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REVIEWERS’ COMMENTS

Reviewer #1 (Remarks to the Author):

In this report the authors wish to show that in NRASQ61R mutant melanomas “glucose deprivation
promotes a switch from CRAF to BRAF, rendering the cells sensitive to sorafenib” and BRAF
sustains glucose metabolism through the phosphorylation of PFKFB2/PFKFB3 .

This manuscript is problematic in the way it is written and presented.

The authors show in Figure 1 that glucose starvation enhances the levels of pERK in NRASQ61R
but not in BRAFV600E melanoma cells. This response was suppressed by treatment with the
tyrosine kinase inhibitor sorafenib, suggesting the activation of a kinase.

The problems start with Figure 2. In this figure the role of RAF1 and BRAF are examined.
The authors conclude that the main mechanism is “concomitant activation of BRAF” because
“glucose starvation promoted the phosphorylation of BRAFS445”,

However, Figure 2d shows that CRAF (i.e., RAF1) protein disappears upon treatment with G.S.
(glucose starvation) and sorafenib, a point not even mention or discussed in the manuscript. In
addition, total levels of BRAF (not just pBRAF) are proportionally enhanced in each case, again, not
indicated by the authors.

The authors continue:

“However, we observed an increase in the immunoprecipitated BRAF amount in response to
glucose starvation (as early as 15 min after treatment initiation), compatible with the formation of
BRAF homodimers (Fig. 2f).”

The reason for BRAF homodimers formation is the absence of RAF1. The authors do not show RAF1
and BRAF proteins in the precipitates but rather Fig. 2f shows p-MEK1 and MEK1 appearing in
different lanes that are not marked, so we don’t know what is going on.

The conclusion that "While in basal conditions CRAF was the kinase signaling and BRAF was barely
active, under metabolic stress BRAF became active while CRAF was turned off (Fig. 2g)” is wrong.
The absence of CRAF activity is due to the lack of protein, not lack of activity.

There is no panel marked with g in Fig. 2!

In addition, Figure 2 contains a blot with antibodies to Bax, Bim and MCL1 that is not mentioned in
the discussion of this Figure, nor in the Figure legend or later on in any other place (except the
purchase of the antibodies).

Likewise, several panels in Fig. 3 are not marked.

The language is awkward and needs to be corrected.
Examples: switch of RAF use isoform, form CRAF to BRAF

However, NRAS mutant melanomas lack of specific line of treatment.

Given the success targeting sustaining proliferative signaling.
long-lasting therapeutic responses are limited, and if metastatic, it stands as a difficult type of
cancer to treat.

Reviewer #2 (Remarks to the Author):

The authors studied the possible relationship between the oncogenic alterations of the MAPK

pathway (NRASQ61 and BRAFV600E mutations) and metabolic stress in melanoma. They showed
that glucose starvation induces ERK hyperactivation and sensitized NRASQ61 mutant melanomas
to sorafenib-mediated cell death. ERK activation upon metabolic stress was NRAS-dependent and
promoted a switch in the use of BRAF instead of CRAF to activate the MAPK pathway. BRAFV600E



and NRASQ61 mutant melanoma cells show different metabolic profiles and glucose but not
pyruvate nor glutamine rescues sorafenib-induced cell death upon metabolic stress conditions. The
authors suggest a link between PFKFB2/3 and RAS-ERK1/2 pathway through phosphorylation of
PFKFB2 by BRAF.

The study is interesting and in general the data are clear and solid. However, several important
shortcomings must be addressed as described below.

There are no indications in the manuscript of the dose of inhibitors used in all the experiments
except in Figure 3C where a high dose of Sorafenib (15uM) is used. The lack of these details
makes it very difficult to interpret the data correctly and could suggest nonspecific effects of high
doses of sorafenib.

Figure 1A : The authors should show that the phosphorylation of MEK follows the phosphorylation
of ERK to demonstrate that glucose starvation acts upstream of ERK rather than downstream of it.

Figure 2 : Figure 1A showed a rapid induction of ERK after 30 min of glucose starvation in RAS
mutated cell lines. However, to decipher the molecular mechanism of this induction, all the
experiments presented Figure 2 are done after 4 hr of glucose starvation. This time discrepancy
makes it difficult to validate the switch of BRAF instead of CRAF as a driver of ERK induction. In
these conditions, one cannot rule out that BRAF activation is a consequence and not a cause of
ERK hyperactivation.

Figure 2b : It is striking and in contradiction with published data that NRAS inhibition in NRAS-
mutated cells has no effect on ERK phosphorylation in the control conditions (C). It has been
widely shown that MAPK activation is dependent on RAS in RAS-mutated cells. How can the
authors explain this discrepancy?

Figure 2d: The most striking effect in this experiment is probably the complete inhibition of CRAF
expression in the four cell lines treated with GS+sor which is surprisingly not addressed in the
manuscript. Knowing that sorafenib regulates translation by inhibiting EIF4E phosphorylation, the
effect of sorafenib could be explained by an inhibition of translation enhanced by glucose
starvation. Is there any evidence to discredit the inhibition of translation by sorafenib in these
experiments?

Figure 2f: The changes in CRAF and BRAF phosphorylations and the in vitro kinase activities
suggest a switch in RAF isoform upon glucose starvation. However, because the phosphorylation of
RAF on these sites is not a definitive marker of its activity and because the kinase activity is
realised in vitro, the switch in RAF isoform need to be confirmed using siRNA to disrupt BRAF or
CRAF and evaluate the effect on ERK phosphorylation.

Figure 4c: It is not clearly indicated which alterations have been evaluated. Did the authors
consider only genetic alterations (mutations, copy-number alterations) or included mRNA
expression? What is the fraction of melanoma presenting alteration of PFKFB2 in the Firehorse
Legacy study used.

Figure 5A : Induction of PFKFB2 phosphorylation by glucose starvation is only seen in two out of
four cell lines making it impossible to draw a general conclusion on PFKFB2 phosphorylation
induced by glucose starvation.

Figure 5E: Although the in vitro phosphorylation of PFKFB2 by BRAF is convincing (figure 6f) the
decrease in PFKFB2 phosphorylation with BRAF siRNA is not. The decrease in PFKFB2
phosphorylation parallels the decrease in PFKFB2 total protein. Therefore, the ration p-PFKFB2/
PFKFB2 does not seem to vary upon BRAF inhibition making it impossible to conclude on the effect
of BRAF on PFKFB2 phosphorylation ex vivo.

The two points raised above show that this work does not clearly support the claim that there is a
connection between glucose starvation, phosphorylation of PFKFB2 and BRAF. Additional evidences
are needed to draw this conclusion.



Figure 6k: The data presented connect PFKFB2 and PFKFB3 expressions to ERK phosphorylation
upon glucose starvation. There is however no explanation in the text and in Figure 8 to explain
how PFKFB2 and PFKFB3 can regulate ERK activity upon glucose starvation.

Minor points:

Figure 2c : The western blot is not described in the text.

Figure 6b: Was CRAF present in the His-PFKFB2 pull down?

Figure 7b : The western blot is not described in the text.

Figures 6e/h lack control with GST alone or IgG.

Figure 6k: The opposite effects on ERK phosphorylation and ERK expression is striking. How can
the authors explain the presence of phosphorylated ERK but the absence of total ERK proteins in
some samples?

Reviewer #3 (Remarks to the Author):

This is an interesting study from McGrail et al., that shows that NRAS-Q61 mutated melanomas
rely on glucose metabolism, and that inhibition of glycolysis through inhibitors or glucose
deprivation sensitize these cells to sorafenib treatment. In particular, glucose deprivation of NRAS-
Q61 mutated melanomas triggers a switch from CRAF to BRAF signalling, resulting in PFKFB2
phosphorylation and sustained glycolytic activity. A feedback loop hyperactivates the RAS-ERK1/2
pathway, which in turn sensitizes cells to sorafenib treatment.

Some major considerations:

1) The seahorse data (Fig. 3) indicate lower levels of both ECAR and OCR in NRAS-Q61 cells as
compared to BRAF-V600E cells. Based on these data, the authors speculate that glucose
metabolism is particularly relevant for NRAS-Q61 cells, because it is used in pathways that branch
off from glycolysis. It would be important to quantify glucose uptake in both types, e.g. using
fluorescent NBD-glucose, to estimate how much glucose both cell types use. To substantiate the
claim that glucose is used to generate macromolecule intermediates or reducing power, the
authors should perform a tracing experiment using [U-13C]-glucose to show remodelling (and not
just dampening) of glucose metabolism. Preferable, such tracing experiments are performed both
in the presence and absence of sorafenib.

2) From Figure 5, the authors conclude that NRAS-Q61 but not BRAF-V600E melanomas sustain
PFK1 activity rates. Are the differences in figure 5f significant? Please indicate. Also, the
differences between BRAF and NRAS mutated melanoma types seem to be driven by differences in
PFK1 activity under basal conditions (30 versus 20 mU/ug protein, respectively). Upon glucose
starvation, the residual activity appears more or less equal (15 mU/ug protein in both types),
suggesting that glucose starvation is reducing PFK1 activity to similar levels in both types. Can the
authors please comment on this?

3) The authors claim from supplementary Figure 4B that the maintenance of PFK1 activity is
accompanied with a sustained production of F2,6-BP and F1,6-BP. However, F2,6-BP levels are
lowered by glucose starvation in all cell lines tested. To nonetheless make the claim that F2,6-BP
production is sustained, the authors should include mutant BRAF cells in these experiments as a
control.

4) The authors link PFKFB2/3 to the ability of NRAS-Q61 melanomas to induce ERK1/2
phosphorylation under conditions of glucose starvation (Fig 6k). The link between PFKFB2/3
phosphorylation and sorafenib sensitivity is however less convincing. If PFKFB2/3 are indeed key
regulators of this process, one would expect that PFKFB2 and/or PFKFB3 overexpression sensitizes
cells to sorafenib treatment. The authors should show this.

Minor comments:
1) How is ATP-linked respiration calculated in figure 3a? ATP-linked respirations is defined as the
difference between the basal respiration and the proton leak, and appears larger in BRAF-V600E



cells compared to NRAS-Q61 cells (judging from the left graphs).

2) In Figure 4b, the authors zoom in on glycolysis. The reason for this is not well explained in the
text. Arguably, many other metabolic and signalling pathways are also critical for the response to
glucose starvation, and studying these may identify other key regulators of the response to
metabolic stress. Can the authors provide additional explanation to justify their choice?

3) Several subfigures in Figures 5 and 6 are not correctly referred to in the text, e.g 5f, 5g, 5h and
6d. Please check.

4) In figure 5h, does adding F2,6-BP to cells induce similar phosphorylation of ERK1/2 under
glucose deprivation conditions?

5) Figure 6b/6c: the differential effects of G.S. + Sor treatment on BRAF and NRAS melanomas
seem more pronounced on western blot compared to the phosphoproteomics results: on western
blot PFKFB2-S483 phosphorylation is completely inhibited in NRAS cells, but hardly affected in
BRAF cells. Using phosphoproteomics, peptides containing phosphorylated S483 seem substantially
downregulated in both cell lines. Can the authors comment on this apparent difference?

Reviewer #4 (Remarks to the Author):

This study investigates the response of NRAS mutant melanoma cells to glucose starvation as
compared with BRAF mutation. The results show that glucose starvation induced a rapid hyper-
phosphorylation of ERK1/2 in NRAS mutant cell lines, while not in BRAF mutant cells. The authors
suggested that glucose starvation induced a NRAS mutant-BRAF-ERK-PFKFB2/3-PFK1-NRAS
activation feedback loop to support melanoma cell survival. They also showed that glucose
starvation or 2-DG sensitizes NRAS mutant cells to sorafenib treatment. It is a interesting study.
However, there are many issues for this study. The conclusion of glucose starvation inducing the
switch of CRAF to BRAF downstream of NRAS mutant and following feedback loop is mainly based
on consumption and hypothesis, lacking experimental validation. There are also many
inconsistency in figures, and missing and wrong-labeled information. Overall, the study is
premature and conclusion can not be supported by provided data.

Main issues:

1. It is unclear how glucose deprivation triggers the CRAF/BRAF isoform switch downstream NRAS
mutant. The study stated that NRAS mutant activates BRAF, but there is no direct data evidence
showing that NRAS mutant binds to BRAF. Fig. 2a pull-down assay used CRAF-binding domain to
pull down NRAS, which showed that dramatically increased upon glucose starvation, opposite to
the switch claim. BRAF-binding domain should be tested.

2. The study claims that NRAS mutant through activation of BRAF to support melanoma cell
growth. in Fig. 2d, could siBRAF mimic Sorafenib cell killing effects in glucose starvation condition?

