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1st Editorial Decision 05 February 2016

Thank you for submitting your manuscript to The EMBO Journal. Sorry for the delay in getting
back to you, but due to the Xmas holidays things got a bit delayed. I have now received the
comments from the two referees that you will find enclosed.

As you can see below, the referees find the analysis interesting and suitable for consideration here.
However they also raise a number of issues that should be sorted out before publication here. The
regulation of Pbx1 target genes need to be better supported by additional data and the same goes for
a protective role of Nfe2l1 during oxidative stress. Should you be able to extend the analysis along
the lines as indicated by the referees then I would like to invite you to submit a suitable revised
manuscript. I should add that it is EMBO Journal policy to allow only a single major round of
revision and that it is therefore important to resolve the concerns raised at this stage.

When preparing your letter of response to the referees' comments, please bear in mind that this will
form part of the Review Process File, and will therefore be available online to the community. For
more details on our Transparent Editorial Process, please visit our website:
http://emboj.embopress.org/about#Transparent_Process

Thank you for the opportunity to consider your work for publication. I look forward to your
revision.
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REFEREE REPORTS
Referee #1:

The manuscript by Villaescusa et al addresses the function of Pbx1 in developing midbrain
dopaminergic (mDA) neurons. It starts by using mouse genetics to show that Pbx1 is required for
proper differentiation and survival of this neuronal population. These findings are complemented
with the characterization of transcriptional targets of Pbx1 by combining ChIP-seq from mouse
embryonic chromatin, with expression profiling by RNA-Seq of distinct midbrain cell populations.
The authors conclude that Pbx1 functions both as an activator and repressor, and generate a list of
Pbx1 targets that include genes expected to regulate the differentiation of mDA neurons (Pitx3), the
repression of alternative cell fates (Onecut2) or protect against oxidative stress (Nfe2l1, aka Nrfl).
They develop this last point by showing that knocking down Nfe2l1 in mDA cells in culture
decreases survival upon oxidative stress. In addition, the analysis of brain samples from PD patients
show reduced expression of Pbx1 and Nfe2l1 in neuromelanin neurons of the Substantia Nigra (SN),
and suggest that downregulation of this pathway could be of importance in PD.

The identification of novel regulators of development and survival of mDA neurons is of great
interest, given its potential use in the development of cell replacement strategies, but also as it may
contribute to a better understanding of the etiology of the disease. In that sense the work here
provided if of potential relevance to the field. The strong point is that it is the first report that uses
extensively mouse genetics to dissect out the function of Pbx1 quite convincingly, circumventing
the problem of redundancy amongst Pbx family members. Also, it is to the best of my knowledge
the first time that Nrfl deregulation is shown in the midbrain of PD patients, although oxidative
stress in PD has been extensively studied. The manuscript has however several weaknesses, mostly
concerning the regulation and function of Pbx1 target genes (see below).

Previous studies (properly cited by the authors) have already characterized the expression of Pbx1 in
developing mDA neurons. In addition, a very mild phenotype of Pbx1 null embryos in mDA
neurons has previously been reported by Sgado et al (Neural Dev. 2012 Jul 2; 7:24). The authors cite
this article ("expression of Pbx genes has been detected in the mammalian midbrain and mDA
neurons") while not mentioning the initial description of the Pbx1 null embryos that it describes.
Moreover, the expression of Pbx1 in the adult mouse Substantia Nigra and the conserved expression
in ventral midbrain of human embryos has already been reported by Ganat et al (J Clin Invest. 2012
Aug 1; 122(8): 2928-2939), and are thus not novel.

An important part of the work consists of the identification of Pbx1 direct target genes. The ChIP-

seq data could be better presented, as it is difficult to evaluate its quality on its present form. ChIP-
seq enrichment profiles at representative genomic regions (namely at the targets discussed) should
be presented. In addition, a larger scale validation of Pbx1 bound regions by ChIP-PCR should be

performed.

The identification of a Pbx1 binding motif is described, and used to support the ChIP-seq data.
However no numbers or statistics associated with this observation are shown.

The authors suggest a dual role for Pbx1 in activation and repression of gene expression. Although
the molecular basis for Pbx1 function is not a major focus of the manuscript, the authors could
further explore their data. For example, are there additional motifs present in Pbx1 bound regions
associated with activated versus repressed genes? This should be looked at, and discussed.

