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Reviewer 1 

Evidence, reproducibility and clarity 

Summary 

In this manuscript Kwon et al use a multi-omics-based approach to identify the MAPK/ERK pathway 
as contributor to the maintenance and propagation of the developing kidney. This claim is first 
supported by transcriptional profiling of nephron progenitor cells with conditional inactivation of 
both Mek genes (Mek1/Mek2) which identifies >5000 differentially expressed genes with further 
analysis of these genes via RNA-Seq showing mitochondrial metabolism is most effected by 
MAPK/ERK inactivation. The physiological consequences are then examined via pyruvate titration 
experiments using E11.5 mouse embryonic kidneys which claimed to show reduced branching of the 
ureteric buds and double Pycr1 and Pycr2 knockouts revealing defects in NP as evidence by reduced 
PAX6 and SIX2 staining. 

Major Comments: 

-The transcriptomic profiling data and further figures identifying the MAPK/ERK pathway is
contributing to the maintenance and propagation of nephron progenitor cells. However experiments
showing physiological consequences need more detailed analysis. What could, for example, be done
is using direct inhibition of MAPK/ERK via UO126 used in previous figures (Fig 2) to check for any
morphological consequences on ureteric bud branching in embryonic kidney cultures and to
compare against simple pyruvate titration experiments.

-Why is LC/MS analysis done on an embryonic kidney mesenchyme cell line and not on NPs isolated
from E13.5 kidneys used for the RNA-seq analysis?

-Further comments on the morphological differences of proline depletion (Pycr1/2 dko) would also
be valuable. There seems to be an inversion of expected phenotype particularly in images stained
with SIX2. Maybe consider that lack of proline reduces NPC proliferation causing premature
differentiation into a renal vesicle. Here, the paper could benefit from specific immunostainings
against CDH6 or other epithelial markers.
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-Is there a potential connection between pyruvate and proline metabolism? If yes, please discuss. 
 
Minor Comments 
 
•Images from figure 6a and 6b showing physiological consequences of pyruvate concentration on 
embryonic kidneys do not have appropriate scale bars 
 
•Would be good to have statistical analysis for figure 6c to show if the differences between WT and 
dko lines are statistically significant. 
 
•Would be good to have the information about sample/number of replicates on the graph. 
 
Significance 
 
In summary the manuscript offers a clear and rational identification of the MAPK/ERK pathways as 
an important mechanism in the maintenance and propagation of nephron progenitor cells. As little 
is known about the metabolic requirements in renal development, the findings are valuable to the 
field. However, conclusions regarding the effect of this pathway on morphology of ureteric bud tips 
and NPC population localisation need further substantiation. 
 
Reviewer 2 
 
Evidence, reproducibility and clarity 

 
Summary: 
 
In the manuscript by Kwon et al a deeper understanding of metabolic changes associated with 
nephron progenitor differentiation is achieved through multi-disciplinary analysis. Mass 
spectrometry of a cell line representing normal nephron progenitor behavior in comparison with 
RNA-seq data brought the researchers to focus specifically on the MAPK/ERK pathway as one of 
interest in determining the pluripotent or differentiated status of NPs. They tested the effects of 
MAPK/ERK deficiency on the downstream process of proline metabolism and specifically the genes 
PYCR1/2 in vivo, both with organ culture and a knockout mouse line. While these in vivo studies did 
not show a gross phenotype associated with defective embryonic development, the authors 
conclude that a tightly controlled level of pyruvate and PYCR1/2 activity is necessary to prevent 
premature differentiation of nephron progenitors. 
 
Criticisms: 
 
1.Overall, this reviewer agrees that the conclusions drawn, while speculative, are factually correct 
based on the experimentation. However, the experiments performed (especially in vivo) fall short 
of determining any major evidence on the metabolism of nephron progenitors, and thus this 
reviewer does not believe that the preliminary findings are significant enough to progress the field. 
 
2.The metabolomics data and RNA seq data (while not specifically provided in this manuscript, but 
appears to be in preparation for a separate manuscript) are no doubt solid and interesting, they fail 
to be properly translated into cellular behavior or mechanism. 
 
3.The lack of a phenotype in the knockout mouse leaves the reader unconvinced of how this 
pathway is a "gatekeeper". We suggest that the paper be supported with significantly more in vivo 
experiments including various time points and more defined read-outs of metabolic activity. 
 
4.The LC/MS was performed on a cell line, rather than in vivo, which clouds the results especially 
since the specific cell line is never characterized in terms of timing of development, genetic 
changes such a immortalization etc. 
 
5.Figure 4 is difficult to understand as it seems unfocused, underlining a lack of specific direction in 
the study of metabolics 
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6.We strongly suggest that different time points be tested in a single experiment to prove a defect 
rather than a delay 
 
7.Additional markers of NP differentiation and increased number of samples quantified in Figure 6 
would strengthen the results 
 
8.Neither scale bars or statistical testing were shown in Figure 6 and the images in Figure 6B are 
shown at inconsistent magnifications 
 
9.There are several areas of the text that need adequate proofreading including typos and syntax. 
It is very clear that several people contributed to the manuscript leaving the reader with a very 
piecemeal combination of authors voices. 
 
Significance 

 
This reviewer does not see any technical errors in experimentation, simply over-interpretation of 
significance of the findings. While this manuscript provides an interesting factoid about PYCR1/2, it 
is not enough to advance the field in either cellular/genetic biology or nephron development. We 
suggest either submitting the metabolic data in combination with the RNAseq data to a smaller 
journal, or significantly increasing the detail and amount of direct experimentation on NPs. 
 
About the reviewer: 
I am a senior post-doctoral fellow in the field of metabolic activity related to Acute Kidney Injury 
with a background in cellular and developmental biology. I do not have sufficient expertise to fully 
evaluate the bioinformatic data, however I have a thorough knowledge of the current literature in 
metabolic activity specifically related to the kidney. I also consulted extensively with my PI Dr. 
Sims-Lucas who is an expert in kidney development and metabolism of nephron progenitors and 
during kidney injury. 
 
