescent Activin A ligand bound to it, 
any increase in fluorescence intensity is the result of focused clustering in the X/Y plane. We 
have now clarified the text in results (page 13, paragraph 3) to address this point. 
 
As a control, we coupled 4-hydroxy-5-iodo-3-nitrophenyl acetyl (NIP)1-H12-Hylight647 to the 
bilayer. (NIP)1 is a hapten that is recognised by B-cells (PMID: 20620943) and does not bind 
Activin receptors. Indeed, plating HOM1 cells on (NIP)1 did not result in any clustering 
(Figure 7A). Furthermore, neither His-Activin A-Atto647N nor His-Activin-A-CF640R 
clustered on their own in the absence of HOM1 cells (Figure 7B, C, D and Figure EV5A, C, 
D). Thus, the lipid bilayer does not spontaneously cluster. Taken together with the Number 
and Brightness data in Figure 6 and the data in Figure 4, we conclude that Activin A binding 
induces higher order clustering of ACVR1R206H which depends on the presence of the type II 
receptors, though not their kinase activity.  
 
7. The authors claim that ACVRIIA/B promotes cluster formation structurally rather than 
through its kinase activity as double knockout of ACVRII A/B resulted in a significant 
reduction in tetramers and oligomers. This is not surprising as one would expect higher order 
structures to be altered if total levels of a receptor are depleted. To fully demonstrate that 
ACVRII A/B structure but not enzymatic activity is needed for cluster formation, the authors 
should treat cells with an ACVRII A/B specific inhibitor or use a KD (kinase dead) ACVRII 
A/B and reperform Figure 6.  
 
The reviewer makes an important point that knockout of the type II receptors is not sufficient 
to prove that they are required for the clustering – a specific inhibitor of ACVR2A/B is also 
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required. Indeed, this is exactly what we have done using ligand traps comprising the 
extracellular domain of human ACVR2A and ACVR2B fused to the Fc portion of human IgG1 
(rhACVR2A/B Fc). These act as competitive inhibitors of ACVR2A/B. We demonstrated that 
both in parental and HOM1 cells, the rhACVR2A/B Fc ligand traps prevented Activin A-
mediated clustering (Figure 6D and Figure 6G respectively). We believe that this 
experiment, taken together with data in Figure 4 and Figure 7, demonstrate that Activin A 
promotes clustering and activation of ACVR1R206H via a structural requirement of 
ACVR2A/2B for ligand binding.  
 
8. While the signaling data is strong, there is a lack of clinical relevance. The authors should 
demonstrate that receptor clustering occurs in FOP mouse models or in human samples. 
Moreover, the authors should show that FOP pathogenesis and receptor clustering can be 
attenuated using an ACVR1 inhibitor. These studies should be also be performed in vitro.  
 
We were pleased to see that the reviewer finds the signalling data we have generated in this 
manuscript to be strong. To strengthen the clinical relevance of this work, we have 
additionally performed the experiments with the type I receptor small molecule inhibitors and 
the live imaging receptor clustering analyses in DIPG cell lines derived from patients, that 
have either ACVR1WT or ACVR1R206H, obtained from our collaborator, Prof Chris Jones (ICR) 
(new Figure 3C, new Figure 6I and new Figure EV4B-F). Reassuringly, results from these 
disease relevant models are in good agreement with our data in HEK293T cells. 
 
9. The conclusion that ACVRIR206H undergoes autoactivation is unsupported in this 
manuscript. To fully demonstrate this, the authors should perform proteomic analysis of 
ACVRIR206H in the presence or absence of ACVRII A/B.  
 
The optogenetics experiments provide very strong data to support the conclusion that 
ACVR1R206H undergoes autoactivation upon clustering. We show clearly in Figure 5 that 
Opto-ACVR1R206H, but not Opto-ACVR1WT is activated and can phosphorylate SMAD1 upon 
blue-light stimulation. The reviewer’s suggestion to further confirm receptor activation by 
proteomics is a good one. However, we have tried unsuccessfully in the past to map the 
phosphorylation sites in the GS domain of type I receptors, including ACVR1. The problem 
we encountered was the lack of suitable protease cleavage sites within and around the GS 
domain. This meant that fragments generated were not suitable for mass spectrometry 
analysis/mapping of phospho-peptides in the GS domain. 
 
Minor Comments: 
 
1. In Figure 1A, the authors claim that ACVR1R206H specifically promotes Activin A-
mediated Smad 1/5 activation and not BMP-mediated Smad 2/3 activation. However, based 
on the western blot image and fold change, ACVR1R206H also enhances BMP-mediated 
Smad2/3 activation. The authors should address this.  
 

In our hands, unlike TGF-s and Activins, BMPs are unable to mediate SMAD2/3 
phosphorylation and there is no evidence of this in the data in the original manuscript. 
However, while performing experiments in the ACVR1R206H DIPG line, HSJD-DIPG-007, we 
unexpectedly observed pSMAD2 upon treatment with BMP4/7 (new Figure 3C). We have 
previously observed that recombinant ACVR1 is capable of efficiently phosphorylating 
SMAD2 in vitro (Ramachandran et al 2018, PMID 29376829), raising the possibility that 
ACVR1R206H may confer a neofunction to BMP4/7. 
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2. It is unclear if high concentrations of Activin A were used in Figure 3B.  
 
We are sorry that this did not come across clearly. In the interests of brevity in the 
manuscript and to keep figure legends consistent, we have stated in the Methods section 
under “Ligands, chemicals and cell culture” that “unless otherwise noted, all ligands were 
used at 20 ng/mL”. However, we have now also included this detail in the figure legend. 
 
3. Longer exposure for Flag should be shown to demonstrate that at ACVR2AWT and 
ACVR2AKR are being expressed at 20 ng and 200 ng. 
 
Longer exposures unfortunately do not reveal any band at the lower concentrations of 
transfected receptors in Figure 4. Thus, the expression achieved at these levels is below the 
detection limit of the Western blotting reagents (antibodies and ECL) currently available. 
 
4. The authors should perform confocal and live cell imaging to supplement their findings 
from Figure 6A. 
 
We apologise for the lack of clarity on this. The data in Figure 6 is in fact confocal 
microscopy and live cell imaging. Although we note this in the Methods section under 
“Confocal Microscopy”, we have now stated this in the results (page 12, paragraph 2). 
 
5. The authors demonstrate that Activin A stimulation induces receptor clustering of Type I 
and Type II receptors to promote Smad 1/5/8 activation but they did not address whether 
Activin A promotes the overall stability of this complex at the cell surface. 
 
This is an interesting point. However, given the low levels of receptors in the cells, and the 
complete lack of antibodies, it is not something that we can address at present. 
 
