
Peer Review File 

Manuscript Title: Emergence of large-scale cell death via trigger waves of ferroptosis 

Reviewer Comments & Author Rebuttals 

Parts of this Peer Review File have been redacted as indicated to maintain the confidentiality of unpublished data.

Reviewer Reports on the Initial Version: 

Referees' comments: 

Referee #1 (Remarks to the Author): 

This manuscript by Chen and colleagues examines how cell death propagates between cells within a population. The focus of this study is on ferroptosis, a non-apoptotic form of cell death that is known 
from published work by Linkermann and colleagues and Overholtzer and colleagues to ‘spread’, in 
some manner, between cell in the form of a wave. Trigger waves are proposed to synchronize 
ferroptosis between cells within a population. The concept that trigger waves modulate cell death is 
also not entirely new, having been observed within cells during the execution of apoptosis, for 
example (Cheng & Ferrell, Science, 2018). The authors suggest a biochemical mechanism for the 
propagation of ferroptotic cell death in space and suggest that this might be important for sculpting 
of tissues during development, using as an example the bird limb. 

The concept that trigger waves may allow for the propagation of a ferroptotic signal is intriguing, 
and certainly consistent with previous reports. The authors develop a clever experimental means of 
locally initiating ferroptosis in a population using blue light illumination. This allows for the process 
to be tracked more conveniently. This paper itself is clearly written. These are the strengths. 
However, several notable weaknesses, missing controls, and key unanswered questions are also 
apparent. 

-Under bath treatment conditions (e.g., constant erastin application, extended data figure 1) what
causes ferroptosis to initiate in some cells but not others? It would be useful to offer some insight
into this question. Does the model eventually proposed by the authors allow them to predict in
which cells in a population a trigger wave will initiate? This would be useful information and also
validation of the modelling work.

-The authors present evidence in extended data Figure 1h that the wave-like ferroptosis mechanism
can be observed in a variety of cells. It is interesting that HeLa cells exhibited this phenotype, as
HeLa are generally not known to be especially sensitive to ferroptosis. What about HT-1080 cells, U-
2 OS cells, or A549 cells – more classic cell models in the ferroptosis field that those reported in this
study? Furthermore, were those lines reported in extended data Figure 1h all the cell lines that were
tested, or only the cell lines that showed wave-like propagation amongst a larger group that were
examined? Do any cell lines not show wave-like propagation? If not, why not (e.g., do they not
engage some GSH/NOX molecular mechanism that in intrinsic to the proposed model?. How might
that impact the interpretations in this paper? Our own incidental observations and those of others in
the field is that only some cell lines exhibit wave-like ferroptosis propagation while others – which
die very nicely by ferroptosis – do not exhibit this wave-like property at all.



 

 
-In establishing the main experimental model system, the concentration of ferrostatin-1 used in 
Extended data figure 3 (5 μM) is about 100x higher than the reported EC50 for this molecule. There 
is some concern this may be having unanticipated effects. It would be good to repeat this 
experiment and see whether lower doses of Fer-1 are protective or not, and also include additional 
canonical inhibitors at reasonable concentrations (liproxstatin-1, iron chelators) so as to ensure that 
the process being monitored conforms to the ferroptosis mechanism as classically understood and 
not some related but distinct mechanism of cell death induced by the blue light exposure. 
 
-The authors invoke a ROS diffusion model to account for wave propagation. The only suitable small 
molecule “ROS” species with the chemical stability to diffuse longer distances might be hydrogen 
peroxide (H2O2). Does the addition of catalase to cell cultures prevent wave propagation across 
distance? If not, this suggests another species whose identity requires isolation and definition. 
 
-In general, the nature of the diffusible species that mediates ROS wave propagation appears to be 
very ill-defined. How have the authors ruled out the possibility of a reactive lipid fragment diffusing 
between cells, for example? Or release of iron from dying cells that then can induce peroxidation in 
neighboring cells? These and many other mechanisms apart from the one proposed by the authors 
could be envisioned. All of these models need to be rigorously tested using chemical but also genetic 
manipulations. 
 
-In figure 3a, it is hard to understand how the authors see the process of lipid peroxidation (LOOH) 
contributing to the formation of soluble hydrogen peroxide (blue box in 3a). Presumably, the 
authors envision that H2O2 diffusing between cells can initiate lipid peroxidation in a neighboring 
cell. How plausible is this? Under the conditions the authors employ, is direct application of H2O2 in 
a localized manner sufficient to trigger “ferroptotic waves”, as would be predicted from the model? 
 
-GPX4 inhibition are canonical inducers of ferroptosis. Does RSL3 or a similar covalent GPX4 inhibitor 
induce the same trigger wave phenomenon in RPE1 and other cells? If not, what might this imply? 
 
-What is the effect of manipulating the expression of well-known ferroptosis effectors, like GPX4 or 
FSP1, on wave propagation? The authors focus on NOX enzymes but appear to ignore the role of 
more well-known and potentially universal regulators of ferroptosis. 
 
-Relevant to Figure 4 and the modelled bistable switch, the concept is intriguing but additional 
controls are needed. Perhaps erastin, between two concentration ranges (e.g., 0.63 and 1.25 μM), 
simply has non-linear effects on target function, more effectively inhibiting cystine uptake and/or 
depleting intracellular thiol-containing metabolites. It would be important to know whether or not 
 
-I am unclear whether the data reported in Figure 5h are from ‘normal’ physiological 
remodeling/death events, or PALP/laser-induced death in the isolated limb model. If the latter, it is 
unclear what relevance this has. One would like to test whether a reasonable concentration of a 
ferroptosis inhibitor (or genetic overexpression of a ferroptosis inhibitor like GPX4) is sufficient to 
prevent cell death in this model undergoing cell death without any external and artificial induction. 
 



 

-Relevant to the wave-like cell death in developing avian limbs, what is the natural trigger for this 
process? What is known about this developmental event and how could it be related to the 
induction of ferroptosis? It would also be good to experimentally test whether inhibition of 
apoptosis or other forms of cell death in this context do or do not prevent cell death. The working 
assumption for most people would be that apoptosis accounts for most developmental cell death, so 
the concept that ferroptosis may underlie this massive developmentally regulated event may require 
some stronger confirmation and additional controls to rule out other possible mechanisms. 
 
-Some very high-profile research suggests that ferroptosis is inhibited at high cell density (Wu et al, 
2019, Nature). The authors should perhaps comments on how this may be related to their model 
and to the concept of ferroptosis wave-like propagation if at high cell density the process is 
inhibited. Have the authors examined wave propagation at various cell densities including especially 
high cell densities? In vivo, how can the authors account for wave propagation in (presumably) 
tightly packed cells? 
 
 
Minor: 
-It is unclear what cells are being examined in extended data figure 1a and b. 
-Extended data Figure 2. What does a “technical repeat” mean in this context? Measuring the same 
image multiple times? 
-It would be important to demonstrate that all small molecule inhibitors used here are not acting as 
RTAs except when that is the known/desired effect. E.g., is the PI3K or TK inhibitor an RTA at the 
concentrations employed, and could this explain the observed effects? 
-Figure 5f the correct formula to use is oxidized / (reduced + oxidized) to normalize for probe uptake. 
These data need to be re-analyzed and, possibly, this will alter the interpretation. 
-Quantification of data from multiple limbs/animals in Fig 5a,b seems warranted. 
-The avian limb experiments are intriguing but preliminary. 50 μM Fer-1 is a very high concentration 
of inhibitor to use. 
 
  



 

Referee #2 (Remarks to the Author): 
 
In this interesting paper, the authors have discovered that ferroptosis spreads from cell to cell in 
culture via trigger waves, which spread over substantial distances (millimeters) without slowing or 
diminishing in amplitude. This phenomenon can be seen in several different cell types and in 
response to a variety of ferroptotic induction strategies. The waves can propagate across a physical 
gap of up to about 150-200 μm, showing that some diffusible species is responsible for the local 
coupling of the cells, and inhibitor studies show the species is probably some ROS. The authors then 
characterize various perturbations that can make the wave speed faster (e.g. Fe3+-citrate, ERK2 
overexpression) or slower (NOX inhibitor, PI3K inhibitor, Src/Abl inhibitor), which implicates various 
known mediators of ferroptosis in the positive feedback that underpins the trigger waves. Finally, 
they show that ferroptotic cell death occurs in the developing avian limb bud, and that it appears to 
spread at speeds comparable to those seen in cell culture. 
 
Figures 1-3 and the related videos and supplementary figures are terrific. They convincingly establish 
that ferroptosis spreads via trigger waves, show that a diffusible species is responsible for the local 
coupling, and implicate various regulators in wave generation. The work is original, convincing, 
thorough, and important. Figure 4 is a bit more problematic. I think there are other equally plausible 
explanations for how photoinduction changes the system to make it better able to 
generate/propagate ferroptotic waves. And Figure 5, which argues that the cell culture work is 
relevant to limb remodeling in chick development, may be important, but I do not know the field 
well enough to assess it adequately. I would gladly defer to a developmental biologist on this point. 
 
Major criticisms: 
 
1. Fig 4. I am not completely convinced of the authors’ interpretation of this experiment. Isn’t it 
possible that the system is bistable even prior to photoinduction, but the cells are just more stuck on 
the lower stable branch of the S-shaped response curve? Perhaps the photoinduction pulls the 
unstable branch down toward the stable lower branch rather than changing a single-valued 
response function to a multi-valued response function. This would be another way that ferroptotic 
stress could, in principle, prime the cells to propagate ferroptotic trigger waves. 
 
2. Fig. 5 is beyond my textbook-level understanding of the roles of cell death in development. My 
impression had been that phenomena like limb remodeling are due to coordinated apoptosis, but 
perhaps, as the authors imply, in at least some instances it is due to ferroptosis instead. Certainly 
there is massive cell death in the limb, and it is accompanied by lipid peroxidation, as the authors 
have convincingly demonstrated. 
 
But as to the issue of whether the limb remodeling presented here is spreading from cell to cell via 
trigger waves, I’m not certain. The authors make some estimates of speeds, and the speeds do fit 
reasonably well with what is seen in culture, but overall this does not look like such a clear-cut 
example of a constant-speed front of cell death. Maybe it is starting from multiple foci, making it 
hard to define wave fronts, or maybe flows as well as diffusion are involved in the local coupling. 
Perhaps the authors could sum up in what ways the process in the limb resembles the ferroptotic 
spread seen in culture, and in what ways it differs. I do think it is admirable and useful that the 



 

authors have gone the “next step” from cell culture to in vivo development, but I am not sure how 
similar the in vivo and cell culture phenomena are to each other. 
 
Minor criticisms: 
 
3. Line 27: Please spell out what xCT stands for (cystine-glutamate transporter). 
 
4. Line 49: I suggest replacing “had remained unknown” with “is unknown”. 
 
5. Line 67: Please mention that you are looking at several different cell types in Supplementary Video 
1—I think that is an important point to convey in the text. 
 
6. Fig 2: Please mention in the text that the gaps in the sheets of cells were produced by scratching 
with glass needles. I know it’s in the methods section, but I think it’s helpful for the reader to know 
without having to search for the info. 
 
7. Line 131: The estimate for the diffusion coefficient of the ferroptotic ROS signal across the cell gap 
assumes there is no degradation of the ROS species. Is this a reasonable assumption? If not, perhaps 
the authors should just skip this analysis, or repeat the analysis with a range of plausible degradation 
rates in a reaction/diffusion model. 
 
8. Extended Data Figure 10. Please indicate what-is-what better in panel A. E.g., is the top blot 
probed with ERK1/2 antibodies? Is the second blot probed with pERK1/2 antibodies? Does ERK2-PA 
co-migrate with ERK1? 
 
 
 
 
  



 

Referee #3 (Remarks to the Author): 
 
In this work, the authors define mechanisms of large-scale, propagating waves of cell death 
triggered via ferroptosis. Several cell culture assays support the range of speed of these waves, their 
reliance on ROS for propagation, including across gaps in cell contact, and their experiments support 
a threshhold at which ROS steady state levels bifurcate from monostable to bistable states. 
 
This reviewer was specifically asked to comment on Figure 5 and the ferroptosis propagation in limb 
development. The data presented look convincing. A detail as a note to authors is that the Nile Blue 
pictures in Figure 5a appear to be viewed dorsally and the rest of the pictures show the opposite 
outline (ventral view?); it would be helpful to show the Nile Blue from the same aspect as the rest of 
the data as it is whole mount, and to define this. 
 
The most well known spatially resolved region of cell death in the limb occurs in the interdigital 
mesenchyme, which is not examined here. As it is such a well studied and clear phenomenon where 
the entirety of the tissue disappears, the reviewer can't help but wonder if this was examined. It may 
be appropriate to at least comment on this. The authors show distal to proximal cell death that 
appears to begin at or near the central carpal region and extend proximally at least through the 
zeugopod according to the authors' picture. John Saunders' 1966 publication was not accessible to 
this reviewer during the review period (requiring archival access, not online) but other publications 
note four areas of cell death in chick limbs: the anterior necrotic zone, posterior necrotic zone, 
interdigital necrotic zone and the opaque patch (Fernandez-Teran, et al, Dev Dyn, 2006; Montero, et 
al, Dev Dyn, 2021). One presumes this may be the opaque patch? It will be important that the 
authors put this cell death area in the context of accessible literature and established limb 
developmental biology and further define this. Importantly also, this reviewer is unaware of 
anything in the central chick limb that 'disappears' via cell death. The interdigital mesenchyme, of 
course, leads to the complete disappearance of the tissue between the digits, but the data this 
reviewer found (only Fernandez-Teran showed scant data at HH31-32) did not suggest cell death 
across a continuous swath of tissue in the central limb. The radius and ulna initiate as separate 
cartilage condensations and the tissue between the radius and ulna does not disappear, leaving this 
reviewer wondering how the chick limb accommodates such a large swath of continuous cell death 
in the center of the limb, leaving no empty space. It is encouraged that the authors contextualize this 
cell death further for the readers. 
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Author Rebuttals to Initial Comments:
Overall responses to all reviewers

We thank each of the reviewers for their careful assessments and constructive suggestions that have 
helped improve the quality of our work. All three reviewers have noted our finding that ferroptosis
propagates across cell populations as trigger waves as a central and novel aspect of our study. We 
further extended this discovery to answer a century-old question in development, i.e., how does large-
scale cell death occur to eliminate temporary structures in shaping tissues and organs into their
appropriate forms? Our study has uncovered ferroptosis waves in the developing limb and their
functional role in muscle remodeling. We have now added substantial amounts of new data to the 
revised manuscript and altered the text to address the reviewers’ concerns and comments. 

