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14th May 20191st Editorial Decision

Thank you for submit t ing your study on regulatory networks required for cellular reprogramming for 
considerat ion by The EMBO Journal. We have now received three referee reports on your study, 
which are included below for your informat ion. 

As you will see, the reviewers express an overall interest in the study, but they also raise several 
major concerns. In addit ion to several specific technical issues and ones regarding sufficient 
stat ist ical test ing, the referees find that the proposed 9 TF network should be explained and 
analyzed in further detail, for example by addressing the phenotype of knockdowns of all 9 factors 
(referee #1), or if these factors can replace OSKM during reprogramming (referee #2). 

Should you be able fully address all issues raised by the referees, then we would like to invite you to 
prepare and submit a revised manuscript .  



REFEREE REPORTS

------------------------------------------------ 

Referee #1: 

In their manuscript ent it led "Const ruct ion of a dynamic gene regulatory network required for cellular 
reprogramming", Thanos and colleagues conduct t ranscript ional profiling to bet ter understand the 
molecular logic underlying the format ion of induced pluripotent stem cells (iPSCs). By comparing 
t ranscript ion factors (TFs) upregulated in both mouse embryonic fibroblasts (MEFs) and mouse 
embryonic hepatocytes (Heps) they ident ify a set of 9 shared TFs. Several of these (including the 
pluripotency regulators Nanog) have been previously studied in the context of induced 
pluripotency, while others such as Rcan1, Taf1c, Tead4 and Irf6 have not . Using a combinat ion of 
bioinformat ics, chromat in analysis and genet ic (largely knockdown) approaches, they provide 
evidence of specific roles of these TFs in early to intermediate stages of iPSC format ion. 
Overall, this is an interest ing study with some noteworthy findings. Several observat ions of the 
authors with regards to reprogramming phases largely confirm prior studies, but such a confirmat ion 
is important and also supports the suitability of the authors' experimental approach. In addit ion, 
Thanos and colleagues provide several new lines of evidence for previously unknown roles and 
interact ions of TFs, which should be of general interest . Therefore, there work seems in principle 
well-suited for publicat ion in The EMBO Journal. Below are some points that I believe should be 
addressed. 

Main concerns 

1. It  is an at t ract ive feature of this manuscript  that  the authors do not only use MEFs for their
studies. However, a sat isfying characterizat ion of the Heps used for reprogramming (morphology,
marker genes) is missing. As fibroblast ic cells are present in all preparat ions of embryonic t issues,
the authors should provide evidence that indeed endodermal liver cells served as input for their
experiments.

2. Why don't  the authors take advantage of the fact  that  they have two different input cell types
and invest igate unique aspects of each? There seems to be a plethora of interest ing quest ions
that should be accessible in their data. For example, what are TFs upregulated only in one cell type
(if there are any)? Do Heps have to undergo MET?

3. Reprogramming efficiencies (# of dox-independent iPSC colonies per input cells) should be
provided for both MEFs and Heps.

4. The authors should provide a better descript ion of their genet ic experiments. What is the
efficiency of KD for each gene? Does KD in Hep have the same consequences (if this cannot be
done for any reason, the authors should at  least  be clear about it  and discuss this)? What is the
consequence of 9 TF KD in MEFs and established iPSCs?

5. No stat ist ical tests are applied to the overexpression experiments in Suppl Figure 5B/C. These
gain-of-funct ion experiments appear central to the authors' conclusions and should ideally be
shown in a main figure. It  would also strengthen the manuscript  to include OE experiments for all of
the "new" TFs (or at  least  discuss this omission).



6. I am puzzled by Figure 1D. Does double KD of Rcan1 and Taf1c or of Nanog and Irf6 indeed not
reduce reprogramming efficiencies (while single KD of these factors does)? The authors should
clarify what is the reference point  of their scale ("% reprogramming efficiency") and ideally include
scrambled vector into this figure.

Addit ional comments 

- The significance of the authors findings should be discussed in the context  of several well-
described approaches to achieve high efficient  iPSC format ion (Zviran et  al., PMID 30554962; Vidal
et  al., PMID 25358786; Di Stefano et  al., PMID 2433620).

- The authors should consider using a different phrase than "reprogrammable MEFs" for their virally
transduced cells as this term usually indicates the use of t ransgenic (i.e. genet ically homogenous)
system.

- The purpose of the ent ire first  results sect ion (which only refers to supplemental data and does
not direct ly relate to the central point  of the role of the role of the 9 TFs) is not ent irely clear. This
could be shortened.

- Fig. 2F is not very intuit ive. Axis and other labeling would help the reader understand what is
shown here.

- Page 13 - the author refer to Klf4 as "const itut ively expressed". Can KLF4 protein indeed be
detected in MEFs? Does KLF4 KD in MEFs lowers expression of presumptive targets?

Referee #2: 

In this manuscript , the authors invest igated the early t ranscript ional events of cellular
reprogramming by the Yamanaka factors OKSM(Oct4,Sox2,Klf4 and c-Myc) in MEFs and
Hepatocytes, and ident ified a gene regulatory network composed of 9 t ranscript ional
regulators(Cbfa2t3, Gli2, Irf6, Nanog, Ovol1, Rcan1, Taf1c, Tead4 and Tfap4) , which are the early
binding targets for OKSM, marking the transit ion of a reprogrammable subpopulat ion cells from
somatic cell state to pluripotency. 

In general, the authors at tempt to answer an important and unresolved problem and performed
relevant experiments and detailed bioinformat ics analysis. However, some issues need to be
addressed before publicat ion. 

Major concerns: 

1 The authors constructed a t ranscript ional factor regulatory network consist ing of 9 t ranscript ion
regulators, the reviewer wants to know whether those 9 factors can reprogram the MEFs or
Hepatocytes into to iPSC instead of four Yamanaka factors(OKSM) or can subst itute any or some
of them? If the 9 factors are really the key direct  downstream targets for OKSM in the early stage
of reprogramming, maybe some of them can replace the OKSM totally or part ially? 



2 It 's hard to understand what 's the meaning in figure 2D. Is it  a scatter plot  for the expression of
single gene in a populat ion? But the Y-axis is note as a rat io of expression cell. The reviewer was
confused by this and please clarify. 

3 In the ident ified gene regulated network of the 9 TRs in Figure 4A, the binding of Oct4 to those
genes seems not so clear, is not consistent with the center role of Oct4 in pluripotency induct ion,
the authors should check the ChIP-seq data, whether or not Oct4 is binding to any among those 9
TRs. 

4 The authors mainly use knocking down (KD) strategy to do funct ional test , the authors need to
do at  least  one rescue experiment, for example, overexpressing Cbfa2t2, to confirm their conclusion.

5 The item "pre-iPSC" need to be defined in this manuscript , as other papers have published quite a
lot  on pre-iPSC, whether the "pre-IPSC " ment ioned in this manuscript  is as same as in the
published ones? 

Minor concern:  

1 In figure 3F�G and I, the Sox2 ChIP-seq peaks seem quite different between the iPSC and ESCs,
It 's t ruth or somehow flexible of the ChIP-seq data? How many duplicates for this experiment? 