6. Alterations in Smad 1/5 signaling should be supplemented with the expression of Smad 
1/5-target genes.  
 
We thank the reviewer for this suggestion and have now quantified the expression of 
SMAD1/5 target genes ID1, ID3 and ATOH8 by qPCR in these cells (new Figure EV1D). 
These genes are induced in parental cells, with the induction being more robust and 
sustained in HET and HOM1 cells. 
 
Referee #2:  
 
In this manuscript the authors explore Activin signaling through ACVR1, also known as 
ALK2. When ACVR1 was first cloned it was identified as an activin receptor, and then 
subsequently a BMP receptor. Since then it has become clear that activin can engage 
ACVR1 to activate Smad1 and Smad5 in certain contexts, as well as ACTR1B/C more 
generally to induce Smad2/3 activation (see for example, Olson et al., 2020. Biomolecules 
2020, 10(4), 519). This dual specificity of activins is dependent on context, since Activins can 
also antagonize BMP signalling in certain systems. A specific mutation in ACVR1 (R206H) 
causing fibrodysplasia ossificans progressive (FOP) was shown in 2015 to promote Activin-
dependent signaling through Smad1/5. In these models Activin maintains a TGFbeta-like 
pathway and forms a non-signaling complex with ACVR1 presumably to buffer Smad1 
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signaling. In contrast, the R206H mutant leads to aberrant activin-dependent activation of 
Smad1/5. So the prior literature suggests that in certain contexts, particularly with respect to 
the R206H mutant, Activin A can induce BMP-Smad signaling and disease.  
 
We thank the reviewer for succinctly placing our work in the framework of what is currently 
known in the field. Before proceeding, we would like to point out that the formation of a non-
signalling complex is one possible explanation that has been proposed to account for 
observations in the field. In fact, we draw the reviewers’ attention to the fact in the original 
paper that suggested these non-signalling complexes (Hatsell et.al. 2015, PMID: 26333933), 
there was very clear evidence for SMAD1 phosphorylation in ACVR1WT cells (see Figure 1 
C, D in that paper) which we will discuss further below. We have now referred to this in the 
revised text (see page 15, paragraph 2). 
 
Here the authors explore ACVR1 signaling downstream of Activin and report that ACVR1 
mediates Activin-dependent Smad1/5 activation through a canonical type II receptor-
dependent pathway that also employs ACVR1B/C. This is analogous to previous studies 
showing that in endothelial cells TBR1 mediates recruitment and optimal activation of the 
ACVR1-like type I receptor, ALK1, to mediate TGFbeta-dependent activation of Smad1/5 in 
endothelial cells (Goumans et al., Mol. Cell, 2003; EMBO J., 2002). The current manuscript 
attempts to extend this prior work to an activin pathway, and additionally proposes that as in 
prior publications, the R206H mutant converts ACVR1 into an activin-dependent BMP 
receptor. Here the authors add to this work by proposing the mutation might induce receptor 
clustering and promiscuous kinase activity, which supports previously published structural 
studies of ACVR1. Overall, this paper explores how the R206H mutation in ACVR1 might 
function at the molecular level, but very little of the conclusions are all that novel, and rather 
extend prior observations to this particular model. As noted below, the studies to try and 
demonstrate an ACVR2:ACVR1B/C:ACVR1 signaling complex in wild type cells are highly 
problematic. In sum, I'm puzzled by what "new paradigm" is revealed in this manuscript. 
Furthermore, the paper relies on a single cell line model, which is highly problematic, given 
the important role of cell context of TGFbeta family dual pathway signaling highlighted 
above.  
 
The new paradigm referred to in the title is the ability of Activin A to induce pSMAD1/5 via 
ACVR1R206H, without the requirement for any other kinase activity. This is the first time that 
a single kinase has been shown to be entirely sufficient for TGF-β family signalling in a 
ligand-dependent manner. This is completely novel and we believe qualifies as a new 
paradigm of receptor activation in TGF-β family signalling with important consequences for 
understanding the pathogenesis of diseases involving mutant ACVR1.  
 
In addition, our current paper develops on our 2018 study (Ramachandran et al, PMID 

29376829) where we described a new mechanism for TGF- family receptor activation. 
There, for the first time we directly demonstrated that type I receptors could activate one 
another. We showed that activated TGFBR1 could phosphorylate and activate ACVR1 in 

response to TGF-. We provided strong evidence that ACVR1 was not in the same 
heterotetrameric complex with TGFBR1 and TGFBR2. This is in contrast to the conclusions 
of the Goumans et al paper that the reviewer refers to, which suggested that in endothelial 

cells TGF- could activate SMAD1/5 via a hetero-tetrameric complex comprising TGFBR1 
(ALK5), ALK1 and TGFBR2.  
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Our present paper extends our type I receptor transphosphorylation model to Activin. We 

show in WT cells that Activin activates SMAD1/5 in an analogous way to TGF-, except that 
it works via activated ACVR1B/C phosphorylating and activating ACVR1. In the ACVR1R206H 
cells, this mechanism operates at low doses of Activin A, whilst at high doses of Activin A, 
ligand-induced ACVR1R206H clustering and auto-activation is the predominant mechanism. 

We also show that TGF- can induce auto-activation of ACVR1R206H in a similar way, 
demonstrating that multiple non-canonical ligands can trigger this mechanism. 
 
We disagree with the reviewer that the model proposed relies on a level of promiscuity. 
Inherent in promiscuity is an off-target or indiscriminate effect. However, we (PMIDs: 
18794361, 29376829) and others (PMID: 11927558, 7806579) have demonstrated that 
TGF-β-induced pSMAD1/5 is integral to the full biological outcomes mediated by TGF-β and 
this is likely also the case for Activin A. Indeed, we have now performed qPCR of SMAD1/5 
targets genes and found them to be induced in response to Activin A in parental cells and to 
a greater extent in HET and HOM1 cells (new Figure EV1D). 
 
To strengthen our results further, and to answer the criticism that we are relying on a single 
cell line, we have now additionally used tumour cells from DIPG patients that have either 
ACVR1WT or ACVR1R206H, obtained from our collaborator, Prof Chris Jones (ICR) to perform 
key experiments to complement the work currently in the manuscript (new Figure 3C, new 
Figure 6I and new Figure EV4B-F). We show that in cells expressing ACVR1R206H, Activin 
A-induced pSMAD1/5 is independent of ACVR1B/C as we find in HEK293T cells. Most 
importantly, we demonstrate Activin A-dependent receptor clustering in these patient cell 
lines, which is stronger for the line containing ACVR1R206H, and in both cell lines is 
dependent on the type II receptors ACVR2A/B. Thus, our results from these disease relevant 
models are in excellent agreement with our data in HEK293T cells. 
 