Major changes include:

A. Data and clarifications related to ferroptosis occurrence and its functional role during limb
development (Reviewers 1, 2, and 3). In the original manuscript, we described ferroptosis and its 
propagation at the ectodermal layer of the embryonic limb (new Fig. 5e). In our revised manuscript, we
have further investigated this phenomenon in the context of muscle remodeling during limb
development.

Large-scale cell death serves as a critical 
regulatory mechanism for muscle remodeling 
during limb development 1. During this
remodeling process, muscle masses are
sculpted by cell death to form the anatomically
distinct muscle bellies of the foot, shank and
thigh 1,2. At day 6.5, foot muscles are initially
continuous with the shank muscles (6.5-day 
limb, Figure R1a, also new Extended Data
Fig. 18a). From day 7 onwards, the foot
muscles progressively separate from the 
shank (7.5-day limb, Figure R1a, also new
Extended Data Fig. 18a). This separation is
facilitated by massive cell death occurring at
the muscular ventral death zone (MVDZ)
along the proximo-distal axis of the limb
zeugopod (Figure R1b, also new Extended
Data Fig. 18b). We now provide new evidence
supporting the functional role of ferroptosis
and its propagation in this muscle remodeling 
process during limb development.

Figure R1. Ferroptosis is involved in muscle remodeling during avian limb development. a, Whole-
mount immunostaining of myosin heavy chain in the avian limb at days 6.5 and 7.5 of development. Ventral 
views of the limbs are shown, with limb margins outlined in yellow. Lower panels: Zoomed-in views of the gray 
boxes in the upper panels. The foot and shank muscles are labeled. b-e, Longitudinal sections of limbs at day 
7.8 of development. b, Co-staining of myosin heavy chain and TUNEL, showing the muscular ventral death 
zone (MVDZ) in the zeugopod area. c, Co-staining of TUNEL and 4-HNE at the MVDZ in (b). d, e, Co-
immunostaining of myosin heavy chain and 4-HNE at the foot (d) and shank (e) regions. Degenerating muscles 
exhibit a rounded and beaded appearance.     
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A.1 Cell death at MVDZ involves ferroptosis. Previous study has attributed massive cell death at the 
MVDZ to apoptosis (so, previously, it was termed the muscular ventral apoptosis zone, MVAZ) 1 based 
on TUNEL staining data. However, TUNEL staining has recently been shown to also detect programmed 
necrotic cell death, including ferroptosis 3,4. In fact, we have found that this massive cell death event co-
localizes with the signal of a ferroptosis indicator, 4-Hydroxynonenal (4-HNE) (Fig. R1c, also new 
Extended Data Fig. 18c), supporting the involvement of ferroptosis in this large-scale muscle cell death 
process.  
 
A.2 Degenerating muscle cells co-localize with the ferroptosis indicator 4-HNE. Our new data shows 
that degenerating muscle cells in the foot and shank muscle bellies largely (~80%) co-localize with 4-
HNE signals (Fig. R1d, e, also new Extended Data Fig. 18d, e).  
 
A.3 Ferroptosis encompasses both the muscular layer and the ectodermal layer of the limb zeugopod. 
We found that 4-HNE signals not only localize at the muscular layer, but also extend to the ectodermal 
layer of the zeugopod (transverse section of the embryonic limb in new Fig. 5a).  
 
A.4 Large-scale ferroptosis occurs at the central ectodermal layer of the limb zeugopod. We found 
abundant 4-HNE signals extensively localized in the central ectodermal layer of the zeugopod (new Fig. 
5b, c), representing the area where we also observed higher levels of oxidizable lipids (Fig. 5g-i) and 
large-scale cell death propagation (new Fig. 5e). We now further show that this cell death propagation 
is ferroptosis-specific, since the cell death is significantly suppressed by the ferroptosis inhibitors Fer-
1, DFO and UAMC-3203, but not by the apoptosis inhibitor Z-VAD-FMK (new Fig. 5f).  
 
A.5 Suppression of ferroptosis impairs the muscle remodeling process. In ovo injection of a ferroptosis 
inhibitor (UAMC-3203) resulted in muscle remodeling defects, manifesting as excessive muscle fibers, 
compromised muscle mass segregation, and fiber disorganization (new Fig. 5j, also new Extended Data 
Fig. 20). These observations support the involvement of ferroptosis in regulating the number of muscle 
fibers and the subsequent individualization of the muscle mass during limb development. 
 
Together, these new results place our original findings in an important context, i.e., that ferroptosis and 
its propagation facilitates the emergence of large-scale cell death in the muscular and ectodermal layers 
of the limb during the process of muscle remodeling. Our findings raise an interesting possibility that 
ectodermal cell death, mediated by wave-like ferroptotic propagation, facilitates muscle differentiation 
and muscle mass segregation. We have now incorporated and discussed these results in the revised 
manuscript (pages 13-16, lines 300-374). 
 
B. Clarifications related to the conventional view of apoptosis-mediated developmental cell 
death (Reviewers 1, 2, and 3). We have made changes to the manuscript text to clarify how our findings 
indeed challenge the conventional view of apoptosis being the predominant mode of developmental cell 
death. Nevertheless, we also wish to emphasize that our results align with several previous studies (see 
below) hypothesizing the existence of an as-yet-unknown cell death mechanism that can act 
collaboratively with apoptosis to mediate cell death during embryonic development. In fact, our study 
convincingly demonstrates this possibility by establishing a functional role for ferroptosis in muscle 
remodeling during limb development. These previous studies (elaborated in detail below) proved 
instrumental in providing a framework for our investigation of ferroptosis during embryonic development.  
 
Using interdigit regression as a classical example, it has been proposed that apoptosis mediates 
interdigital cell death during limb development 7. However, several previous studies have also 
suggested the possibility that other forms of cell death, alongside apoptosis, may participate in interdigit 
regression. First, knockout of two major apoptosis regulatory genes (BAX and BAK) only partially 
reduced interdigital regression in mice and elicited mild syndactyly phenotypes 8. Second, using 
transmission electron microscopy, a previous study showed that dying cells in the interdigital tissue 
during embryonic development exhibit different types of cell death, as evidenced by the mixture of cells 
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displaying apoptotic and necrotic morphological characteristics 9. More recently, it has been found that 
mice completely lacking apoptosis (BOK/BAX/BAK triple-knockout mice) can survive until adulthood 10. 
Interdigit regression in these surviving mice is apparently present, and organs thought to rely on 
apoptosis for morphogenesis largely appear normal (Fig. 7 in the respective publication) 10, without 
compensatory occurrence of necroptosis, pyroptosis, or autophagy pathways (Fig. S3A & S3B in the 
respective publication) 10. These observations are indicative that an as-yet-unknown mechanism may 
act collaboratively and/or synergistically with apoptosis to mediate cell death for interdigit regression 
and organogenesis.

In our current study, we chose to focus on a different developmental event that involves large-scale cell 
death, i.e., muscle mass remodeling during limb development. In this specific developmental event, a 
mixture of different forms of cell death is also evident. Degenerating muscles appear to co-localize with 
either caspase-3 (17%) (Fig. R2) and/or 4-HNE (~80%)
(Fig. R1d, e, also new Extended Data Fig. 18d, e), 
implying the involvement of both apoptosis and 
ferroptosis during muscle remodeling of the limb. Thus, 
contrary to the conventional view that apoptosis is the 
only prominent form of cell death during embryonic 
development, different types of cell death may co-exist 
with apoptosis to mediate developmental cell death 
events. Although our findings evidence the involvement 
of ferroptosis in muscle remodeling, we do not rule out 
the possibility that yet other types of cell death can co-
occur with ferroptosis. Accordingly, our study opens up 
new avenues for future investigations of the roles of 
other forms of cell death and their possible co-
occurrence during development. In our revised 
manuscript, we now mention the emerging notion that 
modalities of cell death other than apoptosis can also be
involved in embryonic development for a broader 
readership (page 17, lines 397-401). 

C. Further characterization of the generality of ferroptosis trigger waves (Reviewer 1). Reviewer 
1 suggested that we include more data to demonstrate the generality of ferroptosis waves, thereby 
addressing a controversial issue in the field of ferroptosis. Accordingly, we have now added the following 
new data: 

C.1 Examination of additional cell lines for ferroptosis trigger waves. We have now tested additional cell 
lines and found that all 17 cell lines from 12 different tissues of origin, including those mentioned by the 
reviewer (HT-1080, U-2 OS, A549), exhibit wave-like ferroptosis propagation (new Extended Data Fig.
1j, k, also Supplementary Video 1). We now further elaborate on possible factors that may preclude 
observation of ferroptotic waves in some of the cell lines mentioned by the reviewer (see our detailed 
response to Reviewer 1-P2).

C.2 Assessment of an additional ferroptosis inducer and an effector for their effects on ferroptosis trigger 
waves. We have now characterized the cell death kinetics induced by erastin and RSL3 (new Extended 
Data Fig. 1c-f), and provided our rationale for the observed differences. We have also modulated the 
activity of a well-known ferroptosis effector, FSP-1, and observed its impact on the progressivity of 
ferroptotic trigger waves (new Extended Data Fig. 14). 

D. Characterization of the diffusive molecule for ferroptosis propagation (Reviewer 1). It has been 
proposed previously that diffusive cytotoxic molecules, such as lipid peroxides and their byproducts 
(e.g., lipid electrophiles with a peroxide group), are released from ferroptotic cells 11,12. We have now 

Figure R2. Apoptosis is also involved in 
muscle remodeling. a, Co-immunostaining 
of cleaved caspase-3 and myosin heavy 
chain at the foot region. A longitudinal section 
of the avian limb at day 7.8 of development. 
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further characterized the diffusive molecule and added the following new data (see our detailed 
response to Reviewer 1-P4):  
 
D.1 The diffusive molecule is a type of ROS. Addition of antioxidants to scavenge lipid peroxides (Trolox, 
Fer-1), superoxide radicals, hydroxyl radicals and hydrogen peroxide (Tiron, TEMPO, NAC) effectively 
halted ferroptosis propagation (new Extended Fig. 6e). Furthermore, we now show that conditioned 
media containing the diffusive molecule from ferroptotic cells elicits ferroptotic cell death in naïve 
untreated cells. Pre-treatment of the conditioned media with different ROS scavengers suppressed the 
resulting cell death, indicating that this diffusive molecule is a type of reactive oxygen species (new 
Extended Data Fig. 8a). 
 
D.2 The diffusive molecule is not hydrogen peroxide. We rule out hydrogen peroxide (H2O2), a 
chemically stable small molecule ROS, as being the diffusive ROS molecule based on a centrifugal 
filtration experiment (new Extended Data Fig. 8b). 
 
According to our current characterization and the results of previous studies 11,12, we suspect that the 
diffusive ROS molecules underlying ferroptosis wave propagation are likely peroxidized lipids and/or 
their byproducts, representing a promising avenue for further detailed research. 
 
E. Clarifications related to the interpretation of photoinduction experiments for detecting ROS 
bistability (Reviewer 2). Reviewer 2 presents an equally valid interpretation of our photoinduction 
experiment, i.e., in the absence of ferroptosis stress, the cellular redox state can be bistable, but with a 
greater threshold to overcome the switch to the upper ROS steady state. Our new data now shows that 
this alternative scenario is less likely. ROS remain at low steady states even after applying the maximum 
light intensity (new Extended Data Fig. 16) and high concentrations of exogenous H2O2 (Fig. R16). 
 
F. Other key changes 
 
F.1 We have added new data from experiments and mathematical modeling to show that the initiation 
of ferroptosis is a random process (new Extended Data Fig. 2c-f, also Fig. R3; Reviewer 1-P1). 
 
F.2 We show that enhancing the Fenton-mediated ROS feedback loop sensitizes cells at high 
confluency to ferroptosis, facilitating population-wide ferroptosis waves (new Extended Data Fig. 13; 
Reviewer 1-P2). 
 
F.3. We have significantly revised the manuscript text to incorporate the reviewers’ comments and to 
enhance clarity and logical flow.  
 
 
Below are our point-by-point responses to each of the reviewers’ comments.  
 
Referee #1 (Remarks to the Author): 
 
This manuscript by Chen and colleagues examines how cell death propagates between cells within a 
population. The focus of this study is on ferroptosis, a non-apoptotic form of cell death that is known 
from published work by Linkermann and colleagues and Overholtzer and colleagues to ‘spread’, in 
some manner, between cell in the form of a wave. Trigger waves are proposed to synchronize 
ferroptosis between cells within a population. The concept that trigger waves modulate cell death is also 
not entirely new, having been observed within cells during the execution of apoptosis, for example 
(Cheng & Ferrell, Science, 2018). The authors suggest a biochemical mechanism for the propagation 
of ferroptotic cell death in space and suggest that this might be important for sculpting of tissues during 
development, using as an example the bird limb. 
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The concept that trigger waves may allow for the propagation of a ferroptotic signal is intriguing, and 
certainly consistent with previous reports. The authors develop a clever experimental means of locally 
initiating ferroptosis in a population using blue light illumination. This allows for the process to be tracked 
more conveniently. This paper itself is clearly written. These are the strengths. However, several notable 
weaknesses, missing controls, and key unanswered questions are also apparent. 
 
We appreciate reviewer 1 for the insightful comments and suggestions that have helped to enhance the 
quality of our work. We have performed additional experiments and analyses to address the points 
raised. In particular, we now provide new results to address the dispute in the field regarding the 
generality of ferroptosis propagation in different cell types and ferroptosis inducers. We have also 
provided new data and demonstrate the utility of our mathematical model to: (1) explain the difference 
between the ferroptosis inducers erastin and RSL3, and (2) cell death initiation occurrence. Moreover, 
we provide new experimental evidence to support the role of ferroptosis in muscle remodeling during 
limb development. By adopting this reviewer’s helpful suggestions, we think that our manuscript is now 
significantly improved in terms of depth and rigor. We also wish to clarify how our work builds upon, but 
differs from, previous studies.  
 