3. Fig. 2d, p-BRAF S445 band shows very minor effects in response to glucose starvation, not
consistent with p-ERK1/2 levels. Fig. 2C should check caspase 3/6/9 cleavage and PRAP for
apoptosis marker.

4. Fig. 4. Many panels showing the changes of p-PFKFB2 levels upon glucose starvation are very
minors, difficulty to conclude that glucose starvation activates PFKFB2 in NRAS mutant cells. Fig
5e, p-PFKFB2 levels change very minors upon siNRAS or siBRAF.

5. Fig. 6a, there is no BRAF protein shown in PFKFB2 pull-down protein list, which do not support
their direct association. Fig. 6d, thee is no increase of PFKFB2 and BRAF binding upon glucose
starvation compared with control. Fig. 6h, lacking negative pull-down control.

6. Fig. 7a, should also test PFKFB2 levels upon 2-DG treatment. Fig. 7b should test caspase 3/6/9
cleavage. There is no explaining for what is the mean for BIM, MCL1, BAX levels in the text.

7. Fig. 8. The proposed model is not strongly supported by provided data, there are too many
mechanistic gaps for the feedback loop, lacking experimental data support the connection between



PFK1/SOS1/NRAS mutant activation and following pathway.

8. The study should specific indicate glucose starvation, instead to use metabolic stress in whole
study as metabolic stress can include many different types of stress.

There are also many mis-information:

1. In supplementary figure 1a, "NRASQ61 mut” and “"BRAFV600E mut” should be switched.
2. In supplementary figure 1b, could you explain why DUSP1 mainly expresses in nucleus in
NRASQ61 mutant cells and only expresses in cytoplasm in BRAFV600E mutant cells.

4. In the main text, there are too much errors in the citations of figures.
Some samples are as follows, please check:

cited in main text Supposed version
Supplementary Fig. 1c Supplementary Fig. 1d
Fig.2e Fig.2d

Fig.2f Fig.2e

Fig.2g Fig.2f

Figure 4c after Fig.5b Fig.5c

Fig.4d after Fig.5b Fig.5d

Fig.4e after Fig.5b Fig.5e

Fig. 5c Fig.5f

Fig. 5d Fig.5g

Fig 5e Fig.5h

Second Fig. 6¢ Fig. 6d

5. There is no Fig. 2g.

6. please check Fig. 5e and result statement regarding F1,6-BP promoted the phosphorylation of
ERK1/2..., no data found. Which cell line?

7. Almost all the inhibitors, such as sorafenib, salirasib, regorafenib and salirasib, are not labelled
with the dosage in the figure caption.



RESPONSE TO REVIEWERS' COMMENTS:

Reviewer #1 (Remarks to the Author):

In this report the authors wish to show that in NRASQ61R mutant melanomas “glucose
deprivation promotes a switch from CRAF to BRAF, rendering the cells sensitive to sorafenib”
and BRAF sustains glucose metabolism through the phosphorylation of PFKFB2/PFKFB3 .

This manuscript is problematic in the way it is written and presented. The authors show in
Figure 1 that glucose starvation enhances the levels of pERK in NRASQ61R but not in BRAFV600E
melanoma cells. This response was suppressed by treatment with the tyrosine kinase inhibitor
sorafenib, suggesting the activation of a kinase.

The problems start with Figure 2. In this figure the role of RAF1 and BRAF are examined.
The authors conclude that the main mechanism is “concomitant activation of BRAF” because
“glucose starvation promoted the phosphorylation of BRAFS445”.

We are not sure about the difficulties the referee is referring to. Chronologically in Fig.
2 we show that NRAS oncogene needs to be activated to observe the effects promoted by
glucose starvation (G.S.) (Figs. 2a and 2b), furthermore inhibition of NRAS in the absence of
glucose promotes the same deadly effects as the combination of G.S. and sorafenib (old-Fig
2c, new supplementary Fig 2a). Since the use of U0126 or trametinib (MEK1/2 inhibitors)
under G.S. did not lead to cell death (Fig. 1d), the data suggested the involvement of RAF
proteins in the mechanism. RAF proteins activity is tightly controlled by both intramolecular
and extra-molecular interactions, many of them mediated by phosphorylation-
dephosphorylation of particular residues. In this matter phosphorylation of CRAF Ser259 and
Ser289/Ser296/Ser301cluster is associated to the resting inactive state of the protein, while
activation of the CRAF involves phosphorylation at multiple activating sites, including Ser338.
BRAF Ser445 is the equivalent to Ser338 in CRAF, and even though this residue is
constitutively phosphorylated, Ser445 phosphorylation still contributes to BRAF activation by
elevating basal and consequently RAS-stimulated activity. We show that residues Ser259 and
Ser289/Ser296/Ser301 of CRAF as well as Ser445 of BRAF become phosphorylated in
response to G.S through PKA and AKT, inactivating CRAF and contributing to BRAF activation
(Supplementary Fig. 2b-d). We have added the quantification of p-BRAF Ser445 normalized
by the amount of BRAF/GAPDH showing an increased amount of p-BRAF Ser445 in NRAS
mutant cells after G.S. In addition to this, supplemental Fig. 2e (old Fig. 2e) shows the
increased amount of BRAF immunoprecipitated compatible with the formation of homodimers,
beginning as early as 15 minutes after G.S. Finally, the in vitro kinase activity (in triplicates,
as stated in the figure legend) of immunoprecipitated CRAF and BRAF showed, the activation
of BRAF and the inhibition of CRAF kinase activity after G.S. Altogether, this evidence led us
to conclude that G.S. promotes the inactivation of CRAF with the concomitant activation of
BRAF, not only because of the phosphorylation state of p-BRAF Ser445. Nevertheless, in Fig
2c we have added a time course (early time points) of immunoprecipitated BRAF and CRAF
showing the accumulation of BRAF phosphorylated at Ser445 and CRAF phosphorylated at
Ser259 and cluster Ser289/Ser296/Ser301. Importantly, this experiment also shows the
increased binding of NRAS to the immunoprecipitated BRAF as early as 15’ after G.S., while
there was no variation/decreased in the amount NRAS associated to CRAF. In addition to this,
partial depletion of either BRAF or BRAF/CRAF results in a decreased response to G.S. while
no effects can be observed after CRAF depletion (Fig. 2f-g). Overall, all these data support
and confirm the involvement of BRAF in the proposed mechanism.

However, Figure 2d shows that CRAF (i.e., RAF1) protein disappears upon treatment with G.S.



(glucose starvation) and sorafenib, a point not even mention or discussed in the manuscript. In
addition, total levels of BRAF (not just pBRAF) are proportionally enhanced in each case, again,
not indicated by the authors.

We thank the reviewer comment. This is a good question that has been addressed
and discussed in the manuscript. Nevertheless, we want to clarify that the mechanism
described in response to G.S is independent of the apparently degradation of CRAF promoted
by sorafenib under G.S. In relation to this, several years ago it was demonstrated that
dephosphorylation of Ser259 in CRAF regulated it association to the membrane?. Sorafenib
treatment inhibited the G.S.-induced phosphorylation of Ser259. Thus, as showed in the below
figure and Supplementary Fig 2f-g, treatment of cells with sorafenib under G.S (1h and 4h)
promoted the accumulation of CRAF in the cell lysates insoluble fraction. Furthermore, CRAF
appears not to be degraded via the proteasome, since treatment of cells with proteasome
inhibitor MG-132 led to the accumulation of CRAF in control conditions as well as 1h or 4h
after G.S. However, in the presence of sorafenib under G.S. (at 1h and 4h) CRAF amounts
decreased. Thus, the disappearing of CRAF in G.S. condition in the presence of sorafenib is
not due to CRAF degradation, but its traslocation to the membrane and association to the non-
soluble fraction of cell lysates. This data also argues with the reviewer's comment suggesting

that “The absence of CRAF activity is due to the lack of protein, not lack of activity”.
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(a) SkMel103 cells were subjected to the indicated treatments, G.S. (glucose starvation) Sor. (sorafenib 10uM) in the presence
or absence of the proteasome inhibitor MG-132. Western blot show the amounts of the indicated proteins. (b) Western blot
showing the indicated proteins in the soluble and insoluble lysate fractions upon the indicated treatments.

In respect to the BRAF amount, it is true that the levels BRAF accumulated in G.S.
condition. This accumulation can be also observed in a cell dependent manner upon
G.S.+gluc(2h) or G.S.+gluc(2h)+sorafenib. As above mentioned, it is known that S445
phosphorylation contributes to BRAF activation by elevating basal and consequently RAS-
stimulated activity. In the figure the reviewer is referring to, p-BRAFS#4 is only accumulating
in G.S. treated samples (in a cell independent manner). The modification on BRAF molecules
upon G.S. can also be observed by the slight band shift observed upon this condition. We
have quantified and normalized the p-BRAFS4° respect the BRAF/GAPDH amounts and the
values have been added to the figure. Additionally, and as above stated, we have added
additional experiments (Fig 2c-time course of immunoprecipitated BRAF in response to G.S.
and supplementary Fig 2f-g) that provide further evidence and clearly support the participation
of BRAF in the proposed mechanism.

The authors continue:

“However, we observed an increase in the immunoprecipitated BRAF amount in response to
glucose starvation (as early as 15 min after treatment initiation), compatible with the formation
of BRAF homodimers (Fig. 2f).”

The reason for BRAF homodimers formation is the absence of RAF1. The authors do not show
RAF1 and BRAF proteins in the precipitates but rather Fig. 2f shows p-MEK1 and MEK1 appearing
in different lanes that are not marked, so we don’t know what is going on.



We are sorry about the misunderstanding. The homodimer formation occurs in
response glucose starvation in the absence of any drug. Moreover, the above explanation
demonstrates that CRAF is not disappearing in G.S+Sor condition. In supplemental Fig. 2e
(old Fig. 2e), we show the immunoprecipitated BRAF and CRAF in control conditions and after
glucose starvation in a time course manner, in two different NRAS mutant cell lines. The right
half of the blots show that cells express plenty amounts of CRAF. The expression of CRAF
under glucose starvation can be also observed in Fig. 2d-2e.

In Fig 2d, BRAF and CRAF were immunoprecipitated in three different experiments
per condition. Then a kinase assay was performed using recombinant MEK1 as a substrate.
We have added the amounts of BRAF and CRAF immunoprecipitated in the kinase assay.

The conclusion that “While in basal conditions CRAF was the kinase signaling and BRAF was barely
active, under metabolic stress BRAF became active while CRAF was turned off (Fig. 2g)” is wrong.
The absence of CRAF activity is due to the lack of protein, not lack of activity.

Again, we are sorry for the misunderstanding. As above exposed, we show evidence
supporting the inactivation of CRAF (phosphorylation of CRAF Ser259 and
Ser289/Ser296/Ser301) and increased activity of BRAF (phosphorylation at Ser445).
Moreover, as showed in Supplementary Fig. 2e (old Fig. 2e) and Fig 2d-e, the amounts of
CRAF under glucose starvation do not change. In addition to this, new Fig. 2c also shows the
accumulation of pBRAF®* and the recruitment of NRAS to BRAF immunocomplexes 15’ after
G.S. supporting our statement and the mechanism.

There is no panel marked with g in Fig. 2!

¢
This typo has been corrected accordingly.

In addition, Figure 2 contains a blot with antibodies to Bax, Bim and MCL1 that is not mentioned
in the discussion of this Figure, nor in the Figure legend or later on in any other place (except
the purchase of the antibodies).

We understand the reviewer’s concern. This figure has become supplemental Fig.
2a. The purpose of the blot in old Fig 2c is to molecularly support the results from the flow
cytometry data showing the apoptosis promoted by the combination of NRAS inhibitors
and G.S. Due to the extension of the manuscript, the restricted amount of words allowed
and the relevance of this piece of data contextualized within the whole manuscript, we just
mentioned the relevant biological consequences related to the mechanism we are
describing. We have changed the western blots and added more describing information to
the text.

Likewise, several panels in Fig. 3 are not marked.

We assume that the confusion comes from Fig 3a. Initially we did not add marks
to the graphs on the right part of the figure because this data is inferred from the metabolic
profiles (Seahorse technology) showed on the left. Nevertheless, to satisfy the reviewer
we have added new marks to the graphs (Fig 3b, and Fig 3c). Now old Fig 3b, 3c and 3d.
have become new Fig 3d, 3g and 3h respectively. Text has been corrected accordingly.

The language is awkward and needs to be corrected.
Examples: switch of RAF use isoform, form CRAF to BRAF
However, NRAS mutant melanomas lack of a specific line of treatment.



Given the success targeting sustaining proliferative signaling.
long-lasting therapeutic responses are limited, and if metastatic, it stands as a difficult type of
cancer to treat.