The case for the identification of Nfe2l1 (aka Nrfl) as a target of Pbx1 is poor. The regulation data
shown derived from overexpression in a cell line (Figure 6B) is not convincing, and further evidence
based on gain or loss-of-function of Pbx1 is required. As it was done for two other targets, Nf211
expression should be analyzed in Pbx1/3 mutants. This is particularly important, if one wants to
establish the link with the decreased survival observed in the compound mutants.

The experiment described in Figure 6D is aimed at investigating "whether Nfe2l1 plays a role in

preventing oxidative stress in human mDA cells". From the data presented, it is not possible to
conclude that the increase in Casp3 expression occurs in fully differentiated mDA neurons, as
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opposed to any other cell type present in the culture. In addition, the quantification of the ShRNA
mediated knock-down shown in Figure EV11 is very mild. The results must therefore be
corroborated with a second shRNA virus, in order to minimize the possibility of occurrence of off-
target effects.

The reduction of Pbx1/Nfe2l1 in NM+ neurons from PD patients presented in Figure 6 is quite
relevant. I understand the difficulty of obtaining material for these experiments, however results
shown in Figure 6E should be properly quantified. In addition, the data showing the specificity of
these observations to NM+ neurons are as far as I can see based on one single sample (Figure EV11)
and require further work.

Referee #2:

In this study, Villaescusa et al. identifies Pbx1 transcription factor as a crucial intrinsic determinant
for midbrain dopaminergic neuronal specification during development. Inactivation of Pbx1 and its
close homolog Pbx3, leads to severe loss of mDA neurons. In addition, they carried out a ChIP-Seq
analysis using fetal midbrain tissue to identify the Pbx1 genomic binding occupancy and its direct
target genes, among which Pitx3 is a well-known determinant of mDA neuronal identity. A second
Pbx1 direct target results Nfe211 (Nrfl), one of the activators of the cell antioxidant response, whose
silencing in human NES-derived mDA neurons is detrimental for their survival in oxidative stress
conditions. Interestingly, both Pbx1 and Nfe2ll are expressed in adult human substantia nigra and
are downregulated in tissues from Parkinson's disease patients. This is a relevant set of findings that
identify for the first time the function and downstream effectors of a new key factor in mDAn
specification and survival. Thus, these results place Pbx1 within the transcription factor regulatory
network which controls mDAn genesis upstream to Pitx3. Few but important points need to be
addressed as below:

- Loss of mDA neurons in Pbx1/Pbx3 double mutants is analyzed exclusively with TH staining
Pbx1/Pbx3 double mutants. It remains unclear how the neurons in SN and VTA are differentially
affected. The use of mDA neuronal subtype markers such as Otx2, Calbindin, Sox6 or GIRK2
would help to clarify this aspect.

- To better define the magnitude of mDA neuronal fiber loss in the Pbx1/Pbx3 double mutants, it
would be very informative the immunohistochemistry (DAB staining) for TH in the striatum which
represent the main target of the DA projections.

- The increase in aCASP-3 staining at E18.5 is limited in the mutants questioning whether TH
expression lost is exclusively caused by cell death. On this regard, it would be helpful to repeat this
staining at E14.5, a stage of high neurogenesis, to verify whether cell death is enriched at earlier
time points. Alternatively, it should be considered that cell identity misspecification could occur as
well. Thus, a staining for alternative neuronal cell types like 5-HT could address this eventuality.

- In order to better appreciate the protective role of Nfe211 during oxidative stress in NES-derived

mDA neurons, it would be relevant to evaluate if the overexpression of this gene can rescue cell
death in oxidative stress conditions.

1st Revision - authors' response 21 April 2016

Referee #1:

1) Previous studies (properly cited by the authors) have already characterized the expression of
Pbx1 in developing mDA neurons. In addition, a very mild phenotype of Pbx1 null embryos in mDA
neurons has previously been reported by Sgado et al (Neural Dev. 2012 Jul 2; 7:24). The authors
cite this article ("expression of Pbx genes has been detected in the mammalian midbrain and mDA
neurons") while not mentioning the initial description of the PbxI null embryos that it describes.
Moreover, the expression of Pbx1 in the adult mouse Substantia Nigra and the conserved expression
in ventral midbrain of human embryos has already been reported by Ganat et al (J Clin Invest. 2012
Aug 1; 122(8): 2928-2939), and are thus not novel.
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The first paragraph of the introduction has now been modified in order to incorporate these
suggestions. We mention the five articles that to our knowledge describe Pbx expression in
midbrain dopaminergic neurons in mouse and humans.