Our finding that ferroptosis propagates across cells as trigger waves holds biological meaning and 
implications that are markedly distinct from a previous study on apoptosis trigger waves (Cheng & 
Ferrell, Science, 2018) 13. In their study, apoptotic signal was shown to propagate in frog egg extract 
and single-cell frog eggs. They found that the trigger wave mechanism allows apoptotic signal to 
constantly spread intra-cellularly in a single-cell frog egg, the size of which is too large for apoptotic 
signal spread to be explained by simple diffusion. Although that study has indeed been instrumental in 
identifying the mechanism of trigger waves, whether cell death can propagate inter-cellularly across 
cell populations as trigger waves had remained unknown. Therefore, unlike that study, our work 
demonstrates ferroptotic cell death propagation across a cell population of millions of cells, 
indicating the possibility of catastrophic tissue- and organ-level cell death under oxidative stress. These 
findings may potentially explain the large-scale cell death events observed in various ferroptosis-related 
pathological conditions, with our study revealing a system-level mechanism for their occurrence.  
 
Despite previous observations by Linkermann and colleagues 14 and Overholtzer and colleagues 15 of 
the wave-like behavior of ferroptosis, the regulatory principles that underpin this phenomenon have 
remained elusive. Linkermann and colleagues found that renal tubules can undergo synchronized cell 
death through ferroptosis upon ischemia. Overholtzer and colleagues reported the interesting 
phenomenon of ferroptosis-mediated pore formation, an event that precedes cell rupture and 
transmission of cell death 15. Extending beyond these studies, our work reveals a system-level 
mechanism underlying ferroptosis propagation, i.e, trigger waves that allow signal propagation 
with constant speed and intensity over long distances. Due to the challenge of obtaining time-resolved, 
long-distance quantification of ferroptosis, previous studies have only examined ferroptosis propagation 
over short distances, making it impossible to distinguish between diffusion and trigger waves. Similarly, 
it has been shown that in other types of cell death, diffusive death signals such as cytotoxic molecules 
(e.g., calcium) 16 or secreted signaling factors (e.g., TNF-  17 can be transmitted from cell to cell in a 
process known as the bystander effect. Therefore, to definitively distinguish between the spread of 
ferroptosis and diffusive bystander effects requires dedicated experimental designs and quantitative 
measurements. We have overcome this challenge by developing a photo-inducible ferroptosis cell 
death assay for large-scale measurement of ferroptosis propagation allowing us to show quantitatively 
that ferroptosis propagates as trigger waves. Furthermore, we demonstrate the existence of a cellular 
redox bistable switch, representing an emergent property of the ROS feedback loops that drive 
ferroptosis trigger waves. Together these findings yield a conceptual departure from the long-held 
model of diffusion-mediated transmission of cell death signals.  
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Finally, our discovery of the involvement of ferroptosis and its propagation during limb development 
provides the first evidence of how ferroptosis trigger waves can be utilized to sculpt tissues/organs 
during embryonic development. Unlike apoptosis, which was initially identified as being responsbile for 
cell trimming during development 18, ferroptosis trigger waves can be harnessed to induce large-scale 
cell death during embryogenesis. We suspect that this type of tissue-sculpting process is especially 
relevant for complex organisms whose development relies on spatial coordination of developmental 
signals (e.g., long-distance spread of morphogens). Our findings open up new avenues for future 
investigations on the interplay between developmental signals and ferroptosis. Consequently, we 
strongly believe that the conceptual advances presented in our work extend significantly beyond earlier 
studies.  
 
P1. Under bath treatment conditions (e.g., constant erastin application, extended data figure 1) what 
causes ferroptosis to initiate in some cells but not others? It would be useful to offer some insight into 
this question. Does the model eventually proposed by the authors allow them to predict in which cells 
in a population a trigger wave will initiate? This would be useful information and also validation of the 
modelling work. 
 
We thank reviewer 1 for these questions that prompted us to investigate further the cause of ferroptosis 
initiation. Biochemical reactions are usually noisy due to the probabilistic nature of molecular 
interactions 19. Accordingly, it is possible that the level of Fe2+, as well as NOX activity, are subjected to 
biochemical noise. This possibility is consistent with our observation that Fe2+ and ROS levels in a cell 
population follow a continuous probability distribution (best fit with the logistic distribution, new Extended 
Data Fig. 2e, f). Considering that the redox state of a cell population follows a probability distribution, 
cells with higher ROS levels, i.e., bypassing the bistability threshold, will undergo a bistable switch to 
their upper steady states and ultimately initiate ferroptosis. If this scenario holds true, we would expect 
initiation of ferroptosis to be similar to a random process.  
 
To assess if the occurrence of ferroptosis initiation is a random process, we carried out new experiments 
to quantify: (1) the number of ferroptosis initiation events over time; and (2) the time interval between 
two consecutive ferroptosis initiation events. If initiation of ferroptosis is a random process, we expected 
that the probability density functions of ferroptosis initiation and the time interval between consecutive 
initiation events would present a Poisson distribution and geometric distribution, respectively 20. 
Accordingly, we developed an imaging analysis algorithm to automatically identify ferroptosis initiation 
events over time (see Methods). Based on the identified time series of ferroptosis initiation events (a 
total of 761 ferroptosis initiation sites across 756 positions of 1.26 X 1.26 mm2 in size, new Extended 
Data Fig. 2b), we calculated the distributions of ferroptosis initiation events and of the time interval 
between consecutive initiation events, which as anticipated follow a Poisson distribution and a 
geometric distribution, respectively (new Extended Data Fig. 2c, d), indicating that initiation of 
ferroptosis is a random process.  
 
To further test this hypothesis using mathematical modeling, we simulated ferroptosis initiation events 
in a cell population where the cellular redox state follows a logistic distribution. Consistent with our 
experimental results, ferroptosis initiation and the time interval between consecutive initiation events 
follow a Poisson distribution and a geometric distribution, respectively (Fig. R3). In summary, both our 
experimental results and in silico simulations support the likelihood that ferroptosis initiation is a random 
process, likely due to the stochastic nature of biochemical reactions in the redox system. We now 
describe these results in page 4, line 90-95 of the revised manuscript. 
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P2. The authors present evidence in extended data Figure 1h that the wave-like ferroptosis mechanism 
can be observed in a variety of cells. It is interesting that HeLa cells exhibited this phenotype, as HeLa 
are generally not known to be especially sensitive to ferroptosis. What about HT-1080 cells, U-2 OS 
cells, or A549 cells – more classic cell models in the ferroptosis field that those reported in this study? 
Furthermore, were those lines reported in extended data Figure 1h all the cell lines that were tested, or 
only the cell lines that showed wave-like propagation amongst a larger group that were examined? Do 
any cell lines not show wave-like propagation? If not, why not (e.g., do they not engage some GSH/NOX 
molecular mechanism that in intrinsic to the proposed model?. How might that impact the interpretations 
in this paper? Our own incidental observations and those of others in the field is that only some cell 
lines exhibit wave-like ferroptosis propagation while others – which die very nicely by ferroptosis – do 
not exhibit this wave-like property at all.

We appreciate these important questions raised by reviewer 1. We share the same view that the 
generality of ferroptosis propagation in different cell types remains a debated topic in the field. A 
previous study by Overholtzer and colleagues 15 examined the occurrence of ferroptosis propagation in 
five cell lines. To address the reviewer’s comment, we have investigated the prevalence of ferroptosis 
propagation by testing its occurrence in 17 different cell lines from 12 tissues of origin, including 
those mentioned by the reviewer (i.e., HeLa, HT-1080, U-2 OS and A549). We identified two critical 
factors that dictate whether ferroptotic waves occurs in those cell lines:  A) cell density; and B) sensitivity 
to ferroptosis stress. By tuning these variables, we observed ferroptotic waves in all of the cell lines we 
examined. We have now added movies for the 17 different cell lines (Supplementary Video 1), and 
mention these results in page 3, lines 71-74. We further elaborate on these findings below:

Figure R3. In silico simulations of ferroptosis initiation. a, Simulated time series of ferroptosis initiation
events from 756 positions with areas of 1.26 X 1.26 mm2. b, Distribution of the number of ferroptosis initiation
events over a time period of 5 h with its fit to a Poisson distribution (mean = 1.17 initiation events in 5 h, p-
value of the two-sample Kolmogorov-Smirnov test = 1, indicating no significant difference from the Poisson 
distribution). c, Distribution of the time interval between two consecutive ferroptosis initiation events with its fit 
to a geometric distribution (mean = 4.28 h, p-value of the two-sample Kolmogorov-Smirnov test = 0.13, 
indicating no significant difference from the geometric distribution).
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A. Cell density-dependent occurrence of ferroptosis waves

As mentioned by reviewer 1 (in P11), ferroptosis is suppressed at high cell densities (Wu et al., 2019, 
Nature) 21. Consistently, we also observed a profound effect of cell density on the occurrence of 
ferroptosis waves. Using the glioblastoma cell line A172 as an example, we observed that ferroptosis 
displayed wave-like behavior at a medium cell density, eliminating the majority of the cell population
(middle panel, Fig. R4). In contrast, at a low density, cell death occurred in a cell-autonomous and 
sporadic manner, likely due to there being insufficient adjacent cells for ferroptosis to propagate (upper 
panel, Fig. R4). As expected, ferroptosis was suppressed at a high cell density (lower panel, Fig. R4).
These results demonstrate the important influence of cell density on the occurrence of ferroptosis waves.
Below, we further elaborate on the effect of density in terms of the specific cell lines mentioned by the 
reviewer (i.e., HeLa, U-2 OS and A549). 

1. HeLa cells

As mentioned by reviewer 1, HeLa cells are resistant to ferroptosis. Indeed, when we seeded HeLa 
cells at a high density they maintained their viability under erastin treatment (lower panel, Fig. R5). In 
contrast, cells seeded at a low density exhibited wave-like cell death propagation across cell populations
(upper panel, Figure R5), indicating density-dependent occurrence of ferroptosis waves. 

Figure R4. Density-dependent ferroptosis waves in A172 cells. Representative time-lapse images at the 
indicated time points after erastin treatment (10 μM) are shown. A172 cells were seeded at three different 
densities: 1.5 X 103 cells/cm2 (low density, upper panel), 3 X 104 cells/cm2 (medium density, middle panel), and 
9 X 104 cells/cm2 (high density, lower panel) two days before erastin treatment. Cell death is indicated by 
increased nuclear dye fluorescence signal. The white outlines represent the boundaries of cell death areas.
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2. A549 and U-2 OS cells

The occurrence of ferroptosis waves in A549 cells also depends on cell density. Ferroptosis is 
suppressed at high cell densities (>8 X 103 cells/cm2) (Fig. R6a). However, at lower cell densities, we 
observed colony-scale propagation of ferroptosis (Fig. R6b, also new Supplementary Video 1b). 
Similarly, for U-2 OS cells, we also observed ferroptosis propagation across individual colonies (Fig.
R6c, also Supplementary Video 1b). Since this colony-scale propagation was only observed to occur in 
~30% of the A549 colonies, and for ~40% of the U-2 OS colonies, a bigger field of view covering a 
larger number of colonies and a fine-scale time resolution (time interval 1 hour) were needed. 

B. Sensitivity to ferroptosis stress

Cell-autonomous sensitivity to ferroptosis stress affects the occurrence of ferroptosis waves. As detailed
below, resistance to ferroptosis can preclude observation of ferroptosis waves in certain cell lines under 
some conditions (e.g., A549 and U-2 OS at high cell densities). However, the strong sensitivity of HT-
1080 cells to ferroptosis renders it difficult to observe ferroptosis waves in this cell line.

1. A549 and U-2 OS cells

Figure R6. Colony-scale 
propagation of ferroptosis in 
A549 and U-2 OS cells.
a, Representative nuclear dye 
fluorescence images of A549 cells 
seeded at different densities (from 
left to right: two-fold increase from 
1 X 103 cells/cm2 to 1.6 X 104 

cells/cm2) 57 h after erastin (10 
M) treatment. b-c,

Representative time-lapse images 
of cell death in A549 (b) and U-2 
OS (c) cell colonies after erastin 
treatment.   

Figure R5. Density-dependent ferroptosis waves in HeLa cells. Representative time-lapse images at the 
indicated time points after erastin treatment (10 μM) are shown. HeLa cells were seeded at two different 
densities: 1 X 104 cells/cm2 (low density, upper panel), and 2 X 104 cells/cm2 (high density, lower panel) two 
days before erastin treatment. Cell death is indicated by increased nuclear dye fluorescence signal. The white 
outlines represent the boundaries of cell death areas.
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Despite the fact that ferroptosis waves can be observed in A549 and U-2 OS cells, cell death 
propagation is limited to some individual colonies and not the entire cell population (Fig. R6). It is 
possible that certain ferroptosis-resistant cells have relatively weaker ROS feedback loops (e.g., due to 
low cellular iron). Thus, enhancing the strength of the ROS feedback loop may induce population-wide 
propagation of ferroptosis, even at a high cell density. We explored this possibility by modulating the 
Fenton-mediated ROS feedback loop through iron supplementation (ferric citrate, FC) of A549 and U-
2 OS cells in combination with erastin treatment. Whereas erastin treatment alone did not elicit cell 
death, FC supplementation (125 μM) plus erastin treatment resulted in population-wide propagation of 
ferroptosis in A549 and U-2 OS cells (new Extended Data Figure 13). 

Echoing the hypothesis of the reviewer, these more ferroptosis-resistant cell lines, i.e., A549 and U-2
OS, possibly display lower-level ROS production from the Fenton reaction. Thus, enhancing their ROS 
feedback loop sensitizes the cells to ferroptosis, allowing the occurrence of ferroptosis waves. We have 
now incorporated these results and discussed this point in page 9, lines 208-216. 

We suspect that there are many other ways to induce ferroptosis propagation in cell lines that are 
typically resistant to ferroptosis. Other ferroptosis regulators, including FSP1 22 and GPX4 23, whose 
activities render cells resistant to ferroptosis, can also be downregulated to sensitize cells and induce 
ferroptosis propagation. We address this point further in our responses to P6 & P7. 
   