Reviewer 3 
 
Evidence, reproducibility and clarity 
 
Summary: 
 
The paper by Known et al. shed light on an important and current theme on the field, which is what 
are the cues that govern NPC fate decisions during nephrogenesis. the authors attack this question 
with a dual approach based on RNA seq and Metabolomics. They found that MAPK/ERK signaling 
(through its role in cell metabolism) is essential for proper kidney development.The importance of 
MAPK/ERK for NPC niche regulation has already been demonstrated (by this same group). However, 
the metabolomics analysis brings new and interesting findings on the interplay between cell fate 
decisions and metabolism. 
 
Major points: 
 
1-the paper refers to a RNA seq experiment done in NPC isolated from E13.5 mouse embryos that 
will be published elsewhere. This makes difficult to analyze such results. We see heterogeneity 
E13.5 NPC in our lab. 
It is not possible to see differences in NPC populations present at E13.5 with Bulk RNA seq. It would 
be better if the authors had done single cell RNA seq instead. Perhaps, the author could download 
one of the scRNA seq data available at GEO datasets and quickly compare the results with their 
own. The question to be addressed is: could the metabolic differences observed in this paper be 
particular to a sub population of NPCs within the NPC niche. (not a absolute requirement, but to be 
considered) 
Do the author see any Wnt4 expression with their dataset? if yes how would it change the fidings? 
since Wnts may play roles in metabolism. 
 
2-At the end of the second paragraph of the results section. The authors state that: " GO andKEGG 
dataset pathway demonstrated that mitochondrial inner membrane (25%) and mitochondrial (15%) 
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account 40% of the down-regulated transcript". Because the same pool of genes were used in KEGG 
and GO (cellular component), I wonder how much overlap there is here (do the same genes showing 
in both scores?), If genes were counted twice, (in both KEGG and GO), were only count in one base 
(either KEGG or GO) would it still be 40%? 
 
3-The metabolomics analysis were performed in mK4 cells, after an in vitro culture for some time. 
The immortalized cell line, may not recapitulated the metabolic scenario of a naive NPC in its 
niche. 
Also, the in vitro system affects the cellular metabolism (nutrients availbility, signals gradient etc). 
would it not be better to have used freshly isolated NPC for this experiment? That being said, 
metabolomics required a large number of cells, and it present itself as a problem, in terms of cell 
availability. 
 
We have noticed that the interaction with UB and the adjacent stroma coordinate metabolic 
changes in the NPC pool. Perhaps, a better explanation of the limitations of the system would fit 
well in this paper, assuming the general reader may not be familiar with the complexity of the 
system or the techniques used. 
 
4-It would be great if the author could show that pharmacological inhibition of MAPK/ERK affects 
cell metabolism with a functional assay such as seahorse respirometry Or mitochondrial 
respirometry with Oroboros respirometry assays. Or some type of functional assay 
 
5-Pycr-1 has a role for the NADP metabolism, also PYCR-1 deficiency has been implicated in 
progeroid syndrome in humans (https://pubmed.ncbi.nlm.nih.gov/19648921). Would proline 
metabolism be the only aspect to be evaluated here? A better characterization regarding 
mitochondrial respiration and morphology in NPC lacking Pycr1 and 2 is needed. My guess is these 
cells are undergoing Oxidative stress. How the expression of oxidative stress response genes is 
affected in these KOs? 
 
Minor points: 
 
1-the reference list appears to have some mismatches with the text, please review it (e.g results 
section, second text line ref 20, is not the one the authors intended to cite) 
 
2-metabolomics analisys of MAPK/ERK deficiency section. the authours say " comparisons of the 
untargeted MS2 spectrum patterns with a online MS database" please provide the reference of the 
database. 
 
3-the gene lists in the the supplementary material appear to be out of bound regarding margins. 
 
4-It would be nice if the authours could make the metabolomic and RNA seq data available with a 
web interactive tool, such as shiny web application or dashboard application. so, other scientists 
would be able to browse through the data. 
 
Significance 
 
The metabolomic analysis of NPC and the developing kidney in itself gives cues on what the cells 
are doing, whereas, RNA seq provide a idea on what the cell will do next. The combination of both 
is a powerful way to understand the complicate network of signals that drives cell fate decisions 
within the developing kidney. 
 
I think this paper is suitable for publication after major changes. It is, nonetheless interesting see 
that people is starting to combine transcriptomics and metabolomics to have a better idea of fate 
decisions in progenitor cells. 
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Author response to reviewers' comments 

 
Reviewer 1 
Summary  
In this manuscript Kwon et al use a multi-omics-based approach to identify the MAPK/ERK pathway 
as contributor to the maintenance and propagation of the developing kidney. This claim is first 
supported by transcriptional profiling of nephron progenitor cells with conditional inactivation of 
both Mek genes (Mek1/Mek2) which identifies >5000 differentially expressed genes with further 
analysis of these genes via RNA-Seq showing mitochondrial metabolism is most effected by 
MAPK/ERK inactivation. The physiological consequences are then examined via pyruvate titration 
experiments using E11.5 mouse embryonic kidneys which claimed to show reduced branching of the 
ureteric buds and double Pycr1 and Pycr2 knockouts revealing defects in NP as evidence by reduced 
PAX6 and SIX2 staining. 
 
Major comments 
 -The transcriptomic profiling data and further figures identifying the MAPK/ERK pathway is 
contributing to the maintenance and propagation of nephron progenitor cells. However experiments 
showing physiological consequences need more detailed analysis. What could, for example, be done 
is using direct inhibition of MAPK/ERK via UO126 used in previous figures (Fig 2) to check for any 
morphological consequences on ureteric bud branching in embryonic kidney cultures and to 
compare against simple pyruvate titration experiments. 