We revised the text accordingly.
Reviewer #2 (Remarks to the Author):

The authors studied the possible relationship between the oncogenic alterations of the MAPK
pathway (NRASQ61 and BRAFV600E mutations) and metabolic stress in melanoma. They showed
that glucose starvation induces ERK hyperactivation and sensitized NRASQ61 mutant melanomas to
sorafenib-mediated cell death. ERK activation upon metabolic stress was NRAS-dependent and
promoted a switch in the use of BRAF instead of CRAF to activate the MAPK pathway. BRAFV600E
and NRASQ61 mutant melanoma cells show different metabolic profiles and glucose but not
pyruvate nor glutamine rescues sorafenib-induced cell death upon metabolic stress conditions. The
authors suggest a link between PFKFB2/3 and RAS-ERK1/2 pathway through phosphorylation of
PFKFB2 by BRAF.

The study is interesting and in general the data are clear and solid. However, several important
shortcomings must be addressed as described below.

1. There are no indications in the manuscript of the dose of inhibitors used in all the experiments
except in Figure 3C where a high dose of Sorafenib (15uM) is used. The lack of these details makes it
very difficult to interpret the data correctly and could suggest nonspecific effects of high doses of
sorafenib.

The reviewer is right, we have added this information accordingly. We agree with the
reviewer that we could be in the high range concentration of sorafenib, however, this
concentration has been widely used by the scientific community (Refs. 2 3 4 5 6 7)
Nevertheless, as showed in the figure below, the effects of sorafenib inhibiting ERK1/2
activation and promoting cell death upon G.S. conditions are exactly the same at 5uM, 10uM
or 15uM, discarding any nonspecific effects of sorafenib.

Sorafenib Sorafenib Sorafenib
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SKMel103 and SKMel147 cells were treated with the indicated concentrations of sorafenib in glucose starvation (G.S.)
conditions. Western blot shows the inhibition of ERK1/2 phosphorylation at the indicated concentrations of sorafenib. On the
right cell death was equally promoted using all the tested concentrations.

2. Figure 1A: The authors should show that the phosphorylation of MEK follows the
phosphorylation of ERK to demonstrate that glucose starvation acts upstream of ERK rather
than downstream of it.

We had checked the activation of MEK1/2 in different experiments but they were not
included. We have now added the blots showing the p-MEK1/2 and MEK1/2 amounts to Fig
la. However, there were indirect evidence in the results that supported the upstream



activation of the pathway. Supplemental Fig. 1d shows that MEK1/2 inhibitors U0126 and
Trametinib almost totally block the hyperactivation of ERK1/2 after G.S. Additionally,
knockdown of NRAS abolished the downstream hyperactivation of the pathway in response
to G.S. Altogether these data support both, the oncogene dependency for the observed effect
and the hyperactivation of the pathway upstream ERK1/2.

3. Figure 2 : Figure 1A showed a rapid induction of ERK after 30 min of glucose starvation in RAS
mutated cell lines. However, to decipher the molecular mechanism of this induction, all the
experiments presented Figure 2 are done after 4 hr of glucose starvation. This time discrepancy
makes it difficult to validate the switch of BRAF instead of CRAF as a driver of ERK induction. In
these conditions, one cannot rule out that BRAF activation is a consequence and not a cause of
ERK hyperactivation.

We understand the reviewer concerns. In Fig. 2 there were two experiments (Fig. 2b
and old Fig. 2d -> new Fig. 2e) that were performed at 4hr of G.S. for different reasons.
Although activation of RAS occurs 15-30’ after G.S. (Fig. 2a and new Fig. 2c) which supports
the early upstream RAF activation of the pathway, the experiment in Fig. 2b was performed
4hr after G.S. to assure that even at the longest timing investigated throughout the manuscript,
the hyperactivation of ERK1/2 does not occurs without the participation of NRAS, confirming
the role of the oncogene in the observed response and discarding a downstream feed-back
mechanism. In Fig. 2d, the experiment was performed starving the cells from glucose for 4h,
because this experiment includes the molecular recovery by the addition of glucose after 2 h
of glucose starvation (2+2). We thought that applying these timings (2+2) we will assure the
establishment of a strong response to metabolic stress (G.S.) and then, will give enough time
(if necessary) for recovery, maintaining the longest time of treatment showed throughout the
manuscript. Additionally, old Fig. 2e (new supplemental Fig. 2e) show the formation of BRAF
homodimers as early as 15’ after G.S. and the kinase assay was performed after 1h of G.S.
Nevertheless, we have added new Fig. 2c showing a time course of immunoprecipitated BRAF
and CRAF in response to G.S. The figure shows the accumulation of p-BRAFS*, p-CRAFS2%°
and p-CRAFS289/29/301 gt early time points (15’ and 30°). Importantly this experiment also shows
the recruitment of NRAS to BRAF as early as 15’ after G.S., without any change in the NRAS
molecules bound to CRAF. Altogether, this data supports the inactivation of CRAF
(phosphorylation on Ser259 ; Ser289/296/301 and minimal kinase activity) and the kinase
activation of BRAF (increased detection of Serd445 phosphorylation, increased binding to
NRAS molecules to BRAF at 15’ and the formation of homodimers at 15’). Knowing that BRAF
is the member of the RAF family (ARAF, BRAF and CRAF) with the most potent kinase activity,
showing the highest affinity for MEK1/2 phosphorylation® °, we believe this data rules out the
switch of BRAF instead of CRAF as a driver of ERK hyperactivation.

4. Figure 2b : It is striking and in contradiction with published data that NRAS inhibition in NRAS-
mutated cells has no effect on ERK phosphorylation in the control conditions (C). It has been
widely shown that MAPK activation is dependent on RAS in RAS-mutated cells. How can the
authors explain this discrepancy?

We understand the reviewer’s concern however, there is a fair explanation for this apparently
contradiction. RAS-ERK pathway mediates the signaling of a wide variety of hormones, growth
factors and differentiation factors, as well as tumor-promoting substances. Thus, the different
enzymes within this signaling module are in charge of collecting and funnel different upstream
stimuli that result in a cell biological response. These molecules (modules) are located at
different subcellular localizations to timely accomplish the cell requirements. Thus, just a very
small fraction of them become activated in response to a certain stimulus or at basal level. For
example, up to 3% of cellular CRAF can be found in association with Ras and just between 2-
5% participate in response to a certain stimulus!® 112 |t is also known that the scaffold protein



KSR1 only binds less than 5% of endogenous CRAF3, indicating that KSR1 affects only a
subset of RAF functions, and RAF members might be present in other protein complexes.
Thus, when it comes to knockdown these molecules, depletion of 80-90% of the protein might
not be enough to affect the basal state of the pathway or even the response to certain stimulus,
since just 3-5% of the total protein pools participate in the response. This is what is happening
in Fig. 2b, even though 80-90% of NRAS protein is depleted, the 10% left over is enough to
sustain the basal activity of the pathway, however, the situation is challenged when it comes
to respond to glucose starvation, either by the number of molecules needed, or the absence
of enough molecules at a particular subcellular location. In addition to this, since these cell
lines are addicted to the NRAS®?®* oncogene, reaching the depletion limits where the basal
activity of the pathway is affected, negatively select these cells, making difficult to obtain viable
cells under these circumstances. Similar situation occurs with RAF proteins. As shown in the
figure below, despite the depletion of RAF proteins reaches 80-90% of total protein, this does
not transduce to the basal levels of p-ERK signaling (i.e. SKMel103 cells, similar results
obtained in other NRAS mutated melanoma cell lines) .
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Western blot shows ERK1/2 phosphorylation status in response to glucose deprivation after knockdown of BRAF (left) or CRAF
(right) in SKMel103 cells (NRAS-mutated).

The addiction of these cells (NRAS mutant cells) to RAS pathway signaling makes challenging
to perform the genetic validation of some of the mechanisms involved.

5. Figure 2d: The most striking effect in this experiment is probably the complete inhibition of CRAF
expression in the four cell lines treated with GS+sor which is surprisingly not addressed in the
manuscript. Knowing that sorafenib regulates translation by inhibiting EIFAE phosphorylation, the
effect of sorafenib could be explained by an inhibition of translation enhanced by glucose starvation.
Is there any evidence to discredit the inhibition of translation by sorafenib in these experiments?

We thank the reviewer comment. This is a good question that has been addressed
and discussed in the manuscript. Nevertheless, we want to clarify that the mechanism
described in response to G.S is independent of the apparently degradation of CRAF promoted
by sorafenib under G.S. In relation to this, several years ago it was demonstrated that
dephosphorylation of Ser259 in CRAF regulated it association to the membrane!. Sorafenib
treatment inhibited the G.S.-induced phosphorylation of Ser259. Thus, as showed in the below
figure and Supplementary Fig 2f-g, treatment of cells with sorafenib under G.S (1h and 4h)
promoted the accumulation of CRAF in the cell lysates insoluble fraction. Furthermore, CRAF
appears not to be degraded via the proteasome, since treatment of cells with proteasome
inhibitor MG-132 led to the accumulation of CRAF in control conditions as well as, 1h or 4h
after G.S. However, in the presence of sorafenib under G.S. (1h and 4h) CRAF amounts
decreased. Thus, the disappearing of CRAF in G.S. condition in the presence of sorafenib is
not due to CRAF degradation, but its translocation to the membrane and association to the
non-soluble fraction of cell lysates. Interestingly, this is also true for PFKFB2, which becomes



associated to the insoluble fraction of the cell lysates upon G.S.+Sor. This will also explain the
decreased amounts of PKFKFB2 observed in G.S.+Sor. samples. The mechanism mediating

the translocation of PFKFB2 to the membrane is unknown and under investigation.
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(a) SkMel103 cells were subjected to the indicated treatments, G.S. (glucose starvation) Sor. (sorafenib 10uM) in the presence
or absence of the proteasome inhibitor MG-132.Western blot shows the amounts of the indicated proteins. (b) Western blot
showing the indicated proteins in the soluble and insoluble lysate fractions upon the indicated treatments.

Nevertheless, as suggested by the reviewer, we also checked the possible inhibition
of p-EIF4E by sorafenib. However, as showed in the below figure, while G.S. promotes the
phosphorylation of EIFAE (most likely through the activation of ERK1/2) the amount of p-EIF4E
in G.S.+sor-treated cells do not differ from control cells. Thus, despite the obvious contribution
of EIF4E inhibition by sorafenib to the final CRAF amounts at 4hrs (short timing), it is unlikely
that this mechanism would contribute to CRAF disappearance.
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6. Figure 2f: The changes in CRAF and BRAF phosphorylations and the in vitro kinase activities
suggest a switch in RAF isoform upon glucose starvation. However, because the phosphorylation
of RAF on these sites is not a definitive marker of its activity and because the kinase activity is
realised in vitro, the switch in RAF isoform need to be confirmed using siRNA to disrupt BRAF or
CRAF and evaluate the effect on ERK phosphorylation.

This is a good suggestion; this data has been added as new Figs. 2f-g. In these
experiments the depletion of CRAF did not impede the hyperphosphorylation of ERK1/2
promoted by G.S., however, either depletion of BRAF or both CRAF/BRAF decreased the
hyperphosphorylation of ERK1/2 induced by G.S., confirming the participation of BRAF in the
mechanism and the switch in RAF isoforms.

7. Figure 4c: It is not clearly indicated which alterations have been evaluated. Did the authors
consider only genetic alterations (mutations, copy-number alterations) or included mRNA
expression? What is the fraction of melanoma presenting alteration of PFKFB2 in the Firehorse
Legacy study used.

The data the reviewer refers to was showed on old supplementary Figs. 3c-3d, new
supplementary Figs. 5¢-d. As showed in this supplemental figure we considered all genetic
alterations including mRNA expression regulation. The type of alteration is indicated in the



legend below the graph, which include: in frame mutations, splice mutations, truncating
mutations, missense mutations of unknown significance, missense mutations (putative
drivers), amplifications, deep deletions, mMRNA upregulation and mRNA downregulation.
PFKFB2 was altered (including regulation of mRNA) in 12% of the samples and mutated or
amplified in 7% of the samples.

8. Figure 5A : Induction of PFKFB2 phosphorylation by glucose starvation is only seen in two out of
four cell lines making it impossible to draw a general conclusion on PFKFB2 phosphorylation induced
by glucose starvation.