2. HT-1080 cells

We observed ferroptosis spread in populations of HT-1080 cells at a medium density (upper panel, Fig.
R7, also Supplementary Video 1a). At this density, multiple cell death initiation sites occur, which limits
the time and distance for observing cell death propagation. Consequently, to observe ferroptosis waves
in HT-1080 cells, an appropriate time resolution ( 1h) for imaging is required. The presence of multiple 
cell death initiation sites may be attributable to the inherently higher sensitivity of HT-1080 cells to 
ferroptosis 23. When HT-1080 cells were seeded at a low density (lower panel, Fig. R7), we observed 
sporadic cell death but not ferroptosis waves, i.e., similar to the low-density condition determined for 
A172 cells (upper panel, Fig. R4). The lack of ferroptosis waves is likely due to there being insufficient 
neighboring cells for cell death to propagate. This scenario can partly explain why ferroptosis spread 
has not been reported previously for HT-1080 cells since previous studies deployed relatively low cell 
densities (e.g., ~ 5.5 X 103 cells/cm2 and ~ 1.3 X 104 cells/cm2) 4, 24.

Figure R7. Density-dependent ferroptosis waves in HT-1080 cells. Representative time-lapse images at 
the indicated time points after erastin treatment (10 μM) are shown. HT-1080 cells were seeded at two different 
densities: 2 X 104 cells/cm2 (medium density, upper panel), and 4 X 103 cells/cm2 (low density, lower panel) two 
days before erastin treatment. Cell death is indicated by increased nuclear dye fluorescence signal. The white 
outlines represent the boundaries of cell death areas.
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In summary, cell density, ferroptosis sensitivity, and other technical factors (e.g. time resolution and 
field of view for imaging) are critical to observe wave-like ferroptosis propagation. Our findings indicate 
that ferroptosis propagation in erastin-treated cells is a general phenomenon in various types of human 
cells.  
 
P3. In establishing the main experimental model system, the concentration of ferrostatin-1 used in 
Extended data figure 3 (5 μM) is about 100x higher than the reported EC50 for this molecule. There is 
some concern this may be having unanticipated effects. It would be good to repeat this experiment and 
see whether lower doses of Fer-1 are protective or not, and also include additional canonical inhibitors 
at reasonable concentrations (liproxstatin-1, iron chelators) so as to ensure that the process being 
monitored conforms to the ferroptosis mechanism as classically understood and not some related but 
distinct mechanism of cell death induced by the blue light exposure. 
 
We thank reviewer 1 for these suggestions. To further strengthen the evidence supporting that the blue 
light-induced cell death is ferroptosis, we have now repeated this experiment with a lower dose of 
ferrostatin-1 (60 nM). We have also included additional ferroptosis inhibitors in the experiment, i.e., 
liproxstatin-1 (30 nM) and DFO (200 μM). All three inhibitors potently inhibited blue light-induced cell 
death, further confirming it to be ferroptosis. These results have been incorporated in the revised 
manuscript in new Extended Data Figure 3d.  
 
P4. The authors invoke a ROS diffusion model to account for wave propagation. The only suitable small 
molecule “ROS” species with the chemical stability to diffuse longer distances might be hydrogen 
peroxide (H2O2). Does the addition of catalase to cell cultures prevent wave propagation across 
distance? If not, this suggests another species whose identity requires isolation and definition. In 
general, the nature of the diffusible species that mediates ROS wave propagation appears to be very 
ill-defined. How have the authors ruled out the possibility of a reactive lipid fragment diffusing between 
cells, for example? Or release of iron from dying cells that then can induce peroxidation in neighboring 
cells? These and many other mechanisms apart from the one proposed by the authors could be 
envisioned. All of these models need to be rigorously tested using chemical but also genetic 
manipulations. 
 
We thank reviewer 1 for these insightful comments and suggestions. Identifying diffusive cytotoxic 
molecules in ferroptotic cells has already been a subject of considerable interest in the ferroptosis field. 
Nishizawa et al. (2021) showed that cells undergoing ferroptosis release cytotoxic molecules that can 
transmit cell death, proposing that lipid peroxides act as the secreted molecule 11. Moreover, by-
products of lipid peroxidation, such as lipid electrophiles containing a peroxide group, have also been 
proposed as other candidate diffusive molecules secreted from ferroptotic cells 12. The reviewer also 
mentions H2O2 as potentially being the diffusive molecule due to its chemical stability. We have now 
further characterized the diffusive molecule for ferroptosis waves by carrying out the following new 
experiments:  
 
1. Addition of antioxidants to scavenge lipid peroxides (Trolox, Fer-1), superoxide radicals, hydroxyl 
radicals and hydrogen peroxide (Tiron, TEMPO, NAC) effectively halted ferroptosis propagation (new 
Extended Fig. 6e), indicating that multiple ROS can collectively contribute to the signaling wave fronts 
that drive ferroptosis propagation.  
 
2. Conditioned media containing the diffusive molecule from ferroptotic cells can induce naïve untreated 
RPE cells to die. Pre-treatment of the conditioned media with different ROS scavengers suppressed 
this cell death, supporting that the diffusive molecule is a type of reactive oxygen species (new 
Extended Data Fig. 8a), and unlikely to be iron released from dying cells as suggested by the reviewer.  
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3. We have ruled out the small molecule ROS H2O2 as being the diffusive molecule based on the 
results of centrifugal filtration experiments (new Extended Data Fig. 8b). In contrast to eluates of media 
to which H2O2 had been added exogenously, eluates of the conditioned media did not induce cell death. 

Collectively, these results show that the diffusive molecule is a type of ROS, the activity of which is 
greatly diminished by ROS scavengers. It is also sufficiently chemically stable to diffuse between cells. 
Having ruled out H2O2 as the diffusing molecule, we suspect that the actual diffusing ROS are
peroxidized lipids and/or their by-products, such as lipid-derived electrophiles with a peroxide group, 
since they have been found to accumulate in cells undergoing ferroptosis 12,25 and they are chemically 
stable allowing them to freely diffuse between cells (half-life ~20 mins) 26. Future investigations 
employing lipidomic, proteomic and dedicated biochemical analyses are critical to definitively determine 
the nature of the diffusive ROS molecule, which we feel are beyond the scope of the current work. We 
now discuss these new results in page 6-7, lines 144-161 of the revised manuscript. 

P5. In figure 3a, it is hard to understand how the authors see the process of lipid peroxidation (LOOH) 
contributing to the formation of soluble hydrogen peroxide (blue box in 3a). Presumably, the authors 
envision that H2O2 diffusing between cells can initiate lipid peroxidation in a neighboring cell. How 
plausible is this? Under the conditions the authors employ, is direct application of H2O2 in a localized 
manner sufficient to trigger “ferroptotic waves”, as would be predicted from the model?

We thank reviewer 1 for this question. As depicted in Figure 3a, H2O2 can react with iron via the Fenton 
reaction to produce hydroxyl radicals that react with lipids to generate lipid peroxides (LOOH) 27,28. 
Therefore, as per the scenario suggested by reviewer 1, addition of exogeneous H2O2 would be 
expected to elevate LOOH levels and activate the respective autocatalytic loop, eliciting ferroptotic cell 
death. We have now validated this model by adding exogeneous H2O2 to erastin-treated cells. 
Consistent with our prediction, when we added H2O2 to a localized region of a cell population, we 
observed elevated levels of cellular ROS and initiation of ferroptosis at that site (new Extended Data 
Fig. 3c), followed by ferroptosis propagation across the entire cell population (Fig. R8). This result shows 
that H2O2 is capable of initiating ferroptosis trigger waves, likely by elevating lipid peroxidation, as 
illustrated in our model (Fig. 3a). We have now incorporated this result in the revised manuscript (page 
4, line 100). Moreover, we wish to re-emphasize that the diffusive ROS is not H2O2 (as elaborated in
our response to P4).

P6. [For clarity, we would like to address this point P6 before P7] What is the effect of manipulating the 
expression of well-known ferroptosis effectors, like GPX4 or FSP1, on wave propagation? The authors 
focus on NOX enzymes but appear to ignore the role of more well-known and potentially universal 
regulators of ferroptosis.

Figure R8. Localized H2O2 addition 
initiates ferroptosis trigger waves. 
Image derived from merging ROS 
(yellow) and nuclear dye fluorescence 
(cyan) signals 9 hours after wave 
initiation upon local addition of 
exogenous H2O2 (80 μM, 2 μL). Cellular 
ROS was monitored using a general 
ROS dye (CellROX). Each yellow 
contour represents the border of the
ROS wave front at a specific time-point.



We thank the reviewer 1 for this suggestion. Indeed, our initial emphasis was on regulators involved in
amplifying ROS through positive feedback loops. However, we have now investigated the impact of 
other well-known ferroptosis effectors, i.e., FSP1 and GPX4, on ferroptosis propagation: 

1. Ferroptosis suppressor protein 1 (FSP1)

FSP1 is an oxidoreductase that regenerates the reduced form of coenzyme Q10 (CoQ), which functions 
as a radical-trapping antioxidant to scavenge lipid peroxyl radicals 22. Treatment with a FSP1 inhibitor 
(FSEN1) alone did not effectively induce ferroptosis or its propagation, consistent with previous studies
29. We have further examined its effect on ferroptosis waves by combining erastin treatment with FSP1
inhibition. Our results show that FSP1 inhibition increases the speed of ferroptosis propagation (new
Extended Data Fig. 14), indicating its regulatory role in modulating the progressivity of ferroptosis waves.

Similar to FSP1, other ferroptosis regulators, namely dihydroorotate 
dehydrogenase (DHODH) 30 and the biopterin-dihydrofolate 
reductase system 31, also function to suppress autocatalytic lipid 
peroxidation. Using mathematical modeling, we examined the
potential general effect of these lipid peroxidation suppressors on
ferroptosis propagation. We considered the rate of ROS 
degradation (kd) to be dependent on the activities of these 
ferroptosis suppressors in the presence of erastin. Our simulations 
show that reducing the activities of these ferroptosis suppressors
can promote the speed of ferroptosis waves in a dose-dependent 
manner (Fig. R9), consistent with our experimental results. 
Together, our results show that, in addition to ROS amplifiers such 
as NOX enzymes, lipid peroxidation suppressors can also alter the 
progressivity of ferroptosis trigger waves. We now discuss these 
results in page 9, lines 216-221 of the revised manuscript. 

2. Glutathione peroxidase 4 (GPX4)

In our original manuscript, we show that RSL3 induces wave-like propagation of ferroptosis in RPE cells, 
as indicated by the higher spatial and temporal orders (i.e., lower entropy) of cell death kinetics. We 
have now added time-lapse images of RPE cells treated with RSL3 to further demonstrate ferroptosis 
propagation upon GPX4 inhibition (new Extended Data Fig. 1e, f). Therefore, unlike ROS amplifiers and 
suppressors (e.g., FSP1) that only influence the speed of ferroptosis, GPX4 directly impacts the
occurrence of ferroptosis waves. 

P7. GPX4 inhibition are canonical inducers of ferroptosis. Does RSL3 or a similar covalent GPX4 
inhibitor induce the same trigger wave phenomenon in RPE1 and other cells? If not, what might this 
imply?

Figure R9. The speed of ferroptosis trigger waves increases with lower ROS degradation rates. The 
simulated speed of ferroptosis trigger waves in erastin-treated cells is plotted with respect to varying ROS 
degradation rates (kd). 

[Text redacted]
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[Figure redacted]

[Text redacted]
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[Figure redacted]

[Text redacted]

[Figure redacted]
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P8. Relevant to Figure 4 and the modelled bistable switch, the concept is intriguing but additional 
controls are needed. Perhaps erastin, between two concentration ranges (e.g., 0.63 and 1.25 μM), 
simply has non-linear effects on target function, more effectively inhibiting cystine uptake and/or 
depleting intracellular thiol-containing metabolites. It would be important to know whether or not 

We thank reviewer 1 for these questions that have provided us with the opportunity to further clarify our 
interpretation of the results. Erastin is a small molecule that inhibits uptake of cystine, a metabolic 
precursor for de novo GSH synthesis. When we compared GSH levels after treatments with different 
erastin concentrations, we detected an overall hyperbolic response, with GSH levels decreasing linearly 
with increasing erastin concentrations (from 0.31 μM to 1.25 μM) (new Extended Data Fig. 17a). Notably, 
there was no non-linear decrease in GSH levels when the erastin concentration was increased from 
0.63 μM to 1.25 μM, indicating that erastin’s immediate and secondary targets (cystine and GSH, 
respectively) change linearly with erastin concentrations. 

[Text redacted]

[Figure redacted]

[Text redacted]
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The non-linear response of ROS with respect to erastin concentrations mentioned by the reviewer (Fig. 
4c) can be attributed to the transition of the cellular redox system, i.e., from having a single low ROS 
steady state to having bistable states when two stable steady states co-exist (lower and upper ROS 
steady states) (Fig. 4a). This monostable-to-bistable transition confers the non-linear and discontinuous 
ROS steady state response with respect to erastin concentration. By introducing sufficient ROS-
inducing stress (e.g., erastin for ferroptosis stress), ROS positive feedback loops are activated, 
prompting the emergence of ROS bistability 37. For instance, when the erastin concentration is less than 

so photoinduction only causes a transient increase in ROS 
that immediately reverts back to its low steady state (Fig. 4c). However, the redox system is bistable 
when the erastin concentration is greater than 0.63 so elevating ROS above the activation threshold 
(as in Fig. 4a, blue arrow; threshold: white dot) by means of photoinduction activates the ROS positive 
feedback loops that drive the ROS increase to the upper steady state. At an erastin concentration of 

monostable/bistable transition point. This transition from monostable to bistable, also known as a 
saddle-node bifurcation 40 in the language of dynamical systems theory, is the framework for many all-
or-none irreversible cell fate decisions, including differentiation 40, cell division 41, the epithelial-to-
mesenchymal transition 42 and, in our study, the cell death decision. Following the reviewer’s suggestion, 
we now underscore the linear change in glutathione level in accodance with erastin concentration to 
strengthen our point in page 12, lines 270-275.  
 
P9. I am unclear whether the data reported in Figure 5h are from ‘normal’ physiological 
remodeling/death events, or PALP/laser-induced death in the isolated limb model. If the latter, it is 
unclear what relevance this has. One would like to test whether a reasonable concentration of a 
ferroptosis inhibitor (or genetic overexpression of a ferroptosis inhibitor like GPX4) is sufficient to 
prevent cell death in this model undergoing cell death without any external and artificial induction. 
 