We thank the reviewer for useful and constructive comments that have significantly improved 
our manuscript. We addressed the first comment in the revised manuscript by the following 
addition:  
“We and others have previously published the effect of MEK inhibitor(s) on ureteric bud 
branching morphogenesis (Fisher et al., 2001; Hida et al., 2002; Ihermann-Hella et al., 2018). 
Moreover, our ureteric bud specific genetic experiments demonstrate very similar phenotype 
to that observed with chemical MEK inhibition (Ihermann-Hella et al., 2018). In essence, 
MAPK/ERK-deficient ureteric bud fails to generate complex branched epithelial structures. 
This is due to failure of ureteric bud tips, which contain the collecting duct progenitors, to 
expands and form an enlarged ampulla preceding the tip bifurcation required for new branch 
formation. The MAPK/ERK-deficient morphology resembles the ureteric bud morphology 
observed here in low pyruvate concentrations (Figure 6A) thus supporting our findings that 
MAPK/ERK regulates progenitors by contributing to their metabolic control.”  
 

-Why is LC/MS analysis done on an embryonic kidney mesenchyme cell line and not on NPs isolated 
from E13.5 kidneys used for the RNA-seq analysis? 

The reviewer’s comment is very relevant, but technically challenging. We have addressed this 
in the revised manuscript by the following addition and hope that the reviewer will appreciate 
the efforts and new information our approach has generated, especially as it is well supported 
by in vivo experimentation:  
“Reliable metabolomic analysis requires a large number of cells, and this presents a challenge 
due to embryonic NP availability. Although these cells have been isolated and successfully 
propagated in vitro in nephrosphere cultures, our pilot experiments showed that their 
utilization for MAPK/EKR-regulated metabolic target study was not feasible due to the need 
for extensive use of growth factors, other proteins and competitive inhibitors (Brown et al., 
2015; Li et al., 2016)”. 
 

-Further comments on the morphological differences of proline depletion (Pycr1/2 dko) would also 
be valuable. There seems to be an inversion of expected phenotype particularly in images stained 
with SIX2. Maybe consider that lack of proline reduces NPC proliferation causing premature 
differentiation into a renal vesicle. Here, the paper could benefit from specific immunostainings 
against CDH6 or other epithelial markers. 

As suggested by the reviewer, we have performed additional characterization of Pycr1/2 
double knockout kidneys. This included immunofluorescent staining with cadherin6 (CDH6), a 
nephron differentiation marker that visualizes epithelializing nephrons from early pretubular 
aggregates to S-shaped bodies, where CDH6 localizes to proximal tubule progenitors (Cho et 
al., 1998). Furthermore, we have used cyclin D1 (renal vesicle) as additional differentiation 
commitment markers and to analyze whether polarization of early epithelializing structures 
and determination of nephron segment identities are affected.  
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Our new results (Fig. 7A-F) of revised manuscript) demonstrate that concomitantly to 
diminished amount of nephron progenitors, Pycr1/2 kidneys show increase in nephron 
precursor structures. 
The quantification of CDH6-positive nephron precursor structures demonstrates rise, which 
however is statistically not significant while the quantification of cyclin D1-positive renal 
vesicles, which represent more restricted precursor pool, shows statistically significant 
increase.  
We also characterized the main cellular processes, proliferation and apoptosis, that contribute 
to nephron progenitor maintenance to establish whether these contribute to premature loss of 
nephron progenitors in Pycr1/2 kidneys. This revealed that proliferation and apoptosis are not 
affected in Pycr1/2 double knockout kidneys (Fig 7G and S1D-G).  
 
Together the new results show that in vivo disruption of proline metabolism causes premature 
nephron progenitor exhaustion through their accelerated differentiation in pyrroline-5-
carboxylate reductases 1 and 2 (Pycr1/2) double-knockout kidneys. This suggests that proline, 
likely together with interconnected pyruvate metabolism (see discussion in revised manuscript) 
contributes to the maintenance of undifferentiated status in nephron progenitor cells. 
 

-Is there a potential connection between pyruvate and proline metabolism? If yes, please discuss. 
We want to thank the reviewer for making this excellent point. Inspired by the comment, we 
explored this further and now provide following discussion in the revised manuscript: 
“Our results indicate that MAPK/ERK-deficiency affects also both pyruvate and proline 
metabolism, which are interconnected with each other (Figure 5). Pyruvate, an end-product 
of glycolysis, is converted into acetyl-CoA to feed the mitochondrial tricarboxylic acid (TCA) 
cycle. Proline is mainly synthesized from glutamate during glutaminolysis, which has crucial 
compensatory functions under glucose deprivation conditions due to its ability to convert 
glutamine into glutamate (Wu et al., 2014). As glycolysis and glutaminolysis are the main 
energy metabolism pathways in mammals they both likely contribute to the energy 
deprivation in MAPK/ERK-deficient cells.”  
“It has been shown that under pyruvate deprivation, glutaminolysis increases the 
concentration of mitochondrial glutamate, which can be converted into pyrroline 5-
carboxylate (P5C), an intermediate metabolic product that contributes to both biosynthesis 
and catabolism of proline (Yang et al., 2014). Since proline is mainly synthesized from 
glutamate or ornithine (Jones, 1985), diminished mitochondrial glutamate stemming from the 
poorly functioning glutaminolysis may directly affect P5C production. This together with 
down-regulated pyrroline-5-carboxylate reductases (Pycr1/l) likely contributes to the reduced 
proline synthesis in MAPK/ERK-deficient cells (Figure 5).” 

 
Minor comments 
•Images from figure 6a and 6b showing physiological consequences of pyruvate concentration on 
embryonic kidneys do not have appropriate scale bars 
•Would be good to have statistical analysis for figure 6c to show if the differences between WT and 
dko lines are statistically significant. 

We thank the reviewer pointing out these shortages in the original manuscript. We have now 
added the missing scale bars to the figure 6A-B images of revised manuscript. We also included 
new data figure showing the statistical test results (Figure 6C). 
 

•Would be good to have the information about sample/number of replicates on the graph. 
The details of sample numbers used for analyses were originally included in the methods 
section of our manuscript. We have now included this information also to the figure legends to 
make it easier to evaluate the results. 
 
