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Original submission 
 
First decision letter 
 
MS ID#: DEVELOP/2021/200436 
 
MS TITLE: Ikaros family proteins regulate developmental windows in the mouse retina through 
convergent and divergent transcriptional programs 
 
AUTHORS: Awais Javed, Pierre Mattar, Allie Cui, and Michel Cayouette 
 
I have now received the reports of two referees on your manuscript and I 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. 
 
As you will see, both referees express great interest in your work, but they also have significant 
criticisms and recommend a substantial revision of your manuscript before we can consider 
publication. In particular, they comment on the low quality of some of the staining for Ikzf4 and 
Rxrg, they request further analysis of the direct regulation of Pou2f2 and Muller glia genes by Ikzf4, 
and they recommend that you perform additional CUT&RUN analysis and that you provide 
alternative interpretations of the Ikzf4 overexpression experiments. If you are able to revise the 
manuscript along the lines suggested, which may involve further experiments, I will be happy to 
receive a revised version of the manuscript. Your revised paper will be re-reviewed by the original 
referees, and its acceptance will depend on your addressing satisfactorily all their major concerns. 
Please also note that Development will normally permit only one round of major revision. 
 
We are aware that you may be experiencing disruption to the normal running of your lab that make 
experimental revisions challenging. If it would be helpful, we encourage you to contact us to 
discuss your revision in greater detail. Please send us a point-by-point response indicating where 
you are able to address concerns raised (either experimentally or by changes to the text) and 
where you will not be able to do so within the normal timeframe of a revision. We will then provide 
further guidance. Please also note that we are happy to extend revision timeframes as necessary. 
 
Please attend to all of the reviewers' comments and ensure that you clearly highlight all changes 
made in the revised manuscript. Please avoid using 'Tracked changes' in Word files as these are lost 
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in PDF conversion. I should be grateful if you would also provide a point-by-point response detailing 
how you have dealt with the points raised by the reviewers in the 'Response to Reviewers' box. If 
you do not agree with any of their criticisms or suggestions please explain clearly why this is so. 
 
 
Reviewer 1 
 
Advance summary and potential significance to field 
 
This is a significant interesting manuscript from Javed and colleagues that investigates how the 
transcription factor Ikzf4 affects mouse retinal development. The authors show that Ikzf4 is broadly 
expressed in the retina, both in progenitors and in postmitotic neurons and glia. They go on to show 
that Ikzf4 mutants have a moderate cell fate change, by which Muller glia are reduced by about 
40% compared to wild-type mice. Correspondingly, overexpression of Ikzf4 was able to increase glia 
formation by about 20%. The authors use CUT&RUN to identify Ikzf4 binding sites in the retina and 
discover that Ikzf4 binds near glial genes and at the promoter of an essential glial gene, Hes1. Using 
electroporation assays, the authors show that these Ikzf4 binding sites are needed for expression of 
a Hes1 reporter construct in the retina. Together, these data tell a compelling story about how 
Ikzf4 influences glial formation in the retina. 
 
The authors also concluded that Ikzf4 overexpression increased cone genesis at the expense of rod 
photoreceptor formation. However, the immunostaining data for this cone change are especially 
hard to interpret lowering confidence in this conclusion. The importance of Ikz4 in cone 
development is diminished by the observation that Ikzf4 mutants have a normal number of cones 
and that Ikzf1/4 double mutants had modestly fewer cones embryonically. Nonetheless, the 
authors’ conclusions are supported by reduced rod marker expression upon Ikzf4 overexpression and 
by their Ikzf4 CUT&RUN data, which showed binding around some cone genes. 
 
Overall, this is a mechanistic study of interest to the developmental biology and vision science 
communities that has more strengths than weaknesses. These weaknesses are significant, however, 
and raise the following concerns: 
 
Comments for the author 
 
MAJOR CONCERNS: 
 
1. It is difficult to appreciate the staining pattern of Ikzf4 across time points. At embryonic times, 
Ikzf4 appears ubiquitous in the retina. Postnatally it seems to be expressed highly by ganglion and 
amacrine cells. Moreover, there appears to be background staining of other cells in some images 
whereas in other images there is a stronger signal in glia and bipolars. This creates uncertainty. 
This uncertainty is compounded by supplemental figure 1, where non-transfected retinas appear to 
have only background Ikzf4 levels. This does not match what is shown in Figure 1 at the equivalent 
time point. The manuscript would benefit greatly from clarification of the Ikzf4 expression pattern 
over time and within defined cell populations. Some changes that could help include using a color 
scheme in supplemental figure 2 (perhaps like in supplemental figure 1) to highlight the relatively 
low Ikzf4 expression levels in different cell populations. Another option would be to plot Ikzf4 from 
even later mouse scRNA-seq time points, which will help define expression in mature neurons and 
glia. 
 
2. The most problematic aspect of the manuscript is the postnatal Rxrg staining and its 
interpretation. Unfortunately, nearly all of these stains are difficult if not impossible, to interpret. 
In figure 2, there are few if any cleanly labeled Rxrg+ cells and there is no evidence of the normal 
cone population. The data in figure 4 are also difficult to appreciate, with considerable background 
and small staining puncta that are often in the inner nuclear layer (that should lack Rxrg signal). A 
similar issue is seen in supplemental figures 3G and 3O. In contrast, supplemental figure 3K looks 
good, perhaps because no culturing was done. Nonetheless without better Rxrg staining, it is hard 
to know if quantification is accurate and whether the conclusions about cones are valid. The 
authors should obtain better stains and re-quantify their images. This may require different 
antibodies. Alternatively, the authors should soften their conclusions about Ikzf4 overexpression 
promoting cone identity (see point 3). 
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3. The data in figure 2 about rods is compelling. In particular, the reduction in the rod markers 
Nr2e3 and Nrl upon Ikzf4 overexpression is clear. This roughly 50% reduction in cell numbers closely 
matches what is seen by RT-PCR of flow-sorted cells (a 50% reduction in mRNA levels). This nicely 
shows that Ikzf4 overexpression suppresses rod markers, albeit incompletely. In contrast, the 
increase in Rxrg mRNA (2-fold) does not match the striking fold increase (> 40-fold) in the number 
of Rxrg+ cells shown in figure 2E. Another disconnect is that no other cone markers examined are 
increased by Ikzf4 overexpression. Particularly striking is the lack of S-opsin expression, which is 
typically increased in Nrl and Nr2e3 mutant photoreceptors. In light of these findings and the above 
concerns (point 2) about Rxrg stain quality, it would strengthen the manuscript to discuss 
alternative models. For example Ikzf4 may not increase cones, but instead suppress rod markers. 
Another possibility is that overexpression of Ikzf4 generally suppresses photoreceptor maturation. 
With a limited repertoire of markers, it is difficult to make strong conclusions about cell fate in this 
overexpression experiment. The authors should consider mRNA profiling of their cells or softening 
their conclusions about cell fate choice and competence in the overexpression scenario. 
 
4. Prior experiments show that Rxrg is not necessary for cone formation (PMID: 16043864). Further, 
Onecut1/2 double mutants show an initial lack of Rxrg staining during embryonic development 
(PMID: 25228773). However, at later times, there is only a modest reduction in the total number of 
cones (as detected by Rxrg and other markers). In figure 3, the authors clearly show a 30% 
reduction of Rxrg+ cells in the outer retina of Ikzf1/4 double mutants at embryonic day 15. In light 
of previous work it is possible that cone genesis and/or Rxrg expression are delayed in these 
mutants. It would strengthen the manuscript to culture retinas from these double mutants out to 
later times where other cone markers (s-opsin, Arr3, PNA-lectin, Cnga3) can be used to verify that 
a fate change occurred. This would bypass early lethality and allow the authors to measure the 
long-term impact of Ikzf1/4 double knockouts on retinal development. It would also be helpful to 
investigate whether rods are increased in these double mutants. This would support a fate change 
mechanism. 
 
5. The CUT&RUN data for Ikzf4 is compelling. However, it is difficult to compare it with Ikzf1. This 
is because the Ikzf4 data is for endogenous protein and the Ikzf1 data is generated from 
overexpressing the gene outside of its normal temporal window. Since it is possible that binding 
properties are altered when a factor is overexpressed the authors should discuss this potential 
complication and how it may affect their interpretation. Using overexpressed Ikzf1 CUT&RUN data 
from P0 to infer what is bound at earlier developmental time points is problematic- especially in 
light of the authors’ model that posits differential binding over time. 
 
6. In Figure 7, the interpretation that Ikzf4 acts as a classical fate determinant to commit glial fate 
appears to be overstated. At later times, Ikzf4 appears to be expressed by many cells in the retina- 
not just those that will become glia. Ikzf4 mutants have about 40% fewer glia and upon 
overexpression, only 20% of cells adopt Muller fate. This partial role warrants softening the 
language used in the caption. 
 
7. Since it is unclear whether cone fate is increased by Ikzf4 overexpression (see points 2 and 3) 
and double knockout of Ikzf1/4 only modestly reduces their genesis (see point 4), it is difficult to 
conclude that Ikzf1 and Ikzf4 redundantly provide cone competence. While it is possible that this 
interpretation is correct, the authors should soften their conclusions about cone competence in the 
discussion and the caption for figure 7. 
 
MINOR CONCERNS: 
 
1. In the introduction, the authors claim that Ikzf1 is necessary for early-born cell type 
competence. However, the loss-of-function data in the Elliott 2008 paper show only a modest loss 
of early-born cell types. To clarify the role of Ikzf1, it would help to explain the loss-of-function 
phenotype more completely. This will help the reader when they arrive at figure 3. In addition, 
since Ikzf1 mutants lack a cone loss phenotype, it is confusing that the authors claim that other 
factors cooperate with Ikzf1 to confer cone competence. A further explanation of their reasoning 
would clarify the manuscript. 
 
2. In the introduction, the authors state that Sox9, Vsx2, and Sox2 are sufficient and required for 
Muller glia fate determination. The citations listed do not support this claim. The citations support 
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that Sox9 is required for glial formation and that Sox2 overexpression is sufficient to drive glial, in 
addition to amacrine, fate. None of the factors listed are sufficient under normal conditions for 
glial fate choice because they are broadly made by progenitors. The larger point the authors are 
making about pro-glial activities from widely expressed transcription factors is important and could 
be expanded. This would help clarify the discussion section, where specific roles are being 
attributed to widely expressed factors. Nonetheless, the roles of these three transcription factors 
are not described accurately in the introduction and should be corrected. 
 
3. How were the automated counting methods used validated? Also, there is an error in the 
sentence about the ImageJ macro: “cell” should be “cells”. 
 