We understand the reviewer’s concern that is why we tried to be cautious in the original
version of the manuscript stating “PFKFB2 was constitutively phosphorylated at Ser*®* in both NRAS%* and
BRAF5%F mutant cells, however, G.S. induced the further phosphorylation of this residue, in a time-course and
cell line-dependent manner”. It is true that the phosphorylation of PFKFB2 in response to G.S. it is
seen more clearly in certain cell lines. There are cell lines that have a higher basal amount of
p-PFKFB2, where the increase of phosphorylation in response to G.S is minimal or hardly
noticed. Even within the same cell line, tumor cells are metabolically heterogeneous,
according to the genetic alterations and their particular needs at a certain time point (i.e:
nutrient availability, cell cycle phase, intracellular ROS amounts...). Thus, the metabolic
synchronization of cells in respect to the posttranslational modifications of enzymes involved
in the metabolic rewiring is extremely difficult, if not virtually impossible. This situation makes
difficult to observe strong responses frequently, however, it does not mean that they are not
occurring (i.e G.S-induced phosphorylation can be observed in SKMell03 Fig. 6a-d,
SKMell47 Fig. 6b and SKMel28 Fig. 6a-d -> old Fig. 5). Furthermore, there are indirect ways
to observe that this is the case. For instance, it is known that Ser483 phosphorylation induces
the recruitment and binding of 14-3-3 proteins to p-PFKFB2. In Fig 7a-b it can be observed
that 14-3-3 is recruited to PKFKB2 immunocomplexes in response to G.S. Moreover, the
increased phosphorylation of residue Ser483 can also be observed (including in UACC903
cells) in the identified phosphopeptides (semiquantitative). Nevertheless, we have added new
cell lines and experiments subjected to G.S. (figure below and Supplementary Fig 6b) and
guantified the p-PKFB2 amounts in all experiments showed (the new ones and the original
ones). We hope that this explanation and the new results would satisfy the reviewer concerns.
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(a) SKMel103 and SKMel147 cells were subjected to glucose starvation for 1h in the absence or the presence of increasing
concentration of sorafenib. Western blot shows the amount of p-PFKFB2 and PFKFB2 in the soluble cell lysate fraction.
GAPDH is shown as loading control. As expected upon G.S. sorafenib decreased the total PFKFB2 protein levels. (b)
Melanoma cell lines were subjected to G.S. for the indicated time. Western blot showp-PFKFB2 and PFKFB2 amounts upon
treatment. Numbers indicate fold induction of phosphorylation in respect to the control (C).

9. Figure 5E: Although the in vitro phosphorylation of PFKFB2 by BRAF is convincing (figure 6f) the
decrease in PFKFB2 phosphorylation with BRAF siRNA is not. The decrease in PFKFB2
phosphorylation parallels the decrease in PFKFB2 total protein. Therefore, the ration p-PFKFB2/
PFKFB2 does not seem to vary upon BRAF inhibition making it impossible to conclude on the effect
of BRAF on PFKFB2 phosphorylation ex vivo.



The two points raised above show that this work does not clearly support the claim that there is a
connection between glucose starvation, phosphorylation of PFKFB2 and BRAF. Additional evidences
are needed to draw this conclusion.

The reviewer is right. We have repeated the experiment, added a new panel on Fig 6e
showing the effects of G.S. on PFKFB2 phosphorylation in BRAF depleted cells and a new
supplementary Fig 6¢ showing the same kind of experiments in a patient-derived cell line.
However, we have to bear in mind that as observed for BRAF downstream signaling molecules
(i.e. ERK1/2), depletion of 90% of BRAF in response to G.S. led to a partially decrease in the
hyperactivation of the pathway (p-ERK1/2). These still BRAF acting molecules would be able
to regulate PFKFB2. In addition to this, as observed with CRAF, inhibition of RAS-RAF
pathway upon G.S. promoted the association of non-phosphorylated PFKFB2 to the insoluble
lysate fraction (above figure at point 5 and Supplementary Fig 2g), challenging the
interpretation.

Nevertheless, we believe that the connection between G.S., phosphorylation of PFKFB2
and BRAF is strong and solid. First, we show convincing data supporting the switch in the
isoform use from CRAF to BRAF after G.S. We also have showed that hyperactivation of the
pathway in response to G.S. is NRAS oncogene activation-dependent (upstream RAF). A
number of evidence obtained by different techniques in several cell lines, showed that
PFKFB2 becomes phosphorylated in response to G.S (WB, pull downs, mass spectrometry),
and Fig 7b and 7d show the binding of BRAF to PFKFB2 in cell lysates. In addition to the
effects of G.S. on PFKFB2 phosphorylation in BRAF depleted cells showed in new Fig 6e,
PFKFB2 phosphorylation is inhibited upon G.S. by a RAS inhibitor (salirasib), RAF inhibitors
(sorafenib , regorafenib and CTT (specific pan-RAF inhibitor)) and not by MEK1/2 inhibitors
(Trametinib nor U0126) (Fig 6d), pointing out once more to BRAF contribution. Moreover, in
vitro experiments have also demonstrated the binding of BRAF to either PFKFB2 or the
heterodimer/heterotetramer PFKFB2/3,( Figs 7e and 7h). Finally, we show the in vitro
phosphorylation of PFKFB2 by BRAF and not by CRAF, neither ARAF (Fig 7f). Altogether we
think that this data strongly supports that BRAF is responsible for PFKFB2 phosphorylation
after G.S.

10. Figure 6k: The data presented connect PFKFB2 and PFKFB3 expressions to ERK phosphorylation
upon glucose starvation. There is however no explanation in the text and in Figure 8 to explain how
PFKFB2 and PFKFB3 can regulate ERK activity upon glucose starvation.

Rather than PFKFB2 and PFKFB3 expression, is their regulation upon G.S what is
connected to ERK1/2 phosphorylation. Briefly, it is known that NRAS mutant melanoma cells
use CRAF instead of BRAF (the isoform used by normal melanocytes) to signal. Among
others, this is promoted by the increase in phosphodiesterase activity, which degrades cAMP
thereby preventing inhibition of CRAF by PKA. G.S would promote the inactivation of CRAF
by inducing PKA and/or AKT activity, both involved in the inactivation of CRAF* 1617 and the
latter also involved in the phosphorylation of BRAFS#45 18, NRAS mutant cells appear to be
dependent on glucose metabolism and are not very flexible using other sources of energy in
the absence of glucose. Under G.S. BRAF phosphorylates PFKFB25¢83 which increases the
kinase activity of PFKB2 that was found to be forming heterodimers/heterotetramers with
PFKFB3, an isoform with an enhance kinase activity. This in turn, helps to sustain glucose
metabolism by the production of Fru-2,6bisP an allosteric activator of PFK1, the main regulator
of glycolysis leading to the production of Fru-1,6bisP. Few years ago, it was discovered that
Fru-1,6-bisP couples glycolytic flux to the activation of RAS, by activating SOS1'°. We have
showed that addition of Fru-1,6-bisP under G.S regulate ERK1/2 phosphorylation, and
S0OS1/2 depletion impedes ERK1/2 hyperactivation by Fru-1,6-bisP under G.S. This data links
BRAF activation after G.S. with glycolysis, connecting the glycolytic flux with NRAS activation,
which we demonstrated is necessary for ERK1/2 hyperactivation upon G.S.



This point has been addressed accordingly.
Minor points:
Figure 2c : The western blot is not described in the text. apoptosis

This figure has become supplemental Fig. 2a. The western blots have been substituted for
new ones showing PARPL1 clv-caspase-6 and BAX and cited in the text accordingly

Figure 6b: Was CRAF present in the His-PFKFB2 pull down?
No, we did not detect CRAF in the His PFKFB2 pull down.
Figure 7b : The western blot is not described in the text. Apoptosis

We added new data supporting an AlF-dependent necroptosis promoted by sorafenib either
in G.S. or in the presence of 2DG (new Fig. 8c-d). These results have been cited accordingly
in the main text.

Figures 6e/h lack control with GST alone or IgG.
The reviewer is right these controls have been added to the Fig. 7 (new Fig 7e and 7h).

Figure 6k: The opposite effects on ERK phosphorylation and ERK expression is striking. How can the
authors explain the presence of phosphorylated ERK but the absence of total ERK proteins in some
samples?

We are sorry for this presentation of the data. When we check the activated form of ERK1/2
we always do the phospho-antibody first, so the blotting cannot interfere with any previous
blotted antibody. In the case of p-ERK1/2, when the signal is too strong, the stripping of the
p-ERK1/2 antibody sometimes is no complete and interferes with the total either ERK1/2 or
ERK2 antibody. In fact, most of the times, this is an inverted specular image of the degree of
ERKZ1/2 activation. The more activation (p-ERK1/2) the less total ERK1/2 or ERK2 is detected.
The blots have been re-stripped and reblotted and improved quality images have been added.

Reviewer #3 (Remarks to the Author):
This is an interesting study from McGrail et al., that shows that NRAS-Q61 mutated melanomas rely
on glucose metabolism, and that inhibition of glycolysis through inhibitors or glucose deprivation
sensitize these cells to sorafenib treatment. In particular, glucose deprivation of NRAS-Q61 mutated
melanomas triggers a switch from CRAF to BRAF signalling, resulting in PFKFB2 phosphorylation and
sustained glycolytic activity. A feedback loop hyperactivates the RAS-ERK1/2 pathway, which in turn
sensitizes cells to sorafenib treatment.

Some major considerations:

1) The seahorse data (Fig. 3) indicate lower levels of both ECAR and OCR in NRAS-Q61 cells as
compared to BRAF-V600E cells. Based on these data, the authors speculate that glucose metabolism
is particularly relevant for NRAS-Q61 cells, because it is used in pathways that branch off from
glycolysis. It would be important to quantify glucose uptake in both types, e.g. using fluorescent NBD-
glucose, to estimate how much glucose both cell types use. To substantiate the claim that glucose is
used to generate macromolecule intermediates or reducing power, the authors should perform a
tracing experiment using [U-13C] -glucose to show remodeling (and not just dampening) of glucose



metabolism. Preferable, such tracing experiments are performed both in the presence and absence
of sorafenib.

This is a good observation. We believed that the uptake of glucose might or might not
be very different among the cell lines. What it is different is the dependency of these cells on
glucose, not only because of the catabolic use of this molecule but also, because they seem
to be less flexible using other fuel resources in the lack of glucose. We have measured the
uptake of glucose in four melanoma cell lines (2 NRAS-mutated+2 BRAF-mutated). Under
steady growing conditions in serum free medium, uptake of glucose increases overtime.
SKMell03 and SKMell147 did not showed big differences with UACC903 cells. However, in
SKMel28 the uptake was higher than in the other cell lines, which correlated with the larger
size of these cells compared with the other three cell lines. However, while treatment with
sorafenib diminished the uptake of glucose in BRAF mutated cells, it increased the uptake of
glucose in NRAS mutated cells. Notably, when cells where subjected to G.S for 1h and then
the medium was reconstituted with glucose (10 mM), NRAS mutated cells showed significant
higher rates in the uptake of glucose compared to BRAF mutant cells, supporting both their
glucose dependency and the lack of flexibility using other fuel sources. This new data has
been added as a new Fig. 3e-3f.
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As suggested by the reviewer we performed a tracing experiment using [U-13C6] -glucose to
show remodeling (and not just dampening) of glucose metabolism. We performed the
experiment in NRAS-mutated and BRAF-mutated cells under three different conditions:
normal growing conditions (C), in the presence of sorafenib (10 uM)(Sor.) and after 1h of G.S.
Labeling time was short (40 min) to guarantee the direct labeling and avoid ulterior reuse and
the broad distribution of labeled molecules. The results show both the percentage of the
different isotopologues and a quantitative measure of the detected molecules. The data
suggest that NRAS mutant cells (SKMel103) showed a clear glycolytic flux that appears to be
greater than in UACC903 cells (BRAF mutated). In agreement with the above results BRAF-
mutant cells appeared to be more sensitive than NRAS mutant cells to sorafenib in inhibiting
the glycolytic flux. Despite the short labeling period of time, NRAS mutant cells and not BRAF
mutant cells derivate glucose to serine (one carbon pathway) and aspartate (through the
pyruvate carboxylase) and most likely to alanine and valine from pyruvate. Nevertheless, a
great amount of glucose was also transformed into lactate. Finally, in agreement with the
proposed mechanism and the results, according to the absolute amounts of pyruvate, lactate,
serine and most likely alanine and valine, NRAS mutant cells either sustain and/or increase
glycolytic flux after 1h of glucose starvation, while BRAF mutant cells decreased the glycolytic
flux. These results are showed in the new Fig 4 and new supplementary Fig. 4.
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Supplementary Figure 4: Simplified schematic of 13C-labeling patterns after the metabolism of [U-13C]glucose (40min of labeling) via glycolysis
and the TCA cycle .Empty circles, 12C; black filled circle, 13C; black filled circles with red ring 13C derived from pyruvate dexcarboxylase (PC).
Graphs in white background represent the identified isotopologues derivates of the indicated intermediates. Graphs in grey background show
absolute amounts of derivatives (sum of all isotopologues) at the indicated conditions: C (clear blue and clear red=Basal conditions, Sor (mild blue
and mild red)=10um Sorafenib in complete medium. After 1h G.S. (dark blue and dark red)= labeling after 1h of glucose starvation. Experiment were

performed in cuadruplicates.