 

Reviewer 2  
Summary:  
In the manuscript by Kwon et al a deeper understanding of metabolic changes associated with 
nephron progenitor differentiation is achieved through multi-disciplinary analysis. Mass 
spectrometry of a cell line representing normal nephron progenitor behavior in comparison with 
RNA-seq data brought the researchers to focus specifically on the MAPK/ERK pathway as one of 
interest in determining the pluripotent or differentiated status of NPs. They tested the effects of 
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MAPK/ERK deficiency on the downstream process of proline metabolism and specifically the genes 
PYCR1/2 in vivo, both with organ culture and a knockout mouse line. While these in vivo studies did 
not show a gross phenotype associated with defective embryonic development, the authors 
conclude that a tightly controlled level of pyruvate and PYCR1/2 activity is necessary to prevent 
premature differentiation of nephron progenitors. 
7. Additional markers of NP differentiation and increased number of samples quantified in Figure 6 
would strengthen the results 
 
Criticisms: 
1.Overall, this reviewer agrees that the conclusions drawn, while speculative, are factually correct 
based on the experimentation. However, the experiments performed (especially in vivo) fall short 
of determining any major evidence on the metabolism of nephron progenitors, and thus this 
reviewer does not believe that the preliminary findings are significant enough to progress the field. 

We thank the reviewer for his/her opinion on our work, which we obviously don’t fully agree. 
Our previous study has demonstrated the in vivo importance of MAPK/ERK pathway for nephron 
progenitor maintenance and differentiation (Ihermann-Hella et al., 2018). Here we further 
studied the mechanisms through which MAPK/ERK activity maintains nephron progenitors in 
developing kidney. In the initial manuscript we had performed and analyzed transcriptomic 
and metabolic characterization of MAPK/ERK-deficient cells in vivo and in vitro. Functional 
validation of identified metabolic changes included in vitro studies of pyruvate effects on 
kidney growth and ureteric bud morphology and generation of new double knockout mouse 
model of Pycr1/2-deficiency, which in vivo renal phenotype showed failure to maintain 
postnatal nephron progenitors.  
 
In the revised manuscript we provide more in depth analysis of our RNA-seq results and 
metabolic profiling. The new data is presented in figures 4, 6C, 7 and S1, and tables S2 and S3 
of the revised manuscript. Based on this we can conclude that MAPK/ERK-activity regulates  

1) energy preference of nephron progenitors, which is supported by previous work 
demonstrating this with one of the MAPK/ERK targets p53 (Li et al., 2015) and our work 
now published at BMC Biology (Kurtzeborn et al., 2022). 

2) ribosome biogenesis, which is directly interlinked with proline metabolism but also 
more generally reflects the identified alterations in amino acid metabolism (Krafczyk et 
al., 2021; Melnikov et al., 2016). 

3) proline metabolism, which is important factor influencing nephron progenitor fate 
decisions 

Amino acid metabolism, including glutamine, polyamines, and tryptophan, is an established 
critical regulator of stemness in pluripotent stem cells but its contribution to tissue-specific 
progenitor cell regulation is only emerging (Allmeroth et al., 2021; Kim et al., 2020; Someya et 
al., 2021; Zhao et al., 2012). Very recently methionine metabolism was suggested to 
contribute to NPs proliferation (Makayes et al., 2021) further validating our findings.  
 
We hope that the reviewer will appreciate that by identifying the metabolites that are 
affected by nephron progenitor regulator MAPK/ERK pathway we are not only providing 
important missing directions for the future studies, but have here validated some of their in 
vivo and in vitro effects.  
 

2.The metabolomics data and RNA seq data (while not specifically provided in this manuscript, but 
appears to be in preparation for a separate manuscript) are no doubt solid and interesting, they fail 
to be properly translated into cellular behavior or mechanism.  

We have now amended our manuscript with additional experimental data and provide the 
accession number of our published RNAseq raw data at GEO 
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174229). Thanks to the reviewer 
comments, the revised manuscript now translates our omics findings to more in-depth 
mechanistic view of MAPK/ERK-dependent metabolic processes in nephron progenitor 
regulation. 
 

3. The lack of a phenotype in the knockout mouse leaves the reader unconvinced of how this 
pathway is a "gatekeeper". We suggest that the paper be supported with significantly more in vivo 
experiments including various time points and more defined read-outs of metabolic activity. 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174229
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It is difficult to catch which mouse model the reviewer is referring to with this comment. We 
have previously genetically demonstrated the importance of MAPK/ERK activity in nephron 
progenitor regulation (Ihermann-Hella et al., 2018). We showed that MAPK/ERK activity plays 
dual functions during nephrogenesis; it is required for nephron progenitor self-renewal and 
their timely differentiation. Here we studied the transcriptional and metabolic changes 
MAPK/ERK-deficiency induces in nephron progenitors. We additionally show by in vivo genetic 
model (Pycr1/2 double knockout kidneys) that disruption of proline metabolism results in 
reduced nephron progenitor amount in newborn kidneys. In the title of our manuscript 
gatekeeper refers to MAPK/ERK activity and there is experimental evidence presented in our 
manuscript which supports this conclusion 
 

4.The LC/MS was performed on a cell line, rather than in vivo, which clouds the results especially 
since the specific cell line is never characterized in terms of timing of development, genetic 
changes such a immortalization etc. 

The reviewer’s comment is very relevant, but technically challenging. We have addressed this 
in the revised manuscript by the following addition and hope that the reviewer will appreciate 
the efforts and new information our approach has generated, especially as it is well supported 
by in vivo experimentation:  
“Reliable metabolomic analysis requires a large number of cells, and this presents a challenge 
due to embryonic NP availability. Although these cells have been isolated and successfully 
propagated in vitro in nephrosphere cultures, our pilot experiments showed that their 
utilization for MAPK/EKR-regulated metabolic target study was not feasible due to the need 
for extensive use of growth factors, other proteins and competitive inhibitors (Brown et al., 
2015; Li et al., 2016)”. 
 