Referee #3: 

General summary and opinion about the principle significance of the study, its quest ions and
findings: 
The manuscript  "Construct ion of a dynamic gene regulatory network required for cellular
reprogramming" (EMBOJ-2019-102236) by Papathanasiou et  al. describes the temporal analysis of
gene expression during IPSC reprogramming in two experimental regimes. Concentrat ing on genes
upregulated during this process the authors analyze the role of 9 t ranscript ional regulators.
Although the scient ific logic and the general approaches are plausible and the topic is interest ing,
the study is not able to substant iate the conclusions in its current form. 
Specific major concerns essent ial to be addressed to support  the conclusions: 
- The manuscript  at  hand is not the first  to analyze gene expression during IPSC reprogramming
and/or determine transcript ion factor networks in this process. Although this is not on its own an
issue, the authors should invest in comparing and discussing their data in this context  (e.g. how do
these TFs map onto reprogramming intermediates published previously (Lujan, O'Malley, Polo,
Schiebinger etc.)).

- It  is unclear for several experiments if conclusions can be drawn, since effects are minor and
stat ist ical tests are missing. This is found on several locat ions, but exemplified best in:
"Supplementary Fig S5B shows that high-level expression of Tfap4 and Irf6 increased
reprogramming efficiency". Supplementary Fig.5B suggests an improvement of reprogramming 0.3%
over control which is hardly notable, the data has no error bar or standard deviat ion. Classic
experiments, such as subst itut ion of reprogramming TFs with any of their candidates, etc. could
help.

- The TR model is problemat ic in several ways, it  is not immediately apparent what data went into it
and what and whether it  can predict  more than that. But also the underlying basic- and follow up



validat ion-experiments are problemat ic in their current representat ion. This has several reasons: 
o The authors seem to lack a general concept for base-line/negat ive expression in fibroblasts and
proof of strong/funct ional expression in Reprogramming/IPSCs for these 9 factors. In the
microarrays relat ive (background) expression (d0) of the different factors varies from 0 to 800 and
"strong" expression from 4 to 3000 (d6).
This is especially relevant,
• because in the model and sc-qPCR they are classified digitally (as expressed/present and not
expressed/absent), in SF1 as high and low expressed and in Figure 4 as % expressed. The authors
have to clarify this and show that similar mRNA levels are not depicted as absent, lowly expressed
or 500% induced depending on the gene.
• because the induct ion is often minor (TAF1C, TEAD4);
• Because the normalizat ion is unclear
(What does "plot ted according to the median expression value" mean?
Are values shown e.g. Figure 1C normalized to the expression minus Dox?
Does "Signal intensity at  t ime point  T dox+/ Signal intensity
at  t ime point  0 {MEFs} >=2" & "Signal intensity at  t ime point  T dox-/ Signal intensity at  t ime point  0
{MEFs} <2" mean you included genes induced 2.1 fold with DOX and 1.9 fold without?)
• because mult iple probes corresponding to the same gene on the microarray were filtered out "and
only those with the highest signal intensity across all t ime points were kept for further analysis".
(Why did you not use the average, how would it  change your data?)
• and because protein expression (western blot / Chip) is not shown.
o Including up and down-regulat ion to different levels in both direct ions between all gene pairs
makes the model visually very messy and uninformat ive.

Minor concerns that should be addressed: 
- What happens to the KD cells? Do they die, do they retain MEF characterist ics, do alternat ive
reprogramming cell fates become upregulated - in other words is this a specific phenotype for
impaired reprogramming or some sort  of general defect? Sequencing or expression profiling (other
than Lin28 and EpCam) may be helpful.
- Are the phases derived from transcriptomes normalized to the -Dox control? Do you see similar
phases in the transcriptome of those cells?
- How do you define t ranscript ional regulators? What is the source for this gene list?
- Is the Reprogramming block of Pycard reproducible and significant?
- Figure 2E, label is misleading
- Why is the scaling in the ChIP changing in each panel (3-40, 2-50, 3-70 etc). Although this is
overall convincing data it  is subopt imal for analysis.
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Response to Reviewers 

Reviewer #1: 

Overall, this is an interesting study with some noteworthy findings. Several observations of the 
authors with regards to reprogramming phases largely confirm prior studies, but such a 
confirmation is important and also supports the suitability of the authors' experimental approach. In 
addition, Thanos and colleagues provide several new lines of evidence for previously unknown roles 
and interactions of TFs, which should be of general interest. Therefore, their work seems in principle 
well-suited for publication in The EMBO Journal.  
We thank the reviewer for his/her comments and the overall positive feedback that we received in 
order to improve our study. We appreciate the fact that Reviewer#1 highlights the value of our 
work towards a better understanding of the molecular mechanisms controlling cellular 
reprogramming. 

Main concerns 

1. It is an attractive feature of this manuscript that the authors do not only use MEFs for their
studies. However, a satisfying characterization of the Heps used for reprogramming (morphology,
marker genes) is missing. As fibroblastic cells are present in all preparations of embryonic tissues,
the authors should provide evidence that indeed endodermal liver cells served as input for their
experiments
The reviewer asks a very important question regarding the purity of the mouse hepatocytes
(mHeps-endodermal nature) used in our experiments, since it is well known that embryonic tissues
are heterogeneous regarding the types and developmental stages of the cells present. To address
this important question, we have carried out a series of additional experiments to characterize the
mHeps preparations used in our reprogramming experiments. We combined the results from
different assays (Gene Annotation analysis of transcriptomics experiments, immunofluorescence
and morphological analysis) and have confirmed the true endodermal identity of the mHeps
cultures used in the experiments.  More specifically:

1) We carried out a detailed Gene Annotation meta-analysis of our mHeps transcriptomics data and
verified that the top category of the most highly expressed genes corresponds to liver-specific
genes (Figure RB1 and Table RB1). More specifically, we found that 772 out of the 2.500 most
highly expressed genes in mHeps are liver-specific genes. Therefore, the gene signature of our
mHeps preparations correlates with this of bona-fide liver cells, thus confirming the molecular
identity of the mHeps cultures utilized in this study.

2) Next, we examined our mHeps cultures by immunofluorescence in order to visualize the spatial
expression of known Hepatocyte markers. As shown in Figure RB2, our mHeps cultures are
homogeneous and the expression of hepatic markers, such as HNF4α and Albumin, was the
prominent feature of these cells, thus verifying their hepatic origin and the purity of the cultures.
Finally, it is important to mention that all mHeps cultures used in our reprogramming studies were
isolated and cultured by using the same methodology without any prior storage. The detailed
protocol is described in the Materials and Methods section of the original manuscript under the
heading: Isolation of mouse Hepatocytes (mHeps).

1st Authors' Response to Reviewers       7th Jul 2020
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Figure RB1: Gene Annotation analysis of the 2.500 most highly expressed genes in mHeps as revealed by 
our transcriptomics studies using the “DAVID knowledgebase”. Shown are the top 10 most significantly 
enriched tissue terms (p-value< 1e-3). The Gene Annotation panel depicts that the dominant group of 
genes expressed in our mHeps cell preparation corresponds to liver-specific genes 

.  

Table RB1: Shown are the most highly expressed genes identified in our mHeps cultures that are classified as 

liver-specific genes. 
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Figure RB2: Shown are immunofluorescence assays using antibodies against HNF4a and Albumin in mHeps 
cultures confirming the homogeneity of the isolated hepatocytes used in cellular reprogramming assays.  

Taken together the above experiments strongly suggest that our mHeps reprogramming 
experiments were carried out using pure endodermal liver cells as judged by the transcriptomics, 
immunofluorescence and the morphological data presented above. We have included this 
information in the revised version of the manuscript as “unpublished data”. 