We agree that PBX-immunoreactivity has been previously detected in the mouse and human
midbrain, although our study is the first to validate PBX1, PB1A, PBX1B and PBX3
antibodies in ventral midbrain tissue in KO sections.

Ganat et al., described a diffuse nuclear and perinuclear PBX1 staining throughout the three
layers of the ventral midbrain (from ventricular to marginal zone), which does not match the
cell-type specific expression in the intermediate and marginal zones that we describe, which
we find to be very similar between mouse and human development. Differences in the
concentration of primary and secondary antibodies, blocking reagents and antigen retrieval
methods, among other things, could explain these differences.

Another difference with previous studies (Sgado et al. 2012; Thompson et al. 2006) is that they
used a pan-PBX antibody that identifies all PBX members (PBX1-4) and their different
isoforms. These studies could not resolve which member of this family of transcription factors
is actually present in the dopaminergic lineage.

Finally, our study shows co-expression of PBX1 with other markers (LMX1A, NURR1, PITX3
and TH) and carefully analyses the temporal pattern of expression. Indeed, our
immunofluorescence analysis identifies that the first PBX1+ cells appear at E10, and that
PBXI1 is present in a subpopulation of NURR1+ neuroblasts, which has not been previously
described. Moreover, we identify PBX1A as the isoform present in the ventral midbrain,
which was not previously known. We thus think that our analysis of PBX family members by
in situ hybridization and immunohistochemistry reveal important new information about
these transcription factors.

2) An important part of the work consists of the identification of Pbx1 direct target genes. The ChIP-
seq data could be better presented, as it is difficult to evaluate its quality on its present form.
ChIP-seq enrichment profiles at representative genomic regions (namely at the targets discussed)
should be presented.

Following the suggestion from this reviewer, we now show the enrichment profiles in Fig 5B
and EV4E. Former Fig 5B is now shown in EV4F.

In addition, a larger scale validation of Pbx1 bound regions by ChIP-PCR should be performed.
We have also performed a large-scale validation of PBX1 bound regions by ChIP-PCR. Our
analysis includes all identified regions with p-values equal to, or greater than, 10°. We have
thus performed ChIP-PCR on a total of 18 putative target genes, which are now shown in Fig
5E and EV6B.

3) The identification of a Pbx1 binding motif is described, and used to support the ChIP-seq data.
However no numbers or statistics associated with this observation are shown.
Statistical E-value is now shown in Fig SA (E-value = 1.1E'55).

The authors suggest a dual role for Pbx1 in activation and repression of gene expression. Although
the molecular basis for Pbx1 function is not a major focus of the manuscript, the authors could
further explore their data. For example, are there additional motifs present in Pbx1 bound regions
associated with activated versus repressed genes? This should be looked at, and discussed.

We thank reviewer #1 for these suggestions. We have now included in Fig EV5 de novo motif
analysis that has focused on the 200bp regions which are centered on PBX1 peaks to identify
additional motifs. Moreover, we also now show the analysis of the promoter regions of PBX
target genes for transcription factor binding site enrichment. All these results are described in
pages 5-6 and shown in a new figure, Fig EVS.

4) The case for the identification of Nfe2ll (aka Nrfl) as a target of Pbx1 is poor. The regulation
data shown derived from overexpression in a cell line (Figure 6B) is not convincing, and further
evidence based on gain or loss-of-function of Pbx1 is required. As it was done for two other targets,
Nf211 expression should be analyzed in Pbx1/3 mutants. This is particularly important, if one wants
to establish the link with the decreased survival observed in the compound mutants.
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Following the advice of this reviewer, we analyzed the expression of Nfe2/1I in loss of function
experiments. Our results show a near complete loss of NFE2L1 in TH+ cells of PbxI”; Pbx3""
embryos at E12.5 (new Fig 6B) but not in PBX1-free structures such as the branchial arches
(Appendix Fig S6B), indicating that PBX1 is required for the expression of Nfe2ll in TH+
cells. This result is now described in page 6.