5.Figure 4 is difficult to understand as it seems unfocused, underlining a lack of specific direction in 
the study of metabolics. 

The aim of the figure 4 is to demonstrate the different metabolic pathways mutually affected by 
MAPK/ERK activity both at mRNA and metabolite level. We interpret this so that it gives higher 
plausibility and thus stronger support for the identified change. We do agree that due to the 
changes in many parallel and distinct metabolic pathways this may seem rather complicated. To 
better align with our overall message, we have reorganized and amended the revised figure 4 as 
follows: to group the identified changes: Amino acid metabolism, Aspartate metabolism, ATP 
related, Citrate metabolism, Glutathione synthesis, Glutaminolysis, Glycine metabolism, 
Glycolysis and Proline metabolism. We hope that these amends will make the figure easier to 
understand. 
 

6.We strongly suggest that different time points be tested in a single experiment to prove a defect 
rather than a delay 

Unfortunately, this comment is impossible for us to understand without further specifications. 
Assuming that the reviewer is referring to analysis of different time points in Pycr1/2 knockout 
kidneys we find this suggestion technically possible but not really addressing anything that 
would “prove a defect rather than a delay”.  
Our data suggests that nephron progenitors are prematurely lost due to accelerated 
differentiation in postnatal kidneys of Pycr1/2 knockout pups. This can by no means derive 
from a delay, but rather is caused by insufficient proline production that causes either nephron 
progenitor death, defective propagation, premature differentiation or any combination of 
these cellular events.  
As show by our new results (Fig. 7, S1D-G, S2), proliferation and apoptosis are not affected in 
Pycr1/2 double knockout kidneys but. Instead, our results show that in vivo disruption of 
proline metabolism causes premature nephron progenitor exhaustion through their accelerated 
differentiation. This suggests that proline, likely together with interconnected pyruvate 
metabolism (see discussion in revised manuscript and below) contributes to the maintenance 
of undifferentiated status in nephron progenitor cells.  
 

7.Additional markers of NP differentiation and increased number of samples quantified in Figure 6 
would strengthen the results 

As suggested by the reviewer, we have performed additional characterization of Pycr1/2 
double knockout kidneys. This included immunofluorescent staining with cadherin6 (CDH6), a 
nephron differentiation marker that visualizes epithelializing nephrons from early pretubular 
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aggregates to S-shaped bodies, where CDH6 localizes to proximal tubule progenitors (Cho et 
al., 1998). Furthermore, we have used cyclin D1 (renal vesicle) as additional differentiation 
commitment markers and to analyze whether polarization of early epithelializing structures 
and determination of nephron segment identities are affected.  
Our new results (Fig. 7A-F) of revised manuscript) demonstrate that concomitantly to 
diminished amount of nephron progenitors, Pycr1/2 kidneys show increase in nephron 
precursor structures. The quantification of CDH6-positive nephron precursor structures 
demonstrates rise, which however is statistically not significant while the quantification of 
cyclin D1-positive renal vesicles, which represent more restricted precursor pool, shows 
statistically significant increase.  
 
We also characterized the main cellular processes, proliferation and apoptosis, that contribute 
to nephron progenitor maintenance to establish whether these contribute to premature loss of 
nephron progenitors in Pycr1/2 kidneys. This revealed that proliferation and apoptosis are not 
affected in Pycr1/2 double knockout kidneys (Fig 7G and S1D-G).  
 
Together the new results show that in vivo disruption of proline metabolism causes premature 
nephron progenitor exhaustion through their accelerated differentiation in pyrroline-5-
carboxylate reductases 1 and 2 (Pycr1/2) double-knockout kidneys. This suggests that proline, 
likely together with interconnected pyruvate metabolism (see discussion in revised manuscript) 
contributes to the maintenance of undifferentiated status in nephron progenitor cells. 
 

8.Neither scale bars or statistical testing were shown in Figure 6 and the images in Figure 6B are 
shown at inconsistent magnifications 

We added the missing scale bars to the figure 6A-B images of revised manuscript. These figure 
images are of the same magnification. We also included the statistical test results to the figure 
6C and made the Y axes to match each other. 
 

9.There are several areas of the text that need adequate proofreading including typos and syntax. 
It is very clear that several people contributed to the manuscript leaving the reader with a very 
piecemeal combination of authors voices. 

We have initially tried our best to use English language appropriately and the second author of 
the manuscript is actually a native speaker, who also proof-read the text before submission. 
The revised manuscript is again proof-red not only for spelling mistakes and syntax but also for 
coherence. To improve coherence, we also deleted some parts of the discussion which is not 
relevant for our main messages. All these changes are shown in blue/track changes to make it 
easier for the editors and reviewers to identify modified sections.  

 
 
Reviewer 3 
Summary:  
The paper by Known et al. shed light on an important and current theme on the field, which is what 
are the cues that govern NPC fate decisions during nephrogenesis. the authors attack this question 
with a dual approach based on RNA seq and Metabolomics. They found that MAPK/ERK signaling 
(through its role in cell metabolism) is essential for proper kidney development. The importance of 
MAPK/ERK for NPC niche regulation has already been demonstrated (by this same group). However, 
the metabolomics analysis brings new and interesting findings on the interplay between cell fate 
decisions and metabolism. 
 
Major points: 
1-the paper refers to a RNA seq experiment done in NPC isolated from E13.5 mouse embryos that 
will be published elsewhere. This makes difficult to analyze such results. We see heterogeneity 
E13.5 NPC in our lab.  