Specific comments:  
 
1) The biggest issue with this manuscript is that the entire model for wild type signaling is 
based on inferring a molecular model of receptor interactions by only measuring Smad 
activation. Critical to support the authors' model is showing a ligand receptor complex 
comprised of ACVR2:ACVR1B/C:ACVR1, showing that within this complex that ACVR2 
phosphorylates ACVR1B/C, and then showing that ACVR1B/C phosphorylates ACVR1. 
Relying entirely on Smad activation is highly problematic and the results can be interpreted 
in many different ways. For example, activin could signal through its canonical receptor 
pathway to modulate an autocrine BMP response. Evidence in the manuscript certainly 
points to autocrine BMP signaling present in this cell type.  
 
First a technical point. As explained above, analogous to the mechanism we worked out for 

TGF--induced SMAD1/5 phosphorylation, we think that ACVR2A/B, ACVR1B/C and 
ACVR1 are not in the same tetrameric complex, but that activated ACVR1B/C 
phosphorylates ACVR1 in the vicinity on the membrane upon ligand-induced receptor 
clustering. 
 
We thank the reviewer for raising the issue of pathway readouts. After an acute ligand 
stimulation, pSMAD1/5 is the most direct readout of pathway activity as it has the fewest 
number of steps from extracellular ligand binding to SMAD phosphorylation. At later time 
points (4–8 h), results can be compounded by the establishment of autocrine/feedback 
signalling, as pointed out by the reviewer. This is indeed a major issue with previous studies 
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that have used luciferase reporter assays that need a few hours to allow luciferase levels to 
accumulate to sufficient levels for detection. However, to complement our pSMAD1/5 
kinetics and confirm their biological relevance, we have performed qPCR of SMAD1/5 target 
genes in these cell lines (new Figure EV1D). We find that gene expression mirrors 
pSMAD1/5 evident by Western blotting, with the induction of ID1, ID3 and ATOH8 seen in 
parental cells being more robust and sustained in HET and HOM1 cells. 
 
The reviewer suggests that the activation of pSMAD1/5 by Activin A could be indirect, 
resulting from canonical Activin receptor signalling establishing autocrine BMP signalling. 
We think that this is extremely unlikely, given that we can detect induction of pSMAD1/5 in 
the HOM1 cells within 5’ of Activin A treatment (see Figure 2D and Appendix Figure S1A).   
 
2) In Figure 1 the authors make mutant HEK293 cell lines where they introduce the R206H 
mutant and KO ACVR1. The results are largely consistent with the known literature. What's 
puzzling is that while mutant ACVR1 promotes Activin A signaling it does not affect Activin B. 
At the molecular level it's difficult to reconcile this with the future conclusions about ligand 
induced ACVR1B/C receptor clustering. Switching to analysis of BMP2 in C and D is 
puzzling since BMP2 employs additional type I receptors. BMP4:7 should be used for 
comparative analyses.  
 
The observation that Activin B leads to more robust pSMAD1/5 activation compared to 
Activin A in ACVR1WT cells was seen on many occasions (over 6 replicates) and we are 
confident that this is a faithful representation of what happens in HEK293T cells. As a result 
of this we do not see a dramatic difference in signalling between ACVR1WT and ACVR1R206H 
for Activin B as we do for Activin A. At present, however, we cannot explain this difference. 
Mature Activin A and Activin B only share around 74% similarity, leaving open the possibility 
that mismatches, including in the pre-helix loop and post-helix loop important for receptor 
binding (Aykul et.al., PMID: 32515349), could result in differences in the ability of these two 
ligands to bind ACVR1. We do not feel that this observation in any way negates the 
subsequent body of work on Activin A and ACVR1R206H in this manuscript, as we do not 
claim that Activin A and Activin B are equivalent. Instead, this observation provides 
preliminary data for future lines of research on the differences in biology of Activin A and 
Activin B. 
 
The reviewer raises a very valid point on the use of BMP4/7 as a comparator and we have 
now replaced Figure 1D with a dose response to BMP4/7. Please note that the 20 ng/mL 
BMP4/7 (and BMP7) response in parental, HET, HOM1 and KO1 cells is presented in 
Figure 1A and we have, therefore, kept the data in Figure 1C (20 ng/mL BMP2 in these cell 
lines) as it provides information on another BMP ligand that signals through a distinct type I 
receptor.  
 
3) Figure 2 provides a bit more information on Activin A temporal induction of Smad1/5 and 
adds to the previous studies of Hatsell, Hino and more recently Olsen. The authors continue 
comparison of activin A with BMP2 in temporal kinetics. This is problematic as BMP2 
signaling is not shown to be dependent on ACVR1 in this model. They need to use BMP4:7 
dimers, or BMP6 or BMP7, which require ACVR1, particularly as they are using these data to 
conclude that ACVR1 and the R206H variant do not show substantive differences in 
trafficking. They then explore the I-SMAD negative feedback loop and propose that 
Smad2/3-mediated induction of I-SMADs regulate ACVR1. However, BMPs also induce I-
SMADs, which was not explored in this model and they did not assess whether I-SMAD KOs 
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affected extended signaling by the mutant receptor. In particular, the time course of Activin A 
signaling through mutant receptors in EV3A is extended compared to WT, and so could be 
consistent with R206H promoting cell surface levels. This highlights a challenge with this 
part of the manuscript in that it only employs indirect measures of receptor activity to make 
strong conclusions about WT and R206H having "broadly similar intracellular signaling 
dynamics and recycling". Directly measuring cell surface and endosomal receptor is 
required.  
 
We agree with the reviewer that a good control for our Activin A experiments is BMP4/7 
heterodimer as it also signals through ACVR1 (as evidenced by the fact that signal induction 
is lost in the ACVR1 KO cells). We have performed key experiments with this ligand (ligand 
dose-dependent experiments (new Figure 1D); sensitivity to small molecule inhibitors (new 
Figures 3B) and treatment of DIPG cell lines (new Figure 3C)). Due to lab access 
restrictions at our Institute as a result of the COVID pandemic, we have been limited by what 
we could do practically in the last months so were unable repeat all the experiments with 
BMP4/7. We do believe, however, that the BMP2 controls that we had performed in the 
original study are still very valuable as they demonstrate that the presence of ACVR1R206H 

does not have any indirect effects on other TGF- family receptors. 
 
In terms of analysing the mechanism of how pSMAD1/5 is terminated, we only did this in the 
WT cells, as in the HOM1 cells, activation of pSMAD1/5 in the 0–8 h time course is already 
maximal.  
 