4. There is a typo in the figure 4A graphic: “transfection”. 
 
5. For figures 4B and S5A, the Y-axis should probably reflect a “number/count” rather than a 
“size”. 
 
6. In cases where the progenitor layer is being quantified, please draw dashed lines to define the 
upper and lower boundaries. As it stands, it is unclear what parts are being quantified. This is 
especially the case in figure 6. 
 
7. All of the figures (4, 5, 6, S6) that show genomic CUT&RUN, ATAC, or RNA-seq data should have a 
labeled y-axis and scale indications so that peak height can be interpreted. 
 
8. Figure 7 may be too simplified. Ikzf4 appears to be expressed very broadly and it stays on in 
some mature neurons. Thus, it is hard to understand how the model explains specific cell 
behaviors. For example, does Ikzf4 upregulate cone targets in all progenitors? Does Ikzf4 upregulate 
Hes1 in all progenitors and neurons? Presumably, the answer is “no” to both questions. 
Nonetheless, the model implies that this is a simple early versus late switch in how Ikzf4 functions. 
This is despite the fact that the authors’ data paint a more complex story. Explaining some of this 
complexity in the figure caption would help clarify the manuscript. 
 
9. It would strengthen figure S3 to show quantification of the Caspase 3 data. 
 
10. Izkf1 mutants have fewer RGCs, horizontals, and amacrine cells. However, the Ikzf1/4 double 
mutants were only examined for cones and RGCs. It is of interest to determine whether double 
knockouts have fewer horizontals and amacrines. These data would help support the discussion of 
the convergent and divergent roles of these two transcription factors in retinal development. While 
not necessary, quantifying these two cell types in double mutants would improve the manuscript. 
 
11. The role of Ikzf4 in Hes1 regulation is particularly compelling. Since changes in Hes1 may 
explain the glial phenotype, examining Hes1 expression (protein or mRNA) at different time points 
in Ikzf4 mutants could potentially clarify the mechanism and strengthen the manuscript. 
 
 
Reviewer 2 
 
Advance summary and potential significance to field 
 
The role of Ikaros genes in retinal development has not been explored beyond an original 
observation by this group inm 2008. They play interesting roles in cell fate determantion. 
 
Comments for the author 
 
Previous work from the Cayouette lab showed that Ikaros1 controlled formation of several early-
born cell types in the mouse retina. Notably, one early born cell type, the cone photoreceptor, 
appeared to not be regulated by this gene. In this manuscript, Javed et al. continue to probe the 
function of Ikaros genes on retinal development. They begin by analyzing the temporal expression 
of Ikzf4 in the developing mouse retina using IHC and find that it is expressed in retinal progenitor 
cells (RPCs) throughout development as well as within many differentiated cell types including 
rods, amacrine cells, horizontal cells ganglion cells, bipolar cells, and Muller glia. The authors 
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further corroborate these results using published scRNA-seq data from the developing mouse and 
human retina. The authors then test the overexpression of Ikzf4 in P0 retina explants and 
performed clonal analysis 14 days later. Ikzf4 overexpression causes a notable increase in the 
proportion of Muller glia and putative cones (Rxrg positive, positioned in ONL) along with an 
approximately commensurate decrease in rods. A similar result is obtained when the authors 
electroporate a Ikzf4-expressing plasmid at P0 in retinal explants. These Rxrg-expressing ONL-
located cells did not express S-, M-opsin, or PNA, markers of mature cones, nor did they express 
Brn3a/b leading the authors to conclude that they were “incompletely differentiated” cones. 
Further analysis of Ikzf4-overexpressing clones revealed an increased the proportion of 1- and 2-cell 
clones. Analysis of cell proliferation (EdU incorporation) and death (CC3) in the context of Ikzf4 
overexpression by electroporation reveaed a decrease in cell proliferation, but no change in cell 
death. The authors then use an Ikzf4 constitutive knockout mouse line to study the necessity of 
Ikzf4 for the development of retinal cell types and find a ~30% decrease in Muller glia, but not 
other retinal cell types including cones. However, analysis of the Ikzf1/Ikzf4 double knockout 
demonstrate a ~25% reduction in cones at E15 (no change observed in either mutant independently, 
double mutants are perinatal lethal). 
 

The authors next perform molecular analysis aimed at understanding how Ikzf1 and Ikzf4 
regulate retinal development. RNA-seq analysis was performed on samples of P0 retina that were 
dissociated and transfected with either CAG-Ikzf1 or CAG-GFP (control) plasmid and cultured for 9 
hours prior to FACS-isolation of transfected cells and RNA isolation. Two different approaches to 
understand Ikzf1/4 genomic binding were performed: 1) For Ikzf1 binding, CAG-Ikzf1 plasmid was 
electroporated into P0 retinas which were then cultured as retinal explants for 9 hours prior to 
FACS-isolation of transfected cells followed by Ikzf1 CUT&RUN 2). For Ikzf4 binding, whole retina 
preparations were derived from either E14 or P0 mice and used for Ikzf4 and IgG CUT&RUN. 
Comparison of statistically significant peaks between Ikzf1 and Ikzf4 traces revealed very little 
overlap with Ikzf1 peaks being enriched in intergenic/intronic regions and Ikzf4 peaks enriched near 
promoters. After mapping statistically significant peaks to putative target genes, the authors find 
~150 genes regulated and bound by Ikzf1 that are also predicted to be bound by Ikzf4. Amongst the 
upregulated set, the authors find genes associated with cone amacrine, ganglion, and horizontal 
cell development. Within the downregulated set, they find genes involved in late-born cell type 
production. 
 

The authors next focus on the interaction of Ikzf4 with pro-Muller glia genes. Many notch 
pathway genes are bound by Ikzf4, but the GO term “positive regulation of Notch pathway” is only 
significantly enriched in the P0 only peak set (as compared to E14 or shared between the two sets). 
Ikzf4 was also found around the bodies of genes associated with Muller glia development at P0. 
Motif analysis of Ikzf4 binding sites revealed enrichment of transcription factors associated with 
Muller glia differentiation. The authors also found that, in general, Ikzf4 peaks overlap genomic 
regions with enriched H3K27ac and H3K4me3 suggesting that these might be poised/active 
enhancers. 
 

Finally, the authors investigate the interaction of Ikzf4 with notch pathway genes. They 
find that Ikzf4 can drive the sustained expression of Hes1 but not Hes5, in the retina. The authors 
then identify 3 GGAA Ikzf binding motifs in the Hes1 promoter and test their requirement for Ikzf4-
mediated expression of Hes1. After mutating each site independently, they find a decrease in Hes1 
reporter activity, but no single site completely abolished Hes1 expression. However, Hes1 reporter 
activity was abolished in the double Hes1 promoter mutant (mut2+mut3). 
 

Understanding the molecular regulation underlying the development of complex tissues 
such as the retina is an important topic. The Ikzf4 knockout phenotype indicates the importance of 
this gene in Muller glia development. Furthermore, the Ikzf4 OE phenotype is intriguing as it 
suggests that Ikzf4 might play a role in extending the temporal competence of RPCs to generate 
cone photoreceptors. While the authors have performed a broad set of studies in this manuscript 
centered around Ikzf4, they are still largely superficial and do not yet provide direct evidence of 
how Ikzf4 regulates retinal development. They would provide a more compelling study aimed at 
understanding mechanism if they were to focus more on one aspect of the data presented here. 
There is significant potential for several of their findings, but in its current state the manuscript 
does not provide sufficient understanding of Ikzf4’s many potential molecular mechanisms to 
warrant publication in Development. Some suggestions for improvement are included below, but 
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the authors can certainly decide upon a focus for the study according to their own interests. The 
data are quite rich and interesting, but too diffuse to lead to a greater understanding of the 
temporal and/or cell fate functions of Ikaros 4 in retinal development. 
 
Major Concerns 
 
1) The molecular analysis is challenging to follow and unfocussed. The overlap of Ikzf4 data 
with Ikzf1 overexpression data is distracting and largely uninformative. The RNA-seq and CUT&RUN 
data from Ikzf1 OE are derived from different approaches (dissociation/transfection vs. 
electroporation), further decreasing the value of this comparison. This section would be much 
stronger if it were mainly focused on Ikzf4. For instance, CUT&RUN analysis following Ikzf4 OE 
could potentially be a much more informative dataset and interesting to compare to Ikzf4 binding 
in E14 and P0 RPCs (see next point). While studying potential overlaps between Ikzf1 and Ikzf4 in 
the context of various KOs would be interesting, the authors write “a comprehensive analysis of 
genomic binding of Ikzf family members in KO retinas lacking other Ikzf factors will be required to 
explore this possibility”. This level of analysis would be required to have a meaningful study of this 
topic, but is well outside of the scope of this study. 
 
2) Given Ikzf4’s expression in multiple cell types other than RPCs, the bulk CUT&RUN data 
derived from whole retinal extracts represents the combination of Ikzf4 binding in several cell 
types. The investigation of Ikzf4’s potential role in regulating RPCs would be greatly strengthened if 
it were limited to RPCs. The author’s approach of looking at both an early (E14) and late (P0) time 
point is a good one, and it would be interesting to see how Ikzf4 OE CUT&RUN at P0 compares to 
these two datasets. Comparison of Ikzf4 binding in PO OE vs E14 might also help suggest why the 
aberrantly produced cones don’t fully mature. It is also quite curious that cones drop by 
approximately 25% when both genes are deleted. Any insight into why such a small %? 
 
3) The authors have shown convincingly that 1) overexpression of Ikzf4 increased Pou2f2 mRNA 
levels 2) Ikzf4 binds to a site ~47kb from Pou2f2 in the E14 retina 3) knockdown of Pou2f2 in the 
context of Ikzf4 OE largely reduces Ikzf4-mediated over production of putative cones. While this is 
suggestive of a potential direct interaction between Ikzf4 and Pou2f2, this remains unknown as the 
Ikzf4 binding site ~47kb from the Pou2f2 gene does not functionally contribute to this phenotype. 
Deletion analysis of this binding site should be performed in the context of Ikzf4 OE to determine 
whether this site alone contributes to the mis-generation of cones at a later developmental 
timepoint. Additionally, Ikzf4 binding at Pou2f2 under OE conditions is unknown and should be 
assessed in case there are additional putative binding sites regulating Pou2f2 expression. 
 
4) Similarly, while the authors show that Ikzf4 binds to both Notch pathway and Muller glia 
genes and that OE of Ikzf4 increases the expression of these genes, it is unknown whether the 
increase in Muller glia generation is mediated directly through Ikzf4 binding at these sites. Unlike 
Pou2f2 which the authors find an increase in expression shortly (18hr) after Ikzf4 OE, most Muller 
glia genes are not significantly increased after 18 hours, but instead take 72 hours. This could 
reflect that Ikzf4 itself is insufficient to directly lead to their upregulation. The authors should 
provide some additional analysis to demonstrate how direct a role Ikzf4 plays in regulating the 
expression of these genes. While there are many potential sites/genes to interrogate, Lhx2 and/or 
Nfi might be the most interesting as the authors propose that Ikzf4 might function directly 
upstream of them. 
 