2. Why don't the authors take advantage of the fact that they have two different input cell 
types and investigate unique aspects of each? There seems to be a plethora of interesting 
questions that should be accessible in their data. For example, what are TFs upregulated 
only in one cell type (if there are any)? Do Heps have to undergo MET?  
The reviewer raises a number of important and interesting points regarding the existence of cell-
type-specific reprogramming pathways. He/she proposes that since we have carried out side-by-
side reprogramming experiments using two different starting cell types (MEFs and mHeps), we are 
in a unique position to address this question. We agree with the reviewer, but we feel that these 
experiments fall beyond the scope of this manuscript. Herein, we have discovered and 
characterized a Gene Regulatory Network (GRN) that can be reconstructed in at least two different 
somatic cell types in order to achieve pluripotency. Our hypothesis was based on the very 
important fact that since nearly every cell type can be converted to iPSCs, there should exist 
common GRNs in different cell types, without of course excluding the existence and/or involvement 
of cell type-specific pathways. Indeed, the experiments presented in this manuscript suggest the 
existence of such “universal Gene Regulatory Networks” built by transcriptional regulators. 
Nevertheless, we appreciate the reviewer’s genuine interest regarding cell-specific transcriptional 
regulatory networks. We describe below some of our initial findings regarding the “existence of 
TFs upregulated in one cell type”.   

Figure RB3 depicts comparisons between MEFs and mHeps of (A) all Differentially Expressed Genes 
(DEGs) and (B) Transcriptional Regulators only (TRs) (Figure RB3A and RB3B, respectively), as 
captured from Day 0 to Day 6 of reprogramming. As shown in Figure RB3A, the number of DEGs in 
MEFs (1,507) is ~2 times higher than in mHEPs (747). This finding is consistent with the fact that 
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mHEPs exhibit epithelial characteristics, and thus are “closer” to the pluripotent cell state 
phenotype as compared to MEFs (see also below). 

Figure RB3: Venn diagrams showing the number of cell type-specific and common upregulated DEGs (A) and 
TRs (B) between MEFs and HEPs during the first 6 days of the reprogramming process. 

Interestingly, Gene Ontology (GO) and signal transduction pathway analyses of the cell type-specific 
DEGs revealed that biological processes related to cell cycle and NOTCH signaling pathways are 
enriched in MEFs, whereas in mHeps metabolic-related processes and cell fate determination 
pathways are predominant (Table RB2).   

 

Table RB2: Table showing representative genes of pathways or biological processes that are enriched during 
MEFs and mHeps reprogramming to pluripotency. 

Interestingly, we found that although the TGF-beta and WNT pathways are downregulated during 
reprogramming in both cell types, different genes in MEFs and mHeps from each pathway are 
affected, a result consistent with the operation of cell type- and gene-specific molecular pathways 
converging to similar biological processes. Of note, apart of the 30 TRs shared between MEFs and 
mHeps described in the original version of the manuscript, there are 79 TRs upregulated in MEFs 
only (Figure RB3B and Table RB3A) and 28 upregulated specifically in mHeps (Figure RB3B and 
Table RB3B). In the revised version of the manuscript we have discussed the implications of these 
findings. 
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Table RB3: Table showing TR genes that are specifically upregulated during the first 6 days of reprogramming 
in MEFs (A) and mHeps (B). 

Regarding the reviewer’s important question whether the mHeps undergo MET to reach 
pluripotency, we note that hepatocytes are epithelial cells of the liver (Choi and Diehl, 2009) and 
therefore, they don’t have to undergo MET to achieve pluripotency. This information has been 
included in the revised version of the manuscript. 

3. Reprogramming efficiencies (# of dox-independent iPSC colonies per input cells) should be 
provided for both MEFs and Heps. 
The relevant Reprogramming Efficiencies are provided in the Materials and Methods section under 
the heading “RNAi functional assays in MEFs undergoing reprogramming” in the revised version of 
the manuscript. 

4. The authors should provide a better description of their genetic experiments. What is the 
efficiency of KD for each gene? Does KD in Heps have the same consequences (if this cannot be done 
for any reason, the authors should at least be clear about it and discuss this)? What is the 
consequence of 9 TF KD in MEFs and established iPSCs? 
The reviewer makes a valid point requesting a better description of the knockdown (KD) 
experiments described in the manuscript. In the revised version of the manuscript, we describe in 
detail the experimental procedures to generate KD cells in the Materials and Methods section 
under the heading “RNAi functional assays in MEFs undergoing reprogramming”. Briefly, we 
evaluated the KD efficiency for each of the Transcriptional Regulators (TRs) by qPCR to detect the 
abundance of the corresponding transcript in comparison to the levels of a KD-control sample 
bearing a scramble sequence (% expression). These data were plotted side-by-side with the 
resulting Reprogramming Efficiencies (REs) of the corresponding KD cells. REs (%) were calculated 
upon normalization to the RE (%) of the control KD vector bearing a scramble sequence. This 
additional information has been incorporated in the new Figure 1B of the revised manuscript. 
Briefly, the data clearly demonstrate that the efficiency of each TR’s KD does not correlate with its 
effect in reprogramming efficiency (i.e. the reprogramming efficiency is not proportional to the KD 
efficiency). This observation highlights the true impact of the TRs in the reprogramming process.  
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In addition, the reviewer raises a very important point, which has been clarified also in the revised 
version of the manuscript regarding the effect of the KDs in mHeps. Our 9TRs KD experiments in 
mHeps produced qualitatively similar results with those in MEFs. It should be mentioned, however, 
that accurate measurements of the Reprogramming Efficiencies (REs) in mHeps couldn’t be 
routinely performed by Alkaline Phosphatase (AP) staining, due to high endogenous levels of the 
enzyme in these cells. However, we have readily observed iPSCs colonies in mHeps on Day 21, as 
we did in MEFs. Thus, the results obtained from the KD experiments in mHeps are in perfect 
correlation with those in MEFs underscoring a universal role for the 9TRs in cellular reprogramming.   
 
Regarding the question related to the consequences of the 9TRs’ KD in naïve MEFs, we carried out 
KD experiments for the 4 TRs (Rcan1, Taf1c, Tead4, and Tfap4), which are expressed in naïve MEFs 
at basal levels. Our data showed that none of these KDs significantly affected cell proliferation (Fig. 
RB4) or caused cell apoptosis (Fig. RB5). 

 

 

 

 

 

 

 

Figure RB4: Diagram depicting the total MEFs population after KD of the indicated TRs. 

. 
Figure RB5: Test for apoptosis by cleaved Caspase-3 immunostaining in KD-MEFs. The green signal 
corresponds to apoptotic cells. Treatment of cells with Auranofin induces cell apoptosis (Marzano C et al., 
2007; Park N and Chun YJ, 2014) and it was used as a positive control in our assays. 
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We have also extended our analysis of the effects of the 9TRs KD on cell proliferation and viability 
using MEFs undergoing reprogramming (Day 6), which express all 9TRs. As seen in Figure RB6 none 
of the 9TRs affected cell proliferation or viability. 

 
Figure RB6: Total number of cells on Day 6 of reprogramming as transduced with the indicated shRNAs of 
9TRs. 
 

Taken together, our experiments exclude any non-specific effects and further underscore that the 
cell reprogramming phenotypes obtained from the 9TRs KDs are due to the dysregulation of the 
relevant gene expression programs. We have included this information in the revised version of the 
manuscript as “unpublished data”. 

We did not carry out similar KD experiments in iPSCs or ESCs for the following reasons: first, 2 out 
of the 9TRs (Ovol1 and Cbfa2t3) are expressed at practically undetectable levels in iPSCs or ESCs 
and second, we believe that these experiments, although very interesting, are related to the role(s) 
of the TRs in maintaining and not acquiring the pluripotent cell state, a question that is clearly 
beyond the scope of our manuscript. Previous studies in ESCs have demonstrated that the core 
pluripotency network is robustly stable and in many instances can be guarded by the compensatory 
overlapping activities of other regional TR subnetworks (Jaenisch and Young, 2008; Ng and Surani, 
2011; Young, 2011; Nishiyama et al., 2013). 