* p<0.05, **p<0.01, ***

P<0.001, (p-value, unpaired two-sided t-test).



2) From Figure 5, the authors conclude that NRAS-Q61 but not BRAF-V600E melanomas sustain PFK1
activity rates. Are the differences in figure 5f significant? Please indicate. Also, the differences
between BRAF and NRAS mutated melanoma types seem to be driven by differences in PFK1 activity
under basal conditions (30 versus 20 mU/ug protein, respectively). Upon glucose starvation, the
residual activity appears more or less equal (15 mU/ug protein in both types), suggesting that glucose
starvation is reducing PFK1 activity to similar levels in both types. Can the authors please comment on
this?

The statistical significance between the controls and the treated samples for the
different cell lines has been added.

In respect to the differences in PFK1 activity between the BRAF and NRAS mutated
cell lines, we believe that the important issue is how relevant is glucose metabolism for cells,
and/or how flexible are cells rewiring metabolism to sustain homeostasis in the absence of
glucose. We believe this is a critical issue to explain the dependency on glucose of NRAS
mutant melanoma cells. Our interpretation is that, in the case of BRAF mutant cells, the higher
basal activity of PFK1 correlates with the higher ECAR showed compared to NRAS mutant
cell lines. SKMel28 cell line, these cells are larger in size than the other ones, express the
higher amounts of PFK1 among the cell lines tested (Figure below) and show the higher
activity of PFK1. The data also suggest that in BRAF mutant cells, the amount of glucose
consumed does not necessarily reflect the dependency of cells on this fuel source, but the
convenience. In fact, BRAF mutant cells are more flexible using other fuel resources in the
absence of glucose. Upon G.S., they experiment a drop of PFK1 activity up to 50%
compensating the lack of glucose with other sources such as glutamine or fatty acids (Fig 3d
and Supplemental Fig. 3). In the case of NRAS mutated cell lines, the consumption of glucose
appears to be crucial for their viability because they are less flexible using other fuel source/s.
We believe that is this dependency on glucose, what makes these cells to sustain the
functionality of the pathway. This dependency and lack of flexibility agrees with the significant
increased uptake of glucose of NRAS mutant cells compared with BRAF mutant cells after 1h
of G.S (figure above and below). It also correlates with the smaller decrease in F2,6BP after
G.S. compared with BRAF mutant cells (Supplementary Fig 6d or below Figure in point 3
answer), that would help to sustain PFK1 activity. Thus, what it seems to be relevant for NRAS
mutant cells is to sustain the functionality of the pathway as close as possible to their
physiological levels to cover their needs. The similar residual activity of the pathway upon
G.S., in BRAF and NRAS mutant cells might reflect the lack of room response in NRAS mutant
cells vs. BRAF mutant cells or just a coincidence due the number of cell lines analyzed.
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3) The authors claim from supplementary Figure 4B that the maintenance of PFK1 activity is
accompanied with a sustained production of F2,6-BP and F1,6-BP. However, F2,6-BP levels are
lowered by glucose starvation in all cell lines tested. To nonetheless make the claim that F2,6-BP



production is sustained, the authors should include mutant BRAF cells in these experiments as a
control.

As suggested by the reviewer, we measured the amounts of both F1,6-BP and F2,6-
BP in BRAF mutant cells. Results are showed in supplemental Fig. 6d-e. In agreement with
the proposed mechanism, BRAF mutant cells showed an average 75% decrease in the
amounts of F2,6-BP after G.S, while NRAS mutant cells decreased only about 25-30% the
F2,6-BP amount. In agreement with this, BRAF mutant cells showed more than 80%
decreased in F1,6-BP production. while NRAS mutant cells sustained between 75-80% of
F1,6-BP amounts measured in normal conditions.
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Graphs show the fold change in the amount of F2,6BP (d) and F1,6BP (e) in response to 15 and 30 minutes of glucose
starvation in three BRAF-mutated and three NRAS-mutated cell lines. Western blot (f) shows ERK phosphorylation in response
to 15 and 30 minutes of glucose starvation (G. S.)

4) The authors link PFKFB2/3 to the ability of NRAS-Q61 melanomas to induce ERK1/2 phosphorylation
under conditions of glucose starvation (Fig 6k). The link between PFKFB2/3 phosphorylation and
sorafenib sensitivity is however less convincing. If PFKFB2/3 are indeed key regulators of this process,
one would expect that PFKFB2 and/or PFKFB3 overexpression sensitizes cells to sorafenib treatment.
The authors should show this.

We are not sure about the reviewer proposed experiment. Our observations indicate that
under glucose starvation there is a switch in the RAF isoform use, from CRAF to BRAF. Under
this condition cells need to sustain the glycolytic flux for survival. To do so, BRAF
phosphorylates PFKFB2/3 complex regulating its kinase activity leading to the production of
F2,6-BP, an allosteric regulator of PFK1, which helps to sustain glucose metabolism. All this
would foster the production of F1,6-BP that only in G.S., in turn will activate SOS1 the RAS-
GEF?® activating new NRAS mutated molecules that will signal through BRAF. Thus, under
this condition sorafenib will block both BRAF>ERK1/2 downstream activation and PFKFB2/3
phosphorylation, (Ser483) contributing to the inhibition of survival signals and the uncoupling
of RAS pathway and the glycolytic flux (PFKFB2/3>PFK1), resulting in cell death. Since the
contribution of PFKFB2/3 related to BRAF activity appear to be restricted to G.S. conditions
and concomitant post-translational modification/s, we are not sure how PFKFB2/3
overexpression will sensitize cells to sorafenib.



1) How is ATP-linked respiration calculated in figure 3a? ATP-linked respirations is defined as the
difference between the basal respiration and the proton leak, and appears larger in BRAF-V600E
cells compared to NRAS-Q61 cells (judging from the left graphs).

The reviewer is absolutely right, we have corrected this mistake

2) In Figure 4b, the authors zoom in on glycolysis. The reason for this is not well explained in the
text. Arguably, many other metabolic and signalling pathways are also critical for the response to
glucose starvation, and studying these may identify other key regulators of the response to
metabolic stress. Can the authors provide additional explanation to justify their choice?

It is true that many signaling and metabolic pathways are critical for the response to glucose
starvation, and metabolic stress, which is a broad concept affecting many faces of cell biology.
Here, we observed that the lack of glucose was triggering a different response in the two most
frequent molecularly differentiated melanoma tumors (NRAS- and BRAF-mutated). The fact
that was the lack glucose and not other metabolites, insults or drugs the cause of the
differential response (metabolic stress) was the first observation. Then, the reversible
phenotype (recovery of basal levels of p-ERK and the resistance to sorafenib) by addition
glucose and not pyruvate nor glutamine, reinforce the direct effect of glucose in the response
and indirectly its metabolization (glycolysis). We also had pursued other pathways and
processes in the investigation and make other interesting observations but they are not related
to glycolysis and are out of the scope of this manuscript.

3) Several subfigures in Figures 5 and 6 are not correctly referred to in the text, e.g 5f, 5g, 5h and 6d.
Please check.

These mistakes have been corrected accordingly

4) In figure 5h, does adding F2,6-BP to cells induce similar phosphorylation of ERK1/2 under
glucose deprivation conditions?

This is an interesting question. However, we did no perform this experiment. Phosphate esters
are negatively charged and water soluble, so they do not readily penetrate lipid-rich cell
membranes. In the case of F1,6-BP although the exact mechanism by which this molecule
gets into the cell is unknown, it has been repeatedly published over the years by many groups
the exogenous treatment using F1,6BP in vitro and in vivo!® 2% 21.22.23 |n addition to this our
experiments demonstrate that only in the absence of glucose the production of F1,6-BP
induced the hyperphosphorylation of the ERK1/2 pathway through the activation of SOS1/2.
Thus, in the case that cells could capture F2,6-BP the effects probably will be only observed
in the absence of glucose, a situation where the kinase activity of PFKFB2 is increased and
consequently the production of F2,6-BP.

5) Figure 6b/6¢: the differential effects of G.S. + Sor treatment on BRAF and NRAS
melanomas seem more pronounced on western blot compared to the phosphoproteomics
results: on western blot PFKFB2-5483 phosphorylation is completely inhibited in NRAS cells,
but hardly affected in BRAF cells. Using phosphoproteomics, peptides containing
phosphorylated S483 seem substantially downregulated in both cell lines. Can the authors
comment on this apparent difference?

This is an interesting observation. We believe that this is related to the techniques used in
both cases. In old Fig 6b (new Fig 7b) His-PFKFB2 was overexpressed and pulled down to



isolate the complexes. The amount of His-PFKFB2 expressed magnified the effect previously
described in Fig. 6b and 6c. In old Fig 6b (new Fig 7b) due to the amount of PFKFB2 and the
affinity of the phospho-antibody, the lower effects of sorafenib inhibiting PFKFB2
phosphorylation under G.S conditions in BRAF mutant cells are exaggerated. On the other
hand, phospho-proteomic quantification is semiquantitative. Fig 7c we show the fold induction
in the proportion between phosphorylated/unphosphorylated detected peptides.

Reviewer #4 (Remarks to the Author):
This study investigates the response of NRAS mutant melanoma cells to glucose starvation as
compared with BRAF mutation. The results show that glucose starvation induced a rapid
hyper-phosphorylation of ERK1/2 in NRAS mutant cell lines, while not in BRAF mutant cells.
The authors suggested that glucose starvation induced a NRAS mutant-BRAF-ERK-PFKFB2/3-
PFK1-NRAS activation feedback loop to support melanoma cell survival. They also showed
that glucose starvation or 2-DG sensitizes NRAS mutant cells to sorafenib treatment. It is a
interesting study. However, there are many issues for this study. The conclusion of glucose
starvation inducing the switch of CRAF to BRAF downstream of NRAS mutant and following
feedback loop is mainly based on consumption and hypothesis, lacking experimental
validation. There are also many inconsistency in figures, and missing and wrong-labeled
information. Overall, the study is premature and conclusion cannot be supported by provided
data.

Main issues:

1. It is unclear how glucose deprivation triggers the CRAF/BRAF isoform switch downstream
NRAS mutant. The study stated that NRAS mutant activates BRAF, but there is no direct data
evidence showing that NRAS mutant binds to BRAF. Fig. 2a pull-down assay used CRAF-
binding domain to pull down NRAS, which showed that dramatically increased upon glucose
starvation, opposite to the switch claim. BRAF-binding domain should be tested.

This is a very good question and the answer is sustained in previously described mechanisms.
It is known that glucose starvation (G.S.) promotes the activation of other relevant pathways
linked to metabolism regulation such as PKA?* 25 | and PI3K-AKT?® 27, It is also known that
PKA and AKT inactivate CRAF through the phosphorylation of residue Ser259% ¢ (which
increases in NRAS mutant melanoma cells after G.S). Additionally, it has been demonstrated
that AKT increases BRAFS®45 phosphorylation, which contributes to BRAF activation by
elevating basal and consequently RAS-stimulated activity 8. Thus, G.S. will promote CRAF
inactivation and simultaneously BRAF activation by the already above described mechanisms.
We have added a Supplementary Fig. 2b-c validating this mechanism using both PKA and
AKT inhibitors. In addition to this, as suggested by the reviewer we have added a new Fig. 2c
showing the immunoprecipitation of CRAF and BRAF at early time points after G.S. This figure
not only shows the initial phosphorylation of CRAF at the inactivating residues (Ser259, and
Ser289/296/301) and the phosphorylation of BRAF at residue Ser445 but, it also shows the
recruitment of NRAS to BRAF and not to CRAF molecules.

In respect to the criticism about the RAS binding domain (RBD) used in the experiment, we
wanted to clarify that the purpose of this experiment (Fig. 2a), together with Fig. 2b, is to
demonstrate that the activation of NRAS?®! mutant molecules is crucial to sustain the
downstream observed effect on ERK1/2 hyperactivation (not the participation of neither CRAF
or BRAF). Nevertheless, Ulf R. Rapp lab has documented essential differences between full
length proteins BRAF and CRAF with respect to association with Ras, however they also
showed that sequence alignment of the regulatory domains of both kinases displayed regions
of high homology, particularly in RBD and CRD (Cystein Rich Domains), concluding that is



unlikely that RBD or CRD are responsible for differences in the Ras binding properties of
BRAF and CRAF, blaming on the first 98 aminoacids of BRAF the observed differences®.