5) Ikzf4 binding at notch pathway genes is interesting as this pathway is likely involved in 
many aspects of RPC regulation. Does the Hes1 mutant reduce the amount of Muller glia born under 
WT and/or OE conditions? Furthermore because Hes1 is a central effector of Notch signaling, it 
would be valuable to test whether the transcriptional activation of the Hes1 promoter by Ikzf4 is 
Notch dependent or Notch independent. 
 
6) It is possible that the immature cone development is due to the experiment being 
performed in culture. For instance, previous studies have found that M-opsin is dependent on 
culture conditions (PMID 20463318). The authors should repeat the experiment in vivo with either 
electroporation or retroviral delivery of Ikzf4. Alternatively, it is possible that constitutive 
overexpression of Ikzf4 prevents full maturation of cones. 
 



Development | Peer review history 

© 2023. Published by The Company of Biologists under the terms of the Creative Commons Attribution License 
(https://creativecommons.org/licenses/by/4.0/). 7 

Minor concerns 
 
1. The GO term analysis used in discussing the bioinformatic analysis is unhelpful and 
somewhat distracting. Please simplify the presentation of Ikzf4 peak data so that it easily shows 
similarities/differences between E14/P0/OE as well as the binding at Muller glia, Notch, and 
Pou2f2. 
 
2. Could the authors depict temporal expression of Ikzf4 (as well as that of Ikzf1) using a violin 
plot w/ individual dots, or some such manner, that makes it easier to interpret the expression of 
these genes at the per-cell level. Additionally, could the authors include similar per-cell expression 
level plots comparing the expression of these genes in RPCs vs other cell types to strengthen the 
UMAP feature maps provided in Supplemental Figure 2. Also, could authors include markers such as 
Neurog2, Ascl1, Olig2 in these plots in order to differentiate/identify what Clark et al. (2019) refers 
to as neurogenic RPCs from other RPCs. 
 
3. The authors should be cautious using Microsoft excel to “compare differentially expressed 
gene lists with other datasets manually” as its autoformatting has been known to change gene 
names. For instance, the gene name Oct4 is read by Excel as a date and can be changed to 
whatever date format your version of Excel is set to (ie. 10/4) which might influence down-stream 
analysis. Intersections of gene names, etc. should be done using software that can readily handle 
string intersections without changing them. R studio is a good choice and it’s base function 
intersect() can readily perform this sort of comparison. 
 
4. S3U-V' is missing a negative control (CAG:GFP) 
 
5. Brn3a/b images in S3P/P’ are very dim making them difficult to evaluate. Can you please 
adjust them to make them more visible? 
 
 

 
First revision 
 
Author response to reviewers' comments 
 
We would like to thank the reviewers for their help with improving our manuscript. In light of 
their comments, we have revised the paper extensively and we think it is now much improved. 
We hope the reviewers will agree. You will find below our detailed answer to each comment 
(in blue). 
 
Reviewer 1 Advance Summary and Potential Significance to Field: 
 

This is a significant interesting manuscript from Javed and colleagues that investigates how 
the transcription factor Ikzf4 affects mouse retinal development. The authors show that Ikzf4 is 
broadly expressed in the retina, both in progenitors and in postmitotic neurons and glia. They 
go on to show that Ikzf4 mutants have a moderate cell fate change, by which Muller glia are 
reduced by about 40% compared to wild-type mice. Correspondingly, overexpression of Ikzf4 
was able to increase glia formation by about 20%. The authors use CUT&RUN to identify Ikzf4 
binding sites in the retina and discover that Ikzf4 binds near glial genes and at the promoter of 
an essential glial gene, Hes1. Using electroporation assays, the authors show that these Ikzf4 
binding sites are needed for expression of a Hes1 reporter construct in the retina. Together, 
these data tell a compelling story about how Ikzf4 influences glial formation in the retina. 
The authors also concluded that Ikzf4 overexpression increased cone genesis at the expense of 
rod photoreceptor formation. However, the immunostaining data for this cone change are 
especially hard to interpret, lowering confidence in this conclusion. The importance of Ikz4 in 
cone development is diminished by the observation that Ikzf4 mutants have a normal number 
of cones and that Ikzf1/4 double mutants had modestly fewer cones embryonically. 
Nonetheless, the authors’ conclusions are supported by reduced rod marker expression upon 
Ikzf4 overexpression and by their Ikzf4 CUT&RUN data, which showed binding around some 
cone genes. 



Development | Peer review history 

© 2023. Published by The Company of Biologists under the terms of the Creative Commons Attribution License 
(https://creativecommons.org/licenses/by/4.0/). 8 

Overall, this is a mechanistic study of interest to the developmental biology and vision science 
communities that has more strengths than weaknesses. These weaknesses are significant, 
however, and raise the following concerns: 
 
Reviewer 1 Comments for the Author: 
MAJOR CONCERNS: 
 
1. It is difficult to appreciate the staining pattern of Ikzf4 across time points. At embryonic 
times, Ikzf4 appears ubiquitous in the retina. Postnatally, it seems to be expressed highly by 
ganglion and amacrine cells. Moreover, there appears to be background staining of other cells 
in some images whereas in other images there is a stronger signal in glia and bipolars. This 
creates uncertainty. This uncertainty is compounded by supplemental figure 1, where non-
transfected retinas appear to have only background Ikzf4 levels. This does not match what is 
shown in Figure 1 at the equivalent time point. The manuscript would benefit greatly from 
clarification of the Ikzf4 expression pattern over time and within defined cell populations. 
Some changes that could help include using a color scheme in supplemental figure 2 (perhaps 
like in supplemental figure 1) to highlight the relatively low Ikzf4 expression levels in different 
cell populations. Another option would be to plot Ikzf4 from even later mouse scRNA-seq time 
points, which will help define expression in mature neurons and glia. 
 
We appreciate the reviewer’s point about the Ikzf4 expression pattern. We took many precautions 
to ensure that the reported results are correct. We showed that the Ikzf4 antibody does not 
produce nuclear staining signal when applied to Ikzf4 KO retinal tissue, and that it can clearly 
recognize overexpressed Ikzf4 protein (see Supp Fig. 1). These results make us confident that the 
staining is specific. But the reviewer rightly points out the difference in Ikzf4 staining pattern 
observed in Figure 1 and Supplementary Figure 1. However, it is important to note that these two 
figures were generated using different staining conditions. Figure 1 shows immunostaining on P0 
retinal sections in vivo, whereas Suppl. Fig. 1 shows immunostaining on retinal explants after 2 days 
in culture (equivalent to P0 in vivo). A very short fixation (2-5 mins) is critical to pick up 
endogenous Ikzf4 signal in vivo (Fig. 1), whereas a longer fixation is necessary to maintain good 
explant histology. Although this longer fixation protocol still allows detection of overexpressed 
Ikzf4, it is not compatible with detection of endogenous Ikzf4 (Suppl. Fig. 1). Thus, while we 
understand the reviewer’s reasoning, a direct comparison between Fig. 1 and Suppl. Fig. 1 cannot 
be made due to difference in fixation conditions required to address the question asked in each 
experiment. We have added a note to make this clear in the legend of Suppl. Fig. 1 and thank the 
reviewer for pointing this out, as it is important to clarify. 
 
The reviewer makes a good suggestion to complement our staining results with better annotation of 
the Clark et al. 2019 scRNAseq dataset. A similar point was made by reviewer 2, who suggested to 
add violin plots for Ikzf4 for each cell type at different time points. We carried out this analysis and 
have now added the plots (see new Figure S2), which we think improve the characterization of Ikzf4 
expression in the developing mouse and human retina. This new scRNAseq analysis is consistent 
with the reported immunostaining pattern, further increasing confidence in these results. 
 
2. The most problematic aspect of the manuscript is the postnatal Rxrg staining and its 
interpretation. Unfortunately, nearly all of these stains are difficult, if not impossible, to 
interpret. In figure 2, there are few if any cleanly labeled Rxrg+ cells and there is no evidence 
of the normal cone population. The data in figure 4 are also difficult to appreciate, with 
considerable background and small staining puncta that are often in the inner nuclear layer 
(that should lack Rxrg signal). A similar issue is seen in supplemental figures 3G and 3O. In 
contrast, supplemental figure 3K looks good, perhaps because no culturing was done. 
Nonetheless, without better Rxrg staining, it is hard to know if quantification is accurate and 
whether the conclusions about cones are valid. The authors should obtain better stains and re-
quantify their images. This may require different antibodies. Alternatively, the authors should 
soften their conclusions about Ikzf4 overexpression promoting cone identity (see point 3). 
 
As the reviewer alluded to, the Rxrg staining is difficult to carry out on cultured retinal explants in 
comparison to in vivo retinas. To address this issue, we have now repeated the Ikzf4 overexpression 
experiments, but this time doing in vivo electroporation rather than explants, and re-quantified a 
whole new dataset with new animals and better stains. We now provide images of the improved 
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Rxrg stainings obtained in vivo in Fig. 2I, J, and the new quantification in Fig. 2K. As previously 
observed in explants, we found an increase in Rxrg+ cells in the ONL following Ikzf4 expression. 
Nonetheless, as only Rxrg was observed in these Ikzf4-induced cone-like cells (see below), we have 
softened our conclusions regarding cone identity, as suggested by the reviewer, and placed more 
emphasis on the rod suppression phenotype because we do think this is a more likely explanation of 
our data (see next point). 
 
3. The data in figure 2 about rods is compelling. In particular, the reduction in the rod markers 
Nr2e3 and Nrl upon Ikzf4 overexpression is clear. This roughly 50% reduction in cell numbers 
closely matches what is seen by RT-PCR of flow-sorted cells (a 50% reduction in mRNA levels). 
This nicely shows that Ikzf4 overexpression suppresses rod markers, albeit incompletely. In 
contrast, the increase in Rxrg mRNA (2-fold) does not match the striking fold increase (> 40-
fold) in the number of Rxrg+ cells shown in figure 2E. Another disconnect is that no other cone 
markers examined are increased by Ikzf4 overexpression. Particularly striking is the lack of S-
opsin expression, which is typically increased in Nrl and Nr2e3 mutant photoreceptors. In light 
of these findings and the above concerns (point 2) about Rxrg stain quality, it would strengthen 
the manuscript to discuss alternative models. For example, Ikzf4 may not increase cones, but 
instead suppress rod markers. Another possibility is that overexpression of Ikzf4 generally 
suppresses photoreceptor maturation. With a limited repertoire of markers, it is difficult to 
make strong conclusions about cell fate in this overexpression experiment. The authors should 
consider mRNA profiling of their cells or softening their conclusions about cell fate choice and 
competence in the overexpression scenario. 
 