5. No statistical tests are applied to the overexpression experiments in Suppl Figure 5B/C. These 
gain-of-function experiments appear central to the authors' conclusions and should ideally be shown 
in a main figure. It would also strengthen the manuscript to include OE experiments for all of the 
"new" TFs (or at least discuss this omission). 
As per reviewer’s request, we have modified old Supplemental Figure 5, which is shown as the new 
main Figure 5 in the revised version of the manuscript.   

6. I am puzzled by Figure 1D. Does double KD of Rcan1 and Taf1c or of Nanog and Irf6 indeed not 
reduce reprogramming efficiencies (while single KD of these factors does)? The authors should 
clarify what is the reference point of their scale ("% reprogramming efficiency") and ideally include 
scrambled vector into this figure.  
The reviewer raises a beautiful question: he/she asks how it is possible that the single KDs of Rcan1 
and Taf1c or Nanog and Irf6 reduce reprogramming efficiency, whereas their double KD has 
practically, no effect. This is a truly important question applying to many genetic experiments for 
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the analysis of gene regulatory networks. An answer to this question should consider that the total 
transcriptomic output of gene regulatory networks, and thus their overall biological function (in our 
case reprogramming efficiency), signifies the integration of the individual effects (positive and 
negative) of the various connections of genes, involving a functional interplay between their 
outputs. These networks are stable in a given cell type but they could undergo rewiring under 
certain conditions, like cell transformation, differentiation etc. As gene regulatory networks are 
divided into functional sub-circuits and consist of multiple layers of regulatory interactions, it is 
expected that the hierarchy of their overall structure and internal interactions would define their 
functional properties. Indeed, to directly answer the question raised by the reviewer, we 
considered the complexity of the interactions between different TRs in the 9TR GRN and noted that 
Rcan1 and Taf1c separately interact with Irf6 eliciting opposite effects on its expression. This 
implies the deployment of antagonistic actions on Irf6, whereas Irf6 itself, being at the heart of the 
GRN, establishes a multitude of additional positive and negative interactions by receiving inputs 
from nearly all TRs in the GRN.  

It is also important to emphasize that since the 9TR GRN is constructed in a stepwise manner during 
the first 6 days of reprogramming, the effects of our KD experiments should be interpreted not in 
the context of the already established 9TR GRN, but most importantly in the context of the dynamic 
construction of the network. Thus, the loss of any GRN component(s) by KD in the beginning (Rcan1 
and Taf1c) or later (Irf6 and Nanog) during the dynamic assembly of the 9TR GRN, could alter the 
balanced expression of the other TRs of the network, and as such the reprogramming efficiency. In 
addition, the network could become stabilized in a different balanced state by rewiring its 
connections. Evidently, our experiments did not address the robustness of the 9TR GRN, because 
these experiments are beyond the scope of this manuscript. However, we feel that this point as 
raised by the reviewer is very important and have modified the relevant sections of the manuscript 
to address this issue.  

Regarding the question for the reference point used to prepare the heatmap in Figure 1D, we note 
that all Reprogramming Efficiencies (REs) were calculated against the REs obtained for the scramble 
vector for the single KDs, whereas for double KDs, the REs were evaluated against the RE for the 
corresponding single KDs.  

Additional comments 

- The significance of the authors’ findings should be discussed in the context of several well-
described approaches to achieve high efficient iPSC formation (Zviran et al., PMID 30554962; Vidal 
et al., PMID 25358786; Di Stefano et al., PMID 2433620). 
As per reviewer’s request, we performed additional comparative meta-analyses on our mHeps 
transcriptomics data and found a considerable downregulation of both the TGF-beta and Wnt 
signaling pathways (Table RB4). This finding is consistent with the published data of Vidal et al 
(Vidal et al., 2014) suggested by the reviewer, in which hepatoblast reprogramming is greatly 
facilitated upon inhibition of the TGF-beta signaling pathway. Thus, these data confirmed the 
validity of our reprogramming platform (related to our answer to Point 2, see above). 

 
Table RB4: Gene Ontology (GO) and Pathway Analysis of genes that are downregulated during 
reprogramming of mHeps showing enrichment of the Wnt and TGF-beta pathways. 
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-The authors should consider using a different phrase than "reprogrammable MEFs" for their virally 
transduced cells as this term usually indicates the use of transgenic (i.e. genetically homogenous) 
system.  
The reviewer is right. We have changed the wording to: “MEFs undergoing reprogramming” in the 
revised version of the manuscript. 

- The purpose of the entire first results section (which only refers to supplemental data and does not 
directly relate to the central point of the role of the role of the 9 TFs) is not entirely clear. This could 
be shortened.    
As per reviewer’s advice, we have shortened this section in the revised version of the manuscript. 

- Fig. 2F is not very intuitive. Axis and other labeling would help the reader understand what is 
shown here.    
The reviewer is right. In the revised version of the manuscript we provide a better description of old 
Figure 2F, which has become Figure 2G.  

- Page 13 - the author refer to Klf4 as "constitutively expressed". Can KLF4 protein indeed be 
detected in MEFs? Does KLF4 KD in MEFs lowers expression of presumptive targets? 
As per reviewer’s request, we show that the Klf4 protein is indeed expressed at low levels in naïve 
MEFs and, as expected, c-Myc protein is also constitutively expressed. Figure EV2B of the revised 
version of the manuscript clearly depicts that the protein expression data are in agreement with the 
ChIP-seq data showing that Klf4 binds to the Tfap4 regulatory region in naïve MEFs (Figure 3I), 
forming the groundwork of the 9TR GRN. Our observations are also in agreement with two previous 
publications showing that Klf4 is indeed expressed in MEFs (Polo et al., 2012) and is capable of DNA 
binding in vivo (Chronis et al., 2017).  

In addition, the reviewer asks: what is the effect on Klf4 KD in naïve MEFs? We are currently 
addressing this question by performing RNA-seq experiments in Klf4 KD cells. These transcriptomics 
data will be integrated/ to Klf4 ChIP-seq data to identify genes bound and regulated by Klf4. 
However, these experiments are far beyond the scope of our manuscript. 

Referee #2: 

In this manuscript, the authors investigated the early transcriptional events of cellular 
reprogramming by the Yamanaka factors OKSM (Oct4,Sox2,Klf4 and c-Myc) in MEFs and 
Hepatocytes, and identified a gene regulatory network composed of 9 transcriptional 
regulators(Cbfa2t3, Gli2, Irf6, Nanog, Ovol1, Rcan1, Taf1c, Tead4 and Tfap4), which are the early 
binding targets for OKSM, marking the transition of a reprogrammable subpopulation cells from 
somatic cell state to pluripotency. In general, the authors attempt to answer an important and 
unresolved problem and performed relevant experiments and detailed bioinformatics analysis. 
However, some issues need to be addressed before publication. 
We thank the reviewer for his/her fair and positive evaluation of our work and for the overall 
constructive criticism. We found the concerns and critique raised by the reviewer valid, useful and 
important. Therefore, we have addressed them comprehensively by performing additional 
experiments and have modified the manuscript accordingly. 