Thus, we believe that using RBD domains to prove the participation of BRAF or CRAF in vitro
would not be the appropriate experiment to blame on a particular RAF isoform. Furthermore,
the Kp of the binding of H-Ras to CRAF-RDB (21.2 nM ) is slightly higher than the binding of
H-RAS to BRAF-RBD (11.2 nM)?°, meaning that BRAF-RBD will have higher affinity for RAS

and the differences could be more pronounced
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Sequence alignment of the N-terminal fragments of A, B and CRAF containing RBD and CRD regions?°.

2. The study claims that NRAS mutant through activation of BRAF to support melanoma cell
growth. in Fig. 2d, could siBRAF mimic Sorafenib cell killing effects in glucose starvation
condition?

While BRAF appears to be an important piece in the response to G.S. coupling RAS pathway
and the glycolytic flux, sorafenib-mediated cell killing under G.S seems to be associated to a
more complex mechanism. As showed in
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3. Fig. 2d, p-BRAF S445 band shows very minor effects in response to glucose starvation, not
consistent with p-ERK1/2 levels. Why?

This is an interesting observation. There are considerable differences between the
activation of the RAF proteins. In the case of CRAF maximal activity is seen only when Ser338
and Tyr341 are phosphorylated. While BRAF lacks a tyrosine phosphorylation site equivalent
to Tyr341 of CRAF, Ser445 of BRAF is equivalent to Ser338 of CRAF. Phosphorylation of
Ser445 in BRAF is constitutive, however, Ser445 phosphorylation still contributes to BRAF
activation by elevating basal and consequently Ras-stimulated activity®®. As above stated, it
also has been demonstrated that AKT might increase BRAFSer445 phosphorylation 8. Thus,
in our case Ser445 is showed as a surrogate marker of BRAF activation (with its obvious
limitations). he differences the reviewer refers to, are mainly due to two different causes. First,
there is a technical issue. The affinity of the antibodies is totally different so trying to compare
the intensities of two different antibodies in a western blot would be very complex, not only
because the quality of the antibody per se, but because of the relative amounts of the target
in the extracts in respect to the other proteins of the lysates. Second, and more relevant, is a
signal transduction cascade where the signal is amplified downstream the pathway. In this
matter, several models have suggested that the RAF concentration in this cascade is
significantly lower than MEK1/2 and ERK1/2. Thus, even with similar reagents it would be
unlikely to find similar signal in both cases.

Fig. 2C should check caspase 3/6/9 cleavage and PRAP for apoptosis marker. Cell death
necroptosis’???

Old Fig. 2c has become supplemental Fig. 2a. Following the reviewer suggestion, we have
changed the western blot and added cleaved-caspase 6 and PARPL1 to the figure to support
apoptosis. We did not detect any changes in p-MLKL and p-RIPK1/3 (necroptosis markers).

4. Fig. 4. Many panels showing the changes of p-PFKFB2 levels upon glucose starvation are
very minors, difficulty to conclude that glucose starvation activates PFKFB2 in NRAS mutant
cells. Fig 5e, p-PFKFB2 levels change very minors upon siNRAS or siBRAF.

We understand the reviewer’'s concern. It is true that the phosphorylation of PFKFB2 in
response to G.S. it is seen more clearly in certain cell lines. There are cell lines that have a
higher basal amount of p-PFKFB2, where the increase of phosphorylation in response to G.S
is minimal or hardly noticed. Even within the same cell line, tumor cells are metabolically
heterogeneous, according to the genetic alterations and their particular needs at a certain time
point (i.e: nutrient availability, cell cycle phase, intracellular ROS amounts...). Thus, the
metabolic synchronization of cells in respect to the posttranslational modifications of enzymes
involved in the metabolic rewiring is extremely difficult, if not virtually impossible. This situation
makes difficult to observe strong responses frequently, however, it does not mean that there
are not occurring (i.e G.S-induced phosphorylation of PFKFB2 can be observed in SKMel103
Fig. 6a-d, SKMel147 6b and SKMel28 Fig 6a-d). Furthermore, there are indirect ways to
observe that this is the case. For instance, it is known that Ser483 phosphorylation induces
the recruitment and binding of 14-3-3 proteins to p-PFKFB2!. In Fig 7a and 7b it can be
observed that 14-3-3 is recruited to PKFKB2 immunocomplexes in response to G.S.
Moreover, the increased phosphorylation of residue Ser483 can also be observed (including
in UACC903 cells) in the identified phosphopeptides (semiquantitative). Nevertheless, as
suggested by the reviewer, we have added new cell lines and experiments subjected to G.S.
(figure below) and quantified the p-PKFB2 amounts in all experiments showed (the new ones
and the original ones). These results have been added to Supplementary Fig. 6a.
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(a) SKMel103 and SKMel147 cells were subjected to glucose starvation for 1h in the absence or the presence of increasing
concentrations of sorafenib. Western blot shows the amount of p-PFKFB2 and PFKFB2 in the soluble cell lysate fraction.
GAPDH is shown as loading control. As expected upon G.S. sorafenib decreased the total PFKFB2 protein levels. (b)
Melanoma cell lines were subjected to G.S. for the indicated time. Western blot shows p-PFKFB2 and PFKFB2 amounts
upon treatment. Numbers indicate fold induction of phosphorylation in respect to the control (C).

In respect to the levels of pPFKFB2 in old Fig. 5e, (new Fig. 6e) the reviewer is right. We have
repeated the experiment and added a new panel on Fig 6e showing the effects of G.S. on
PFKFB2 phosphorylation in BRAF depleted cells. Additionally, we repeated this experiment
knocking down NRAS and BRAF in MMLN9 patient-derived cells which is showed in
supplementary Fig 6¢. However, we wanted to explain that knocking down the components of
the RAS pathway in a RAS-dependent cell line to study the effects on RAS signaling pathway
is not trivial. There are intrinsic difficulties involving the subjects of the study (cells and the
pathway). Due to the oncogene addiction of cells, depletions of the pathway components
reaching 95-100% are mostly lethal. Additionally, this signaling modules are in charge of
collecting and funnel different upstream stimuli that result in a cell biological response. These
molecules (modules) are located at different subcellular localizations to timely accomplish the
cell requirements. Thus, just a very small fraction of them become activated in response to a
certain stimulus or at basal level. For example, up to 3% of cellular CRAF can be found in
association with Ras and just between 2-5% participate in response to a certain stimulus® *
12 1t is also known that the scaffold protein KSR1 only binds less than 5% of endogenous
CRAF®, indicating that KSR1 affects only a subset of RAF functions, and RAF members might
be present in other protein complexes. Thus, when it comes to knockdown these molecules,
depletion of 80-90% of the protein might not be enough to affect the basal state of the pathway
or even the response to certain stimulus, since just 3-5% of the total protein pools participate
in the response (see the example below). So, to demonstrate the effects of BRAF and NRAS
depletion on PFKFB2 phosphorylation might be challenging, because the downregulation
levels must allow survival but also compromise the signaling. We hope this explanations and
experiments will satisfy the reviewer concerns.
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Western blot shows ERK1/2 phosphorylation status in response to glucose deprivation after knockdown of BRAF (left) or CRAF
(right) in SKMel103 cells (NRAS-mutated).
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5. Fig. 643, there is no BRAF protein shown in PFKFB2 pull-down protein list, which do not
support their direct association. Not detected in MS.



We thank the reviewer comment. It is true that detection of the protein of interest by MS would
be a confirmation of the western blot data. However, it is not uncommon that proteins detected
by WB cannot be detected by MS. Even though mass spectrometry can detect small amounts
of proteins (in the range of 0.2-1 fmol), western blots are generally more sensitive. Besides
the protein amount present in a sample, other factors can also influence their detectability by
mass spectrometry, such as the ability to produce, upon digestion with trypsin, peptides that
are easily ionizable and well-behaved in the chromatographic separation previous to MS. The
complexity and dynamic range of the sample are also critical for LC-MS detectability. The fact
that the low-abundance of BRAF protein is not detected in the MS analysis, does not rule out
at all its presence in the pull-down protein mixture.

Fig. 6d, there is no increase of PFKFB2 and BRAF binding upon glucose starvation compared
with control. Constitutive binding, supported by the in vitro experiments using recombinant
proteins mostly unmodified.

We understand the reviewer concern. It is true that there is a constitutive binding of BRAF to
PFKFB2. However, due to the number of BRAF molecules that become involved as part of
the mechanism in response to the stimuli (2-5%), it results very difficult to observe differences
in total BRAF immunoprecipitations. As above exposed phosphorylation at BRAFS44
contributes to BRAF activation, thus, active BRAF molecules must be phosphorylated at
Ser445. When we immunoprecipitate phospho-BRAFS*® we enrich the population of
molecules participating in the mechanism (Fig. 7d). Under these circumstances, we could
observe an increased amount of PFKFB2 bound to phospho-BRAFS*° after G.S. We are
aware of the limitations of the in vitro assays, however, the binding and kinase activity assay
were performed with an active recombinant human BRAF (according to its activity
phosphorylating MEK1-KD). Thus, there is no need for protein modification for the activity of
the recombinant BRAF. Furthermore, other active forms of different RAF isoforms (ARAF or
CRAF) failed to bind and phosphorylate PFKFB2 and none of the RAF isoforms
phosphorylated PFKFB3 (data not showed), supporting the rest of evidence and the proposed
mechanism.

Fig. 6h, lacking negative pull-down control.

These controls have been added accordingly

6. Fig. 7a, should also test PFKFB2 levels upon 2-DG treatment.
Fig. 7b should test caspase 3/6/9 cleavage. There is no explaining for what is the mean for
BIM, MCL1, BAX levels in the text. Change apoptosis, necroptosis

This is a good observation. The levels of p-PFKFB2 and their quantifications have been added
to new Fig. 8a (old Fig. 7a). New western blots have been added supporting AIF-PARP1
dependent necroptosis cell death (Fig. 8c) . Supporting this mechanism, Fig 8d shows the
inhibition of cell death by Necrostatin-1 and not z-VAD-FMK in G.S.+Sor condition.

7. Fig. 8. The proposed model is not strongly supported by provided data, there are too
many mechanistic gaps for the feedback loop, lacking experimental data support the
connection between PFK1/SOS1/NRAS mutant activation and following pathway.

We understand the reviewer's concern and we agree that we do not provide large
amount of experimental data supporting this last part of the model. It has been suggested that
F1,6bisP activation of Ras constitutes a key mechanism through which the Warburg effect



might stimulate oncogenic potency*®, which could be particularly relevant in NRAS mutated
cells due to their dependency on glucose metabolism. The purpose of this final issue within
the manuscript was to connect an already known and demonstrated mechanism (conserved
from yeast to mammalian cells) (Peeters et al., Nat. Commun. 2017) with our discoveries. We
demonstrated that the effect of G.S. on ERK1/2 activation is NRAS?®! activation-dependent.
Furthermore, NRAS mutant cells tend to sustain F1,6-BP concentration under
G.S.(supplementary Fig 6e). Since F1,6-BP promotes the activation of NRAS molecules
through the binding to SOS1%°, we wanted to validate the possible participation of this
mechanism by confirming the hyperactivation of the pathway by the addition of F1,6-BP under
G.S. conditions (mimicking the sustained situation in NRAS mutant cells under the same
conditions). Of course, we do not exclude the contribution of other possible mechanism/s (i.e.
activation of RTKs after G.S.) in the activation of NRAS®%! molecules, however we considered
important to show possible contribution of this mechanism. In addition to this, we have added
new supplementary Fig 6h (Fig. below, left panel) showing that in the presence of F1,6-BP the
hyperactivation of ERK1/2 becomes to be detected as early as 15’-30’ after G.S. Moreover, in
new Fig 6i knockdown of SOS1/2 avoided the activation of ERK1/2 by F1,6-BP under G.S
(Figure below, right panel). However, for obvious reasons, a deeper analysis of this

mechanism is out of the scope of this manuscript.
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Western blots showing the activation of ERK1/2 after glucose starvation (G.S.) in the presence of F 1,6-BP
(10mM) ( on the left), and by the addition of F1,6-BP in SOS1/2 depleted cells on the right.
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8. The study should specific indicate glucose starvation, instead to use metabolic stress in
whole study as metabolic stress can include many different types of stress.

This suggestion has been incorporated into the manuscript
There are also many mis-information:

1. In supplementary figure 1a, “NRASQ61 mut” and “BRAFV600E mut” should be switched.

This has been corrected

2. In supplementary figure 1b, could you explain why DUSP1 mainly expresses in nucleus in
NRASQ61 mutant cells and only expresses in cytoplasm in BRAFV600E mutant cells.