As mentioned in the previous point, we agree that Ikzf4 is likely to have a more prominent role in 
suppressing the rod fate, rather than promoting cones. Our data suggest that expression of Ikzf4 in 
photoreceptor precursors represses rod markers like Nrl and Nr3e3, inducing a fraction of them to 
adopt the alternative cone identity. When we misexpress Ikzf4 at late stages (e.g. P0), the gene 
regulatory network required to generate a mature cone cell is missing, which leads to the 
production of Rxrg+ cone-like cells lacking expression of other cones markers. We have completely 
reorganized the manuscript to make this model more prominent, including a new model Figure 7. 
 
4. Prior experiments show that Rxrg is not necessary for cone formation (PMID: 16043864). 
Further, Onecut1/2 double mutants show an initial lack of Rxrg staining during embryonic 
development (PMID: 25228773). However, at later times, there is only a modest reduction in 
the total number of cones (as detected by Rxrg and other markers). In figure 3, the authors 
clearly show a 30% reduction of Rxrg+ cells in the outer retina of Ikzf1/4 double mutants at 
embryonic day 15. In light of previous work, it is possible that cone genesis and/or Rxrg 
expression are delayed in these mutants. It would strengthen the manuscript to culture retinas 
from these double mutants out to later times where other cone markers (s-opsin, Arr3, PNA-
lectin, Cnga3) can be used to verify that a fate change occurred. This would bypass early 
lethality and allow the authors to measure the long-term impact of Ikzf1/4 double knockouts on 
retinal development. It would also be helpful to investigate whether rods are increased in 
these double mutants. This would support a fate change mechanism. 
 
This is an excellent suggestion, but unfortunately, it is not possible to do these experiments in a 
timely manner. The reason is that the chance of getting Ikzf1/Ikzf4 double knockouts (DKO) is 1/16 
in our current breeding scheme (DKO lethality makes it impossible to use certain combinations of 
mutants for breeding and single Ikzf1 KO have fertility problems). Generating the data on the 
Ikzf1/4 DKOs included in this manuscript took around a year and a half, so we expect the same time 
would be required to carry out the proposed experiments. Additionally, as explant cultures 
introduce some variability, we always try to compare experimental with control explants prepared 
from the same litter, which would not be possible given the low number of double knockouts 
generated in each litter. Thus, we have modified the discussion to mention the possibility that cone 
production might just be delayed in the double knockouts and we have softened our conclusion 
about cone identity, as previously mentioned. 
 
5. The CUT&RUN data for Ikzf4 is compelling. However, it is difficult to compare it with Ikzf1. 
This is because the Ikzf4 data is for endogenous protein and the Ikzf1 data is generated from 
overexpressing the gene outside of its normal temporal window. Since it is possible that binding 
properties are altered when a factor is overexpressed, the authors should discuss this potential 
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complication and how it may affect their interpretation. Using overexpressed Ikzf1 CUT&RUN 
data from P0 to infer what is bound at earlier developmental time points is problematic- 
especially in light of the authors’ model that posits differential binding over time. 
 
This is a good point, and we agree with the reviewer. Thus, we have now completely reorganized 
the manuscript and no longer make cross-comparisons between Ikzf1 and Ikzf4 CUT&RUN data. We 
have simplified the presentation of the results and now focus the paper on the stage-specific role 
of Ikzf4, rather than trying to provide a combined model of Ikzf1/Ikzf4 action based on experiments 
that are difficult to compare (CUT&RUN on endogenous vs. overexpressed proteins), as suggested 
by both reviewers. To better reflect this new angle, we have also changed the title of the 
manuscript, which we think is more accurate. We decided to keep the Ikzf1 CUT&RUN data in the 
paper, as we do think it provides useful information about its potential mechanism of action, but 
now present this in a separate section of the results. We have modified the discussion accordingly. 
We hope the reviewer will agree that these changes make the paper more impactful and easier to 
digest. 
 
6. In Figure 7, the interpretation that Ikzf4 acts as a classical fate determinant to commit glial 
fate appears to be overstated. At later times, Ikzf4 appears to be expressed by many cells in 
the retina- not just those that will become glia. Ikzf4 mutants have about 40% fewer glia and 
upon overexpression, only 20% of cells adopt Muller fate. This partial role warrants softening 
the language used in the caption. 
 
This is a good point. We have now softened the language and instead mention that Ikzf4 contributes 
to Muller glia development rather than acts as a bona fide classical fate determinant. 
 
7. Since it is unclear whether cone fate is increased by Ikzf4 overexpression (see points 2 and 
3) and double knockout of Ikzf1/4 only modestly reduces their genesis (see point 4), it is 
difficult to conclude that Ikzf1 and Ikzf4 redundantly provide cone competence. While it is 
possible that this interpretation is correct, the authors should soften their conclusions about 
cone competence in the discussion and the caption for figure 7. 
 
As mentioned in previous points, we have changed the model in Figure 7 to reflect a possible role 
for Ikzf4 on rod suppression over induction of cones. We have also included the interpretation that 
loss of Ikzf1/4 might delay cone genesis, as mentioned in point 4, and soften the conclusions 
throughout the paper. As mentioned in response to minor point 1 below, our model is that 
competence factors do not act instructively to promote specific fates, but rather impose a bias 
towards generation of cell types produced during a given time window. Thus, loss of competence 
factors may only reduce the chance of producing these fates, rather than completely inhibiting 
their production. Our data is consistent with such a model, and we have clarified this idea in the 
text. 
 
MINOR CONCERNS: 
 
1. In the introduction, the authors claim that Ikzf1 is necessary for early-born cell type 
competence. However, the loss-of-function data in the Elliott 2008 paper show only a modest 
loss of early-born cell types. To clarify the role of Ikzf1, it would help to explain the loss-of-
function phenotype more completely. This will help the reader when they arrive at figure 3. In 
addition, since Ikzf1 mutants lack a cone loss phenotype, it is confusing that the authors claim 
that other factors cooperate with Ikzf1 to confer cone competence. A further explanation of 
their reasoning would clarify the manuscript. 
 
We agree with the reviewer that the concept of Ikzf1 function was not entirely clear in the 
introduction. We have now modified the text to state that Ikzf1 acts permissively to confer early 
temporal competence. As such, we postulate that loss of Ikzf1 function reduces the chance of 
generating early-born fates, but does not completely abolish it. We have also clarified the 
reasoning for looking at Ikzf1/4 mutants, which is to explore possible compensation by other Ikzf 
family members. As reduction of cone numbers is observed in Ikzf1/4 double knockouts, but not in 
Ikzf1 or Ikzf4 single mutants, these results suggest that both factors contribute to confer cone 
competence. 
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2. In the introduction, the authors state that Sox9, Vsx2, and Sox2 are sufficient and required 
for Muller glia fate determination. The citations listed do not support this claim. The citations 
support that Sox9 is required for glial formation and that Sox2 overexpression is sufficient to 
drive glial, in addition to amacrine, fate. None of the factors listed are sufficient under normal 
conditions for glial fate choice because they are broadly made by progenitors. The larger point 
the authors are making about pro-glial activities from widely expressed transcription factors is 
important and could be expanded. This would help clarify the discussion section, where 
specific roles are being attributed to widely expressed factors. Nonetheless, the roles of these 
three transcription factors are not described accurately in the introduction and should be 
corrected. 
 
We thank the reviewer for pointing out this mistake. We have now corrected the introduction and 
we have tried to clarify the discussion, as suggested. 
 
3. How were the automated counting methods used validated? Also, there is an error in the 
sentence about the ImageJ macro: “cell” should be “cells”. 
 
Our automated counts were validated in two ways. First, the automated cell count macro picked up 
the same difference in RGC numbers in the Ikzf1 KO retinas as previously reported using hand 
counts (Elliott et al. 2008). Second, we compared cell counts using the ImageJ plugin with manual 
counts of the same images and found no significant difference (see graph below). We are therefore 
highly confident that this ImageJ macro generate accurate cell count results. 
 

 
 
4. There is a typo in the figure 4A graphic: “transfection”. 
 
We have corrected the typo. 
 
5. For figures 4B and S5A, the Y-axis should probably reflect a “number/count” rather than a 
“size”. 
 
We have changed the labelling. 
 
6. In cases where the progenitor layer is being quantified, please draw dashed lines to define 
the upper and lower boundaries. As it stands, it is unclear what parts are being quantified. This 
is especially the case in figure 6. 
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Excellent idea, we have added the dashed lines where necessary. 
 
7. All of the figures (4, 5, 6, S6) that show genomic CUT&RUN, ATAC, or RNA-seq data should 
have a labeled y-axis and scale indications so that peak height can be interpreted. 
 
We have added label of the y axis. 
 
8. Figure 7 may be too simplified. Ikzf4 appears to be expressed very broadly and it stays on in 
some mature neurons. Thus, it is hard to understand how the model explains specific cell 
behaviors. For example, does Ikzf4 upregulate cone targets in all progenitors? Does Ikzf4 
upregulate Hes1 in all progenitors and neurons? Presumably, the answer is “no” to both 
questions. Nonetheless, the model implies that this is a simple early versus late switch in how 
Ikzf4 functions. This is despite the fact that the authors’ data paint a more complex story. 
Explaining some of this complexity in the figure caption would help clarify the manuscript. 
 
We have changed the model to better reflect the role of Ikzf4 on rod suppression and generated a 
more representative model. As suggested by the reviewer, we have also modified the legend to 
point to potential caveats and alternative interpretations. 
 
9. It would strengthen figure S3 to show quantification of the Caspase 3 data. 
 
We have added quantifications of the Cleaved-Caspase 3 data in the revised manuscript (Fig. S3A-
C). 
 
10. Izkf1 mutants have fewer RGCs, horizontals, and amacrine cells. However, the Ikzf1/4 
double mutants were only examined for cones and RGCs. It is of interest to determine whether 
double knockouts have fewer horizontals and amacrines. These data would help support the 
discussion of the convergent and divergent roles of these two transcription factors in retinal 
development. While not necessary, quantifying these two cell types in double mutants would 
improve the manuscript. 
 
We agree with the reviewer, and we have tried to generate this data, but there are not many 
specific markers for amacrines at E15, as most are also expressed in RGCs. Additionally, Lim-1, 
which is good horizontal cell marker, is not expressed at this age. During the review process, we 
tried staining double knockout retinal sections for Onecut2 and Prox1 using commercial antibodies 
but were unable to obtain satisfactory signal. We are therefore forced to leave this question open 
for future investigation. 
 
11. The role of Ikzf4 in Hes1 regulation is particularly compelling. Since changes in Hes1 may 
explain the glial phenotype, examining Hes1 expression (protein or mRNA) at different time 
points in Ikzf4 mutants could potentially clarify the mechanism and strengthen the manuscript. 
 