Major concerns:  

1. The authors constructed a transcriptional factor regulatory network consisting of 9 transcription 
regulators, the reviewer wants to know whether those 9 factors can reprogram the MEFs or 
Hepatocytes into to iPSC instead of four Yamanaka factors (OKSM) or can substitute any or some of 
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them? If the 9 factors are really the key direct downstream targets for OKSM in the early stage of 
reprogramming, maybe some of them can replace the OKSM totally or partially? 
The reviewer makes a valid and important point. He/she wants to know whether the transcription 
factors constituting the 9TR GRN can substitute for any or some of the 4 Yamanaka factors (OSKM) 
in inducing cellular reprogramming. A positive answer to this question will further validate the main 
finding of our work, that is, for a critical role of the 9TR GRN in cellular reprogramming. Although 
the assumption behind the proposed experiment is straightforward, it should be kept in mind that 
the 9TR GRN, as it is the case for any GRN, is not a simple flow diagram representing just epistatic 
relationships between OSKM and the implicated transcription factors. It is well established that 
OSKM have additional gene targets, which together with the 9TRs and other factors affect cellular 
reprogramming. Rather, the 9TR GRN represents the appropriate integration of components 
sharing one common characteristic, that is, they are direct downstream targets of OSKM. The dense 
network of positive and negative interactions between different TRs indicate the existence of 
distinct thresholds of TR activity. This fine balance determines cellular reprogramming depending 
on multiple layers of molecular mechanisms of genetic and epigenetic regulation.  

However, we took the reviewer’s proposal to heart and carried out new reprogramming 
experiments to test whether any of the 9TRs can substitute for c-Myc, since Oct4, Sox2 and Klf4 
have well-defined genomic targets previously known to be critical for reprogramming. The new 
data are shown in Figure EV2A of the revised version of the manuscript and have been 
appropriately discussed. Briefly, we showed that although the absence of c-Myc causes a significant 
delay in the reprogramming course and a decrease of the reprogramming efficiency as it has been 
previously described (Wernig et al., 2008; Nakagawa et al., 2008), overexpression of some of the 
9TRs such as Cbfa2t3, Ovol1, and Gli2 together with O/S/K results in the re-establishment of the 
kinetics of the process 

2. It's hard to understand what's the meaning in figure 2D. Is it a scatter plot for the expression of 
single gene in a population? But the Y-axis is note as a ratio of expression cell. The reviewer was 
confused by this and please clarify. 
The reviewer was confused regarding the meaning of Figure 2D. He/she is absolutely right. We have 
rewritten the text in the main manuscript and modified the figure legend to clarify the meaning and 
significance of the data shown.    

3. In the identified gene regulated network of the 9 TRs in Figure 4A, the binding of Oct4 to those 
genes seems not so clear, is not consistent with the center role of Oct4 in pluripotency induction, the 
authors should check the ChIP-seq data, whether or not Oct4 is binding to any among those 9 TRs. 
The reviewer makes again a valid point that we have addressed in the revised version of the 
manuscript. He/she wonders for the role of Oct4 in regulating the expression of the 9TRs. This 
question emerged because Oct4 DNA binding to these genes was not prevalent in the original 
version of Fig 4A. However, in the modified Figure 4A, new Figure 4B of the revised manuscript we 
have added the ChIP-seq data from the 18 hour time point, where it is clearly depicted the robust 
Oct4 binding to the genes of the 9TR GRN from the beginning of reprogramming. These new results, 
underscore the central role of Oct4 in regulating TRs expression, as pointed out by the reviewer. As 
seen in the figure, at this early time point, Oct4 binds not only to the Cbfa2t3, Gli2, Rcan1, Tead4 
and Tfap4, but also to the promoters of all 4 Yamanaka factors (Figure 3 and Figure EV4A of the 
main manuscript).  

4. The authors mainly use knocking down (KD) strategy to do functional test, the authors need to do 
at least one rescue experiment, for example, overexpressing Cbfa2t2, to confirm their conclusion. 
The reviewer proposed a beautiful, but technical challenging experiment. To address his/her 
request and to provide definitive and conclusive answers regarding the role of the 9TR network, we 
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have carried out two rescue experiments in which the corresponding endogenous mouse gene was 
knocked down, and at the same time in the same cells an shRNA-resistant human homologue of the 
corresponding knocked down TR gene was overexpressed. These data are shown in the new Figure 
5C of the revised version of the manuscript. Briefly, we showed that overexpression of the human 
Nanog or human Irf6 genes in Nanog-KD-MEFs or Irf6-KD-MEFs respectively, rescues the 
reprogramming potential.   

5. The item "pre-iPSC" need to be defined in this manuscript, as other papers have published quite a 
lot on pre-iPSC, whether the "pre-IPSC " mentioned in this manuscript is as same as in the published 
ones? 
In the revised version of the manuscript we term these formations “early iPSCs colonies”. 

Minor concern: 

1 In figure 3F，G and I, the Sox2 ChIP-seq peaks seem quite different between the iPSC and ESCs. It's 
truth or somehow flexible of the ChIP-seq data? How many duplicates for this experiment? 
The reviewer asks a reasonable and important question: Why there are differences between the 
iPSCs and ESCs for the Sox2 ChIP-seq peaks at the promoters of Rcan1, Taf1c and Tfap4 genes? Our 
current understanding is that although iPSCs and ESCs share extensive similarities, these two types 
of the pluripotent cell states are not identical, thus exhibiting molecular differences and, in many 
instances, display clonal differences (Chin et al., 2009). In addition, we note that a common 
property of the three genes (Rcan1, Taf1c and Tfap4) is that they are all expressed at significant 
levels in naïve MEFs (prior to the initiation of cellular reprogramming). When this notion is taken 
into consideration with the fact that the expression of these genes is generally independent of Sox2 
binding (as they are expressed at basal levels in naïve MEFs) and with the fact that our experiments 
have been carried out using one iPSC and one ESC clone, strongly suggest that the observed 
differences in the distribution of Sox2 binding are most likely clone-specific or naturally stochastic.   
However, despite the above-mentioned reasonable possibilities, we were intrigued by the 
reviewer’s point and have carried out additional analyses to investigate the genome-wide 
correlation of Sox2 binding between mESCs and miPSCs. The new analyses are shown in the new 
Figure EV5 of the revised version of the manuscript. Briefly, the correlation analysis showed that 
the DNA binding patterns of OSKM between iPSCs and ESCs are very similar. Sporadic differences in 
the DNA binding patterns identified at individual genomic locations are either due to the dynamic 
nature of transcription factor DNA binding and/or to the physiological differences between the two 
pluripotent states (ESC and iPSC) as well as to the natural clonal variability. Regarding the last point, 
our ChIP-seq experiments have been performed using biological replicates for mESCs and for MEFs 
at 18 hours of reprogramming (Pearson correlation >0.8).   

Reviewer #3: 

This reviewer is less enthusiastic about our manuscript and after a short introductory summary 
statement he/she concludes: Although the scientific logic and the general approaches are plausible 
and the topic is interesting, the study is not able to substantiate the conclusions in its current form. 

We thank the reviewer for appreciating the scientific logic and the general interest of the topic 
under investigation in the manuscript. However, we don't agree with his/her concluding remark. 
Below we address his/her critique in detail. 
Specific major concerns essential to be addressed to support the conclusions: 

-The manuscript at hand is not the first to analyze gene expression during IPSC reprogramming 
and/or determine transcription factor networks in this process. Although this is not on its own an 
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issue, the authors should invest in comparing and discussing their data in this context (e.g. how do 
these TFs map onto reprogramming intermediates published previously (Lujan, O'Malley, Polo, 
Schiebinger etc.)). 
Although it is not entirely clear to us what kind of data (transcriptomics, ChIP-seq etc) should be 
compared to the previous publications mentioned by the reviewer (Polo et al., 2012; O’Malley et 
al., 2013), we suspect that he/she requests a meta-analysis of our time course OSKM ChIP-seq data 
in the context of previously published transcriptomics experiments of cellular reprogramming. 
However, it is important to mention that although this analysis is remarkably interesting, it falls 
outside the scope of this manuscript. Herein, we used ChIP-seq to demonstrate that the OSKM 
factors target directly the genes encoding the transcription factors that reconstruct the 9TR 
network in order to provide additional insights for the combinatorial role of these factors in cellular 
reprogramming. We did not intend to study the general dynamic nature of OSKM interactions with 
the mouse genome and/or the consequences of these interactions in activation or repression of 
global transcription during reprogramming.  