We thank the reviewer for useful and constructive comments that have significantly improved 
our manuscript.  
We have now published the transcriptomics data (Kurtzeborn et al., 2022) and 
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174229) and amended the 
manuscript accordingly .  
 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174229
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1-It is not possible to see differences in NPC populations present at E13.5 with Bulk RNA seq. It 
would be better if the authors had done single cell RNA seq instead. Perhaps, the author could 
download one of the scRNA seq data available at GEO datasets and quickly compare the results with 
their own. The question to be addressed is: could the metabolic differences observed in this paper 
be particular to a sub population of NPCs within the NPC niche. (not a absolute requirement, but to 
be considered) 

We are fully aware of the methodological limitations of bulk RNA-seq, and appreciate the fact 
that NPCs are heterogenous population consisting of multiple sub-types of progenitor cells, 
each of which could contribute to the observed differential gene expressions. Moreover, we 
have previously demonstrated different MAPK/ERK activation modes among individual MM cells 
in the developing kidney (Ihermann-Hella et al., 2018). Studies in other models have 
demonstrated that depending on the duration and the type of stimuli, these result in either 
sustained or dynamic MAPK/ERK activation (Catalanotti et al., 2009; Kamioka et al., 2012; 
Kumagai et al., 2015). Studies in other systems have additionally demonstrated that the 
transcriptional responses and cell fate decisions affected by the type and strength of 
MAPK/ERK activation are tissue specific (De et al., 2020; Johnson and Toettcher, 2019; Wilson 
et al., 2017). Pulsatile ERK activation causes different transcriptional responses and cell fate 
decisions in early Drosophila embryo than what it does in normal skin epithelial and epithelial 
cancer cells (De et al., 2020; Dumesic et al., 2009; Johnson and Toettcher, 2019). Therefore, 
our future aim is to combine powerful new types of scRNA-seq with our previously used mouse 
line visualizing ERK by FRET-biosensor to profile differences in transcriptional responses among 
developing kidney cells having heterogeneous levels of MAP/ERK activation. Having here done 
the bulk RNA-seq will allow comparison of those results to the bulk RNA-seq results further 
defining the mechanisms through which MAPK/ERK operates in developing kidney. 

 
Here, as suggested by the reviewer, we compared the key transcriptional changes identified 
upon MAPK/ERK-deficiency to single cell RNA-seq dataset available at GEO with the accession 
number GSE59127 (Brunskill et al., 2014). The nephron progenitors were divided to sub-
populations based on their expression of Six2, Cited1 and Pax2. The results of this analysis are 
presented in Results section chapter “Integration of metabolomics and RNA-Seq data suggests 
dysregulation in nephron progenitor fate decisions” and table S2 of revised manuscript. In 
essence, the data demonstrate increased representation of MAPK/ERK targets in the most 
stem-like (Six2+/Cited1+ double positive) nephron progenitor population. 
 

1-Do the author see any Wnt4 expression with their dataset? if yes how would it change the fidings? 
since Wnts may play roles in metabolism. 

Some Wnt pathway transcripts were identified among MAPK/ERK-dependent differentially 
expressed genes. These include Wnt4 (-1,74), Fzd2 (-1,06), suggesting decreased 
differentiation signaling (Stark et al., 1994; Tanigawa et al., 2011) while modest upregulation 
of other receptors Fzd1 and -3 (1,18 and 1,04) together with several Tcf genes being both up- 
and downregulated were identified. Due to complex up- and downregulation findings it is 
impossible provide clear outcome of Wnt signaling changes and their possible connection to 
metabolism. 
 

2-At the end of the second paragraph of the results section. The authors state that: " GO and KEGG 
dataset pathway demonstrated that mitochondrial inner membrane (25%) and mitochondrial (15%) 
account 40% of the down-regulated transcript". Because the same pool of genes were used in KEGG 
and GO (cellular component), I wonder how much overlap there is here (do the same genes showing 
in both scores?), If genes were counted twice, (in both KEGG and GO), were only count in one base 
(either KEGG or GO) would it still be 40%? 

We apologize for the confusing phrasing, which is now modified in the revised manuscript. In 
essence, the ontology source for mitochondrial inner membrane and mitochondrion is GO 
(cellular component), not KEGG. Among total 59 of GO Terms from down-regulated DEGs, only 
13 GO Terms are identified through KEGG and the remaining 46 GO Terms are identified 
through GO cellular component. As shown in Table S1, none of GO Terms are overlapping. 
 

3-The metabolomics analysis were performed in mK4 cells, after an in vitro culture for some time. 
The immortalized cell line, may not recapitulated the metabolic scenario of a naive NPC in its 
niche. Also, the in vitro system affects the cellular metabolism (nutrients availbility, signals 
gradient etc). would it not be better to have used freshly isolated NPC for this experiment? That 
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being said, metabolomics required a large number of cells, and it present itself as a problem, in 
terms of cell availability. 

The reviewer’s comment is very relevant, but technically challenging. We have addressed this 
in the revised manuscript by the following addition and hope that the reviewer will appreciate 
the efforts and new information our approach has generated, especially as it is well supported 
by in vivo experimentation:  
“Reliable metabolomic analysis requires a large number of cells, and this presents a challenge 
due to embryonic NP availability. Although these cells have been isolated and successfully 
propagated in vitro in nephrosphere cultures, our pilot experiments showed that their 
utilization for MAPK/EKR-regulated metabolic target study was not feasible due to the need 
for extensive use of growth factors, other proteins and competitive inhibitors (Brown et al., 
2015; Li et al., 2016)”. 
 

3-We have noticed that the interaction with UB and the adjacent stroma coordinate metabolic 
changes in the NPC pool. Perhaps, a better explanation of the limitations of the system would fit 
well in this paper, assuming the general reader may not be familiar with the complexity of the 
system or the techniques used. 

This important comment is addressed in introduction and discussion sections of the revised 
manuscript as follows: 
Introduction: “Together, the UB, stromal cells in the most cortical part of developing kidney, 
and MM form the NP niche, where balanced maintenance and propagation of NPs occur 
(Oxburgh, 2018). The complex interplay of signals originating from all niche compartments 
maintains their cell identities without much of time-dependent changes in niche composition 
but with clear differences in cell behaviors and molecular players.” 
 