We would really have liked to be able to directly measure receptor levels and receptor 
trafficking for both ACVR1WT and ACVR1R206H. We thank the reviewer for suggesting this. 
However, despite over 20 years of looking for antibodies that recognise endogenous 
ACVR1, we have never found an antibody that either works in Western blots (and thus 
suitable for biotinylation assays) or in immunostaining. We have investigated whether we 
can use our fluorescently-tagged Activin to label and track endogenous receptors, but the 
levels of receptors are so low that the signal-to-noise ratio is insufficient to achieve this, even 
with a super resolution microscope. 
 
We are able to conclude that the intracellular signalling dynamics are broadly equivalent for 
ACVR1WT and ACVR1R206H from our Follistatin chase experiment shown in Figure EV3A. 
This is a direct measurement of intracellular signalling. When Follistatin is added 1 h after 
Activin stimulation, no new receptor binding can occur and thus we are only observing 
signalling from endosomes.  In this case the signalling dynamics in Parental and HOM1 cells 
are equivalent (Figure EV3A, lower panel). 
 
With reference to the cell surface levels of ACVR1WT and ACVR1R206H, we believe that they 
are present at the cell surface at similar levels, since BMP7 and BMP4/7 (that both signal via 
ACVR1) activate similar levels of pSMAD1/5 in parental, HET and HOM cells (Figure 1A 
and EV1C). Moreover, we show that after a 2-h stimulation with Activin, followed by a 2-h 
chase with Follistatin, both parental and HOM1 cells can be readily induced with Activin A, 
showing that ACVR1WT, ACVR1R206H (and the classic Activin type I receptors ACVR1B and 
ACVR1C) are still present at the cell surface following an acute Activin A treatment. This tells 
us that the more transient Activin A response via ACVR1WT is not due to its more rapid 
depletion from the cell surface compared with ACVR1R206H. Furthermore, after an 8-h Activin 
stimulation, BMP4/7 can still activate pSMAD1/5 to similar levels in both parental and HOM1 



 11 

cells (Figure EV3C), suggesting that ACVR1 is present at equivalent levels in both cell types 
at this time point after Activin A stimulation.  
 
 
4) In Figure 3 the authors present experiments that suggest ACVR1B/C is important for 
Activin-dependent ACVR1 signaling to BMP Smads. The problem with these experiments is 
that the cell model displays marginal Activin-dependent Smad1 activation (only about 3 fold 
at best and about ~10-fold less than the BMP response, see Fig. 1), so the pathway is not 
active in these cells, which makes interpretation of the results challenging, especially since 
KO lines are essentially clonal derivatives of the parental. Thus, even slight clonal variation 
in responsiveness could account for the observations on WT ACVR1 cells in panel B. Of 
note, recent studies (Aykul et al., eLife, 2020), also in HEK293 cells, show no evidence of 
activin-dependent activation of Smad1 either by blotting for P-Smad1 or assessing a BMP 
reporter construct. It's unclear why the current studies show these trace BMP activation 
events.  
 
It is true that parental cells have a weak pSMAD1/5 response to Activin A compared with 
HOM cells. However, we feel that this comparison is a major strength of the paper as it 
demonstrates the significant gain in signalling output conferred by ACVR1R206H at the 
endogenous locus, as observed in multiple clones. Strikingly, we also show that the Activin 
A-induced pSMAD1/5 in parental cells is via a distinct mechanism compared to the 
ACVR1R206H cells.  
 
We refute the assertion that the pSMAD1/5 pathway downstream of Activin A is not active in 
parental HEK293T cells. In our hands, there is clear pSMAD1/5 in response to Activin A in 
over 50 experiments in various contexts. In the paper referenced by the reviewer (Aykul 
et.al. PMID: 32515349), the authors looked at pSMAD1/5 15 minutes after Activin A 
treatment in HEK293T cells, a time point at which pSMAD1/5 is not evident, in agreement 
with our observations (Figure 2D, Appendix Figure S1A). However, they do observe 
pSMAD1/5 in response to Activin A in mouse embryonic stem cells after 15 minutes of 
Activin A treatment (Figure 1 – Figure Supplement 1). Furthermore, in a previous publication 
from that group, which first demonstrated the sensitivity of ACVR1R206H to Activin A mediated 
pSMAD1/5, pSMAD1/5 was clearly evident, although unacknowledged, in response to 
Activin A in ACVR1WT mESCs after 1 h of ligand treatment (Hatsell et.al., PMID: 26333933, 
Figure 1C, D). Hino et.al., (PMID: 26621707) also observed pSMAD1/5 in ACVR1WT induced 
mesenchymal stem cells (Figure 1D). Furthermore, in a recent paper in myeloma cell lines, 
Activin A-dependent pSMAD1/5 was evident (Olson et al., PMID: 32235336). 
 
Thus, we argue that pSMAD1/5 in response to Activin A is a widespread phenomenon in 
cells that respond to Activin A. Importantly, we now demonstrate using qPCR for target 
genes that the Activin A-induced pSMAD1/5 we observe in parental cells is fully functional 
(new Figure EV1D). We have now noted these previous instances of pSMAD1/5 in 
response to Activin A in the discussion (page 15, paragraph 2). 
 
Note that panel A is very noisy and certainly shows evidence of SB421542 inhibition of the 
R206H mutant. In panel B BMP4:7 should be used for the comparison. The data suggesting 
ACVR1B/C is not required for R206H activity is convincing.  
 
We are pleased that the reviewer finds the data in ACVR1B/C dKO cells convincing.  
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We thank the reviewer for raising a point that was perhaps not sufficiently clear in the 
manuscript. The results in Figure 3 demonstrate that Activin A achieves phosphorylation of 
SMAD1/5 by two mechanisms depending on dose of Activin A and status of ACVR1. In 
parental cells, at both doses of Activin A, low or high, Activin A-induced pSMAD1/5 is 
inhibited by SB-431542, showing that it is entirely dependent on ACVR1B/C. In ACVR1R206H 

cells treated with a low dose of Activin A, SB-431542 also substantially inhibits induction of 
pSMAD1/5. Thus, at low dose, Activin A-induced pSMAD1/5 in ACVR1R206H cells is 
dependent on ACVR1B/C. However, at high doses of Activin A in ACVR1R206H cells, 
significant pSMAD1/5 persisted even after treatment with SB-431542. This is clear in both 
the representative westerns and in the quantitations (Figure 3A, new Figure 3B). This 
indicates that at high doses, Activin A additionally induces pSMAD1/5 via ACVR1R206H 
independently of ACVR1B/C. We show later in the paper that the underlying mechanism 
involves the high dose of Activin A clustering ACVR1R206H to activate it, which is independent 
of the kinase activity of either ACVR1B/C or the type II receptors. We have now further 
shown that in the ACVR1R206H DIPG cell line HSJD-DIPG-007, SB-431542 has very little 
effect on Activin induced pSMAD1/5 although it completely inhibits Activin induced pSMAD2 
(new Figure 3C) demonstrating that this mechanism also operates in biologically relevant 
cell lines. We have improved the text in the results (pages 9 and 10) in the manuscript to 
make this clearer.  
 