We carried out RT-qPCR from Ikzf4 -/- retinal extracts at P6 using primers for Hes1, Hes5, Sox8/9, 
Lhx2, Rbpj, Ldb1, Rnf12 and Nfia/b on cDNA prepared from P6 retinal mRNA extracts. While we 
found a decrease in Hes5, Rbpj, Lhx2, and Sox8 expression (Fig. 5E), consistent with the observed 
decrease in Müller glia, we did not detect a change in Hes1 transcript expression in this assay. As 
progenitors were not purified in this experiment, the decrease in Müller glia marker expression 
likely reflects the reduction in this cell population observed in Ikzf4 KO retinas, whereas Hes1 
induction is likely involved in retinal progenitors to promote Müller glia fate specification, as 
suggested in the promoter assay experiments presented in Figure 6. 
 
Reviewer 2 Advance Summary and Potential Significance to Field: 
The role of Ikaros genes in retinal development has not been explored beyond an original 
observation by this group in 2008. They play interesting roles in cell fate determination. 
 
Reviewer 2 Comments for the Author: 
Previous work from the Cayouette lab showed that Ikaros1 controlled formation of several 
early-born cell types in the mouse retina. Notably, one early born cell type, the cone 
photoreceptor, appeared to not be regulated by this gene. In this manuscript, Javed et al. 
continue to probe the function of Ikaros genes on retinal development. They begin by analyzing 
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the temporal expression of Ikzf4 in the developing mouse retina using IHC and find that it is 
expressed in retinal progenitor cells (RPCs) throughout development as well as within many 
differentiated cell types including rods, amacrine cells, horizontal cells, ganglion cells, bipolar 
cells, and Muller glia. The authors further corroborate these results using published scRNA-seq 
data from the developing mouse and human retina. The authors then test the overexpression of 
Ikzf4 in P0 retina explants and performed clonal analysis 14 days later. Ikzf4 overexpression 
causes a notable increase in the proportion of Muller glia and putative cones (Rxrg positive, 
positioned in ONL) along with an approximately commensurate decrease in rods. A similar 
result is obtained when the authors electroporate a Ikzf4-expressing plasmid at P0 in retinal 
explants. These Rxrg-expressing ONL-located cells did not express S-, M-opsin, or PNA, markers 
of mature cones, nor did they express Brn3a/b leading the authors to conclude that they were 
“incompletely differentiated” cones. Further analysis of Ikzf4-overexpressing clones revealed 
an increased the proportion of 1- and 2-cell clones. Analysis of cell proliferation (EdU 
incorporation) and death (CC3) in the context of Ikzf4 overexpression by electroporation 
reveaed a decrease in cell proliferation, but no change in cell death. The authors then use an 
Ikzf4 constitutive knockout mouse line to study the necessity of Ikzf4 for the development of 
retinal cell types and find a ~30% decrease in Muller glia, but not other retinal cell types, 
including cones. However, analysis of the Ikzf1/Ikzf4 double knockout demonstrate a ~25% 
reduction in cones at E15 (no change observed in either mutant independently, double mutants 
are perinatal lethal). 
 
The authors next perform molecular analysis aimed at understanding how Ikzf1 and Ikzf4 
regulate retinal development. RNA-seq analysis was performed on samples of P0 retina that 
were dissociated and transfected with either CAG-Ikzf1 or CAG-GFP (control) plasmid and 
cultured for 9 hours prior to FACS-isolation of transfected cells and RNA isolation. Two 
different approaches to understand Ikzf1/4 genomic binding were performed: 1) For Ikzf1 
binding, CAG-Ikzf1 plasmid was electroporated into P0 retinas which were then cultured as 
retinal explants for 9 hours prior to FACS-isolation of transfected cells followed by Ikzf1 
CUT&RUN 2). For Ikzf4 binding, whole retina preparations were derived from either E14 or P0 
mice and used for Ikzf4 and IgG CUT&RUN. Comparison of statistically significant peaks between 
Ikzf1 and Ikzf4 traces revealed very little overlap with Ikzf1 peaks being enriched in 
intergenic/intronic regions and Ikzf4 peaks enriched near promoters. After mapping statistically 
significant peaks to putative target genes, the authors find ~150 genes regulated and bound by 
Ikzf1 that are also predicted to be bound by Ikzf4. Amongst the upregulated set, the authors 
find genes associated with cone, amacrine, ganglion, and horizontal cell development. Within 
the downregulated set, they find genes involved in late-born cell type production. 
The authors next focus on the interaction of Ikzf4 with pro-Muller glia genes. Many notch 
pathway genes are bound by Ikzf4, but the GO term “positive regulation of Notch pathway” is 
only significantly enriched in the P0 only peak set (as compared to E14 or shared between the 
two sets). Ikzf4 was also found around the bodies of genes associated with Muller glia 
development at P0. Motif analysis of Ikzf4 binding sites revealed enrichment of transcription 
factors associated with Muller glia differentiation. The authors also found that, in general, Ikzf4 
peaks overlap genomic regions with enriched H3K27ac and H3K4me3 suggesting that these 
might be poised/active enhancers. 
 
Finally, the authors investigate the interaction of Ikzf4 with notch pathway genes. They find 
that Ikzf4 can drive the sustained expression of Hes1, but not Hes5, in the retina. The authors 
then identify 3 GGAA Ikzf binding motifs in the Hes1 promoter and test their requirement for 
Ikzf4-mediated expression of Hes1. After mutating each site independently, they find a 
decrease in Hes1 reporter activity, but no single site completely abolished Hes1 expression. 
However, Hes1 reporter activity was abolished in the double Hes1 promoter mutant 
(mut2+mut3). 
Understanding the molecular regulation underlying the development of complex tissues such as 
the retina is an important topic. The Ikzf4 knockout phenotype indicates the importance of this 
gene in Muller glia development. Furthermore, the Ikzf4 OE phenotype is intriguing as it 
suggests that Ikzf4 might play a role in extending the temporal competence of RPCs to generate 
cone photoreceptors. While the authors have performed a broad set of studies in this 
manuscript centered around Ikzf4, they are still largely superficial and do not yet provide 
direct evidence of how Ikzf4 regulates retinal development. They would provide a more 
compelling study aimed at understanding mechanism if they were to focus more on one aspect 
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of the data presented here. There is significant potential for several of their findings, but in its 
current state, the manuscript does not provide sufficient understanding of Ikzf4’s many 
potential molecular mechanisms to warrant publication in Development. Some suggestions for 
improvement are included below, but the authors can certainly decide upon a focus for the 
study according to their own interests. The data are quite rich and interesting, but too diffuse 
to lead to a greater understanding of the temporal and/or cell fate functions of Ikaros 4 in 
retinal development. 
 
Major Concerns 
 
1)The molecular analysis is challenging to follow and unfocussed. The overlap of Ikzf4 data with 
Ikzf1 overexpression data is distracting and largely uninformative. The RNA-seq and CUT&RUN 
data from Ikzf1 OE are derived from different approaches (dissociation/transfection vs. 
electroporation), further decreasing the value of this comparison. This section would be much 
stronger if it were mainly focused on Ikzf4. For instance, CUT&RUN analysis following Ikzf4 OE 
could potentially be a much more informative dataset and interesting to compare to Ikzf4 
binding in E14 and P0 RPCs (see next point). While studying potential overlaps between Ikzf1 
and Ikzf4 in the context of various KOs would be interesting, the authors write “a 
comprehensive analysis of genomic binding of Ikzf family members in KO retinas lacking other 
Ikzf factors will be required to explore this possibility”. This level of analysis would be required 
to have a meaningful study of this topic, but is well outside of the scope of this study. 
 
We thank the reviewer for their thorough analysis and valid points. The Ikzf1 CUT&Run data was 
obtained via electroporation because of technical reasons that prevented us from using the same 
approach as for Ikzf4. While we initially thought we could still extract useful information by 
comparing the two datasets, both reviewers commented on this point and we recognize the 
caveats. We have therefore completely reorganized the manuscript and simplified data 
presentation, as suggested by the reviewer. We now place more emphasis on Ikzf4 CUT&RUN data, 
which is easier to compare at different time points and anyway more useful to explain the 
phenotypes observed. We hope the reviewer will appreciate this revised version of the manuscript. 
 
2)Given Ikzf4’s expression in multiple cell types other than RPCs, the bulk CUT&RUN data 
derived from whole retinal extracts represents the combination of Ikzf4 binding in several cell 
types. The investigation of Ikzf4’s potential role in regulating RPCs would be greatly 
strengthened if it were limited to RPCs. The author’s approach of looking at both an early (E14) 
and late (P0) time point is a good one, and it would be interesting to see how Ikzf4 OE 
CUT&RUN at P0 compares to these two datasets. Comparison of Ikzf4 binding in PO OE vs E14 
might also help suggest why the aberrantly produced cones don’t fully mature. It is also quite 
curious that cones drop by approximately 25% when both genes are deleted. Any insight into 
why such a small %? 
 
At E14 and P0, the vast majority of the cells expressing Ikzf4 in the retina are RPCs. We now make 
this clearer by including new cell type analysis of the Clark et al scRNAseq data (Fig. S1 and S2). 
Thus, we think that making comparisons between these two stages is appropriate to understand 
Ikzf4 biology in RPCs. However, we agree that the presence of Ikzf4 is some non-RPCs is an 
important caveat to mention, and we added this point in the revised manuscript. While we agree 
that an Ikzf4 OE experiment at P0 would be interesting, it represents a significant expense that is 
not possible for us to do at this time. Additionally, as both reviewers raised concerns over carrying 
out CUT&RUN on overexpressed Ikzf1, we are hesitant to do these experiments with overexpressed 
Ikzf4. We hope the reviewer will agree that the clarifications added to the paper regarding the 
enrichment of Ikzf4 in RPCs at E15 and P0 and the statement on the potential caveats are 
sufficient. As for the explanation of the small decrease in cone proportion following Ikzf1 and Ikzf4 
inactivation, there are many possible interpretations. First, our favourite hypothesis is that Ikzf1 
and Ikzf4 act permissively to confer competence to generate cones and do not instruct cone 
production per se. In such a model, inactivation of both genes would decrease the chance of 
generating a cone cell during the early temporal window, but not completely abolish it, consistent 
with our observations. Second, other factors (of the Ikzf family or not) might additionally 
contribute to the temporal regulation of cone production. Of note, Ikzf2 and Ikzf5 are also 
expressed in the retina. More work is needed to explore their potential contribution. Finally, and as 
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raised by reviewer 1, cone development may only be delayed following loss of Ikzf1 and Ikzf4. We 
have now added a mention of these possibilities in this new version of the paper. 
 