We thank reviewer 1 for this question that allows us to further clarify our results. The data we report in 
original Figure 5h (new Fig. 5i in the revised manuscript) are death events during normal physiological 
remodeling, and no laser or any artificial death inducer was introduced. The large-scale cell death in 
the central ectodermal layer of the limb zeugopod was observed to occur in vivo (new Fig. 5d), and co-
occurred with lipid peroxidation (Fig. 5c). We assessed if this large-scale cell death could be caused by 
ferroptosis waves by monitoring cell death occurrence in real-time. As shown in Fig. 5e, cell death 
propagates as a wave along the central region of the limb zeugopod.  
 
According to the reviewer’s suggestion, we have now tested if a lower concentration of Fer-1 (10 μM) 
could prevent this cell death event. As shown in new Figure 5i, 10 μM of Fer-1 significantly reduced the 
extent of cell death in the embryonic limb. Thus, compared to the effect of the higher dose of Fer-1 (50 
μM) we presented in the original manuscript, 10 μM of Fer-1 decreased the cell death area to a lesser 
extent. We have strengthened the evidence supporting the involvement of ferroptosis in this cell death 
event by testing the impact of two additional ferroptosis inhibitors (UAMC-3203, 1 μM; and DFO, 10 
mM), as well as an apoptosis inhibitor (Z-VAD-FMK, 200 μM). These ferroptosis inhibitors, but not the 
apoptosis inhibitor, significantly suppressed cell death in the embryonic limb (new Fig. 5i). We 
anticipated that UAMC-3203 would display greater potency in terms of cell death inhibition than Fer-1, 
since previous study demonstrated its superior efficacy in inhibiting ferroptosis 3. Additionally, we also 
performed in ovo injection of UAMC-3203 (5 mM), which resulted in profound muscle remodeling 
defects in the developing limb (as elaborated in “Overall responses to all reviewers”, see point A.5 
above). Together, these results substantiate the natural occurrence of ferroptosis in inducing large-
scale cell death in the embryonic limb during the process of muscle remodeling. 
 
We wish to emphasize that the drug doses we used are comparable to the doses used on ex vivo 
tissues in the published literature (Fer-1, 10 μM 43; UAMC-3203, 10 μM 44; DFO, 10 mM 45; Z-VAD-FMK, 
100 μM 46). The dose of UAMC-3203 used for in ovo injection was estimated based on the dosage 
difference for compounds used ex vivo and in ovo. For example, there is a 17000-fold difference in the 
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concentration of retinoic acid used in ex vivo culture (1 μM 47) and in ovo (17 mM  48) to study the same 
function. Thus, the ~2500-fold difference in the UAMC-3203 dose for ex vivo (10 μM 4) and our in ovo 
(5 mM) experiments is reasonable.  
 
P10a. [For clarity, we have broken this point down into two parts and answer them separately]. Relevant 
to the wave-like cell death in developing avian limbs, what is the natural trigger for this process? What 
is known about this developmental event and how could it be related to the induction of ferroptosis? It 
would also be good to experimentally test whether inhibition of apoptosis or other forms of cell death in 
this context do or do not prevent cell death. 
 
We thank reviewer 1 for raising these questions and apologize for not giving sufficient background 
relevant to this developmental event in our original submission. We have now added substantial 
amounts of new data that place our original findings in an important context, i.e., ferroptosis and its 
propagation in the ectodermal layer of the limb zeugopod plays a functional role in muscle remodeling 
during limb development (see our detailed response in “Overall responses to all reviewers”, point A 
above). As per the suggestion of all the reviewers, we now discuss these results in the context of 
relevant literature on muscle remodeling in page 13-14, lines 300-325 of our revised manuscript.  
 
Regarding the natural trigger for muscle mass remodeling via cell death, this intriguing subject has not 
yet been explored extensively. Rodriguez-Guzman et al. (2007) 1 proposed the involvement of retinoic 
acid signaling in inducing muscle cell death. Previous studies have also proposed a role for BMP 
signaling in muscle remodeling, with high BMP levels having been found to cause muscle precursor 
death 49. Moreover, BMPs were found to be prominently expressed in the limb ectoderm, creating a 
gradient of BMP signal that determines the spatial positioning of muscle cells 5. However, it remains 
unknown how BMP signals regulate cell death during muscle mass segregation. 
 
How these developmental signals prime cells to undergo ferroptosis awaits further investigation. Based 
on our current understanding of how retinoic acid regulates ferroptosis, it is likely context-dependent 
whether retinoic acid signals promote or suppress ferroptosis. Although retinoic acid has been shown 
to inhibit ferroptosis through its antioxidant activity 50, it has also been found to promote ferroptosis by 
inhibiting glutathione synthesis 51,52. The ability of retinoic acid to enhance free radical generation 53 may 
also impact on ferroptosis susceptibility. Moreover, since the interplay between BMP and ferroptosis 
has to our knowledge not been studied previously, we can only speculate that BMP might promote 
ferroptosis by stimulating ROS production by upregulating NADPH oxidase 54. These morphogens can 
create concentration gradients in space that may encode region-specific expression patterns of 
ferroptosis regulators, thereby priming the cell population to undergo ferroptosis during development, 
representing an intriguing hypothesis for future investigation. To do so, detailed mechanistic studies 
examining the potential involvement of retinoic acid and BMP in the ferroptosis pathway will be required. 
Though such a mechanistic investigation is beyond the scope of the current work, our findings illuminate 
the path for investigating how developmental signals regulate ferroptosis during tissue- and organ-level 
sculpting. We now raise this intriguing question in the revised manuscript (page 12-13, lines 293-298; 
page 16-17, lines 383-392).   
 
P10b. The working assumption for most people would be that apoptosis accounts for most 
developmental cell death, so the concept that ferroptosis may underlie this massive developmentally 
regulated event may require some stronger confirmation and additional controls to rule out other 
possible mechanisms. 
 
We appreciate reviewer 1 for raising this important aspect of our study. We agree with the reviewer’s 
point of view that apoptosis has been well-recognized as the most prominent form of cell death during 
embryonic development. We have already provided our perspective on this sentiment shared by all 
reviewers (see our “Overall response to all reviewers” point B above). Contrary to the conventional view 
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of apoptosis being the predominant form of cell death, several studies have also indicated that an as 
yet unknown mechanism could act collaboratively and/or synergistically with apoptosis to coordinate 
developmental cell death events. In fact, our new data (outlined in “Overall responses to all reviewers” 
point A above) directly challenges this conventional view by demonstrating a functional role for 
ferroptosis in muscle remodeling during limb development.  
 
P11. Some very high-profile research suggests that ferroptosis is inhibited at high cell density (Wu et 
al, 2019, Nature). The authors should perhaps comments on how this may be related to their model 
and to the concept of ferroptosis wave-like propagation if at high cell density the process is inhibited. 
Have the authors examined wave propagation at various cell densities including especially high cell 
densities? In vivo, how can the authors account for wave propagation in (presumably) tightly packed 
cells? 
 
We thank reviewer 1 for raising this important point. As mentioned by the reviewer, a high cell density 
has been shown to suppress ferroptosis by inhibiting the Hippo-YAP pathway, resulting in 
downregulation of pro-ferroptosis genes, such as ACSL4, TFRC (Wu, et al., 2019, Nature) 21 and NOX4 
55. Downregulating these pro-ferroptosis genes involved in iron and NOX signaling can weaken or 
inactivate the Fenton- and NOX-mediated ROS positive feedback loops, thereby suppressing 
ferroptosis trigger waves. Consistent with previous findings, we observed that a high cell density inhibits 
ferroptosis and its propagation in A549 and U-2 OS cells (see our response to P2). As also mentioned 
in our response to P2, we now show that enhancing the Fenton-mediated ROS feedback loop can 
induce ferroptosis waves in populations of both of these cell lines (new Extended Data Fig. 13). This 
result suggests that cells gaining resistance to ferroptosis at high densities can be rendered ferroptosis-
sensitive by enhancing their ROS positive feedback loops, thereby enabling ferroptosis propagation 
across the cell population. We now discuss these results in the context of our model (Fig. 3a) in page 
9, lines 208-216 of our revised manuscript. 
 
Based on these findings, we suspect that extracellular signaling molecules can prime tightly packed 
cells in vivo to exhibit ferroptosis waves by modulating their ROS feedback loops. In particular, signaling 
molecules (e.g., morphogens) can form concentration gradients in space that lead to region-specific 
expression patterns of ferroptosis regulators, thereby priming distinct cell populations to exhibit 
ferroptosis waves (as discussed in our response to P10a). Indeed, our study demonstrates that this is 
a feasible scenario, with large-scale cell death being spatially-restricted in the central zeugopodial 
region of the limb. We show that PUFA levels are higher in the central region of the limb zeugopod (Fig. 
5h), which can facilitate ferroptosis propagation along this specific area (new Fig. 5e). Moreover, in a 
previous study, a ferroptosis regulator like GPX4 56 was shown to display lower expression in the 
interdigital tissue of the developing limb, where ROS levels were also found to be elevated. Apart from 
during development, pathological stimuli (e.g., ischemia) can also prime cells to undergo large-scale 
ferroptotic cell death 14. Therefore, we suspect that developmental signals or pathological stresses can 
prime specific tissue regions to undergo ferroptosis during development and disease pathologies. 
 
Minor: 
 
1. It is unclear what cells are being examined in extended data figure 1a and b. 
 
The cells being examined here are RPE-1 cells. We now state this in the figure legend of new Extended 
Data Figure 1a & 1b.  
 
2. Extended data Figure 2. What does a “technical repeat” mean in this context? Measuring the same 
image multiple times? 
 
Technical repeats are independent samples from one experiment. This has been stated in the Methods 
(Reproducibility and statistical analysis). 
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3. It would be important to demonstrate that all small molecule inhibitors used here are not acting as 
RTAs except when that is the known/desired effect. E.g., is the PI3K or TK inhibitor an RTA at the 
concentrations employed, and could this explain the observed effects? 
 
We have now tested the potential radical trapping antioxidant activity of the small molecule inhibitors 
for PI3K (LY294002), TKs (dasatinib), and NOX1/4 (GKT137831) at the highest concentrations used in 
our experiments. Using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) antioxidant assay (Dojindo), the 
antioxidant potential was measured as the decrease in absorbance at 517 nm of the stable free radical 
DPPH. As shown in Extended Data Figure 11, in contrast to the antioxidant Trolox that reduced the 
absorbance at 517 nm, all three inhibitors exhibit similar absorbance with the solvent control (DMSO), 
indicating their lack of antioxidant activity. We now mention this result in page 8, lines 193-194 of the 
revised manuscript.  
 
4. Figure 5f the correct formula to use is oxidized / (reduced + oxidized) to normalize for probe uptake. 
These data need to be re-analyzed and, possibly, this will alter the interpretation. 

 
We have now re-analyzed the result using the formula       

 
The new quantification yields qualitatively identical results, confirming the validity of our previous inter
pretation. 
The results have been updated accordingly in new Figure 5h & 5i.  
 
5. Quantification of data from multiple limbs/animals in Fig 5a,b seems warranted. 
 
In our original manuscript, we used Nile Blue staining to detect cell death in the embryonic limb (original 
Fig. 5a). To use a better-defined molecular assay for cell death detection, we have now performed 
TUNEL staining in the embryonic limb. TUNEL staining revealed abundant cell death in the central 
region of the limb zeugopod along the proximo-distal axis (Fig. 5d), consistent with our findings from 
Nile Blue staining. We have now replaced the Nile Blue staining data with the new TUNEL staining data. 
This new data and the data in original Figure 5b (now Fig. 5c) are consistent across multiple biological 
repeats. We have now quantified cell death and 4-HNE signals in multiple limbs (n = 3) and present 
them in new Extended Data Fig. 19. 
 
6. The avian limb experiments are intriguing but preliminary. 50 μM Fer-1 is a very high concentration 
of inhibitor to use. 
 
We have now used a lower concentration of Fer-1 (10 , which also elicited a significant decrease 
in the cell death area (new Fig. 5f). In addition, we also found that other ferroptosis inhibitors also 
suppressed cell death in the embryonic limb (see our response to P9 for details).  
 
Referee #2 (Remarks to the Author): 
 
In this interesting paper, the authors have discovered that ferroptosis spreads from cell to cell in culture 
via trigger waves, which spread over substantial distances (millimeters) without slowing or diminishing 
in amplitude. This phenomenon can be seen in several different cell types and in response to a variety 
of ferroptotic induction strategies. The waves can propagate across a physical gap of up to about 150-
200 μm, showing that some diffusible species is responsible for the local coupling of the cells, and 
inhibitor studies show the species is probably some ROS. The authors then characterize various 
perturbations that can make the wave speed faster (e.g. Fe3+-citrate, ERK2 overexpression) or slower 
(NOX inhibitor, PI3K inhibitor, Src/Abl inhibitor), which implicates various known mediators of ferroptosis 
in the positive feedback that underpins the trigger waves. Finally, they show that ferroptotic cell death 
occurs in the developing avian limb bud, and that it appears to spread at speeds comparable to those 
seen in cell culture. 
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Figures 1-3 and the related videos and supplementary figures are terrific. They convincingly establish 
that ferroptosis spreads via trigger waves, show that a diffusible species is responsible for the local 
coupling, and implicate various regulators in wave generation. The work is original, convincing, thorough, 
and important. Figure 4 is a bit more problematic. I think there are other equally plausible explanations 
for how photoinduction changes the system to make it better able to generate/propagate ferroptotic 
waves. And Figure 5, which argues that the cell culture work is relevant to limb remodeling in chick 
development, may be important, but I do not know the field well enough to assess it adequately. I would 
gladly defer to a developmental biologist on this point.

We thank reviewer 2 for these encouraging remarks. Below are our point-by-point responses. 

Major criticisms:

P1. Fig 4. I am not completely convinced of the authors’ interpretation of this experiment. Isn’t it possible 
that the system is bistable even prior to photoinduction, but the cells are just more stuck on the lower 
stable branch of the S-shaped response curve? Perhaps the photoinduction pulls the unstable branch 
down toward the stable lower branch rather than changing a single-valued response function to a multi-
valued response function. This would be another way that ferroptotic stress could, in principle, prime 
the cells to propagate ferroptotic trigger waves.

We thank reviewer 2 for these insightful comments that have allowed us to further investigate the redox 
system during ferroptosis stress. In the statement “…system is bistable even prior to photoinduction, 
but the cells are just more stuck on the lower stable branch of the S-shaped response curve”, the 
reviewer suggests the possibility that redox bistability could be an inherent characteristic of human cells, 
i.e., prior to photoinduction and in the absence of erastin treatment. In the language of dynamical 
systems theory, if we consider the potential landscape of the system (Fig. R14), the potential barrier 
required to transition to the upper steady state is much greater in the absence of ferroptosis stress 
compared to when ferroptosis stress is present (e.g., under the erastin treatment condition). Thus, the 
cells appear to be “more stuck”. 