We agree with the reviewer that BMP4/7 is a better comparator in these experiments, and 
we have, therefore, performed additional experiments with the small molecule inhibitors with 
BMP4/7 (new Figure 3B). Incidentally, these new experiments contain a repeat of the high 
dose of Activin A induction to strengthen that data. Furthermore, we used BMP4/7 as the 
comparator in the DIPG cell lines ICR-B169 and HSJD-DIPG-007 (new Figure 3C). As 
expected, and similar to what we previously observed with BMP2, BMP4/7-induced 
pSMAD1/5 is inhibited by LDN-193189 and unaffected by SB-431542 in parental, HET and 
HOM1 cells. We do not feel that BMP4/7 needs to be tested in ACVR1B/C dKO cells as 
none of the BMPs signal via these receptors. 
 
5). The authors also attempt to show that TGFbeta induces p-Smad1 in MEFs. 
Unfortunately, the data is even less convincing than the conclusion that Activin A induces P-
Smad1. What's the biological significance of such a marginal effect? This experiment is also 
noisy and the authors should employ BMP4:7 for comparative purposes.  
 

Although weak, we do observe pSMAD1/5 in response to TGF- in MEFs and this could not 

be inhibited by SB-431542 in Acvr1+/R206H cells. This raises the possibility that TGF- 
signalling may also be important in the pathogenesis of ACVR1R206H in FOP and DIPG and 
represents an avenue for future research. However, to strengthen this work, we have now 
further shown that in the ACVR1R206H DIPG cell line HSJD-DIPG-007, SB-431542 has very 
little effect on Activin A-induced pSMAD1/5 although it completely inhibits Activin induced 
pSMAD2 (new Figure 3C) demonstrating that this mechanism also operates in biologically 
relevant cell lines. 
 
6) Having established that ACVR1B/C are not important for activin-dependent R206H 
signaling, the authors tackle the role of the upstream type II receptors, ACVR2A/B. They 
show that type II receptors and their catalytic activity are important for signaling in the wild 
type scenario, but then show a kinase dead ACVR2A can support R206H signaling. They 
use optogenetics to induce receptor clusters and show that artificially induced clustering of 
R206H induces activation. An important observation here that is ignored by the authors is 
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that in the absence of light the R206H mutant also clusters at higher expression levels. So 
this mutation provides a propensity for type I receptors to cluster and yield promiscuous 
autophosphorylation that at endogenous levels is promoted by the type II receptor. This 
supports previous conclusions about how the mutant converts into an Activin->BMP Smad 
signaling complex as well as structure-based studies.  
 
The reviewer makes an important point that we did not comment on the light-independent 
pSMAD1/5 mediated by ACVR1R206H at higher receptor concentrations and we have now 
done so in the revised manuscript (page 11, paragraph 2). However, this does not 
demonstrate a propensity for ACVR1 (either WT or R206H) to cluster, or to exhibit 
promiscuous behaviour, but rather highlights the drawbacks of overexpression of receptors 
that achieves supraphysiological levels of receptors which leads to artificial clustering, a 
problem that has plagued the field of ACVR1R206H research for many years. Indeed, as a 
consequence of such overexpression studies, for many years the field considered 
ACVR1R206H to signal in a ligand-independent fashion, a conclusion we now know is not true. 
The point we were making with this experiment was that all that is required for ACVR1R206H 
to activate SMAD1/5 was to be clustered (via light in this case). We go on to show that in the 
HOM1 cells, this is normally achieved by the ligand-bound type II receptors but is 
independent of their type II receptor kinase activity. 
 
7). At the top of page 11 the authors make the strange conclusion that since light-induced 
ACVR1 clusters fail to activate Smad1, then this demonstrates the key requirement for 
ACVR1B/C. But BMP signaling through ACVR1 does not require ACVR1B/C so there is no 
reason why ACVR1 in such an artificial system would not activate Smad1 except for the fact 
no type II kinase is present in these light-induced clusters.  
 
We apologise for the confusion caused by this sentence. What we meant was that because 
Opto-ACVR1WT was unable to mediate FLAG-SMAD1 phosphorylation, another, upstream 
kinase was required to activate it. In the case of BMP signalling, as the reviewer points out, 
this is provided by the type II receptors and in the case of Activin A signalling, we have 
demonstrated that this is achieved by ACVR1B/C. We therefore sought to confirm this by 
using Opto-ACVR1B* with Opto-ACVR1WT (Figure 5C). We have amended the text in the 
results (pages 11 and 12) to make this clearer. 
 
8) In the final experiments the authors go on to hypothesize that in vivo Activin A induces 
type II-type I complexes and receptor clustering. I found this phrasing rather odd given that 
this has been amply demonstrated in the prior literature including structural studies of higher 
order receptor ligand complexes, all of which is confirmed here, so I don't understand the 
value of these experiments in the context of the current paper.  
 

While work has previously been performed on TGF- family receptors, almost all of it has 
been with overexpressed, tagged receptors as there have been no means available to study 

endogenous receptor clustering. This paper represents the first time that endogenous TGF- 
family receptor clusters have been reported in the literature, a highly significant and very 
long overdue achievement, especially given the much more advanced state of receptor 
dynamics elucidated for receptor tyrosine kinases such as EGFR. The work in this 
manuscript lays the foundation for accelerated study of endogenous receptor dynamics in 

TGF- family signalling. 
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9). Throughout the manuscript there are numerous experiments that lead to important 
conclusions that appear to have only been done once. Eg Fig. 1A, EV3A et al. I also find the 
use of mean +/- SEM for experiments done only twice to be inappropriate.  
 
We wish to clarify that none of the experiments in this paper have only been done once; all 
have been performed 2–3 times (often more), with representative experiments shown where 
indicated. This has now been noted in the Materials and Methods section, under 
Quantification and Statistical Analysis. The only figure where we have presented mean +/- 
SEM of two experiments is Figure 2A, where we note there is no significant difference. 
 