Former Fig 6A-B is now part of Fig SE and Appendix Fig S6A.

5) The experiment described in Figure 6D is aimed at investigating "whether Nfe2ll plays a role in
preventing oxidative stress in human mDA cells". From the data presented, it is not possible to
conclude that the increase in Casp3 expression occurs in fully differentiated mDA neurons, as
opposed to any other cell type present in the culture. In addition, the quantification of the shRNA
mediated knock-down shown in Figure EV11 is very mild. The results must therefore be
corroborated with a second shRNA virus, in order to minimize the possibility of occurrence of off-
target effects.

Following the suggestion from reviewer #1, we have done new experiments using a pool of
concentrated, transduction-ready viral particles (sc-43575-V, Santa Cruz Inc) containing 3
target-specific constructs that encode 19-25 nt (plus hairpin) shRNAs designed to knock down
gene expression of human NFE2L1, which results in a much clearer knockdown in the absence
of target effects (Appendix Fig S6C). Using this approach, we examined whether shNFE2L1
increased the number of dying human mDAn (double TH+aCASP3+ cells) in It-NES cell
cultures treated with H,O,, compared to shControl. Qur results show that saANFE2L1
increases the number of double-positive TH+aCASP3+ cells by two fold (Fig 6C) in response
to both 10 and 100 microM H,0O,, (p-values 0.0066 and 0.0016, respectively), indicating that
NFE2L1 protects human mDAn from oxidative stress. We also show in Appendix Fig S6E that
shNFE2L1 impairs the survival of other cells (increase of aCASP3+ cells over Dapi), so
showing that NFE2L1 has a broader role in survival, which is not limited to mDA neurons or
its regulation by PBX1. These results are described in pages 6-7.

6) The reduction of Pbx1/Nfe2ll in NM+ neurons from PD patients presented in Figure 6 is quite
relevant. I understand the difficulty of obtaining material for these experiments, however results
shown in Figure 6F should be properly quantified.

We now show quantification of PBX1 intensity levels in the same patients in which NFE2L1
stainings were performed. The new results are shown in Fig 6F. Analysis of the intensity of
PBXI1 staining in the nuclei of multiple NM+ cells in the same patients (3 control and 5 PD)
revealed a remarkable decrease in the levels of PBX1 in NM+ cells of PD patients compared to
controls. These results are presented in a new Fig 6F and described on page 7.

In addition, the data showing the specificity of these observations to NM+ neurons are as far as 1
can see based on one single sample (Figure EV11) and require further work.

Fig EV12E showed one example of the 5 PD brains analyzed. In the revised version of the
manuscript we now show 3 representative examples of the PD patients analyzed (70, 81 and 85
years old). This data is shown now in Appendix Fig S6F. We have also added a sentence, on
pages 7 and 9, to explain that we had very strict inclusion criteria for PD patient sections. We
only considered sections from patients and controls in which nuclear immunoreactivity for
NFE2L1 antibody was clearly detected, and used consecutive sections for PBX1 analyses. We
excluded material in which no NFE2L1 immunoreactivity was detected in NM+ or NM- cells.

Referee #2:

1- Loss of mDA neurons in Pbx1/Pbx3 double mutants is analyzed exclusively with TH staining
Pbx1/Pbx3 double mutants. It remains unclear how the neurons in SN and VTA are differentially
affected. The use of mDA neuronal subtype markers such as Otx2, Calbindin, Sox6 or GIRK2 would
help to clarify this aspect.

Following the suggestion from reviewer #2, we have added additional markers to our analysis.
However, we would like to point out that our analysis of Pbxl'/';Pbx3+/' mutants and cKO mice
is not exclusively based on TH staining. In our original version of the manuscript we had
already examined PITX3+ and NURRI1+ cells in cKO and PbxI” ';Pbx3+/ " mutants (see new
versions of Fig 3C, 3D, SF and Appendix Fig S4). We have now added NURRI stainings in
Pbx1” ';Pbx3+/ “at E12.5 in Fig EV2A. Our results show a reduction of TH+ cells but not of
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NURRI1+ cells, indicating that the differentiation of NURR1+TH- neuroblasts into
NURRI1+TH+ mDA neurons is impaired. In the revised version of the paper we also report
that the levels or number of neurogenin2+ (NGN2) cells do not change (Fig EV2B), indicating
no effect on neurogenesis.