Discussion: “In this study we focused on understanding the MAPK/ERK-dependent 
transcriptional and metabolic control of NP cell maintenance, propagation, and 
differentiation. For this, NP cells with intact or depleted MAPK/ERK activity were utilized. 
This strategy is a powerful way to study NP niche intrinsic mechanisms in nephrogenesis 
guidance. However, it bypasses the biological complexity of whole kidney morphogenesis 
regulation as the functions of ureteric bud epithelium and stroma, which contribute to NP 
niche composition are ignored. We and others have shown that several ureteric bud derived 
signals significantly contribute to NP cell biology (Karner et al., 2009; Li et al., 2021; 
Lindstrom et al., 2015)and the function of stromal signals is emerging (Naiman et al., 2017; 
Zhang et al., 2019). Thus, further studies are needed to build up holistic view on how nephron 
progenitor metabolism integrates to the guidance of optimally functioning kidney.” 
 

4-It would be great if the author could show that pharmacological inhibition of MAPK/ERK affects 
cell metabolism with a functional assay such as seahorse respirometry Or mitochondrial 
respirometry with Oroboros respirometry assays. Or some type of functional assay 

We have both measured mitochondrial counts per cell and adenosine triphosphate (ATP) 
availability as well as performed Seahorse metabolic profiling in the absence of MAPK/ERK 
activation. These results are now published at BMC Biology (Kurtzeborn et al., 2022). In 
essence, these experiments demonstrate 
1. Mitochondria amount per cell, as determined by mtDNA copy number against nuclear DNA 
copy number, is statistically significantly reduced 
2. analytic quantification of ATP amount by liquid chromatography–mass spectrometry 
(LC/MS) shows significant decrease  
3. Basal respiration, maximal respiration and spare capacity are all diminished as measured 
by Seahorse 
 

NOTE: Figure provided for reviewer has been removed. It showed part of Figure 6 from Kurtzeborn 
et al. (2022) Comparative whole-genome transcriptome analysis in renal cell populations reveals 
high tissue specificity of MAPK/ERK targets in embryonic kidney. BMC Biol 20, 112 
(DOI: 10.1186/s12915-022-01309-z). 

 
Figure 6 of Kurtzeborn paper (Kurtzeborn et al., 2022) (B) Mitochondrial DNA copy number 
analysis was performed on control (DMSO, n=9) and MEK1/2-inhibited (U0126, n=9) E12.5 
kidneys by real-time PCR. Mitochondrial DNA was measured by the analysis of its 12S 
expression against nuclear DNA quantification by Rbm expression. (C) Quantification of ATP 
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from mK4 cell line derived from embryonic kidney mesenchyme by LC/MS (n=4 for each DMSO 
and U0126). ATP concentrations are normalized against total protein concentration. ** = p < 5 
* 10-3, *** = p < 5 * 10-6. (D) Oxygen consumption rate (OCR) of mK4 cell line was measured 
by a Seahorse XF analyzer. For the OCR measuring, ATP synthase inhibitor (Oligomycin), 
protonophore uncoupler (FCCP), and ETC inhibitors (Rotenone and Antimycin A) were added 
at the indicated points. (E) Basal respiration, ATP production, proton leak, maximal 
respiration, and spare capacity measures are shown in different samples. Error bars represent 
standard deviation (S.D.) NT; non-treated mK4 cells, DMSO; DMSO-treated mK4 cells as a 
control, U0126; MEK inhibitor U0126-treated mK4 cells. 

 
5-Pycr-1 has a role for the NADP metabolism, also PYCR-1 deficiency has been implicated in 
progeroid syndrome in humans (https://pubmed.ncbi.nlm.nih.gov/19648921). Would proline 
metabolism be the only aspect to be evaluated here? A better characterization regarding 
mitochondrial respiration and morphology in NPC lacking Pycr1 and 2 is needed. My guess is these 
cells are undergoing Oxidative stress. How the expression of oxidative stress response genes is 
affected in these KOs? 

The effect of Pycr1 and -2 on mitochondrial integrity and functions as well as oxidative stress 
seem to be very cell-type specific (Escande-Beillard et al., 2020; Reversade et al., 2009; Stum 
et al., 2021). As suggested, we have performed additional experiments to examine how 
defective proline metabolism affects cellular behaviors of nephron progenitors. This includes 
analysis of nephron progenitor propagation, apoptosis (studied by cleaved-Caspase 3) and 
differentiation (Figures 7 and S1 of revised manuscript) as well as mitochondrial morphology in 
Pyrc1/2 double knockout kidneys (Figure S2 of revised manuscript).  
 
These experiments revealed that unlike in mouse central nervous system and in Xenopus and 
zebrafish skin (Escande-Beillard et al., 2020; Reversade et al., 2009), NAD(P)H-dependent 
conversion of pyrroline-5-carboxylate to proline in nephron progenitor cells does not induce 
cell death (Figure S1). Similarly to what is reported in vivo (Stum et al., 2021), loss of Pycr1/2 
did not grossly alter the mitochondrial network nephron progenitors (Figure S2), which is 
opposite what is reported in vitro (Kuo et al., 2016). As oxidative stress has not been 
recapitulated in mammalian models of PYCR-deficiency we did not have a chance to analyze 
this in Pycr1/2 double knockout kidneys.  
 
Inspired by the reviewer’s comment we also examined oxidative stress related transcriptional 
signatures in our RNA-seq dataset. These results are presented in the table S3 of revised 
manuscript. In essence, these results suggest perturbed antioxidant defense, which may 
contribute to the diminished cell cycle progression in MAPK/ERK-deficient NPs without 
increasing cell death. 
 
 

Minor comments 
1-the reference list appears to have some mismatches with the text, please review it (e.g results 
section, second text line ref 20, is not the one the authors intended to cite) 

We appreciate for pointing this out. The reference list is now updated in the revised 
manuscript.  
 

2-metabolomics analisys of MAPK/ERK deficiency section. the authours say " comparisons of the 
untargeted MS2 spectrum patterns with a online MS database" please provide the reference of the 
database. 