We explored this scenario using our mathematical model by modulating the ROS positive feedback loop 
strength parameter ( ). By increasing (36%), we simulated the alternative model
proposed by reviewer. Compared to the current model we proposed, whereby increasing the erastin 
concentration lead to a bifurcation of ROS from the monostable to bistable states (left panel, Fig. R15), 
this alternative model exhibits ROS bistability in the absence of erastin treatment (right panel, Fig. R15). 
Given that cells can exhibit wide variations in cellular redox states, it is possible that the strength of the 
ROS positive feedback loop is broadly tunable, so both types of cellular redox systems (Fig. R15) are 
plausible. 

Figure R14. Potential curves for ROS in 
erastin-treated and untreated (control) cells. 
The stable steady states (SSS) and unstable 
steady states (USS) are indicated as solid and 
open circles, respectively. 
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A direct method to definitively test the presence of ROS bistability in the absence of erastin would be to 
probe for ROS irreversibility or hysteresis. However, since erastin is an irreversible inhibitor, it is 
currently not possible to reduce the erastin dose after applying a high erastin dose (e.g., by washing 
out erastin). Therefore, to probe for ROS bistability in the absence of erastin (right panel, Fig. R15), we 
used an alternative approach by exogenously introducing ROS into cells. We anticipated that if redox 
bistability exists in the absence of erastin, introducing exogenous ROS above the threshold would 
trigger the ROS bistable switch from low to high steady states. We introduced ROS exogenously by: 1) 
applying varying intensities of photoinduction (greater than that used in Fig. 4); and 2) adding different 
doses of the ROS, hydrogen peroxide (H2O2).

As shown in Extended Data Fig. 16, untreated cells maintained their ROS levels at low steady states 
regardless of the photoinduction intensity. In stark contrast, the erastin-treated cells exhibited a switch-
like elevation of cellular ROS to high steady states after photoinduction. Similarly, exogenous addition 
of increasing doses of H2O2 to erastin-treated cells elevated cellular ROS from low to high steady states, 
but that was not the case for untreated cells (Fig. R16), indicating that cellular ROS is monostable in 
the absence of ferroptosis stress. Note that addition of >100 μM H2O2 and applying even stronger light 
intensities caused cell death that is not mediated by ROS. That is, cellular ROS levels were not elevated 
and ROS scavengers could not inhibit the resulting cell death, implying that we had already 
introduced the highest possible physiological levels of ROS. These results provide supporting
evidence for our model, whereby ferroptosis stress leads to a monostable to bistable bifurcation in ROS 
steady states in RPE cells (Fig. 4). We have now incorporated these results (i.e., from applying higher 
photoinduction intensities) in Extended Data Fig. 16, and discuss them in page 11, lines 257-258 of the 
revised manuscript.

Figure R16. Exogenous 
H2O2 addition does not 
elevate cellular ROS in 
the absence of erastin 
treatment. a, 
Representative images of 
ROS fluorescence signal, 
as indicated by CellROX 
staining, in erastin-treated 
(10 μM) and untreated 
cells 1 hour after addition 
of different concentrations 
of H2O2. b, Single-cell 
ROS steady states were 
measured in erastin-
treated and untreated 
cells (n = 40) after 
addition of different 
concentrations of H2O2. 

Figure R15. Increasing the ROS 
positive feedback strength 
parameter (  ) results 
in bistability in the absence of 
erastin. Simulated ROS steady 
state as a function of erastin 
concentration when = 

1.63 (right panel) and 
= 1.2 (left panel).
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P2a. [For clarity, we have broken this point down into two parts and answered them separately.] Fig. 5 
is beyond my textbook-level understanding of the roles of cell death in development. My impression 
had been that phenomena like limb remodeling are due to coordinated apoptosis, but perhaps, as the 
authors imply, in at least some instances it is due to ferroptosis instead. Certainly there is massive cell 
death in the limb, and it is accompanied by lipid peroxidation, as the authors have convincingly 
demonstrated. 
 
We appreciate reviewer 2 for raising this important aspect of our study. We agree with the reviewer’s 
point of view that apoptosis has been well-recognized as the most prominent form of cell death during 
embryonic development. We have already provided our perspective on this sentiment shared by all 
reviewers (see our “Overall response to all reviewers” point B above). Contrary to the conventional view 
of apoptosis being the predominant form of cell death, several studies have also indicated that an as-
yet-unknown mechanism could act collaboratively and/or synergistically with apoptosis to coordinate 
developmental cell death events. In fact, our new data (outlined in “Overall responses to all reviewers” 
point A above) directly challenges this conventional view by demonstrating a functional role for 
ferroptosis in muscle remodeling during limb development.   
 
P2b. But as to the issue of whether the limb remodeling presented here is spreading from cell to cell 
via trigger waves, I’m not certain. The authors make some estimates of speeds, and the speeds do fit 
reasonably well with what is seen in culture, but overall this does not look like such a clear-cut example 
of a constant-speed front of cell death. Maybe it is starting from multiple foci, making it hard to define 
wave fronts, or maybe flows as well as diffusion are involved in the local coupling. Perhaps the authors 
could sum up in what ways the process in the limb resembles the ferroptotic spread seen in culture, 
and in what ways it differs. I do think it is admirable and useful that the authors have gone the “next 
step” from cell culture to in vivo development, but I am not sure how similar the in vivo and cell culture 
phenomena are to each other. 
 
We thank reviewer 2 for this question and suggestion. We agree with the reviewer on the importance 
of pointing out the similarities and differences in cell death propagation observed in cell culture and in 
the embryonic limb, which have now been incorporated into our revised manuscript (page 16, lines 376-
392).  
 
Similar to the multiple spontaneous death initiation events detected in cell culture, we also observed 
variable numbers of death initiation events in embryonic limbs, which could be attributable to the 
stochastic nature of the cellular redox system (Extended Data Fig. 2). Multiple death initiation sites were 
present in the specific limb we showed in our original manuscript (original Fig. 5c, now Supplementary 
Video 11) and, as astutely pointed out by the reviewer, this poses a challenge to clearly define wave 
fronts in this specific limb sample. Accordingly, we sought a different limb that exhibited a single death 
initiation site (new Fig. 5e, also new Supplementary Video 10). Using this limb, we could better visualize 
the progression of cell death. The speed of propagation was measured as 1.15 m/min across a 1 mm 
distance, consistent with our previous measurement. For three embryonic limbs, cell death propagated 
with a speed of 1.30 ± 0.13 m/min (mean ± SD), i.e., the same order of magnitude to the wave speeds 
measured in our cell-based assay. These measurements indicate a common biochemical system 
underlying the bistable media in different embryonic limbs and in cell culture. 
 
Nevertheless, the ferroptosis priming signal is distinct in cell culture and in the embryonic limbs. 
Whereas ferroptosis propagation in our cell culture results from erastin-mediated cellular priming, 
ferroptosis waves in the limb arises from as-yet-uncharacterized developmental signals. These distinct 
priming signals may account for the different spatial areas encompassed by cell death waves. In 
contrast to eliminating the entire cell population in culture, ferroptosis waves in the embryonic limb are 
confined to a specific region. One type of spatially-encoded information derived from the priming signal 
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is the level of PUFAs (Fig. 5g-i), the distribution of which constrains ferroptosis waves in the embryonic 
limb.  
 
Therefore, given the limitations of the embryonic limb for long-distance measurements of cell death 
propagation, we share the the reviewer’s concern with concluding that ferroptosis propagates as trigger 
waves in the embryonic limb. Instead, we deem it more appropriate to describe cell death propagation 
in the limb as wave-like spread of ferroptosis.  
 
Whether “flow” is involved in mediating the large-scale cell death in the embryonic limb remains to be 
investigated. Since a circulatory system is present in the avian limb, it is a valid hypothesis that the cell 
death propagation can be regulated by blood flow in vivo, where diffusive ROS can be advected by 
blood flow. Given that there is negligible blood flow in the ex vivo dissected limb culture, flow likely plays 
only a minor role in ferroptosis spread ex vivo. However, we acknowledge that the exact role of flow in 
vivo warrants further investigation by detailed comparison of cell death kinetics in vivo and ex vivo in 
the future.  
 
Minor criticisms: 
 
1. Line 27: Please spell out what xCT stands for (cystine-glutamate transporter). 
 
Apologies. We have now defined xCT in line 27. 
 
2. Line 49: I suggest replacing “had remained unknown” with “is unknown”. 
 
Now changed as recommended. 
 
3. Line 67: Please mention that you are looking at several different cell types in Supplementary Video 
1—I think that is an important point to convey in the text. 
 
Agreed.  We now highlight the general occurrence of ferroptosis waves in different cell types in page 3, 
lines 71-74.  
 
4. Fig 2: Please mention in the text that the gaps in the sheets of cells were produced by scratching 
with glass needles. I know it’s in the methods section, but I think it’s helpful for the reader to know 
without having to search for the info. 
 
We now mention that the gaps were created by scratching the bottom of the plate with needles of 
different tip sizes in the legend of Figure 2 (lines 516-517). 
 
5. Line 131: The estimate for the diffusion coefficient of the ferroptotic ROS signal across the cell gap 
assumes there is no degradation of the ROS species. Is this a reasonable assumption? If not, perhaps 
the authors should just skip this analysis, or repeat the analysis with a range of plausible degradation 
rates in a reaction/diffusion model. 
 
We apologize for the confusion. In our original manuscript, the diffusion equation we used was  =

 , which did not consider the degradation rate of the diffusive molecule. By incorporating a constant 

rate of degradation ( ), the diffusion equation is  =   , and the solution of this 

diffusion equation is  ( , ) = 4 exp ( 24 ). 
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The ratio ( ) of the diffusive molecule concentrations at positions  [c(x,t)] and 0 [c(x0,t)] (assuming 0 

= 0) at time , can be expressed as:  
 = exp 4  

 
and the diffusion coefficient (D) of this molecule is: 
 = 4 × ln  
 
Therefore, incorporating a constant rate of degradation does not change our previous computation for 
the diffusion coefficient. However, we now think that our estimate can be oversimplified due to the 
potential limited detection range of the cellular ROS indicator. We have now removed our previous 
statement on the estimate of the diffusion coefficient from our manuscript. 
 
6. Extended Data Figure 10. Please indicate what-is-what better in panel A. E.g., is the top blot probed 
with ERK1/2 antibodies? Is the second blot probed with pERK1/2 antibodies? Does ERK2-PA co-
migrate with ERK1? 
 
Apologies for the confusion. We have now modified the labels of our Western blots to indicate the 
proteins we probed for: phospho-ERK1/2 and phospho-ERK2-P2A in the top blot, and ERK1/2 and 
ERK2-P2A in the second blot. ERK2-PA co-migrates with ERK1. Original Extended Data Figure 10 is 
now Extended Data Figure 12.  
 
Referee #3 (Remarks to the Author): 
 
In this work, the authors define mechanisms of large-scale, propagating waves of cell death triggered 
via ferroptosis. Several cell culture assays support the range of speed of these waves, their reliance on 
ROS for propagation, including across gaps in cell contact, and their experiments support a threshhold 
at which ROS steady state levels bifurcate from monostable to bistable states. 
 
This reviewer was specifically asked to comment on Figure 5 and the ferroptosis propagation in limb 
development. The data presented look convincing.  
 
We thank the reviewer for his/her encouraging remarks on our findings. We are grateful for the 
reviewer’s careful assessment of our work and constructive feedback. We present our point-by-point 
responses to particular comments below.  
 
P1. A detail as a note to authors is that the Nile Blue pictures in Figure 5a appear to be viewed dorsally 
and the rest of the pictures show the opposite outline (ventral view?); it would be helpful to show the 
Nile Blue from the same aspect as the rest of the data as it is whole mount, and to define this. 
 
We apologize for the confusion. In our original manuscript, we stated in the legend of Figure 5a that 
ventral views of the Nile Blue-stained limbs are shown. This is the same aspect as the rest of the data. 
In our revised manuscript, we have now employed TUNEL staining to the embryonic limbs, which is a 
better-defined molecular assay for detecting cell death. As shown in new Figure 5d, TUNEL staining 
revealed abundant cell death in the central region of the limb zeugopod along the proximo-distal axis, 
consistent with our original Nile Blue staining data. Therefore, we have replaced the previous Nile Blue 
staining data with this new TUNEL staining data (new Fig. 5d and Extended Data Fig. 18). Furthermore, 
to avoid confusion, we have now labeled the images as “ventral view”.  



P2. The most well known spatially resolved region of cell death in the limb occurs in the interdigital 
mesenchyme, which is not examined here. As it is such a well studied and clear phenomenon where 
the entirety of the tissue disappears, the reviewer can't help but wonder if this was examined. It may be 
appropriate to at least comment on this. 

[Text redacted]

[Figure redacted]

[Text redacted]
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P3. The authors show distal to proximal cell death that appears to begin at or near the central carpal 
region and extend proximally at least through the zeugopod according to the authors' picture. John 
Saunders' 1966 publication was not accessible to this reviewer during the review period (requiring 
archival access, not online) but other publications note four areas of cell death in chick limbs: the 
anterior necrotic zone, posterior necrotic zone, interdigital necrotic zone and the opaque patch 
(Fernandez-Teran, et al, Dev Dyn, 2006; Montero, et al, Dev Dyn, 2021). One presumes this may be 
the opaque patch? It will be important that the authors put this cell death area in the context of accessible 
literature and established limb developmental biology and further define this. Importantly also, this 
reviewer is unaware of anything in the central chick limb that 'disappears' via cell death. The interdigital 
mesenchyme, of course, leads to the complete disappearance of the tissue between the digits, but the 
data this reviewer found (only Fernandez-Teran showed scant data at HH31-32) did not suggest cell 
death across a continuous swath of tissue in the central limb. The radius and ulna initiate as separate 
cartilage condensations and the tissue between the radius and ulna does not disappear, leaving this 
reviewer wondering how the chick limb accommodates such a large swath of continuous cell death in 
the center of the limb, leaving no empty space. It is encouraged that the authors contextualize this cell 
death further for the readers. 