 
Referee #3:  
 
The manuscript by Ramachandran et al. investigates the mechanisms through which the 
wildtype Activin Type 1 receptor (ACVR1WT) and a "gain-of-function" mutant form 
(ACVR1R206H) are activated in response to Activin stimulation. Through a series of 
biochemical experiments, the authors elucidate two distinct mechanisms governing the 
activation of these receptors. In the case of ACVR1WT, the authors determine that Activin A 
can bind to ACVR2A/B and ACVR1B/C, which in turn phosphorylates and activates 
ACVR1WT. A similar mechanism may also activate ACVR1R206H at low activin 
concentrations. However, at high activin concentrations the authors demonstrate that 
ACVR1R206H can form direct complexes with ACVR2A/B. In this latter scenario, the 
catalytic domain of the type II activin receptors (ACVR2A/B) are dispensable, contributing a 
scaffolding function that enhances signaling via ACVR1R206H.  
 
The ACVR1R206H receptor is implicated in two diseases, which include Fibrodysplasia 
ossificans progressiva (FOP) and diffuse intrinsic pontine glioma (DIPG). Thus, considerable 
effort has been invested into determining how the ACVR1R206H receptor is constitutively 
activated. The current study uses extensive biochemical assays and sophisticated 
approaches to generate data that supports the novel mechanisms proposed in the paper. 
This paper will be of interest to researchers in this field. One aspect that is missing from the 
current study is an attempt to assess if the proposed mechanisms elucidated in this paper 
are operative in disease models in which this gain oft function receptor contributes to the 
disease (e.g. FOP).  
 
We thank the reviewer for their thoughtful and accurate assessment of our work. To 
strengthen the mechanistic implications of this study and to answer the criticism that we are 
relying on a single cell line, we have additionally used tumour cells from DIPG patients that 
have either ACVR1WT or ACVR1R206H, obtained from our collaborator, Prof Chris Jones (ICR) 
to perform key experiments to complement the work currently in the manuscript (new Figure 
3C, new Figure 6I and new Figure EV4B-F). We show that in cells expressing ACVR1R206H, 
Activin A-induced pSMAD1/5 is independent of ACVR1B/C as we find in HEK293T cells. 
Most importantly, we demonstrate Activin A-dependent receptor clustering in these patient 
cell lines, which is stronger for the line containing ACVR1R206H, and in both cell lines is 
dependent on the type II receptors ACVR2A/B. Thus, our results from these disease relevant 
models are in excellent agreement with our data in HEK293T cells. 
Specific Points:  
 
1) The authors state that HEK293T cells that are homozygous for the ACVR1R206H 
mutation exhibit dramatically increased pSmad1/5 levels compared to parental HEK293T 
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cells. While this is true for the HOM1 cells in Figure 1, this does not appear to be the case for 
HOM2 cells (Figure EV1). For example, the pSmad1/5:Actin ratio in parental HEK293T cells 
is increased 29 fold following Activin A treatment compared to a 253fold increase in HOM1 
cells (Figure 1A). In contrast, in Figure EV1C, Activin increases the pSmad1/5:Actin ratio by 
13-fold relative to unstimulated HEK293T parental cells and only 10-fold in HOM2 cells. Can 
the authors comment on this discrepancy?  
 
We thank the Reviewer for noting this. This is a consequence of experimental variability and 
fold changes are particularly vulnerable to levels of basal signalling. We now have another 
replicate of the experiment shown in new Figure EV1C that shows that HOM2 cells more 
closely reflect HOM1 cells. 
 
2) In the discussion, the authors speculate that the ACVR1R206H receptor could undergo 
differential ubiquitination and lysosomal degradation (reduced relative to wildtype ACVR1), 
which could lead to prolonged signaling. In light of this, it would be important to show that 
similar levels of ACVR1WT is expressed in wildtype HEK293T cells when compared to 
ACVR1R206H in HOM1 or HOM2 cells by immunoblot approaches.  
 
We believe that ACVR1WT and ACVR1R206H are present at the cell surface at similar levels, 
since BMP7 and BMP4/7 (that both signal via ACVR1) achieve similar pSMAD1/5 levels in 
parental, HET and HOM cells (Figure 1A). In addition, after an 8-h Activin stimulation, 
BMP4/7 can still activate pSMAD1/5 to similar levels in both parental and HOM1 cells (new 
Figure EV3C), suggesting that ACVR1 is present at equivalent levels in both cell types at 
this time point. We do agree that measuring cell surface and endosomal receptor levels 
would add great value to this manuscript. However, at present, despite the many years for 

which the receptors have been known and the vast body of literature on TGF- family 
signalling, there are very few antibodies that reproducibly and reliably detect endogenous 
receptors and there are none that can detect endogenous ACVR1 in HEK293T cells. 
Therefore, the experiment proposed in this point is not possible at the current time.  
 
3) In line with the second comment, the authors have created a unique dimeric Activin A 
ligand that is tagged with a fluorophore (His-Activin A-Atto647N: used in Figure 6 and 7). 
Could live-imaging approaches be used to trace activin-bound ACVR1WT or ACVR1R206H 
receptors with co-labelling with an early endosomal marker (EEA1) or a lysosomal marker 
(LAMP1). This would corroborate the conclusions drawn from Figure 3 (no difference 
between endosomal signaling between the two receptors) and determine if less 
ACVR1R206H is degraded.  
 
We thank the reviewer for this excellent suggestion, and we have indeed investigated 
whether we can use our fluorescently-tagged Activin to label and track endogenous 
receptors. However, the levels of receptors are so low that the signal-to-noise ratio is 
insufficient to achieve this, even with a super resolution microscope. 
 
4) Non-canonical pathways, beyond Smad1/5, have also been suggested to be activated 
downstream of ACVR1R206H, most notably p38 activation. Have the authors assessed p-
p38 and total p38 levels in parental, HET and HOM cells following Activin stimulation?  
 
Additional pathways activated by ACVR1R206H have not been investigated in this work as we 
focused on the mechanism of activation of ACVR1R206H. However, the multitude of signalling 
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pathways initiated by ACVR1R206H is integral to its pathology and warrants further 
investigation in subsequent studies. It is however, beyond the scope of this current paper. 
 
5) The strength of the paper lies in the rigorous biochemical characterization of these 
receptor activation mechanisms in a tractable cell model. However, it would strengthen the 
paper considerably if supporting evidence for this activation model could be obtained using 
samples in which expression of ACVR1R206H is implicated in the pathology. Indeed, knock 
in mice harboring the ACVR1R206H allele develop phenotypes reminiscent of those seen in 
FOP patients. Significant data also indicates that Activin A can contribute to excessive 
ossification in models of FOP. Could samples (ossified skeletal muscle for example) from the 
ACVR1R206H knock in model be assessed for complex formation between ACVR2A/B 
receptors with ACVR1R206H using proximity ligation assays (PLAs). This would depend on 
antibodies that could detect the type II and type I receptors. One might predict, based on the 
model, that high PLA signals should be detected between ACVR2A/B and ACVR1R206H. If 
such samples are impossible to get, could the MEFs be used (described in Figure EV5). PLA 
assays in +/ ACVR1R206H MEFs would show a low PLA signal between ACVR2A/B and 
ACVR1R206H under low Activin A conditions but an increased association between the type 
II receptors and gain of function type I receptor under high activin A concentrations, if the 
model is correct. A low PLA signal would be expected in the wildtype MEFs. These 
experiments would add substantially to the paper.  
 