The reviewer is right, these WBs were wrong labeled. We are sorry for this mistake we have
modified the figure and added new blots showing DUSP1 accordingly.

4. In the main text, there are too much errors in the citations of figures.
Some samples are as follows, please check:

cited in main text Supposed version
Supplementary Fig. 1c Supplementary Fig. 1d



Fig.2e Fig.2d

Fig.2f Fig.2e

Fig.2g Fig.2f

Figure 4c after Fig.5b Fig.5¢
Fig.4d after Fig.5b Fig.5d
Fig.4e after Fig.5b Fig.5e
Fig. 5¢c Fig.5f

Fig. 5d Fig.5¢g

Fig 5e Fig.5h

Second Fig. 6¢ Fig. 6d

We apologize for these typos. All these errors have been revised and corrected accordingly

5. There is no Fig. 2g.

This typo has been corrected accordingly.

6. please check Fig. 5e and result statement regarding F1,6-BP promoted the
phosphorylation

We are sorry for this error. This information has been added to the manuscript

7. Almost all the inhibitors, such as sorafenib, salirasib, regorafenib and salirasib, are not
labelled with the dosage in the figure caption.

We are sorry for this error. This information has been added to the manuscript
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REVIEWER COMMENTS
Reviewer #2 (Remarks to the Author):

My concerns have been addressed in the revised manuscript.

Reviewer #3 (Remarks to the Author):

The revised manuscript by McGrail et al. is substantially improved. The new data provided
strengthen the conclusions and substantiate the proposed mechanism.

The authors have provided glucose uptake measurements as well as performed a glucose tracing
experiment, as requested. I agree with the authors that these data support the observed glucose
dependency and glucose flexibility. Points regarding these added data:

1. Valine is to the best of my knowledge an essential amino acid, that cannot be synthesized from
alanine by human cells. Showing valine in figure 4 is therefore confusing. Please remove valine
from figures 4b and 4e, supplementary figure 4 and the manuscript text.

2. In line 243 the authors conclude that glucose metabolism is important to generate reducing
power (amongst other things). Technically speaking, the authors do not show this in this
experiment (metabolites such as GSH are not shown). I suggest removing the statement about
reducing power from the results section and/or mention it in the discussion instead.

3. The data in figure 4e are interesting as they hint towards a more sustained glycolytic flux in
NRAS Q61 mutant melanomas. However, most of the changes in metabolite levels are not
significant, the data show trends at best and strong conclusions cannot be drawn from these data
in my opinion. I would suggest changing the accompanying text (lines 237-241) to state more
clearly that this is a trend only.

Regarding major point 2 and 4: I thank the authors for their further explanation of the proposed
mechanism (that is now also clearer from the manuscript itself). I completely agree with the
authors that the key issue in NRAS Q61 cells is their lack of flexibility, which forces cells to switch
RAF isoform use upon conditions of glucose starvation only, in turn sensitizing cells to sorafenib.
The previously suggested experiment is indeed not required to prove this mechanism.

Major point 3 and other minor points are sufficiently addressed by the authors in the rebuttal
and/or the revised manuscript.

Reviewer #4 (Remarks to the Author):

The authors' responses and revision have satisfied my criticisms. The revision has significantly
improved and is appropriate for the journal.

Reviewer #5 (Remarks to the Author):

As referee 1 is not available to assess the authors response, I have reviewed the authors response
to this referee, but not to the other referees.

As such I have restricted my review to Figures 1, 2 and 3A since I feel it would be unfair to
undertake a full review of the manuscript as a 4th referee at this stage.

Although the authors have gone some way to responding to referee 1, there remain a number of
concerns.

1. Although a point not raised by the referee 1, what is really going on with pERK levels in the
BRAF mutant lines versus those with NRAs mutations? Is it really that there is ‘hyperactivation’ of
pPERK on glucose starvation in the NRAS mutant lines, or is it that the BRAF lines already exhibit
elevated basal levels of pERK so that further activation in response to glucose limitation is not



possible. Since the results from each cell line are presented in different panels, no direct
comparison can be made, but looking at Figure 1A, it would seem that in the BARF mutant cells
the basal level of pERK is very high while in the NRAS cells it is low and glucose limitation just
brings the level of pERK up to that in the BRAF cells without glucose starvation. The authors
therefore need to do one WB where the basal level of pERK and that low glucose is directly
compared on the same blot with a similar exposure time and similar loading of total ERK.

2. Suppl. Figure S1A, the levels of Metformin used are very high at 250 uM. How does this
compare to the levels required to affect AMPK activity in other manuscripts?

3. In supplemental Fig. S1B H.G. and L.G. presumably mean High and Low glucose but this should
be defined in the legend.

4. In Figure S1D, the BRAF mutant line SKmel28 does show a relatively robust activation of pERK
in low glucose, in contrast to Figure 1A. Why the variation?

5. In Supplemental Figure 1D, Lenvatinib and Salirasib both increase basal level of p-ERK so
induction doesn’t happen. This is potentially very similar to what is happening in the BRAF
melanoma lines where the basal level of pERK appears very high. Does this mean that in BRAF
melanomas, the pathways inhibited by Lenvatinib and Salirasib are not operating and this is the
reason for the difference between the NRAS and BRAF lines? The authors at least should comment
on the effects of these drugs.

6. In Figure S2A the effects on Cleaved Caspase 6 and Bax are not obvious in the Skmel147 cells.
I see no effect. The authors might show instead cleaved PARP, since total PARP does decrease.
Otherwise, I don't think this western blot is useful as it is.

7. The disagreement between the authors and Referee 1 regarding whether the rewiring of
signaling from CRAF to BRAF is mediated by a change in activity or loss of CRAF protein is largely
immaterial to the conclusion.

In the response to referee 1 the authors state that CRAF is not degraded, but rather relocalized to
the insoluble fraction. However, it is difficult to ascertain the relative amounts of the proteins in
each fraction since the WB will be performed using aliquots of fractions that are not normalized to
cell number. What happens if cells are just lysed using SDS loading buffer and then analysed with
no fractionation/cell extraction?

The authors also use MG132 to block proteasome-mediated degradation, but there are non-
proteosomal pathways that degrade proteins, ER stress for example can trigger such degradation.
This experiment therefore cannot rule our CRAF degradation.

In addition I suspect it more likely that CRAF is no longer translated under low glucose conditions
when global translation is suppressed via phosphorylation of eIF2a, and translation of factors
required to resolve the stress (such as ATF4 and possibly BRAF) is upregulated or maintained. This
can easily be tested. If the authors treat cells with the elF2a phosphatase inhibitor salubrinal, this
will induce translation reprogramming and I expect will silence CRAF leading to rewiring of MAPK
signalling via BRAF. This would be a particularly exciting result since it is known that translation
reprogramming de-differenties melanoma and drives invasiveness.

In reality it doesn’t matter whether CRAF protein levels are decreased or not, the key result is that
BRAF is activated and CRAF activity and/or levels are reduced. But to properly resolve this issue
the authors need to do three things:

a. Check total CRAF levels in cells that are not extracted/fractionated under conditions where CRAF
appears to be lost

b. Test the effects of Salubirnal (or even tunicamycin) on CRAF, BRAF and pERK.

c. Adjust the text to state that irrespective of whether CRAF is inactivated, relocalized to the
insoluble fraction, degraded via a non-proteosomal pathway, or silenced by translation
reprogramming, signaling is now redirected away from CRAF toward BRAF. Of coure if the
salubrinal expt works, the authors can definitely state the mechanism underlying the switch from
CRAF to BRAF.

8. In Figure 3A the NRAS mutant line MMLN10 appears to behave more like the BRAF mutant lines
than the other NRAs lines. It also exhibits a somewhat reduced induction of pERK on glucose



deprivation in Fig. 1A. Is the basal level of ERK higher in this cell line than other NRAS lines? And
does this mean that NRAS vs BRAF status is not the sole determinant of the metabolic rewiring
that occurs on glucose limitation?

Minor point:
Typographical errors remain in the text eg in legend to Suppl Figure 1 eg nucleous. The
manuscript should be carefully reviewed.



RESPONSE TO REVIEWERS’' COMMENTS
Reviewer #2 (Remarks to the Author):

My concerns have been addressed in the revised manuscript.

Reviewer #3 (Remarks to the Author):

The revised manuscript by McGrail et al. is substantially improved. The new data provided strengthen the conclusions and
substantiate the proposed mechanism.

The authors have provided glucose uptake measurements as well as performed a glucose tracing experiment, as requested. |
agree with the authors that these data support the observed glucose dependency and glucose flexibility. Points regarding
these added data:

1. Valine is to the best of my knowledge an essential amino acid, that cannot be synthesized from alanine by human cells.
Showing valine in figure 4 is therefore confusing. Please remove valine from figures 4b and 4e, supplementary figure 4 and
the manuscript text.

We completely agree. The figures and text have been corrected accordingly

2. In line 243 the authors conclude that glucose metabolism is important to generate reducing power (amongst other things).
Technically speaking, the authors do not show this in this experiment (metabolites such as GSH are not shown). | suggest
removing the statement about reducing power from the results section and/or mention it in the discussion instead.

The suggestion has been addressed

3. The data in figure 4e are interesting as they hint towards a more sustained glycolytic flux in NRAS Q61 mutant
melanomas. However, most of the changes in metabolite levels are not significant, the data show trends at best and strong
conclusions cannot be drawn from these data in my opinion. | would suggest changing the accompanying text (lines 237-
241) to state more clearly that this is a trend only.

As suggested we have softened the previous statement

Regarding major point 2 and 4: | thank the authors for their further explanation of the proposed mechanism (that is now also
clearer from the manuscript itself). | completely agree with the authors that the key issue in NRAS Q61 cells is their lack of
flexibility, which forces cells to switch RAF isoform use upon conditions of glucose starvation only, in turn sensitizing cells
to sorafenib. The previously suggested experiment is indeed not required to prove this mechanism.

Major point 3 and other minor points are sufficiently addressed by the authors in the rebuttal and/or the revised manuscript.

Reviewer #4 (Remarks to the Author):

The authors' responses and revision have satisfied my criticisms. The revision has significantly improved and is appropriate
for the journal.

Reviewer #5 (Remarks to the Author):

As referee 1 is not available to assess the authors response, | have reviewed the authors response to this referee, but not to
the other referees.

As such | have restricted my review to Figures 1, 2 and 3A since | feel it would be unfair to undertake a full review of the
manuscript as a 4th referee at this stage.

Although the authors have gone some way to responding to referee 1, there remain a number of concerns.

1. Although a point not raised by the referee 1, what is really going on with pERK levels in the BRAF mutant lines versus
those with NRAs mutations? Is it really that there is ‘hyperactivation’ of pERK on glucose starvation in the NRAS mutant
lines, or is it that the BRAF lines already exhibit elevated basal levels of pERK so that further activation in response to
glucose limitation is not possible. Since the results from each cell line are presented in different panels, no direct comparison



can be made, but looking at Figure 1A, it would seem that in the BARF mutant cells the basal level of pERK is very high
while in the NRAS cells it is low and glucose limitation just brings the level of pERK up to that in the BRAF cells without
glucose starvation. The authors therefore need to do one WB where the basal level of pERK and that low glucose is directly
compared on the same blot with a similar exposure time and similar loading of total ERK.

This is an interesting observation and we thank the reviewer for the comment. Of course, the level of pERK
activation has a limit according to the molecules available within the cell and the status of the regulatory
mechanisms involved in the pathway. It is also known that mutated BRAFV°E protein is a powerful and potent
activator of its downstream effectors independently of the participation of the upstream components of the pathway
(RAS). This, hampers many of the regulatory negative feedback mechanisms controlling the activation of the RAS
pathway, (i.e. RAF inactivation, Sosl...), which contributes to the elevated amounts of pERK1/2 in resting
conditions(1). Thus, it is known that BRAF mutant melanoma cells have higher basal levels of pERK1/2 than NRAS
mutant cells, and this, determines the room of response that BRAF mutant cells have to hyperactivate the pathway
by other stimuli (2). It is also known, that the amounts of pERK1/2 in BRAF mutant cells is also subjected to
regulation (3,4). Thus, even though the amounts of pERK1/2 are very high in BRAF mutant cells compared with
cells harboring either, wild type BRAF or NRAS mutations, the amount of pERK1/2 found in a particular BRAF
mutant cell line may vary overtime or according to the conditions, which is going to determine its response and
capabilities to hyperactivate the pathway. Nevertheless, we have demonstrated that the hyperactivation of ERK1/2
in NRAS mutant cells is NRAS®?®! oncogene dependent (Figure 2 manuscript), which is upstream of BRAFV6%
signaling. In other words, the mechanism needs the engagement of the RAS molecules, that would ultimately
activate wild-type BRAF. This would indicate that most of the signal detected in BRAFY6%E mutant cells is RAS
independent. However, due to above mentioned regulation of the signal, under certain circumstances these cells
could be a bit responsive to simultaneous stimuli. Thus, the hyperactivation of the pathway it can be observed in
not saturated systems (NRAS mutant cells and much less frequent or absent in BRAFY6® (as stated in the main
text (line 109))), but always in a RAS dependent-manner, which, appears to be critical to understand the differences
(and the mechanism) between these two melanoma entities. As suggested by the reviewer, we have added a WB
showing the basal level of p-ERK1/2 in BRAFV6% and NRAS®6! mutant melanoma cells.
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Figure 1: WB showing the amount of pERK1/2 in basal (C) and
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2. Suppl. Figure S1A, the levels of Metformin used are very high at 250 M. How does this compare to the levels required to
affect AMPK activity in other manuscripts?