We are grateful to reviewer 3 for raising these questions and the very constructive feedback that has 
helped us to enhance the quality and impact of our work. We apologize for not giving sufficient 
background relevant to this developmental event in our original submission. We have now added 
substantial new data that place our original findings in an important context, i.e., that ferroptosis and its 
propagation in the ectodermal layer of the limb zeugopod plays a functional role in muscle remodeling 
during limb development (see our detailed response in “Overall responses to all reviewers”, point A 
above). Based on all of the reviewers’ suggestions, we now discuss these results in the context of 
relevant literature on muscle remodeling in page 13-14, lines 300-325 of our revised manuscript.  

As mentioned by the reviewer, other publications note four areas of cell death—anterior necrotic zone, 
posterior necrotic zone, interdigital necrotic zone, and the opaque patch—all of which occur in the limb 

[Figure redacted]

[Text redacted]



28 
 

mesodermal layer. We wish to clarify that the large-scale cell death we observed in the limb zeugopod 
does not correspond to the opaque patch. In contrast to the large-scale cell death we observed in the 
ectodermal layer of the embryonic limb at embryonic stage HH31-32, cell death in the opaque patch 
happens at the inner mesodermal layer and at an earlier embryonic stage (HH23). The cell death 
event relevant to muscle remodeling that we examined here was previously noted by Rodriguez-
Guzman et al. (2007) 1, which was also cited by the specific publication mentioned by the reviewer (Fig. 
2 of Montero et al. 2021) 60. In the study by Rodriguez-Guzman et al. (2007), they described large-scale 
cell death occurring in the central limb zeugopod that separates the foot and shank muscles. Intriguingly, 
cell death was found not only to encompass the muscular layer but also the outer ectodermal layer (Fig. 
2a of Rodriguez-Guzman et al., 2007). As elaborated on above in our “Overall responses to all reviewers” 
(point A), we found that these large-scale cell death events involve ferroptosis. Similar to the observation 
of Rodriguez-Guzman et al. (2007), we found that active caspase-3 co-localizes with 17% of 
degenerating muscles (Fig. R2). Moreover, our study reports that the ferroptosis indicator (4-HNE) co-
localizes with ~80% of degenerating muscles (Fig. R1d, e, also new Extended Data Fig. 18d, e). It is 
possible that apoptosis and ferroptosis co-exist and can act collaboratively to mediate muscle cell death 
during development (as elaborated on above in our “Overall responses to all reviewers”, point B). 
 
In another publication mentioned by the reviewer (Fernandez-Teran et al. 2006) 61, the authors identified 
cell death events in the chick limb at different embryonic stages via TUNEL staining. That study 
employed TUNEL staining in longitudinal and transverse sections of the limb at the same embryonic 
stage we examined (i.e., HH31-32) (Fig. 2 of Fernandez-Teran et al., 2006). Whereas our results 
highlight extensive TUNEL staining signal in the zeugopodial region of the limb (Fig. 5d, Extended 
Data Fig. 18b), the limb tissue sections presented in the Fernandez-Teran et al. (2006) study does not 
show the zeugopodial region, but only features the autopodial region of the limb to emphasize interdigit 
tissue cell death. Since they focused on the autopodial region of the limb, it may explain why the cell 
death area we examined was not reported in their study.  
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Reviewer Reports on the First Revision: 

 

Referees' comments: 
 
Referee #1 (Remarks to the Author): 
 
The authors have been able to address my points in most cases. I congratulate them on an impressive 
amount of effort and for the clarity and depth of the responses. I do think that this work could now be 
suitable for publication in Nature. I would just like to clarify and offer opinions on a few points, below, 
that I feel are important to address in the writing of the manuscript: 
1. From the way the RPE-1 experiments are initially described, it sounds like you add erastin first, then 
initiate ferroptosis with blue light (line 99). However, subsequent experiments do not always make it 
clear whether this erastin + blue light condition is used, or just blue light alone (e.g., in lines 105, and 
then for later experiments). This just needs to be clearer in all cases (e.g., maybe call it “erastin + blue 
light stimulation” clearly in every case). This may be especially relevant for the conditioned medium 
experiment described lines 144-46. If the collected “conditioned” medium contains the original small 
molecule erastin that was added to cells, then it is perhaps not surprising that it can induce ferroptosis 
when transferred to new cells, and the search for a diffusible species will perhaps be confounded, no? 
1. If I am understanding the new results obtained by the authors, the covalent GPX4 inhibitor RSL3 does 
not induce trigger waves in 2/3 tested cancer cells lines and shows evidence for triggers waves in the 
one remaining cell line (RPE-1) at only a single dose, but not at higher or lower doses. These are 
interesting and important data. They suggest to me that the trigger wave phenomenon is not a universal 
feature of “ferroptosis”. Rather, this indicates that trigger waves are perhaps a feature of ferroptosis 
when this process is triggered by cystine deprivation (or blue light exposure). Indeed, this makes sense, 
as the models advanced in this paper about ROS bistable switches incorporate GSH, which is only 
affected by cystine deprivation and not GPX4 inhibition. 
However, the authors argue against making this distinction clearer in the revised manuscript to avoid 
“render[ing] the study less accessible to a broad readership”. I disagree, strongly, for reasons I will 
elaborate on below. 
First, GPX4 inhibition is perhaps the most common means of inducing ferroptosis in the literature. GPX4 
is also a target for the development of new pro-ferroptosis therapies. Thus, people are very interested in 
the function of GPX4 and what happens when GPX4 is inhibited. It would not be helpful to confuse 
people that GPX4 inhibition also commonly can induce trigger waves. 
Second, as cited by the authors, previous work has already suggested that GPX4 inhibition does not lead 
to waves of ferroptosis. So, it will not be surprising that, here, this is also observed in most cases, and 
this should be reinforced. 
Third, there is much emerging evidence that cystine deprivation and GPX4 inhibition do not cause the 
same “form” or type of ferroptosis (e.g., see a summary by Dixon & Pratt, 2023 in Mol Cell). Indeed, 
ferroptosis induced by system xc- inhibition and ferroptosis induced by direct GPX4 inhibition appear 
quite distinct in many ways, including cell death kinetics, genetic regulation, and so on. So, I would 



strongly suggest that the authors, in fact, “lean into” this distinction in their new work here. It is crucial 
to make this clear in this manuscript that trigger waves may be more specific to one “form” of 
ferroptosis, as opposed to a general phenomenon. This will help further differentiate these two forms of 
ferroptosis, stimulate new efforts to understand these differences, and also constrain the types of 
inputs that will be explored when searching for the (unknown) in vivo trigger. 
Without this clear discussion, this manuscript will give the (unintentional) impression that trigger waves 
are a universal ferroptosis mechanism when, based on the models and evidence presented, they clearly 
are not. To not make this point clear in the manuscript will not help readers or the field, it will hurt (and 
confuse) readers and others in the field. It will also seem like the authors are over-stating their 
conclusions. 
Should the authors still be on the fence on this point, and need additional motivation to re-consider, I 
would point to the distinction that is drawn in the apoptosis field between the “intrinsic” and “extrinsic” 
mechanisms of apoptosis. Delineating these distinct yet overlapping mechanisms has not diminished the 
apoptosis field. In fact, it has proven to be essential for our understanding. The same logic applies to 
ferroptosis. We need to distinguish between the different modes of ferroptosis that are observed, and 
trigger waves may provide a new and exciting way to do this. 
2. In Supplemental Video 6 it is claimed that there is “ferroptosis deceleration” upon the addition of 
DFO. DFO may take time to enter the cell (via fluid phase endocytosis) so this might be consistent, but it 
is a rather inelegant experiment for that reason. This is just a note; there is no need to do anything on 
this point. 
Minor points: 
1. In the response to Reviewer #2, the authors state that “erastin is an irreversible inhibitor, it is 
currently not possible to reduce the erastin dose after applying a high erastin dose (e.g., by washing out 
erastin).” This is not true. Erastin is a reversible (non-covalent) inhibitor and can be washed out of cells. 
The problem is that cells exposed to erastin do not necessarily live very long and if one wants to perform 
washout experiments they have to be done carefully. But, technically, this is possible. I leave it to others 
to determine whether this is ultimately an important note or not. 
2. Line 29 of the Abstract. Is “media” the correct word here? It does not seem like the right word. I see it 
used again in Line 57 and 59, which suggests perhaps that this is a term of art in the trigger wave field. 
Perhaps this is the only word to use. But, it is also possible that the manuscript would benefit from a 
careful definition of what this means since, to many cancer cell biologists, the “media” is simply the fluid 
that a cultured cell grows in, not something that is “excitable and bistable”. Indeed, the Author’s use 
media in this latter sense themselves in Line 96 (where grammatically this should perhaps be ‘medium’, 
the singular, not ‘media’, the plural). 
 
 
Referee #1 (Remarks on code availability): 
 
I am not a software person. I do not know how to evaluate code. 
 
 
  



Referee #2 (Remarks to the Author): 
 
The authors have strengthened this manuscript substantially. In particular I found the new data on 
muscle sculpting in Fig 5 to be stronger than what was in the original manuscript, although, admittedly, 
my knowledge of limb developmental biology is pretty minimal. In both the paper and the rebuttal, the 
authors more emphatically and convincingly make the case that something other than apoptosis 
contributes to programmed cell death during development, and that in limb development ferroptosis is 
important. 
 
I have some minor criticisms of the early parts of the paper, which I delineate below, but overall I think 
this is important work. It provides convincing cell culture evidence that ferroptosis can spread from cell-
to-cell via a diffusible factor that is released from a one ferroptotic cell and then gets amplified up by a 
not-yet ferroptotic target cell, leading to constant speed, constant amplitude trigger waves of 
ferroptosis propagating through the culture. And it puts this cell culture work into a physiological 
context via the evidence for ROS and ferroptotic waves in limb development. 
 
Specific minor criticisms: 
 
1. I do not think readers are going to be able to understand the data presented in Extended Data Figure 
1. The authors need to explain what the vector fields, polar distribution plots, and entropies mean, and 
explain what differences in these measures would be expected if you have ferroptosis spreading from a 
discrete source versus ferroptosis occurring independently in each cell. 
 
2. Lines 152-161. I agree that the diffusible mediator of ferroptosis is almost certainly a free radical 
other than hydrogen peroxide (Extended Figure 8), but I do not find the speculation that it/they is/are a 
lipid peroxide compelling. It could be a membrane-bound lipid peroxide, but it could also be a protein or 
anything in or on an organelle. Perhaps just lay out the various possibilities. 
 
3. Figure 3: Do MEK or ERK inhibitors block the increase in wave speed (or perhaps block the production 
of ferroptotic waves altogether) seen after ERK overexpression? I don’t insist on this experiment, but if 
you have the data it would be nice to mention it. 
 
4. Line 244: Please clarify: do the authors mean that their model predicts that below the critical 
concentration of 0.63 uM, increasing the erastin concentration exerts a relatively mild effect on the ROS 
level of the low-ROS steady state? Or that above the critical concentration of 0.63 uM there is little 
effect of the erastin concentration on the high-ROS steady state? Either way, I would think it’s not just a 
prediction (Fig 4a), but an experimental observation (Fig 4b). 
 
 
  



Referee #3 (Remarks to the Author): 
 
This revised manuscript, "Emergence of large-scale cell death via trigger waves of ferroptosis" has been 
substantially improved in revision. This reviewer was asked to comment on limb development portion, 
but unlike the previous version, I was able to follow the rationale, data, and conclusions through the first 
four figures as well. Will leave to other experts to make appropriate scientific comments, but readability 
of manuscript is excellent. 
 
The additional experiments and data in Figure 5 (and associated Suppl Figs 18-20) provide excellent 
proof of principle in vivo in a way that will be appreciated by people in the field. 
 
One remaining comment, which is meant only to reflect this reviewer's curiosity (and perhaps others 
from this field), if there is room in the discussion/end of manuscript, how do the authors think about 
both apoptosis and ferroptosis occuring in these biologically relevant areas? It is clear from their data 
this is occurring, but why both and what could distinguish cells that are presumably going through the 
same developmentally regulated process (cell death) via both of these distinct mechanisms? 



Author Rebuttals to First Revision: 
We appreciate all reviewers’ positive remarks and careful assessments that have helped improve t
he quality of our work. We are also delighted that all reviewers found our study to be interesting a
nd important. We have addressed each of their concerns and questions in the point-by-point re
sponses below. 
 
Detailed Responses to the Reviewers' Comments: 
 
Referee #1 (Remarks to the Author): 
 
The authors have been able to address my points in most cases. I congratulate them on an 
impressive amount of effort and for the clarity and depth of the responses. I do think that this work 
could now be suitable for publication in Nature. I would just like to clarify and offer opinions on a 
few points, below, that I feel are important to address in the writing of the manuscript: 
 
We are grateful for the reviewer’s positive comments and constructive remarks that have greatly 
helped enhance the impact and rigor of our work. To address the concerns raised by this reviewer, 
we have made textual clarifications, as elaborated below. 
 
P1. From the way the RPE-1 experiments are initially described, it sounds like you add erastin 
first, then initiate ferroptosis with blue light (line 99). However, subsequent experiments do not 
always make it clear whether this erastin + blue light condition is used, or just blue light alone 
(e.g., in lines 105, and then for later experiments). This just needs to be clearer in all cases (e.g., 
maybe call it “erastin + blue light stimulation” clearly in every case). This may be especially 
relevant for the conditioned medium experiment described lines 144-46. If the collected 
“conditioned” medium contains the original small molecule erastin that was added to cells, then it 
is perhaps not surprising that it can induce ferroptosis when transferred to new cells, and the 
search for a diffusible species will perhaps be confounded, no? 
 
We thank the reviewer for this suggestion. We now state that blue-light irradiation was performed 
on erastin-treated cells in line 103 of the manuscript (original line 105), and in the figure legends 
of the relevant experiments (Fig. 1-3 & Extended Data Fig. 3-6).  
 
For the conditioned medium experiment, the conditioned medium does not contain erastin. As 
mentioned in the Methods section (“Characterization of conditioned media from ferroptotic cells”), 
following 4 hours of erastin treatment, erastin was washed out and replaced with erastin-free 
medium, i.e., conditioned medium. To avoid confusion, we now state that the conditioned medium 
is erastin-free in page 6, line 143, and in the figure legend (Extended Data Fig. 5b).  
 