As requested, the revised manuscript now included reference to the MS database. 
 

3-the gene lists in the the supplementary material appear to be out of bound regarding margins. 
The supplementary tables are now included as original excel file to avoid any inconvenience 
in their reading. 
 

4-It would be nice if the authours could make the metabolomic and RNA seq data available with a 
web interactive tool, such as shiny web application or dashboard application. so, other scientists 
would be able to browse through the data. 

The RNAseq raw data is publicly available at GEO https://www.ncbi.nlm.nih.gov/geo/ 
under the accession number GSE174229 and our metabolites are included here. Although 

https://pubmed.ncbi.nlm.nih.gov/19648921
https://www.ncbi.nlm.nih.gov/geo/
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these do not make data browsing as easy as interactive web-based tool would, we feel that 
building such would lead to an entire new article. 
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Original submission 

 
First decision letter 

 
MS ID#: DEVELOP/2022/200986 
 
MS TITLE: Omics profiling identifies MAPK/ERK pathway as a gatekeeper of nephron progenitor 
metabolism 
 
AUTHORS: Hyuk Nam Kwon, Kristen Kurtzeborn, Vladislav Iaroshenko, Xing Jin, Abigail Loh, Nathalie 
Escande-Beillard, Bruno REVERSADE, Sunghyouk Park, and Satu Kuure 
 
I have now heard back from two out of the three reviewers who originally reviewed your 
manuscript, and have reached a decision. The referees' comments are appended below, or you can 
access them online: please go to BenchPress and click on the 'Manuscripts with Decisions' queue in 
the Author Area. 
 
The overall evaluation is positive and we would like to publish a revised manuscript in 
Development, but I would ask you to address the final comment from one of the reviewers 
regarding the extrapolations made from profiling cell lines. In the revised version, you should either 
provide metabolomics data in bona fide NP cells or tone down statements/conclusions accordingly, 
including revising the title as suggested and considering the data in the publication mentioned by 
the reviewer. 
 
 
Reviewer 1 
 
Advance summary and potential significance to field 
 
In the manuscript by Kwon et al a deeper understanding of metabolic changes associated with 
nephron progenitor differentiation is achieved through multi-disciplinary analysis. Mass 
spectrometry of a cell line representing normal nephron progenitor behavior in comparison with 
RNA-seq data brought the researchers to focus specifically on the MAPK/ERK pathway as one of 
interest in determining the pluripotent or differentiated status of NPs. They tested the effects of 
MAPK/ERK deficiency on the downstream process of proline metabolism and specifically the genes 
PYCR1/2 in vivo, both with organ culture and a knockout mouse line. While these in vivo studies did 
not show a gross phenotype associated with defective embryonic development, the authors 
conclude that a tightly controlled level of pyruvate and PYCR1/2 activity is necessary to prevent 
premature differentiation of nephron progenitors. 
 
Comments for the author 
 
The authors have addressed all my concerns and the manuscript is much improved. 
 
 
Reviewer 2 
 
Advance summary and potential significance to field 
 
The manuscript by Kwon et al addressed the role of metabolism in renal development. As this area 
is so far very understudied, addressing this area is by itself very innovative and can advance the 
field. 
 
Comments for the author 
 
 The authors have properly addressed my previous comments. The paper has clearly improved. 
However, in my opinion, the fact that metabolomics was carried out in a cell line and not in NP 
cells remains a problem.  
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The authors may find solutions to this problem in PMID: 26190145. Without performing 
metabolomics in bona fide NP cells the conclusions drawn need to be tuned down. In particular, the 
title referring to the MAPK/ERK pathway as a gatekeeper needs to be changed.  
 

 
First revision 
 
Author response to reviewers' comments 
 
Reviewer 2 Advance summary and potential significance to field 
The manuscript by Kwon et al addressed the role of metabolism in renal development. As this area 
is so far very understudied, addressing this area is by itself very innovative and can advance the 
field.  
 
Comments for the author 
The authors have properly addressed my previous comments. The paper has clearly improved. 
However, in my opinion, the fact that metabolomics was carried out in a cell line and not in NP 
cells remains a problem.  
The authors may find solutions to this problem in PMID: 26190145. Without performing 
metabolomics in bona fide NP cells the conclusions drawn need to be tuned down. In particular, the 
title referring to the MAPK/ERK pathway as a gatekeeper needs to be changed.  
 
Response: We thank the reviewer for providing very valuable comments that helped us to shape our 
manuscript into a what we think much-improved version. As pointed out by the reviewer, we have 
now modified the title of our work to more accurately describe our findings, which indeed derive 
from the experiments done both in cultured cells and in vivo nephron progenitors. In essence, we 
no longer refer MAPK/ERK pathway as a gatekeeper of nephron progenitor metabolism in the title, 
which now runs “Omics profiling discovers the regulatory functions of MAPK/ERK pathway in 
nephron progenitor metabolism”. We have accordingly tuned down our conclusions about the 
essential functions of MAPK/ERK pathway in nephron progenitor metabolism (new/changed text 
highlighted in blue). We hope that the reviewer finds these modifications adequate enough for 
endorsing publication of our results. 
 

 
Second decision letter 
 
MS ID#: DEVELOP/2022/200986 
 
MS TITLE: Omics profiling discovers the regulatory functions of MAPK/ERK pathway in nephron 
progenitor metabolism 
 
AUTHORS: Hyuk Nam Kwon, Kristen Kurtzeborn, Vladislav Iaroshenko, Xing Jin, Abigail Loh, Nathalie 
Escande-Beillard, Bruno REVERSADE, Sunghyouk Park, and Satu Kuure 
ARTICLE TYPE: Research Article 
 
Thank you for sending your manuscript to Development through Review Commons. 
 
I am happy to tell you that your manuscript has been accepted for publication in Development, 
pending our standard ethics checks.  
 
Reviewer 2 
 
Advance summary and potential significance to field 
 
Comments were adequately addressed. 
 
Comments for the author 
 
Comments were adequately addressed. 