We thank the reviewer for commending the rigour of the experiments performed. To 
strengthen the mechanistic implications of this study, we have now used tumour cells from 
DIPG patients that have either ACVR1WT or ACVR1R206H to perform key experiments to 
complement the data currently in the manuscript (new Figure 3C, new Figure 6I and new 
Figure EV4B–F). We have also performed qPCR to monitor downstream pathway activity 
(new Figure EV1D).  
 

As noted by the reviewer, one major limitation in TGF- family signalling is the lack of good 
antibodies that reproducibly and reliably detect endogenous receptors; indeed, there are 
none that can detect endogenous ACVR1. This unfortunately rules out a PLA approach. 
Therefore, at present, we cannot study the dynamics of endogenous ACVR1. However, we 
have used labelled Activin A (His-Activin A-Atto647N) in live cell imaging with Number and 
Brightness (N&B) analysis to investigate endogenous receptor clustering, and believe this to 
be a major step forward. We demonstrate that this ligand-induced receptor clustering is 
dependent on ACVR2A/B in two ways (ACVR2A/B dKO and ligand traps). In the revised 
manuscript, we have now repeated these experiments with the cells from DIPG patients and 
importantly, have been able to detect significantly more receptor clustering in the cell line 
containing ACVR1R206H compared with the line containing ACVR1WT (see new Figure 6I and 
new Figure EV4B–F). Taken together with our data on rescue with ACVR2A/BWT (parental 
and HOM1 dKO cells) or ACVR2AKR (HOM1 dKO cells) and activation of signalling by 
optogenetic clustering of ACVR1R206H we believe we have provided substantial data to 
support our model. 
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Referee #1: 

In this study, Ramachandran et . al invest igate the mechanisms by which Act ivin Type 1 receptor
(ACVR1WT) and the mutant (ACVR1R206H) are act ivated in response to Act ivin. Through rigorous 
biochemical and advanced microscopy studies, the authors demonstrated that ACVR1WT and 
ACVR1R206H act ivate downstream transcript ion factors, Smad 1/5 through two dist inct 
mechanisms. ACVR1WT act ivat ion is cont ingent on act ivin type 1 receptors, ACVR1B/C. 
ACVR1R206 act ivat ion, however, does not required upstream kinases and is act ivated by Act ivin A-
mediated receptor clustering. Given that the ACVR1R206H mutat ion has been implicated in two 
different diseases including Fibrodysplasia ossificans progressive (FOP) and diffuse intrinsic pont ine 
glioma (DIPG), it is of crit ical importance to understand how ACVRR206H is const itut ively act ivated. 

One of the major limitat ions of the init ial submission was a lack of clinical relevance. In the init ial 
submission, the authors state that two different diseases (FOP and DIPG) are driven by a shared 
ACVR1R206H mutat ion. However, lit t le to no studies were performed in the context of either 
disease. For this resubmission, the authors have firmly addressed this concern by 
demonstrat ing that Act ivin A-induced pSmad 1/5 is independent of ACVR1B/C in tumors cells from 
DIPG pat ients that have either ACVR1WT or ACVR1R206H mutat ions. These results support their 
init ials findings in H293T cells and substant ially enhance the clinical implicat ions of this study. While 
the authors' responses placated the majority of my concerns, there are st ill several points that need 
to be addressed: 

Concerns: 

A major limitat ion of this study was the lack of support ing evidence surrounding ACVR1R206H-
mediated enhancement of Smad 1/5/8 act ivat ion outside of western blot t ing. While the authors 
were able to address this concern by demonstrat ing that Smad 1/5 target gene induct ion mirrored 
the durat ion and magnitude of Smad 1/5 phosphorylat ion upon Act ivin A st imulat ion in HET and 
HOM1 cells compared to parental cells, a more conclusive and comprehensive analysis, such as 
RNA seq, should be used to show that TGFB signaling, specifically Smad 1/5, is the predominant 
signaling pathway act ivated upon Act ivin st imulat ion in HET and HOM cells. These findings will 
placate unanimous concerns of whether non-canonical pathways, Smad 1/5 independent 
pathways, predominate during Act ivin A st imulat ion. 



Another major limitat ion of this study was the lack of addit ional techniques, outside of TIRF
microscopy and follastat in chase experiments, to demonstrate ACVR1R206H and ACVR1WT
subcellular dynamics. While addit ional immunofluorescence studies and biot inylat ion/streptavidin
labeling experiments were suggested by myself, Referee #2, and Referee #3, the authors claim that
this cannot be performed due to the lack of reliable ant ibodies that detect  endogenous ACVR1.
Moreover, the authors suggest that  reliance on overexpression systems will alter the physiological
balance of receptors and result  in art ificial clustering and confounding results. Although these are
valid and acceptable points, fluorescence imaging demonstrat ing cell surface localizat ion of
ACVR1R206H is crit ical and will bolster their TIRF findings. A feasible method that could be used to
bypass the need for exogenous ant ibodies is Crispr/Cas9 mediated GFP knock-in at  the ACVR1
locus in 293T cells. 

Referee #3: 

The revised manuscript  by Ramachandran et  al. (EMBOJ_2020-106317R) has largely addressed
the quest ions I raised during my init ial review. The descript ion of cell lines from DIPG pat ients that
express wildtype ACVR1 [ACVR1+/+ (ICR-B169)] or the ACVR1R206H mutant receptor
[ACVR1+/R206H (HSJD-DIPG-007)] was a very important addit ion to the manuscript . The results
from these cell models nicely support  the data generated from the HEK293T system and extend
the conclusions beyond a single cell line into disease relevant models. Addit ional minor comments
were sufficient ly addressed as well. 

The only experiments that were not addressed by the authors were due to the fact  that  the
necessary reagents are not available (decent ant ibodies against  ACVR1 and ACVR2 receptors) or
due to technical limitat ions of the system (live cell imaging with His-Act ivin A-Atto647N). 

I support  publicat ion of the revised manuscript  in EMBO J. 

Referee #1, addit ional comment: 

The authors made a reasonable argument that their current data do strongly support  the
conclusion, so I incline to support  acceptance of the revised manuscript  for publicat ion in the journal.



25th Mar 20213rd Authors' Response to Reviewers

The authors performed the requested changes.