3)The authors have shown convincingly that 1) overexpression of Ikzf4 increased Pou2f2 mRNA 
levels 2) Ikzf4 binds to a site ~47kb from Pou2f2 in the E14 retina 3) knockdown of Pou2f2 in 
the context of Ikzf4 OE largely reduces Ikzf4-mediated over production of putative cones. 
While this is suggestive of a potential direct interaction between Ikzf4 and Pou2f2, this remains 
unknown as the Ikzf4 binding site ~47kb from the Pou2f2 gene does not functionally contribute 
to this phenotype. Deletion analysis of this binding site should be performed in the context of 
Ikzf4 OE to determine whether this site alone contributes to the mis-generation of cones at a 
later developmental timepoint. Additionally, Ikzf4 binding at Pou2f2 under OE conditions is 
unknown and should be assessed in case there are additional putative binding sites regulating 
Pou2f2 expression. 
 
We are glad the reviewer found our data convincing. While the point raised here about the 
functional importance of the Pou2f2 binding sites we discovered is an interesting question, we think 
it is one for future studies. In this manuscript, we want to characterize the broad role of Ikzf4 
during retinal development and decided to focus on the Hes1 promoter for the mechanistic studies 
(Fig. 6), rather than Pou2f2, because of the previously reported requirement for Hes1 in regulating 
Müller glia development. Also, as the Hes1 promoter had already been cloned, it was readily 
available for us to carry out site-directed mutagenesis and functional assays. This is not the case 
for Pou2f2, and functional analysis on the endogenous binding site would require us to do in vivo 
CRISPR/Cas9 mutagenesis, which is outside of the scope of this study. 
 
4)Similarly, while the authors show that Ikzf4 binds to both Notch pathway and Muller glia 
genes and that OE of Ikzf4 increases the expression of these genes, it is unknown whether the 
increase in Muller glia generation is mediated directly through Ikzf4 binding at these sites. 
Unlike Pou2f2 which the authors find an increase in expression shortly (18hr) after Ikzf4 OE, 
most Muller glia genes are not significantly increased after 18 hours, but instead take 72 hours. 
This could reflect that Ikzf4 itself is insufficient to directly lead to their upregulation. The 
authors should provide some additional analysis to demonstrate how direct a role Ikzf4 plays in 
regulating the expression of these genes. While there are many potential sites/genes to 
interrogate, Lhx2 and/or Nfi might be the most interesting as the authors propose that Ikzf4 
might function directly upstream of them. 
 
We agree with the reviewer, which is why we do not mention that Ikzf4 ‘directly’ binds at these 
sites, but instead describe the binding profile of Ikzf4 on a general level. To address the points 
raised by the reviewer would require us to clone the regulatory regions and carry out mutagenesis 
on all potential targets to figure out if loss of binding affects function. We have identified dozens 
of binding sites in genes regulating Müller glia fate. This would require months if not years of work 
to carry out these experiments, which we hope you will agree is out of the scope of this paper. As 
mentioned above, we already provide this kind analysis for one of the most interesting target genes 
(Hes1) and the reviewer found this data convincing. Nonetheless, we now make clear in the text 
that it remains to be determined whether the binding sites discovered in other Müller glia genes are 
functionally important. 
 
5)Ikzf4 binding at notch pathway genes is interesting as this pathway is likely involved in many 
aspects of RPC regulation. Does the Hes1 mutant reduce the amount of Muller glia born under 
WT and/or OE conditions? Furthermore, because Hes1 is a central effector of Notch signaling, it 
would be valuable to test whether the transcriptional activation of the Hes1 promoter by Ikzf4 
is Notch dependent or Notch independent. 
 
This is an excellent idea. We have now performed the Hes1 promoter experiment in the presence of 
DAPT to see if it affects the activation by Ikzf4. As you can see in the new Fig. 6U-X, Notch 
signaling is required for the activation of the Hes1 promoter by Ikzf4. This suggests that although 
Hes1 is an important target for Ikzf4, other Notch signaling genes are also required for Muller glia 
development. We thank the reviewer for their suggestion, as this new piece of data adds nice 
complementary information to the overall model. 
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Regarding the question “Does the Hes1 mutant reduce the amount of Muller glia born under WT 
and/or OE conditions?”, we apologize but we could not be sure what exactly the reviewer is asking. 
Are they asking us to mutate the Ikzf4 binding site on the Hes1 promoter in vivo? This would require 
a significant investment of time and funding that we believe is beyond the scope of the current 
study. But we might have misunderstood the question. We would be happy to address it if the 
reviewer insist but we would need clarifications. 
 
6)It is possible that the immature cone development is due to the experiment being performed 
in culture. For instance, previous studies have found that M-opsin is dependent on culture 
conditions (PMID 20463318). The authors should repeat the experiment in vivo with either 
electroporation or retroviral delivery of Ikzf4. Alternatively, it is possible that constitutive 
overexpression of Ikzf4 prevents full maturation of cones. 
 
This was pointed out by reviewer 1 as well, so we now emphasize the rod suppressive role of Ikzf4 
over cone induction in this revised manuscript. As requested by the reviewer, we have performed 
Ikzf4 overexpression in vivo and carried out immunostaining for mature cone markers and found 
that the induced Rxrg+ cells do not express mature cone markers (Fig. S3F-G). However, we found 
that Nrl repression is consistently repressed after Ikzf4 expression, both in culture and in vivo. This 
suggests that the primary role of Ikzf4 is repression of the rod fate, such that photoreceptor 
precursors expressing Ikzf4 may start expressing Rxrg and try to differentiate into cones but fail. 
We have added this data in the manuscript and changed the conclusions accordingly. 
 
Minor concerns 
 
1.The GO term analysis used in discussing the bioinformatic analysis is unhelpful and somewhat 
distracting. Please simplify the presentation of Ikzf4 peak data so that it easily shows 
similarities/differences between E14/P0/OE as well as the binding at Muller glia, Notch, and 
Pou2f2. 
 
We have simplified the presentation of the CUT&RUN figures as suggested by the reviewer and 
focus only on the important aspects relating to Pou2f2, Müller glia genes and Notch signaling genes. 
 
2.Could the authors depict temporal expression of Ikzf4 (as well as that of Ikzf1) using a violin 
plot w/ individual dots, or some such manner, that makes it easier to interpret the expression 
of these genes at the per-cell level. Additionally, could the authors include similar per-cell 
expression level plots comparing the expression of these genes in RPCs vs other cell types to 
strengthen the UMAP feature maps provided in Supplemental Figure 2. Also, could authors 
include markers such as Neurog2, Ascl1, Olig2 in these plots in order to differentiate/identify 
what Clark et al. (2019) refers to as neurogenic RPCs from other RPCs. 
 
Thank you for this suggestion. We have now incorporated violin plots and per cell expression level 
along with the expression in neurogenic clusters instead of our UMAP data in the new 
Supplementary Figure 2. We agree that the data is now much easier to interpret. 
 
3.The authors should be cautious using Microsoft excel to “compare differentially expressed 
gene lists with other datasets manually” as its autoformatting has been known to change gene 
names. For instance, the gene name Oct4 is read by Excel as a date and can be changed to 
whatever date format your version of Excel is set to (ie. 10/4) which might influence down-
stream analysis. Intersections of gene names, etc. should be done using software that can 
readily handle string intersections without changing them. R studio is a good choice and it’s 
base function intersect() can readily perform this sort of comparison. 
 
We performed the analysis on Excel because our gene lists were short and we were able to check 
for potential errors. But as suggested by the reviewer, we have now included the data generated 
from R intersect() function to avoid any mistakes. We generated .csv and .txt supplementary files 
from these functions and added it to the manuscript. Thank you for pointing this to our attention. 
 
4.S3U-V' is missing a negative control (CAG:GFP) 
 
We have added a GFP only condition in this figure panel. 
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5.Brn3a/b images in S3P/P’ are very dim making them difficult to evaluate. Can you please 
adjust them to make them more visible? 
 
We have now adjusted the contrast in the images provided to make the staining color more vivid. 
 
 

 
Second decision letter 
 
MS ID#: DEVELOP/2021/200436 
 
MS TITLE: Ikaros family proteins cooperate to regulate temporal patterning in the developing mouse 
retina 
 
AUTHORS: Awais Javed, Pedro L. Santos-Franca, Pierre Mattar, Allie Cui, Fatima Kassem, and 
Michel Cayouette 
 
I have now received the referees reports on the above 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. 
 
As you will see, Reviewer 1 is positive and supports publishing a revised manuscript in 
Development. Reviewer 2, on the other hand, raises a number of new concerns that were not 
present in the first review. There is no need for you to address experimentally these new points. 
However, some of the comments are valid and it would improve the manuscript if you could 
address them with revisions of the text and images. 
 
Please attend to all of the reviewers' comments in your revised manuscript and detail them in your 
point-by-point response. If you do not agree with any of their criticisms or suggestions explain 
clearly why this is so. If it would be helpful, you are welcome to contact us to discuss your revision 
in greater detail. Please send us a point-by-point response indicating your plans for addressing the 
referee’s comments, and we will look over this and provide further guidance. 
 
 
Reviewer 1 
 
Advance summary and potential significance to field 
 
The authors have addressed all of my concerns. The revised manuscript is greatly improved. 
 
Comments for the author 
 
A few minor changes should be considered by the authors. First, please consider fixing a grammar 
error in the following sentence: “Since Nfi family of protein are critical to confer…” Second, please 
consider that including details about fixation for IKZF4 staining may be worth highlighting in the 
methods section in addition to the supplemental figure caption. Finally, please consider increasing 
the detail in the figure 7 caption. It may aid readers and allow for reinforcement of the discussion 
points. 
 
 
Reviewer 2 
 
Advance summary and potential significance to field 
 
The study was previously reviewed and my comments from that review can be used. 
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Comments for the author 
 
The authors have addressed many of the suggestions and critiques from the initial review. As with 
the original submission, there are some strengths of this study some valuable data regarding the 
binding sites and some cellular effects of Ikzf4. However, as with the original critique, I am still 
unsure of the role of Ikzf4 in retinal development. Much of the data are only suggestive, and taken 
as a whole, they are not strong enough to support the authors’ claims. They started out trying to 
prove the hypothesis that cone development is regulated by the action of Ikzf1 plus another ikaros 
factor. All data are then interpreted to prove this hypothesis. The title claims Ikzf4 has a temporal 
role, and the discussion talks about competence to make cones, an embryonically born cell type. 
They claim that Ikzf4 induces Hes1, which could be why Mueller glia-like cells are induced later 
following OE. But if Hes1 induction occurs during the embryonic period when cones are being made, 
and they claim it has a role in the competence to make cones, it would likely suppress cone fate, as 
the cone fate is negatively regulated by Notch signaling, and Hes1 is one of the main downstream 
effectors of Notch. It is not clear that it does regulate Hes1, despite their binding data, as there is 
not a drop in Hes1 RNA upon loss of Ikzf4. 
 