However, in order to satisfy the reviewer’s scientific curiosity, we performed new analyses to test 
whether there is a general correlation between our OSKM ChIP-seq data and the transcriptomics 
data described in previous publications (Polo et al., 2012; O’Malley et al., 2013, Samavarchi-Tehrani 
et al., 2010). Importantly, in these previous publications there is a complete lack of information 
correlating OSKM DNA binding with transcriptional activation/repression during reprogramming. 

As shown in Figure RB7 below, we performed initial enrichment analyses of our identified OSKM 
binding sites in the promoter regions (+/- 5kb from TSS) of the different gene clusters as annotated 
in the following publications: 
PMID: 23728301 O’Malley et al., 2013 (Figure RB7A) 
PMID: 20621051 Samavarchi-Tehrani et al., 2010 (re-analyzed data in O’Malley et al., 2013 
publication) (Figure RB7B) 
PMID: 23260147 Polo et al., 2012 (Figure RB7C) 

Figures RB7A, B, and C depict Dot Plots representing the correlation between our OSKM binding 
sites at the promoter regions of the gene clusters annotated in the publications above. The P-value 
is represented by the dot size and the ratio of Observed (Obs) vs Expected (Exp) by the color. The 
red color indicates correlation with OSKM enrichment at the corresponding promoter, whereas the 
blue color depicts anti-correlation (absence of OSKM enrichment). The significance of the findings 
was statistically evaluated by applying the two-tailed Fisher’s exact test. Our conclusions are as 
follows: 

I) Comparison of our OSKM-ChIP-seq experiments to O’Malley et al., 2013 data: 

We found a strong correlation between our OSKM binding sites at the promoters of genes in 
clusters A, C, D and the gene expression data described in the above publication. 

Cluster A (loss of expression and loss of OSKM binding during reprogramming), 
Cluster C (early activation and early OSKM binding during reprogramming),  
Cluster D (late activation and late OSKM binding during reprogramming)  
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Figure RB7A: Correlation between our OSKM DNA binding patterns and the expression pattern of the 
gene clusters as described in O’Malley et al., 2013.   
 

More specifically, we found that: 

• There is no OSKM-binding to the genes of Cluster A during the late phases of reprogramming, a 
finding that correlates with the downregulation of these genes.  Turning off these genes is a 
requirement for the transition from MEFs to iPSCs.  

•  There is significant enrichment of OSKM binding to the genes of Cluster D in ESCs/iPSCs, a result 
consistent with the late activation of these genes during reprogramming (correlates with OSKM 
binding at Day 3 and Day 5). 

II) Comparison of our OSKM-ChIP-seq experiments to Samavarchi-Tehrani et al., 2010 data re-
analyzed by O’Malley et al., 2013 data: 

We found a strong enrichment of OSKM binding to the promoters of genes in the following clusters 
and correlation with the gene expression data described in the above publication. 
Cluster tA (downregulation of genes on Day 2 and loss of OSKM binding), 
Cluster tC (late activation and OSKM binding throughout reprogramming),  
Cluster tD (gene activation in iPSCs and OSKM binding throughout reprogramming). 
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Figure RB7B: Correlation between our OSKM DNA binding patterns and the expression pattern of the 
gene clusters as described in Samavarchi-Tehrani et al., 2010. 

III) Comparison of our OSKM-ChIP-seq experiments to Polo et al., 2012: 

We found strong enrichment of OSKM binding to the promoters of the genes in the following 
clusters/gene expression data described in the above publication. 
Cluster I (early activation and early OSKM binding)  
Cluster II (early activation and early OSKM binding)  
Cluster III (late activation and late OSKM binding)  
Cluster V (late inhibition and loss of OSKM binding in ESCs/iPSCs)  
Cluster VI (early inhibition and loss of OSKM binding from Day3 to ESCs/iPSCs) 
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Figure RB7C: Correlation between our OSKM DNA binding patterns and the expression pattern of gene 
clusters as described in Polo et al., 2012 

• Clusters I and II contain more than 1.000 gradually activated genes, a result consistent with the 
enrichment of OSKM binding throughout reprogramming (starting from Day 1 until the formation of 
iPSCs). Thus, the stable binding of OSKM is necessary for the constant upregulation of these genes 
(involved in cell cycle and nucleus function).  

• Cluster III contains stem-cell-related genes expressed in ESCs/iPSCs only (late activation) consistent 
with our OSKM DNA binding data  

• Cluster V contains 232 genes regulating “Organismal development” processes, which are 
downregulated at Day 9. The finding that OSKM bind to these genes until Day 5 of reprogramming 
correlates with the downregulation of Cluster V upon Day 5.   

Taken together, the above comparisons strongly suggest that activation of gene expression during 
reprogramming correlates with OSKM binding to the corresponding target-gene(s), whereas gene 
repression correlates with the absence of OSKM binding in the gene clusters described in the 
suggested publications. As mentioned above, although there are some interesting observations 
regarding the patterns of OSKM DNA binding and gene activation/repression during 
reprogramming, these data are definitely beyond the scope of our manuscript focusing primarily on 
the identification of a specific gene regulatory network. 

- It is unclear for several experiments if conclusions can be drawn, since effects are minor and 
statistical tests are missing. This is found on several locations, but exemplified best in: 

"Supplementary Fig S5B shows that high-level expression of Tfap4 and Irf6 increased 
reprogramming efficiency". Supplementary Fig.5B suggests an improvement of reprogramming 
0.3% over control which is hardly notable, the data has no error bar or standard deviation. Classic 
experiments, such as substitution of reprogramming TFs with any of their candidates, etc could help. 
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The reviewer may be confused and as a result he/she became unnecessary harsh by stating that “It 
is unclear for several experiments if conclusions can be drawn, since effects are minor and statistical 
tests are missing”. This strong statement has no basis, because in contrast to the reviewer’s 
conclusion, the overexpression of Tfap4 and Irf6 increased reprogramming efficiency not by 0.3% 
but by 29%. We have carried out this experiment several times and the results shown in the new 
Figure 5B of the revised manuscript clearly indicated that the simultaneous overexpression of Irf6 
and Tfap4 caused a 42% increase in reprogramming efficiency. This is a significant effect given that 
our assay measures complex biological readouts (reprogramming efficiency) and not simple 
molecular effects like the levels of expression of a single gene. Regarding his/her comment about 
the lack of statistical tests, we have added the error bars in the figures and all relevant information 
is clearly described in the Materials and Method section of the revised manuscript under the 
heading: Statistical Analyses.  

Regarding the substitution experiments, we have responded above (Reviewer’s #2 Major concern 
1) and have added a new figure (Figure EV2) in the revised version of the manuscript. 

- The TR model is problematic in several ways: it is not immediately apparent what data went into it 
and what and whether it can predict more than that. This has several reasons: 
We do not fully understand his/her point about “problems” with the 9TR network and “whether it 
can predict more than that”. The reviewer should have clarified his/her critique by specifically 
pointing out and criticizing both the experimental logic and the data to avoid generalizations. In the 
revised version of the manuscript, we rewrote parts of the relevant section to avoid confusion and 
improve clarity and have also included a new diagram (new Figure 4A) depicting the types of data 
used to reconstruct the 9TR GRN.   