26th Mar 20213rd Revision - Editorial Decision

Dear Caroline, 

Thank you for submit t ing the revised version of your manuscript . I have now evaluated your
amended manuscript  and concluded that the remaining minor concerns have been sufficient ly
addressed. 

Thus, I am pleased to inform you that your manuscript  has been accepted for publicat ion in the
EMBO Journal. 

Please note that it  is EMBO Journal policy for the t ranscript  of the editorial process (containing
referee reports and your response let ter) to be published as an online supplement to each paper. 

Also in case you might NOT want the t ransparent process file published at  all, you will also need to
inform us via email immediately. More informat ion is available here:
ht tp://emboj.embopress.org/about#Transparent_Process 

------------------------------------------------ 

Please note that in order to be able to start  the product ion process, our publisher will need and
contact  you regarding the following forms: 

- PAGE CHARGE AUTHORISATION (For Art icles and Resources)
ht tp://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1460-2075/homepage/tej_apc.pdf

- LICENCE TO PUBLISH (for non-Open Access)

Your art icle cannot be published unt il the publisher has received the appropriate signed license
agreement. Once your art icle has been received by Wiley for product ion you will receive an email
from Wiley's Author Services system, which will ask you to log in and will present them with the
appropriate license for complet ion. 

- LICENCE TO PUBLISH for OPEN ACCESS papers

Authors of accepted peer-reviewed original research art icles may choose to pay a fee in order for
their published art icle to be made freely accessible to all online immediately upon publicat ion. The
EMBO Open fee is fixed at  $5,200 (+ VAT where applicable). 

We offer two licenses for Open Access papers, CC-BY and CC-BY-NC-ND. 
For more informat ion on these licenses, please visit : ht tp://creat ivecommons.org/licenses/by/3.0/ and
http://creat ivecommons.org/licenses/by-nc-nd/3.0/deed.en_US 

- PAYMENT FOR OPEN ACCESS papers

You also need to complete our payment system for Open Access art icles. Please follow this link
and select  EMBO Journal from the drop down list  and then complete the payment process:
ht tps://authorservices.wiley.com/bauthor/onlineopen_order.asp 



Should you be planning a Press Release on your art icle, please get in contact with 
embojournal@wiley.com as early as possible, in order to coordinate publicat ion and release dates. 

On a different note, I would like to alert you that EMBO Press is current ly developing a new format 
for a video-synopsis of work published with us, which essent ially is a short , author-generated film 
explaining the core findings in hand drawings, and, as we believe, can be very useful to increase 
visibility of the work. This has proven to offer a nice opportunity for exposure i.p. for the first 
author(s) of the study. Please see the following link for representat ive examples: 
ht tps://www.embopress.org/video_synopses 

Please let me know, should you be interested to engage in commissioning a similar video synopsis 
for your work. According operat ion instruct ions are available and intuit ive. 

If you have any quest ions, please do not hesitate to call or email the Editorial Office. 

Thank you again for this contribut ion to The EMBO Journal and congratulat ions on a successful 
publicat ion! Please consider us again in the future for your most excit ing work. 

Kind regards, 

Daniel 

Daniel Klimmeck, PhD 
Senior Editor 
The EMBO Journal 
EMBO 
Postfach 1022-40 
Meyerhofstrasse 1 
D-69117 Heidelberg
contact@embojournal.org
Submit at : ht tp://emboj.msubmit .net



USEFUL LINKS FOR COMPLETING THIS FORM

http://www.antibodypedia.com
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
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http://ClinicalTrials.gov
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http://biomodels.net/miriam/
è http://jjj.biochem.sun.ac.za
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è http://www.selectagents.gov/
è
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� 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?

EMBO PRESS 

A- Figures 

Reporting Checklist For Life Sciences Articles (Rev. June 2017)

This checklist is used to ensure good reporting standards and to improve the reproducibility of published results. These guidelines are 
consistent with the Principles and Guidelines for 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 J
Corresponding Author Name: Caroline S. Hill and Anassuya Ramachandran

YOU MUST COMPLETE ALL CELLS WITH A PINK BACKGROUND ê

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.).

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).

Fig. 2B and some data in Fig. 6 and Fig. 7 were performed in biological duplicate; all other 
experiments had a minimum of three biological replicates.

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

NA

When basal pSMAD1/5 signalling is high (i.e. high in the untreated condition), this abolishes 
subsequent acute ligand stimulation. A high baseline is a consequence of seeding too many cells at 
the start of an experiment, leading to significant autocrine signalling. Experiments with high basal 
signalling were excluded from analyses. This exclusion criteria was pre-established.

Controls cells were always setup at the same time as treatment groups cells in 6-well plates. One 
of the wells was allocated as the control and others used for ligand treatment at random.

Manuscript Number: EMBOJ-2020-106317R1

Yes. Justification for the statistical tests used are described in the figure legends (and Materials 
and Methods section) of the manuscript.

Yes. Data was log transformed and normality tests were performed (e.g. Shapiro Wilk test, 
Kolmogorov-Smirnov test) where appropriate.

No

NA

Control and treatment groups were always analysed (lysed, run for Westerrn blotting, probed with 
ECL reagent) together. Additionally, in some instances (Western blot quantifications, TIRF 
microscopy), the experiments were performed by one investigator and quantified by another. 

NA

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.



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.

C- Reagents

D- Animal Models

E- Human Subjects

Parental HEK293T cells were obtained from the Francis Crick Institute Cell Services and confirmed 
by STR profiling. NIH-3T3 cells were obtained from Richard Treisman (Francis Crick Institute) and 
had species identification performed at the Francis Crick Institute. MEFs were isolated in Eileen 
Shore's group at the Perelman School of Medicine (University of Pennsylvania, USA). HSJD-DIPG-
007 was established in Dr. Angel M. Carcaboso's laboratory (Hospital Sant Joan du Deu, Barcelona, 
Spain) and ICR-B169 in Prof. Chris Jones' laboratory (Institute for Cancer Research, London, UK). 
Both HSJD-DIPG-007 and ICR-B169 were obtained from Prof. Chris Jones, where they were 
confirmed by STR profiling. All cell lines were routinely tested for mycoplasma contamination and 
certified mycoplasma free.

Yes

All information pertinent to antibodies is provided in Table EV2.

NA

NA

NA

G- Dual use research of concern

F- Data Accessibility

NA

For the establishment of the DIPG cell lines, patients consented to inclusion in a local IRB/Research 
Ethics Committee-approved project at the respective institutions. These ethical approvals cover the 
use of the cell lines in collaborations beyond the institute the cell lines were established in.

NA

No

No restrictions.

NA

NA

NA

NA

NA

NA

MATLAB scripts for analysing the TIRF data in Fig. 7 and Fig. EV5 are available on request.
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