All of the cellular data regarding cones is from the staining of one cone marker Rxrg. The earliest 
markers of cones are thyroid hormone receptor beta (Thrb) and RXRg, with S opsin coming on soon 
after. It is curious that they do not assay Thrb, which should go down in the double KO, and up in 
the OE. In fact, Thrb and RXRg are regulated by some of the same transcription factors (Otx2 and 
Onecut) with the same binding sites right next to each other. They do not show any effects on S 
opsin in the KO or OE, but it too is an early marker. So the most suggestive data on cones come 
from a slight reduction (25%) in Rxrg in the double KO at an embryonic time point, and the 
upregulation of Rxrg in the OE. The binding data from cut and run look good regarding cone genes, 
but they do not show reduction in these cone genes at the RNA level in the Izkf4 KO. The cone data 
do not clearly indicate if we are looking at a rod vs cone determination effect (which they favor), 
an effect on competency to make cones, a delay in differentiation of cones, or something that is 
more directly related to Rxrg regulation. 
 
The authors emphasize the effects of OE on rods, but here too it is not that easy to fit the data into 
what we know of rod and cone fate. Two key transcription factors, Nrl and Nr2e3, are reduced with 
Ikzf4 OE. This should lead to a switch to cone fate as Nrl KO mice switch their rods to a S opsin 
cone type, with almost every cone marker going up. NR2E3 KO mice upregulate many cone genes. 
However despite an almost complete lack of Nrl (Fig. 2O), the authors still only report on Rxrg. 
 
The effects on Mueller glia via Hes1 regulation are also inconclusive despite the conclusion that the 
Ikzf4 sites in the Hes1 promoter are necessary for its regulation. Since Notch is required for the 
Mueller glial effect, other Notch effectors are likely in play. So how do we know if Ikzf4 is an 
important player here? The lack of a downregulation of Hes1 in the P6 KO is not in keeping with the 
idea that Ikzf4 is needed for Hes1 expression. OE data are hard to interpret when one does get the 
opposite effect with LOF. 
 
Retinal development clearly is complex, with multiple genes affecting many aspects of the process. 
It is likely the case that Ikzf4 has a role in retinal development, but without more experiments, it is 
hard to pin down. The authors have carried out the most straightforward experiments, but the 
answers are not easy to interpret. 
 
Other points: 
 
1. OE at P0 drives cells out of cycle. How does that jive with early RPC expression? 
 
2. Figure 2. Crx/Otx2 staining is ambiguous as Otx2 is in RPCs in terminal divisions and in bipolar 
cells later in development. Authors should use a Crx or Otx2 specific antibody or include both genes 
in the rt/pcr. Of note, Crx is also in bipolar cells. 
 
3. Fig 3 KO assayed at p10 using markers Sox2 and Lhx2 for Mueller glia. Another marker of Mueller 
glia that is quite specific and used for mature Mueller glia is glutamine synthetase. Aquaporin 4 is 
another good one. Sox2 and Lhx2 are also in RPCs. 
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4. Cut and run data show binding to cone genes, but they do not assay those cone genes in the KO 
or the OE. They claim that Pou2f2 is upregulated by Ix4. Does the KO data show a downregulation 
of Pou2f2? 
 
5. Cut and run at e14 and p0 shows binding to hes 1 upstream region (fig 6). They don’t show OE 
data for hes1 RNA. The KO data at P6 shows no significant reduction in Hes1 RNA. 
 
6. The images of electroporated retinas in Fig 6 look very strange. A GFP control at P6 should show 
good GFP in both the developing INL and ONL. In the GFP only panel, there are only a few GFP cells 
and they are in the developing INL. With Ikzf4, all of the staining seems to be in the developing 
ONL, but the model says that we should see Mueller glial induction, so there should be more 
staining in the developing INL. It also seems that DMSO has an effect as the control GFP with DMSO 
has a completely different look than GFP alone, as now we see lots of ONL staining. Control GFP 
plus DAPT should block Mueller glial formation, but this condition shows what looks like all INL, 
where it should be all ONL as DAPT should induce all rods. Overall, something is wrong with all 
panels of this figure. Figure 2 also shows electroporated retinas, but the panels do not show enough 
of the retina to evaluate what is going on. 
 
7. In the Discussion, the authors say “Ikzf4 induces sustained expression of Hes1 during glia 
differentiation via two ‘GGAA’ Ikzf binding sites in the promoter in a Notch signaling dependent 
manner.” They only show OE data, the Ikzf4 KO does not show a reduction in Hes1, so this claim is 
not supported. 
 
8.The authors claim that Ikzf4 and Ikzf1 “cooperate to regulate cone development”. The two 
factors do not bind the same sites, nor was any data shown to establish that they directly interact. 
They could be acting in parallel, if indeed they do regulate cone development, which is only weakly 
supported. Parallel pathways would not be called cooperation. 
 
 

 
Second revision 
 
Author response to reviewers' comments 
 
Reviewer 1 Advance Summary and Potential Significance to Field: 
The authors have addressed all of my concerns. The revised manuscript is greatly improved. 
 
Reviewer 1 Comments for the Author: 
A few minor changes should be considered by the authors. First, please consider fixing a 
grammar error in the following sentence: “Since Nfi family of protein are critical to confer…” 
Second, please consider that including details about fixation for IKZF4 staining may be worth 
highlighting in the methods section in addition to the supplemental figure caption. Finally, 
please consider increasing the detail in the figure 7 caption. It may aid readers and allow for 
reinforcement of the discussion points. 
 
We are pleased that the reviewer found the manuscript greatly improved. We have added the 
suggested text changes in this revised version. 
 
Reviewer 2 Advance Summary and Potential Significance to Field: 
The study was previously reviewed and my comments from that review can be used. 
 
Reviewer 2 Comments for the Author: 
The authors have addressed many of the suggestions and critiques from the initial review. As 
with the original submission, there are some strengths of this study, some valuable data 
regarding the binding sites and some cellular effects of Ikzf4. However, as with the original 
critique, I am still unsure of the role of Ikzf4 in retinal development. Much of the data are only 
suggestive, and taken as a whole, they are not strong enough to support the authors’ claims. 
They started out trying to prove the hypothesis that cone development is regulated by the 
action of Ikzf1 plus another ikaros factor. All data are then interpreted to prove this 
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hypothesis. The title claims Ikzf4 has a temporal role, and the discussion talks about 
competence to make cones, an embryonically born cell type. They claim that Ikzf4 induces 
Hes1, which could be why Mueller glia-like cells are induced later following OE. But if Hes1 
induction occurs during the embryonic period when cones are being made, and they claim it 
has a role in the competence to make cones, it would likely suppress cone fate, as the cone 
fate is negatively regulated by Notch signaling, and Hes1 is one of the main downstream 
effectors of Notch. It is not clear that it does regulate Hes1, despite their binding data, as there 
is not a drop in Hes1 RNA upon loss of Ikzf4. 
 
The reviewer brings up an important point that would indeed be paradoxical, stating “if Hes1 
induction occurs during embryonic period when cones are being made […] it would likely suppress 
cone fate…”. This scenario would be correct if it occurs, but we wish to emphasize that our 
experiments have not determined whether Ikzf4 regulates Hes1 at early stages. In fact, we report 
considerable changes in the binding profile of Ikzf4 at E14 compared to P0, so it is highly likely that 
Ikzf4 has different downstream regulators than Hes1 at embryonic stages to control cone 
production, and that these targets are redundantly regulated by Ikzf1. Hes1 will also have other 
stage-dependent regulatory inputs besides Ikzf1/4 (eg. Shh) that could alter or gate its response to 
these transcription factors. We do not observe any change in cone numbers in Ikzf4 KO retinas, so 
our data does not support the interpretation that Ikzf4 regulates Hes1 during embryogenesis to 
control cone production. From our data, the upregulation of Hes1 by Ikzf4 is specific to postnatal 
stages, when Ikzf4 promotes Müller glia production, and this is consistent with the role of the Notch 
pathway stimulating gliogenesis. The reviewer might have been misled by the mention of Hes1 
acting in both early and late stages of retinogenesis in the discussion. We apologize for this 
distinction not being more clear in the original text. We have now adjusted the text to avoid 
confusion. 
 
Regarding the expression of Hes1 in Ikzf4 KO, the reviewer is correct that we do not detect a 
significant drop in Hes1 transcripts by RT-qPCR at P6, although there is a trend. There is, however, 
a significant reduction of transcript levels for many other Müller glia genes in the Ikzf4 KO, 
including Hes5, Rbpj, Lhx2 and Sox8 (Fig. 6E), consistent with our observed phenotype of reduced 
Müller numbers in Ikzf4 KO. Nonetheless, our data is clear that Ikzf4 binds Hes1 cis regulatory 
elements and that expression of Ikzf4 increases Hes1 levels. Thus, it is likely that Ikzf4 is sufficient 
but not completely necessary for Hes1 expression. The levels of Hes1 may be partially rescued in 
Ikzf4 KO by the compensatory action of other Ikzf family proteins like Ikzf2, Ikzf3 or Ikzf5, which 
are expressed in late-stage retinas. We already mentioned this possibility in the Discussion but have 
now modified the text to make this point clearer. 
 
All of the cellular data regarding cones is from the staining of one cone marker, Rxrg. The 
earliest markers of cones are thyroid hormone receptor beta (Thrb) and RXRg, with S opsin 
coming on soon after. It is curious that they do not assay Thrb, which should go down in the 
double KO, and up in the OE. In fact, Thrb and RXRg are regulated by some of the same 
transcription factors (Otx2 and Onecut) with the same binding sites right next to each other. 
They do not show any effects on S opsin in the KO or OE, but it too is an early marker. So the 
most suggestive data on cones come from a slight reduction (25%) in Rxrg in the double KO at 
an embryonic time point, and the upregulation of Rxrg in the OE. The binding data from cut 
and run look good regarding cone genes, but they do not show reduction in these cone genes at 
the RNA level in the Izkf4 KO. The cone data do not clearly indicate if we are looking at a rod 
vs cone determination effect (which they favor), an effect on competency to make cones, a 
delay in differentiation of cones, or something that is more directly related to Rxrg regulation. 
 