• The authors seem to lack a general concept for base-line/negative expression in fibroblasts 
and proof of strong/functional expression in Reprogramming/IPSCs for these 9 factors. In 
the microarrays relative (background) expression (d0) of the different factors varies from 0 
to 800 and "strong" expression from 4 to 3000 (d6). 

We feel that the reviewer ignored the fact that each of the 9TRs is expressed at varying levels in 
MEFs (or not expressed at all). For example, as shown in Figure RB8, Rcan1, Taf1c, Tead4 and Tfap4 
display significant levels of basal level expression in naïve MEFs, whereas the other factors are 
either not expressed, or they are expressed at very low levels. The data shown in Figure 1C of the 
manuscript and in the figure below, display in comparison the relative levels of expression after 
normalization with the endogenous GAPDH, as determined by qPCR, and not by the Microarray 
experiments mentioned by the reviewer. Some genes display high and some others lower induction 
index during reprogramming (i.e. fold induction). High induction index is characteristic of genes 
with low or undetectable basal levels of expression in MEFs such as Irf6, whereas the opposite is 
true for genes expressed at significant levels prior to reprogramming, like the constitutively 
expressed Taf1c and Tead4 genes mentioned by the reviewer.  
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Figure RB8: Bargraph showing the basal relative expression levels of 9TRs in naïve (non-transduced) MEFs. 
The data were plotted upon normalization to GAPDH expression levels. 

This is especially relevant, 

• because in the model and sc-qPCR they are classified digitally (as expressed/present and not 
expressed/absent), in SF1 as high and low expressed and in Figure 4 as % expressed. The 
authors have to clarify this and show that similar mRNA levels are not depicted as absent, 
lowly expressed or 500% induced depending on the gene. 

The reviewer requests that we should use a universal way to depict the relative and absolute levels 
of gene expression of the 9TRs. Although, we do not fully understand his/her point, the results of 
experiments using different techniques are universally presented in an optimum manner in order to 
be comprehensible.   
 
because the induction is often minor (TAF1C, TEAD4)  
We have addressed this point immediately above. 

Because the normalization is unclear. (What does "plotted according to the median expression 
value" mean? Are values shown e.g. Figure 1C normalized to the expression minus Dox? 
We have clarified this point by stating that the graphs depict relative levels of expression after 
GAPDH normalization. More specifically, we used the standard ΔCt method in order to calculate the 
relative expression levels of the target genes normalized to GAPDH expression. This was already 
described in the Materials and Methods section of the original manuscript under the heading: 
cDNA synthesis and Real-time qPCR. 
 
Does "Signal intensity at time point T dox+/ Signal intensity at time point 0 {MEFs} >=2" & "Signal 
intensity at time point T dox-/ Signal intensity at time point 0 {MEFs} <2" mean you included genes 
induced 2.1 fold with DOX and 1.9 fold without?) 
The reviewer points out that many of the genes identified as DEGs could have been the result of 
minor differences in their expression between + and - Dox treatment. We reanalyzed the dataset 
including an additional cut off of 1.5 fold change between + and - Dox treatment at each time point 
(fold of gene expression of +Dox at time point X / fold of gene expression of -Dox at time point X).  
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Our analysis revealed that:  

a) 890 out of the 4083 (21%) genes that we previously characterized as DEGs did not exceed the 1.5 
fold cutoff. Nevertheless, our major findings do not seem to be affected by this additional filter. 
b) The two transcriptional waves are still observed. 
c) The Gene Ontology terms remain the same as originally described.  
d) 30 out of 30 commonly upregulated TRs were identified.   
Taken together, our original approach for the analysis of the Microarray data is valid.  

• because multiple probes corresponding to the same gene on the microarray were filtered 
out "and only those with the highest signal intensity across all time points were kept for 
further analysis". (Why did you not use the average, how would it change your data?) 

The reviewer made a valid point. We chose to carry out the analysis by filtering out all probes 
without signal, because these probes either map to regions that correspond to alternatively spliced, 
initiated or terminated transcripts, and/or contain sequences bearing many mismatches with the 
relevant transcript. However, despite this, we repeated the analyses of the Microarray data by 
using the average probe signal for each gene, exactly as proposed by the reviewer. Figure RB9 
shows that the data shown in the main manuscript (Figure EV1) are remarkably similar to those 
derived using the proposed (by the reviewer) method of analysis. These observations strongly 
highlight the validity and the accuracy of the transcriptomics analyses presented in the main 
manuscript. 

The new analysis, as proposed by the reviewer, revealed 26 instead of 30 commonly upregulated 
TRs at Day 6 of reprogramming in mHEPs and MEFs. Of these, 24 are common with the original 
analysis, but 2 are new (Figure RB10, far right column). All 9TRs, except Cbfa2t3 were also detected 
by using the method proposed by the reviewer. However, Cbfa2t3 is bona-fide reprogramming-
inducible TR as verified by RT-qPCR experiments and Microarray assays (Fig 1C and EV1I). In other 
words, independently of the method used for the analysis of the transcriptomics data, we detect a 
very similar spectrum of commonly upregulated TRs in MEFS and mHeps. Most importantly, the 
9TRs that constitute our GRN are identified by both analytical approaches. Taken together, these 
observations further underscore the validity of our experiments.  
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Figure RB9: A) Line plot depicting the number of DEGs identified until Day 18 of reprogramming, which either 
change their expression transiently or permanently at least once during reprogramming. B) Bar graph 
showing the number of up- and downregulated DEGs in transiently and permanently changed gene groups 
during reprogramming. C) Hierarchical clustering of the gene expression profiles of MEFs undergoing 
reprogramming from Day 0 to Day 18. Clustering revealed four distinct phases of transcriptional changes. D) 
PCA analysis of the gene expression profiles described in (C). E) Line plot depicting the number of upregulated 
(purple line) and downregulated DEGs (green line) during MEF reprogramming, occurring in two separate 
waves. 
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Figure RB10: Venn diagram derived from our transcriptomics analysis applying the average signal of probes 
depicts the total number of genes upregulated in MEFs and mHeps undergoing reprogramming.  Shown in the 
Figure are the commonly upregulated genes (420) on Day 6 of reprogramming. Of these, 26 genes, listed in 
the adjacent table, encode for Transcriptional Regulators (TRs). 

• and because protein expression (western blot/ Chip) is not shown. 
In the revised version of the manuscript we have included western blots (Fig 1C) depicting the 
inducible expression of several TRs reconstructing the 9TR network, as suggested by the reviewer. 

• Including up and down-regulation to different levels in both directions between all gene 
pairs makes the model visually very messy and uninformative. 

We disagree with the reviewer. We strongly believe that the 9TR network model as presented 
provides an accurate picture of the dynamic interactions between all 9TRs reconstructing this 
regulatory network.   
 
Minor concerns that should be addressed: 

- What happens to the KD cells? Do they die, do they retain MEF characteristics, do alternative 
reprogramming cell fates become upregulated – in other words is this a specific phenotype for 
impaired reprogramming or some sort of general defect? Sequencing or expression profiling (other 
than Lin28 and EpCam) may be helpful. 
The reviewer wonders what happens to the KD cells by asking a large number of questions. Most of 
these questions are beyond the scope of this manuscript. As we mentioned in our response to 
Reviewer’s 1 main concern #4, naïve MEFs bearing KDs for the 4 TRs do not change their 
proliferation rate or show apoptotic effects (Figure RB4 and RB5). We have also carried out KD 
experiments for the 9TRs measuring the viability of cells at Day 6 of reprogramming (Figure RB6). 
As we showed in Figure RB6 above, our results highlight that the effect of 9TRs KD in 
reprogramming efficiency is not due to effects in cell proliferation or viability, but to the direct 
involvement of these genes in the reprogramming process.  