In response to the suggestion of this reviewer, we examined whether there is a differential
impairment in SN vs VTA mDA cells in Pbx1”";Pbx3"" mutant mice. As the reviewer
suggested, we performed immunofluorescence for SOX6 and OTX2, the two early
transcription factors that control SN vs VTA mDA subtype specification. We did not use
markers appearing latter in development (Calbindin and GIRK2), because Pbx1”;Pbx3""
embryos die before E16.5.

Our results show no alteration in the number or position of SOX6+ or OTX2+ cells in Pbx1”
;Pbx3"" mutant mice at E12.5 (Fig EV2C), suggesting that Pbx1 is not involved in this process.
These results are now described on page 4. This new data is in line with our observation that
both medial and lateral TH+PITX3+ cells are lost in PbxI”;Pbx3"™ mice at E12.5 (Fig 5F) and
that TH+NURRI1+ cells and TH+PITX3+ cells are also lost in the cKO mice at E18.5 (Fig 3D).

2- To better define the magnitude of mDA neuronal fiber loss in the Pbx1/Pbx3 double mutants, it
would be very informative the immunohistochemistry (DAB staining) for TH in the striatum which
represent the main target of the DA projections.

In order to address this question, we have performed TH immunohistochemistry (DAB) in the
striatum of cKO mice at E18.5, compared to cHET. Our results show a decrease in the TH
immunoreactivity in both the dorsal and the ventral striatum of cKO mutant mice, which
reflects the loss of mDAnR in both SN and VTA. This information is described on page 5 and
shown in new Fig EV3D.

3- The increase in aCASP-3 staining at E18.5 is limited in the mutants questioning whether TH
expression lost is exclusively caused by cell death. On this regard, it would be helpful to repeat this
staining at E14.5, a stage of high neurogenesis, to verify whether cell death is enriched at earlier
time points. Alternatively, it should be considered that cell identity misspecification could occur as
well. Thus, a staining for alternative neuronal cell types like 5-HT could address this eventuality.
Following the suggestion from this reviewer, we have quantified aCASP3 in cHet and cKO at
E14.5. We found that the number of aCASP3+ cells was increased in cKO compared to cHet
(cHet =43 £ 8.7 vs cKO =71 + 4.4, mean £SD, p-value 0.016). This result is now presented on
page S.

In addition, we have examined the possibility of a misspecification and stained for SHT in cKO
mutant mice at E18.5. Our results show that in the area where cell loss takes place there is no
increase in SHT immunoreactivity, which is limited to fibers (Fig EV2D). Combined, these
data indicate that there is no midbrain to hindbrain misspecification in cKO mutant mice, but
rather a loss of mDA neurons. This result is discussed on pages 4-5.

4- In order to better appreciate the protective role of Nfe2ll during oxidative stress in NES-derived
mDA neurons, it would be relevant to evaluate if the overexpression of this gene can rescue cell
death in oxidative stress conditions.

We thank reviewer #2 for the suggestion. In the revised version of the manuscript we now
show that shANFE2L1 increases the number of double-positive TH+aCASP3+ cells by two fold
(Fig 6C) in response to both 10 and 100 microM of H,0,, (p-values 0.0066 and 0.0016,
respectively), indicating that NFE2L1 protects human mDAn from oxidative stress. However,
the effect of NFE2L1 is not limited to TH+ cells. Indeed, shNFE2L1 impaired the survival of
other cells in the cultures (increase of aCASP3+ cells over Dapi; Appendix Fig S6E). These
results indicate that NFE2L1 has a broader role in survival than that elicited by PBX1 on
mDAs . This is in agreement with the broad expression pattern of NFE2L1 compared to that of
PBXI.