Despite trying multiple anti-Thrb2 antibodies, we failed to identify one that labels cones reliably at 
embryonic stages. Therefore, we had to resort to Rxrg as our only reliable antibody for cones at 
embryonic stages. As shown in Fig. 3D, this antibody clearly labels cells on the apical side of the 
retina, which is consistent with multiple previous reports showing that these cells are cones. No 
other cells express Rxrg at the apical side of the retina, so it appears unlikely that these cells are 
anything else but cones. As discussed in response to the reviewer in our last submission, the 25% 
reduction is very reproducible, highly significant and totally consistent with a role in temporal 
production of cones. As discussed in our previous rebuttal, we have added mention of the caveats 
on the analysis of the Ikzf1/4 double KO tissues, which had to be carried out at embryonic stages 
due to perinatal lethality and added the possibility that cone production is delayed in double KO. 
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The reviewer points out that cone genes are not reduced in the Ikzf4 KO RNAseq data, which is 
correct but we do not expect them to be reduced because there is no difference in cone numbers in 
Ikzf4 KO. We see a reduction in cones only in Ikzf1/Ikzf4 double KO and RNAseq was not carried out 
in these double KO due to the difficulty of obtaining tissues, as also mentioned in our previous 
rebuttal letter. 
 
The authors emphasize the effects of OE on rods, but here too it is not that easy to fit the data 
into what we know of rod and cone fate. Two key transcription factors, Nrl and Nr2e3, are 
reduced with Ikzf4 OE. This should lead to a switch to cone fate as Nrl KO mice switch their 
rods to a S opsin cone type, with almost every cone marker going up. NR2E3 KO mice 
upregulate many cone genes. However, despite an almost complete lack of Nrl (Fig. 2O), the 
authors still only report on Rxrg. 
 
We agree that Ikzf4 OE “should lead to a switch to cone fate” if Ikzf4 OE would completely 
eliminate Nrl and Nr2e3 in an equivalent manner to the corresponding genetic knockouts. However, 
this is not the case. The Nrl and Nr2e3 genes remain intact and competent to be expressed, and 
despite the very clear repression of these genes, it remains unlikely that Ikzf4 -transfected cells are 
prevented from ever expressing them in absolute terms, as would be the case in a genetic null. 
 
We submit that the reduction of Nrl and Nr2e3 we see following Ikzf4 overexpression at P0 is not 
enough to lead to a complete conversion to cones. Instead, we get cells that resemble immature 
cones. We have tried to be conscientious about this point in the text, calling them “cone-like” 
cells, and carefully describing marker genes that they fail to express, such as S-opsin. Another 
possibility is that our experiments were performed in late RPCs, when cones are not normally 
made, which may be why cone maturation is incomplete. In either case, it seems clear that rod 
differentiation is affected, which is now the focus of the first section of the paper. 
 
The effects on Mueller glia via Hes1 regulation are also inconclusive despite the conclusion that 
the Ikzf4 sites in the Hes1 promoter are necessary for its regulation. Since Notch is required for 
the Mueller glial effect, other Notch effectors are likely in play. So how do we know if Ikzf4 is 
an important player here? The lack of a downregulation of Hes1 in the P6 KO is not in keeping 
with the idea that Ikzf4 is needed for Hes1 expression. OE data are hard to interpret when one 
does get the opposite effect with LOF. 
 
We know Ikzf4 is an important player in Müller glia production because Ikzf4 KO have 30-40% fewer 
Müller cells than controls. This is clear genetic evidence of a role for Ikzf4 in Müller cell production. 
With the results of our new DAPT experiments that were added following the reviewer’s previous 
suggestion, we now clearly state in the paper that Ikzf4 requires other Notch signaling factors to 
regulate Müller glia development and that Hes1 is not the only player. This is clear from the 
reduced expression of Hes5 and Rbpj in Ikzf4 KOs. As mentioned above, we also detect a trend for 
Hes1 levels decreasing when comparing Ikzf4 het to Ikzf4 null mice. Combined with our gain-of-
function experiments, in which we clearly find that Ikzf4 upregulates Hes1, our results indicate that 
Ikzf4 is sufficient but not completely necessary for Hes1 expression. We understand that the 
highlighted mention of Hes1 in the model might be misleading and we have now removed it to 
better reflect the general role of Ikzf4 on Notch signaling genes. 
 
Retinal development clearly is complex, with multiple genes affecting many aspects of the 
process. It is likely the case that Ikzf4 has a role in retinal development, but without more 
experiments, it is hard to pin down. The authors have carried out the most straightforward 
experiments, but the answers are not easy to interpret. 
 
We respectfully disagree with the reviewer. Although retinal development is indeed complex, these 
‘straightforward’ experiments help uncover a role for Ikzf4 in the retina that has never been 
reported. This work lays the foundation for future studies with more ‘complicated’ experiments 
that would be out of the scope of this manuscript. Of course, our paper raises many questions, and 
some remained unanswered, but expecting us to solve every detail of Ikzf4 function in retinal 
development in a single paper is not charitable, especially given that this is the first study on Ikzf4 
in the developing CNS. We feel that we have been very careful in appropriately qualifying the 
limitations of our data in response to the Reviewer’s criticisms. We have also tried our best to 
adjust the text to consider the various alternative scenarios regarding both cone and Müller 
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specification that the reviewer has raised. We feel that addressing these alternative interpretations 
and limitations has allowed us to significantly improve the clarity of the paper. 
 
Other points: 
 
1. OE at P0 drives cells out of cycle. How does that jive with early RPC expression? 
 
It is likely a matter of expression levels and context. At early stages, Ikzf4 is co-expressed with 
Ikzf1, which may modify Ikzf4 activity. We have added a mention of this in the new Discussion. 
 
2. Figure 2. Crx/Otx2 staining is ambiguous as Otx2 is in RPCs in terminal divisions and in 
bipolar cells later in development. Authors should use a Crx or Otx2 specific antibody or 
include both genes in the rt/pcr. Of note, Crx is also in bipolar cells. 
 
Here we assume the reviewer is referring to Fig. 3J-K. All our analysis of Crx/Otx2 was performed 
at equivalent ages of P14 or older, when neurogenesis is over and there are no RPCs left. Thus, at 
this age we clearly distinguish moderately positive cells in the ONL (photoreceptors) and highly 
positive cells in the INL (bipolars). We are therefore confident that we can easily distinguish 
bipolars from photoreceptors. We added a mention of this point in the text. Additionally, an 
important control for this is the Chx10 staining, a bipolar cell marker, 14 days after Ikzf4 
overexpression presented in Fig. S3N-N’’’, which did not show any GFP+ cells located in the ONL 
(photoreceptor layer) staining for Chx10. Of note, we cannot use Crx or Otx2 specific antibodies as 
suggested by the reviewer because these antibodies do not exist, as we stated in our previous 
rebuttal letter after confirming with Dr. Shiming Chen, an expert on these factors who generated 
many of the Crx/Otx2 antibodies used in the field. 
 
3. Fig 3 KO assayed at p10 using markers Sox2 and Lhx2 for Mueller glia. Another marker of 
Mueller glia that is quite specific and used for mature Mueller glia is glutamine synthetase. 
Aquaporin 4 is another good one. Sox2 and Lhx2 are also in RPCs. 
 
Indeed, glutamine synthetase and aquaporin 4 are good markers of Müller cells but the staining is 
cytoplasmic, which makes it very difficult to count individual cells due to the extensive processes 
of Müller glia. Therefore, we prefer to use nuclear markers for quantification. While the reviewer is 
correct that Sox2 and Lhx2 are also in RPCs, neurogenesis is largely complete at P10. The only few 
RPCs remaining are restricted to the far periphery of the retina, which is not included in our 
sampling for quantification. We are therefore confident our labelling with Lhx2 and Sox2 is specific 
to Müller glia at P10. 
 
4. Cut and run data show binding to cone genes, but they do not assay those cone genes in the 
KO or the OE. They claim that Pou2f2 is upregulated by Ix4. Does the KO data show a 
downregulation of Pou2f2? 
 
We would hypothesize that Pou2f2 is very likely to be regulated by Ikzf4 – especially given the 
CUT&RUN data. We think that this is a good suggestion, however, given that Ikzf4 KO do not have 
any change on cone numbers, it seems probable that the potential Pou2f2 regulation by Ikzf4 in the 
embryonic retina may not have any functional significance. If the reviewer is referring to 
Ikzf1/Ikzf4 DKO retina, which do have reduced cone numbers, it would have been interesting to 
profile mRNA expression in these mice but as mentioned in our previous rebuttal, the breeding 
strategy required to obtain these animals makes it very hard to get this genotype (it took us almost 
one and a half year to generate tissues used for Fig. 4). This analysis will be better suited for a 
future study. 
 
5. Cut and run at e14 and p0 shows binding to hes 1 upstream region (fig 6). They don’t show 
OE data for hes1 RNA. The KO data at P6 shows no significant reduction in Hes1 RNA. 
 
We already addressed this comment above. We have changed the model and text to better reflect 
the general role of Ikzf4 in concert with Notch signaling. We also softened the conclusion in the 
abstract by adding the following sentence “We report that Ikzf4 regulates Notch signaling genes 
and is sufficient to activate the Hes1 promoter through two Ikzf GGAA binding motifs, suggesting a 
mechanism by which Ikzf4 may influence gliogenesis.” 
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6. The images of electroporated retinas in Fig 6 look very strange. A GFP control at P6 should 
show good GFP in both the developing INL and ONL. In the GFP only panel, there are only a few 
GFP cells and they are in the developing INL. With Ikzf4, all of the staining seems to be in the 
developing ONL, but the model says that we should see Mueller glial induction, so there should 
be more staining in the developing INL. It also seems that DMSO has an effect as the control 
GFP with DMSO has a completely different look than GFP alone, as now we see lots of ONL 
staining. Control GFP plus DAPT should block Mueller glial formation, but this condition shows 
what looks like all INL, where it should be all ONL as DAPT should induce all rods. Overall, 
something is wrong with all panels of this figure. Figure 2 also shows electroporated retinas, 
but the panels do not show enough of the retina to evaluate what is going on. 
 
These samples were electroporated ex vivo retinal explants rather than in vivo as in figure 2, which 
is why the histology is not perfect. But the reviewer brings a good point that the images provided 
did not fully reflect what we report in the quantification. We have repeated the experiment, which 
gave the same results, and now provide more representative images. 
 
7. In the Discussion, the authors say “Ikzf4 induces sustained expression of Hes1 during glia 
differentiation via two ‘GGAA’ Ikzf binding sites in the promoter in a Notch signaling dependent 
manner.” They only show OE data, the Ikzf4 KO does not show a reduction in Hes1, so this 
claim is not supported. 
 
We have changed the discussion to better reflect a general role of Ikzf4 through Notch signaling in 
Muller glia development. 
 
8. The authors claim that Ikzf4 and Ikzf1 “cooperate to regulate cone development”. The two 
factors do not bind the same sites, nor was any data shown to establish that they directly 
interact. They could be acting in parallel, if indeed they do regulate cone development, which 
is only weakly supported. Parallel pathways would not be called cooperation. 
 
This is a good point. We have now changed the title to “Ikaros family proteins redundantly regulate 
temporal patterning in the developing mouse retina” and we avoid the use of ‘cooperation’ 
throughout the text and instead use redundant or epistatic. 
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