We appreciate the reviewer concern. However, as far as we know metformin is regularly used at mM
concentrations. In fact, we and others had published metformin treatments in melanoma and other tumor cells that
range from 0.5 to 30-40 mM concentrations of metformin (5-9). In this case, we selected a suboptimal concentration
of Metformin (250uM) to test the synergic effect in combination with sorafenib.

3. In supplemental Fig. S1B H.G. and L.G. presumably mean High and Low glucose but this should be defined in the legend.

We are sorry for this typo. Following the first review we substituted all the low glucose (LG) by glucose starvation
(G.S.) and apparently we did not do it in this figure. The typo was corrected accordingly.

4. In Figure S1D, the BRAF mutant line SKmel28 does show a relatively robust activation of pERK in low glucose, in
contrast to Figure 1A. Why the variation?

As mentioned in point 1, due to the BRAFV6%°E-induced signal regulation, under certain circumstances these cells,
could be a hit responsive to other simultaneous stimuli. Additionally, upon G.S., ERK2 seems to be sometimes
accumulated (stabilized??, less degraded, not happening in all treatments) that might also contribute to exacerbate
the observation. This, can be better/also observed in the right WB panel of Fig S1D. Nevertheless, the majority of
the signal will be coming from oncogenic BRAFV6%°E independently of RAS, furthermore, as showed later in the
manuscript the effect of mutated BRAFY6%°F on PFKFB2/3 regulation upon metabolic stress, is not the same as the
one exerted by BRAF wild type in NRAS mutant cells.



5. In Supplemental Figure 1D, Lenvatinib and Salirasib both increase basal level of p-ERK so induction doesn’t happen.
This is potentially very similar to what is happening in the BRAF melanoma lines where the basal level of pERK appears
very high. Does this mean that in BRAF melanomas, the pathways inhibited by Lenvatinib and Salirasib are not operating
and this is the reason for the difference between the NRAS and BRAF lines? The authors at least should comment on the
effects of these drugs.

This is a good observation. Lenvantinib and Salirasib are a multikinase inhibitor (RTKs) and an inhibitor of
prenylated protein methyltransferase (RAS) respectively, both acting upstream RAF proteins, and probably,
affecting negative feed-back loops in NRASR®! mutant cells, which are not working in BRAFV6%%E mutant cells that
signal independently of RAS activation. Thus, as the reviewer suggested the pathway molecules targeted by these
inhibitors most likely are not operating in BRAFY6%° mutant cells because they are affecting to BRAF-upstream
acting molecules.

6. In Figure S2A the effects on Cleaved Caspase 6 and Bax are not obvious in the Skmel147 cells. | see no effect. The
authors might show instead cleaved PARP, since total PARP does decrease. Otherwise, | don’t think this western blot is
useful as it is.

We understand the reviewer concerns and we agree that the data appear to be less clear in one of the cell lines
(SKMel147). The purpose of this figure was to support the cell death FACS analysis showed on the left part of
the figure. We have eliminated the Bax data and added the quantification of PARP and Clv.Caspase 6 bands.

7. The disagreement between the authors and Referee 1 regarding whether the rewiring of signaling from CRAF to BRAF is
mediated by a change in activity or loss of CRAF protein is largely immaterial to the conclusion.

We completely agree with the reviewer. Not only because of the conclusion, but also because the rewiring occurs
in response to G.S. where no changes in the amount of either CRAF or BRAF have been ever observed or showed
in the manuscript (This was not well understood by referee 1 in the first version of the manuscript). The re-
localization (not disappearance or loss) is observed under G.S., yes, but only in the presence of Sorafenib. In the
first reviewed version we showed the mechanism mediating the switch between RAF isoforms (CRAF to BRAF)
and why CRAF relocates to the membrane in G.S.+ sorafenib conditions. Briefly, G.S. will promote the activation
of PKA and AKT which are going phosphorylate the inhibitory residues S259 and S289/296/301 of CRAF and also
S445 residue in BRAF favoring its activity(10-13). This will result in the switch of use isoform (CRAF to BRAF) that
will have consequences regulating glucose metabolism in NRAS mutant cells. Sorafenib is a multikinase inhibitor
that inhibits among other things the phosphorylation of CRAF S259 (Figure 2), otherwise induced by G.S through
PKA and AKT activation (Figure S2). As demonstrated 20 years ago by Baccarinis’s lab the inhibition of S259
phosphorylation localize CRAF to the membrane (14), this is why under this condition (G.S.+Sorafenib treatment)
CRAF relocates to the membrane. Again, this only occurs only in the presence of sorafenib. Thus, we agree that
the controversy of CRAF re-location under this condition (G.S.+Sorafenib) is not relevant for the rewiring
mechanism induced by G.S.

In the response to referee 1 the authors state that CRAF is not degraded, but rather relocalized to the insoluble fraction.
However, it is difficult to ascertain the relative amounts of the proteins in each fraction since the WB will be performed
using aliquots of fractions that are not normalized to cell number. What happens if cells are just lysed using SDS loading
buffer and then analysed with no fractionation/cell extraction?

We understand the reviewer concerns. However, in these experiments between 75-85% of the soluble protein of
same number of cells was loaded in the soluble fraction and the whole lysate pellet was dissolved in SDS buffer
and loaded for further analysis of the insoluble fraction. Thus, the experiments were normalized by cell number in
all the cases. Variation in CRAF re-localization was observed as early as 1h after G.S.+Sorafenib treatment due
to the mechanism above explained, which occurs upon sorafenib treatment in G.S. conditions and not only in
response to G.S. In the figure below following the reviewer recommendations extracting the protein samples using
an SDS lysis buffer, we show that CRAF is not degraded under G.S.+Sorafenib conditions, including in the
presence of salubrinal.

The authors also use MG132 to block proteasome-mediated degradation, but there are non-proteosomal pathways that
degrade proteins, ER stress for example can trigger such degradation. This experiment therefore cannot rule our CRAF
degradation.

We completely agree with the reviewer that there are other non-proteasomal degradation mechanisms occurring
within the cell. However, the purpose of these experiments in the first review was to add some supportive data
about the stability of CRAF (not degradation) under these conditions (G.S.+Sorafenib) in addition to the re-
localization experiments.

In addition | suspect it more likely that CRAF is no longer translated under low glucose conditions when global translation is
suppressed via phosphorylation of elF2a, and translation of factors required to resolve the stress (such as ATF4 and possibly



BRAF) is upregulated or maintained. This can easily be tested. If the authors treat cells with the elF2a phosphatase inhibitor
salubrinal, this will induce translation reprogramming and | expect will silence CRAF leading to rewiring of MAPK signalling
via BRAF. This would be a particularly exciting result since it is known that translation reprogramming de-differenties
melanoma and drives invasiveness.

Again, the rewiring mechanism occurs as early as 30’, and the longer period of G.S tested in the manuscript is 4h.
In any case, at this time points under G.S. CRAF is not degraded. It only becomes translocated to the membrane
upon G.S+ Sorafenib, (which represent the therapeutic suggested approach) and due to the mechanism above
explained(14). As showed in Figure below, CRAF proteins are very stable overtime (half-life of CRAF is ti2 ~ 8-
10h) and in cells lysed using SDS lysis buffer, CRAF is present in any condition even in the presence of salubrinal.
Thus, even if only G.S. would affect immediately to global translation (which is not relevant in this case because
we are discussing an effect only observed under G.S.+Sorafenib), the times at which the experiments were
performed in the manuscript would not justify the absence of CRAF by this mechanism.
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Fig 2: Graph showing the CRAF degradation in SKMel103 cells treated with cycloheximide for the indicated time points.

On the right WB showing the amounts of the indicated proteins extracted with SDS lysis buffer under glucose starvation

(G.S. 4h) and the indicated treatments Sorafenib (Sor. 10uM) and Salubrinal (Salubr. 25uM).

In reality it doesn’t matter whether CRAF protein levels are decreased or not, the key result is that BRAF is activated and
CRAF activity and/or levels are reduced. But to properly resolve this issue the authors need to do three things:

a. Check total CRAF levels in cells that are not extracted/fractionated under conditions where CRAF appears to be lost
b. Test the effects of Salubirnal (or even tunicamycin) on CRAF, BRAF and pERK.

c. Adjust the text to state that irrespective of whether CRAF is inactivated, relocalized to the insoluble fraction, degraded via
a non-proteosomal pathway, or silenced by translation reprogramming, signaling is now redirected away from CRAF toward
BRAF. Of coure if the salubrinal expt works, the authors can definitely state the mechanism underlying the switch from
CRAF to BRAF.

We believe that we have answered these points above.

8. In Figure 3A the NRAS mutant line MMLN10 appears to behave more like the BRAF mutant lines than the other NRAs
lines. It also exhibits a somewhat reduced induction of pERK on glucose deprivation in Fig. 1A. Is the basal level of ERK
higher in this cell line than other NRAS lines?

The answer is yes. This cell line showed one of the highest if not the highest amounts of p-ERK at basal level
among the all NRAS mutated cell that we managed. Melanoma cells usually harbor large numbers of mutations.
MMLN10 are patient derived cells very naive. Besides BRAF or NRAS status we do not have further genetic
information (exome seq) on these cells. To explain this, on top of NRAS®6IR mutation we have to consider the
possible contribution of other mutations and/or expression regulation of genes affecting the RAS pathway
activation. Thus, even though generally NRAS mutant cells display lower levels of p-ERK than BRAF mutant cells,
there is a gradient of activated ERK among the NRAS mutant cells, that of course, will also have influence in the
response .

And does this mean that NRAS vs BRAF status is not the sole determinant of the metabolic rewiring that occurs on glucose
limitation?

This is a good question. We completely agree that NRAS and BRAF oncogenes would not be the sole determinant
of the response to glucose limitation. What we can tell is that NRAS mutated cells independently of the preferred
source of energy for each cell line according to their own molecular features, appear to be less flexible than BRAF
mutant cells using other alternative fuel energy sources in the absence of glucose. Is this caused by the oncogene
itself? Probably not, however the fact that you acquired an either NRAS or BRAF mutation will determine the
selection of other genetic alterations and/or gene expression regulation, that finally will contribute to the observed
phenotype in different ways. Nevertheless, one of the critical parts of the described mechanism in response to
G.S., is the engagement of BRAF in cells preferentially using the other isoform CRAF, that ultimately will modify
important enzymes that regulate glycolysis, generating a feed-back loop that will end up promoting the activation
of new RAS proteins (in this case mutated). This part of the mechanism is not working in BRAF mutated cells,



where instead of CRAF, is mutated BRAF the isoform signaling independently of RAS. Furthermore, in Figure 7b
we show evidence for the binding of BRAF wild type and not mutated BRAFY6%F to PFKFB2 (the glycolytic enzyme
regulated by BRAF). This suggests the absence of this regulatory mechanism in BRAF mutated cells, which
appears to be critical to minimize the effects of glucose limitations in cells lacking the flexibility to compensate with
other fuel sources. Thus, although NRAS oncogene seems not to be sufficient, it seems to be necessary for the
observed response.

Minor points
Typographical errors remain in the text eg in legend to Suppl Figure 1 eg nucleous. The manuscript should be carefully
reviewed.

This issue has been properly revised.
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REVIEWERS' COMMENTS
Reviewer #5 (Remarks to the Author):

I believe that in the latest revision the authors have adequately addressed the referees' concerns



RESPONSE TO REVIEWERS' COMMENTS

Reviewer #5 (Remarks to the Author):

| believe that in the latest revision the authors have adequately addressed the referees concerns

We thank the reviewer for her/his inputs to the maniscript
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