In response to the suggestion by this reviewer, we performed a gain of function experiment in
which we examined whether the antioxidant effect of NFE2L1 can be elicited by PBX1 in mDA
neurons. Lentiviral overexpression of PBXI in human Lt-NES cells differentiated into mDA
neurons decreased by half the loss of mDA neurons (TH+aCASP3+ cells) after exposure to 100
microM H,O0, (p-value 0.0301), compared to control vector (new Fig 6D). These results fit well
with our observation of a PBX1 binding site in the proximity of the TSS of Nfe2l/I (new Fig 5B
and E), the increase in the levels of NFE2L1 protein by PBX1 overexpression (Appendix Fig
S6A) and the requirement of Pbx1/3 for the expression of NFE2L1 in mDA neurons (new Fig
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6B). Moreover, it complements the data presented in Fig 6C, showing that shNFE2L1
increases the number of double-positive TH+aCASP3+ cells two fold (Fig 6C), indicating that
NFE2L1 protects human mDAn from oxidative stress. Combined, our results show that PBX1
controls the levels of the antioxidant protein NFE2L1 and that PBX1 is sufficient to reduce
oxidative stress. We thus conclude that the PBX1-NFE2L1 axis promotes resistance to
oxidative stress in mDA neurons.

2nd Editorial Decision 23 May 2016

Thanks for submitting your revised version to The EMBO Journal. Your revision has now been seen
by the two referees and their comments are below. As you can see both referees appreciate the
introduced changes and support publication here. There are just a few minor changes needed for
acceptance here.

Referee #1 remaining point concerns the conclusion that NFE2L1 has a "broader role in survival"
that goes beyond mDAs. I think the referee has a point, but if you have good arguments for this
conclusion also OK to leave. Please take a look at the comment and respond (point-by-point
response and/or manuscript)

The ChIP and microarray data should be deposited in a public database and the accession numbers
should be added to the manuscript.

REFEREE REPORTS
Referee #1:

After reading carefully the manuscript, I can confirm the authors have addressed all issues that I
have previously raised. I have at this stage only one comment that concerns the conclusion that
knocking down NFE2L1 results in increased cell death of TH+ and "other cells in the cultures",
demonstrating NFE2L1 has a "broader role in survival" that goes beyond mDAs. I just cannot
understand how the authors can claim that the Casp3+/DAPI+ cells in Figure S6E are not TH+ cells.
Maybe I am missing something, but given the present data I would conclude for an effect on TH
positive cells, without making any strong statement about other cell types. I leave it to the editor the
last word on this detail.

Also, I have not found any evidence showing that ChIP-seq and transcriptomic data sets were
deposited in any publicly available data base, according to the journal’s policy. Accession numbers
must be available in materials and methods section.

Referee #2:

The authors provided new results which adequately answer to my previous remarks. Thus, this
revised version is fully acceptable for publication for this reviewer. I am confident that this study
will be of great interest presenting valuable insights in the fields of neurodevelopment,
neurodegeneration and Parkinson's disease.

2nd Revision - authors' response 01 June 2016

Referee #1:

After reading carefully the manuscript, I can confirm the authors have addressed all issues that I
have previously raised. I have at this stage only one comment that concerns the conclusion that
knocking down NFE2L1 results in increased cell death of TH+ and "other cells in the cultures”,
demonstrating NFE2L1 has a "broader role in survival” that goes beyond mDAs. I just cannot
understand how the authors can claim that the Casp3+/DAPI+ cells in Figure S6E are not TH+
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cells. Maybe I am missing something, but given the present data I would conclude for an effect on
TH positive cells, without making any strong statement about other cell types. I leave it to the editor
the last word on this detail.

We thank reviewer #1 for these suggestions. We have now changed the text concluding than
role of NFE2L1 is in preventing oxidation in TH+ cells.

Also, I have not found any evidence showing that ChIP-seq and transcriptomic data sets were
deposited in any publicly available data base, according to the journal's policy. Accession numbers
must be available in materials and methods section.

ChIP-seq and RNA-seq data are now deposited in a public NCBI database. Accession numbers
are now indicated in the manuscript with numbers GSE82098, GSE82099 and GSE82100.
Referee #2:

The authors provided new results which adequately answer to my previous remarks. Thus, this
revised version is fully acceptable for publication for this reviewer. I am confident that this study
will be of great interest presenting valuable insights in the fields of neurodevelopment,

neurodegeneration and Parkinson's disease.

We thank reviewer #2 for all suggestions to improve our study.
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