P2. If I am understanding the new results obtained by the authors, the covalent GPX4 inhibitor 
RSL3 does not induce trigger waves in 2/3 tested cancer cells lines and shows evidence for 
triggers waves in the one remaining cell line (RPE-1) at only a single dose, but not at higher or 
lower doses. These are interesting and important data. They suggest to me that the trigger wave 
phenomenon is not a universal feature of “ferroptosis”. Rather, this indicates that trigger waves 
are perhaps a feature of ferroptosis when this process is triggered by cystine deprivation (or blue 
light exposure). Indeed, this makes sense, as the models advanced in this paper about ROS 
bistable switches incorporate GSH, which is only affected by cystine deprivation and not GPX4 
inhibition. 
However, the authors argue against making this distinction clearer in the revised manuscript to 
avoid “render[ing] the study less accessible to a broad readership”. I disagree, strongly, for 
reasons I will elaborate on below. 



First, GPX4 inhibition is perhaps the most common means of inducing ferroptosis in the literature. 
GPX4 is also a target for the development of new pro-ferroptosis therapies. Thus, people are very 
interested in the function of GPX4 and what happens when GPX4 is inhibited. It would not be 
helpful to confuse people that GPX4 inhibition also commonly can induce trigger waves. 
Second, as cited by the authors, previous work has already suggested that GPX4 inhibition does 
not lead to waves of ferroptosis. So, it will not be surprising that, here, this is also observed in 
most cases, and this should be reinforced. Third, there is much emerging evidence that cystine 
deprivation and GPX4 inhibition do not cause the same “form” or type of ferroptosis (e.g., see a 
summary by Dixon & Pratt, 2023 in Mol Cell). Indeed, ferroptosis induced by system xc- inhibition 
and ferroptosis induced by direct GPX4 inhibition appear quite distinct in many ways, including 
cell death kinetics, genetic regulation, and so on. So, I would strongly suggest that the authors, 
in fact, “lean into” this distinction in their new work here. It is crucial to make this clear in this 
manuscript that trigger waves may be more specific to one “form” of ferroptosis, as opposed to a 
general phenomenon. This will help further differentiate these two forms of ferroptosis, stimulate 
new efforts to understand these differences, and also constrain the types of inputs that will be 
explored when searching for the (unknown) in vivo trigger. 
Without this clear discussion, this manuscript will give the (unintentional) impression that trigger 
waves are a universal ferroptosis mechanism when, based on the models and evidence 
presented, they clearly are not. To not make this point clear in the manuscript will not help readers 
or the field, it will hurt (and confuse) readers and others in the field. It will also seem like the 
authors are over-stating their conclusions. 
Should the authors still be on the fence on this point, and need additional motivation to re-
consider, I would point to the distinction that is drawn in the apoptosis field between the “intrinsic” 
and “extrinsic” mechanisms of apoptosis. Delineating these distinct yet overlapping mechanisms 
has not diminished the apoptosis field. In fact, it has proven to be essential for our understanding. 
The same logic applies to ferroptosis. We need to distinguish between the different modes of 
ferroptosis that are observed, and trigger waves may provide a new and exciting way to do this. 
 
We thank the reviewer for emphasizing the importance of highlighting the difference between the 
ferroptosis induced by GPX4 inhibition and xCT suppression. Whereas xCT suppression leads to 
a general phenomenon of ferroptosis propagation in different cell lines, GPX4 inhibition did not 
lead to ferroptosis propagation in two out of the three cell lines we tested. As our findings may 
potentially inspire future studies to develop therapies harnessing ferroptosis propagation and to 
identify in vivo triggers for ferroptosis, it is indeed crucial to make it clear that ferroptosis 
propagation is only a general feature of the ferroptosis induced by xCT suppression, but not by 
GPX4 inhibition. We have now incorporated new results showing the absence of ferroptosis 
propagation in the two tested cell lines (Extended Data Fig. 1k), and highlight this point in page 
3, lines 71-75.  
 
P3. In Supplemental Video 6 it is claimed that there is “ferroptosis deceleration” upon the addition 
of DFO. DFO may take time to enter the cell (via fluid phase endocytosis) so this might be 
consistent, but it is a rather inelegant experiment for that reason. This is just a note; there is no 
need to do anything on this point. 
 
We thank the reviewer for sharing this insight. It is apparent in Supplementary Video 6 that it took 
~ 1 hour after DFO addition before the speed of ferroptosis trigger waves decreased. The delay 
in the effect of DFO on the trigger wave speed is consistent with the time-scale of DFO uptake 
via fluid phase endocytosis.   
 
Minor points: 



P1. In the response to Reviewer #2, the authors state that “erastin is an irreversible inhibitor, it is 
currently not possible to reduce the erastin dose after applying a high erastin dose (e.g., by 
washing out erastin).” This is not true. Erastin is a reversible (non-covalent) inhibitor and can be 
washed out of cells. The problem is that cells exposed to erastin do not necessarily live very long 
and if one wants to perform washout experiments they have to be done carefully. But, technically, 
this is possible. I leave it to others to determine whether this is ultimately an important note or not. 
 
We thank the reviewer for raising this point. Our statement that erastin is an irreversible inhibitor 
was based on a previous study highlighting the irreversibility of xCT inhibition by erastin 1. That 
study showed that transient exposure of cells to erastin (5 minutes), followed by washing-out, 
could lead to prolonged (24 hours) suppression of cystine uptake, albeit the mechanism remains 
elusive. We agree with the reviewer that since erastin is a non-covalent inhibitor, it is technically 
possible to wash-out erastin. Nevertheless, the proposed experiment to address the previous 
comment by reviewer 2 requires complete and immediate reversal of xCT inhibition. Considering 
the observations made in that previous study 1, it would be challenging to guarantee complete 
reversal of xCT inhibition and obtain conclusive results. 
 
P2. Line 29 of the Abstract. Is “media” the correct word here? It does not seem like the right word. 
I see it used again in Line 57 and 59, which suggests perhaps that this is a term of art in the 
trigger wave field. Perhaps this is the only word to use. But, it is also possible that the manuscript 
would benefit from a careful definition of what this means since, to many cancer cell biologists, 
the “media” is simply the fluid that a cultured cell grows in, not something that is “excitable and 
bistable”. Indeed, the Author’s use media in this latter sense themselves in Line 96 (where 
grammatically this should perhaps be ‘medium’, the singular, not ‘media’, the plural). 
 
The term “bistable media” is widely used in various research areas in physics, particularly in 
studying travelling waves 2,3 and pattern formation 4,5. Here, “media” refers to ensembles of 
spatially-coupled entities over which signals can propagate as waves. In the context of ferroptosis 
trigger waves, the bistable “media” are “cell populations”, which comprise spatially-coupled 
bistable systems, i.e., individual cells, over which ferroptosis propagates. To avoid confusion, we 
have made the following textual changes:  
 

1. In line 29 of the revised Abstract, we stated that the bistable media is the “media over 
which ROS propagates”.  

2. In line 54, we stated that the bistable media is the “media over which signals are 
regenerated and transmitted”.  

3. In line 56, we replaced bistable “media” with bistable “cell populations” in the context of 
cell death propagation. 

4. In lines 255-256, we state that the bistable medium is the medium “over which ROS can 
propagate as trigger waves”. 

5. In line 390-391, we have replaced “media” with “cell populations”.  
 
In line 94 where “media” refers to the culture media in which cells are grown, we have now 
changed “media” to “medium”.  
 
Referee #1 (Remarks on code availability): 
I am not a software person. I do not know how to evaluate code. 
 
 
Referee #2 (Remarks to the Author): 



The authors have strengthened this manuscript substantially. In particular I found the new data 
on muscle sculpting in Fig 5 to be stronger than what was in the original manuscript, although, 
admittedly, my knowledge of limb developmental biology is pretty minimal. In both the paper and 
the rebuttal, the authors more emphatically and convincingly make the case that something other 
than apoptosis contributes to programmed cell death during development, and that in limb 
development ferroptosis is important. 
 
I have some minor criticisms of the early parts of the paper, which I delineate below, but overall I 
think this is important work. It provides convincing cell culture evidence that ferroptosis can spread 
from cell-to-cell via a diffusible factor that is released from a one ferroptotic cell and then gets 
amplified up by a not-yet ferroptotic target cell, leading to constant speed, constant amplitude 
trigger waves of ferroptosis propagating through the culture. And it puts this cell culture work into 
a physiological context via the evidence for ROS and ferroptotic waves in limb development. 
 
We are grateful for the reviewer’s positive assessment about our work’s quality and impact. To 
address the reviewer’s concerns, we have made textual changes and incorporated a graphical 
illustration to enhance readability, as detailed below.  
 
Specific minor criticisms: 
P1. I do not think readers are going to be able to understand the data presented in Extended Data 
Figure 1. The authors need to explain what the vector fields, polar distribution plots, and entropies 
mean, and explain what differences in these measures would be expected if you have ferroptosis 
spreading from a discrete source versus ferroptosis occurring independently in each cell. 
 
We thank the reviewer for this suggestion. To help readers understand the data presented in 
Extended Data Figure 1, we have made a graphical illustration on how different death kinetics 
impact the vector fields, polar distribution plots and entropies (Extended Data Fig. 1c). We have 
also incorporated a brief description of the vector field, polar distribution plots and entropies in the 
figure legend. Due to the word limit for the Main Text, detailed descriptions of these data have 
been placed in the Methods.  
 
P2. Lines 152-161. I agree that the diffusible mediator of ferroptosis is almost certainly a free 
radical other than hydrogen peroxide (Extended Figure 8), but I do not find the speculation that 
it/they is/are a lipid peroxide compelling. It could be a membrane-bound lipid peroxide, but it could 
also be a protein or anything in or on an organelle. Perhaps just lay out the various possibilities. 
 
We thank the reviewer for the suggestion. In addition to lipid peroxides, we also mentioned the 
possibility of lipid peroxide byproducts being the potential diffusive molecule in our original 
manuscript. Extracellular vesicles and/or their cargoes have recently been found to spread 
between cells during erastin treatment 6. Proteins that generate ROS (e.g., NADPH oxidase) 7 
can also be released from ferroptotic cells to mediate the spread of cell death. We now state this 
possibility regarding other signaling molecules in the revised manuscript (page 7, lines 158-160). 
 
P3. Figure 3: Do MEK or ERK inhibitors block the increase in wave speed (or perhaps block the 
production of ferroptotic waves altogether) seen after ERK overexpression? I don’t insist on this 
experiment, but if you have the data it would be nice to mention it. 
 
We currently do not have this data. We thank the reviewer for raising this question, which can be 
interesting to explore in the future.  
 



P4. Line 244: Please clarify: do the authors mean that their model predicts that below the critical 
concentration of 0.63 uM, increasing the erastin concentration exerts a relatively mild effect on 
the ROS level of the low-ROS steady state? Or that above the critical concentration of 0.63 uM 
there is little effect of the erastin concentration on the high-ROS steady state? Either way, I would 
think it’s not just a prediction (Fig 4a), but an experimental observation (Fig 4b). 
 
We apologize for the confusion. Our model predicts that when the erastin concentration is 
increased from 0 to 10 μM, the low ROS steady state is only mildly affected. Unlike this mild effect 
on the low ROS steady state, increasing the erastin concentration accelerated the wave speed. 
We think that this is an interesting feature of the system, i.e., the change in the ROS system with 
respect to increasing levels of erastin is not very apparent unless ROS perturbations (e.g., 
photoinduction) are introduced to probe for the existence of an alternative steady state (i.e., high 
steady state) that allows trigger wave occurrence. This scenario represents a testable prediction 
derived from our model (Fig. 4a) that was experimentally validated (Fig. 4b). To avoid confusion, 
we have now clarified this point in page 11, lines 236-239. 
 
Referee #3 (Remarks to the Author): 
This revised manuscript, "Emergence of large-scale cell death via trigger waves of ferroptosis" 
has been substantially improved in revision. This reviewer was asked to comment on limb 
development portion, but unlike the previous version, I was able to follow the rationale, data, and 
conclusions through the first four figures as well. Will leave to other experts to make appropriate 
scientific comments, but readability of manuscript is excellent. 
The additional experiments and data in Figure 5 (and associated Suppl Figs 18-20) provide 
excellent proof of principle in vivo in a way that will be appreciated by people in the field. 
 
We thank the reviewer for the positive remarks and questions that have helped us to enhance the 
depth and rigor of our work. 
 
One remaining comment, which is meant only to reflect this reviewer's curiosity (and perhaps 
others from this field), if there is room in the discussion/end of manuscript, how do the authors 
think about both apoptosis and ferroptosis occuring in these biologically relevant areas? It is clear 
from their data this is occurring, but why both and what could distinguish cells that are presumably 
going through the same developmentally regulated process (cell death) via both of these distinct 
mechanisms? 
 
We thank the reviewer for this inspiring question. A number of recent studies have shown the 
occurrence of both apoptosis and ferroptosis in various pathological contexts, such as during 
acute kidney injury 8, intracerebral hemorrhage 9, and age-related macular degeneration 10. In this 
study, we show that both apoptosis and ferroptosis occur for muscle mass remodeling during limb 
development. However, how and why both apoptosis and ferroptosis pathways occur in these 
contexts remain elusive. 
 
There are multiple possible scenarios explaining how and why both apoptosis and ferroptosis 
occur during development. One possibility is that both apoptosis and ferroptosis are activated by 
the same developmental signal, and whether cells undergo apoptosis or ferroptosis depends on 
which pathway is activated predominantly or more rapidly. Another possibility is that the 
ferroptosis and apoptosis pathways buffer each other, such that when one cell death pathway 
fails to be activated, the other cell death pathway is activated as a compensatory mechanism. 
Both above-mentioned mechanisms would enable robust control of cell death by the 
developmental signal.  
 



In terms of what could distinguish cells undergoing both apoptosis and ferroptosis from cells 
undergoing conventional programmed cell death (apoptosis), this is an intriguing question. It is 
tempting to speculate that different developmental signals regulating cell death might determine 
whether both cell death pathways or a single pathway is activated. For example, developmental 
signals that rely on ROS to induce cell death might activate both the apoptosis and ferroptosis 
pathways.  
 
These are some exciting questions worth exploring in the near future. Although we are 
enthusiastic about discussing these points in the manuscript, we have been unable to incorporate 
them into the revised manuscript due to space constraints. Nevertheless, we hope that our study 
will prompt future studies on this subject.  
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