- Are the phases derived from transcriptomes normalized to the –Dox control? Do you see similar 
phases in the transcriptome of those cells?  
Yes, the data have been normalized to the -Dox control.   

- How do you define transcriptional regulators? What is the source for this gene list? 



21 21 

TRs are annotated according to the Ingenuity Pathway Analysis software (IPA 2011 version). The 
accuracy of these annotations was verified by literature searching. 

- Is the Reprogramming block of Pycard reproducible and significant? 
This experiment has been performed twice and the results were reproducible and statistically 
significant according to unpaired Student’s two-tailed t-test. 

- Figure 2E, label is misleading 
We don’t agree with the reviewer on the use of the word “misleading”. We have clarified the text 
to provide more information regarding the method used to derive the data shown.   

- Why is the scaling in the ChIP changing in each panel (3-40, 2-50, 3-70 etc). Although this is overall 
convincing data it is suboptimal for analysis. 
The Bedgraph and BigWig files generated for Figure 3 and Figure EV4 were normalized by scaling 
down all ChIP-seq experiments to the sample with the smallest number of reads. The selected cut-
offs separate the true ChIP signal from the noise and depict the true peaks around the selected 
promoter regions of the indicated genes.  
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13th Aug 20202nd Editorial Decision

Thank you for submit t ing your revised manuscript for our considerat ion. Please apologize the delay 
in communicat ing this decision to you, which was due to a delayed referee report on account of 
the current pandemic situat ion. We now have two reports from the original referees (see 
comments below) and I am pleased to say that these referees overall now support publicat ion. 
However, referee #3 had raised several issues regarding the way the data is presented and the 
stat ist ical analyses performed. We have again looked at these points, also asking the other two 
referees to comment on them. Thus I would like to ask you to respond to referee #2's remaining 
concerns and address the following points in a final revised version of the manuscript

1) EMBO Journal policy recommends that the actual individual data from each experiment should 
be plotted if n < 5, alongside an error bar (please also see: https://www.embopress.org/page/
journal/14602075/authorguide#statisticalanalysis). Please update accordingly, in particular for 
Figure 5. For this you do not need to repeat experiments, but plot the individual replicates you have 
in the figures.

2) The representation of figure 5B differs from 5C and it would be more clear to the reader if both 
were displayed as % reprogramming efficiency, while including a bar for the empty vector. If this is 
not possible, please briefly discuss this point. In addition, please mention in the figure legend that 
AP+ colonies are scored as iPSCs.

In this final revised version, I would also ask you to please address a number of editorial issues that 
are listed in detail below. 

REFEREE REPORTS

------------------------------------------------ 

Referee #1: 

Thanos and colleagues have submit ted a revised version of their manuscript ent it led 
"Const ruct ion of a dynamic gene regulatory network required for cellular reprogramming" in which 
they have addressed all points that I raised as potent ial weaknesses of their original work. Their 
responses are sat isfying and the changes they made to the manuscript have improved the its 
clarity and quality. In part icular, my concerns about the ident ity of input cells used for 
reprogramming and about the efficiency of their genet ic interference experiments have been fully 
addressed. I have no further concerns and recommend this manuscript for publicat ion. 

Referee #2: 

Based on the feedback from the author, it will be suitable candidate for publicat ion by revising the 
points listed below. 
1 There were 30 upregulated TRs ident ified based on the analysis (Fig 1A) but only 28 TRs were 
tested (Fig 1B), will the missing two TRs (Cphx and Phox2a) funct ion as posit ive , negat ive or 
without effect during reprogramming? 
2 Based on the model in Fig 6, did the cells that co-expression of two or more ident ified TRs have 
higher reprogramming efficiency than the rest cells? Could the author ident ify this by 
immunofluorescence or FACS? 
3 Is MET or other biological process were infected after KD TRs?



Response to reviewers 

Reviewer #1 

Thanos and colleagues have submitted a revised version of their manuscript entitled "Construction of 
a dynamic gene regulatory network required for cellular reprogramming" in which they have 
addressed all points that I raised as potential weaknesses of their original work. Their responses are 
satisfying and the changes they made to the manuscript have improved the its clarity and quality. In 
particular, my concerns about the identity of input cells used for reprogramming and about the 
efficiency of their genetic interference experiments have been fully addressed. I have no further 
concerns and recommend this manuscript for publication. 

We thank the reviewer for his/her constructive criticism to our approaches and experiments, which 
altogether have significantly improved the quality and clarity of our manuscript.  

Reviewer #2 

Based on the feedback from the author, it will be suitable candidate for publication by revising the 
points listed below. 

We thank the reviewer for his/her constructive and positive evaluation of our manuscript.  Below we 
provide answers to the reasonable remaining points raised by the reviewer and have modified the 
text of the manuscript accordingly.  

1 There were 30 upregulated TRs identified based on the analysis (Fig 1A)，but only 28 TRs were 
tested (Fig 1B), will the missing two TRs (Cphx and Phox2a) function as positive , negative or without 
effect during reprogramming? 

The reviewer makes a reasonable and valid point asking why Figure 1B shows the results of 28 TR-
knockdown experiments, whereas originally, we identified 30 TRs (Fig. 1A) that are activated during 
cellular reprogramming in both MEFs and mHeps.  Indeed, we did not include the KD effects of Cphx 
and Phox2a in Figure 1B, because we could not succeed in obtaining efficient KD despite the fact 
that we carried out multiple shRNA trials for both transcription factors.  This information was stated 
in the Material and Methods section of the originally revised manuscript.  To avoid confusion we 
have included this information also in the legend of Figure 1B.   

2 Based on the model in Fig 6, did the cells that co-expression of two or more identified TRs have 
higher reprogramming efficiency than the rest cells? Could the author identify this by 
immunofluorescence or FACS? 

The reviewer has raised a beautiful question: do cells co-expressing two or more of the 9TRs have a 
higher probability to become iPSCs?  Currently, we are carrying out experiments to address this 
remarkably interesting point by isolating and characterizing cells that express Irf6 or Ovol1 in a 
stochastic manner.  Specifically, we generated reporters bearing the Irf6 and Ovol1 enhancers 
driving the expression of GFP.  When these constructs were introduced to MEFs undergoing 
reprogramming  recapitulated the stochastic expression of the endogenous genes.  We isolated GFP 
positive cells by FACS and demonstrated that these cells give rise to iPSCs colonies with a 2-3 fold 
higher efficiency than the control GFP negative cells.  These experiments are in progress and will be 
complemented with RNA-seq and other molecular analyses.  Evidently, these data are beyond the 
scope of this manuscript. 

3 Is MET or other biological process were infected after KD TRs? 

The reviewer asks a very interesting question: Does the KD of the TRs affect MET and by doing so 
decrease reprogramming? The reviewer is right.  Figure 4E shows that indeed, the 9TRs KD 
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significantly reduced the expression of the epithelial marker Epcam, whose increased expression 
highlights MET.  As a result of MET inhibition, the subsequent expression of Nanog and Lin28a is 
dramatically reduced as compared to control cells (Fig. 4E).     



7th Sep 2020Accepted

Thank you again for submit t ing the final revised version of your manuscript . I am pleased to inform 
you that we have now accepted it for publicat ion in The EMBO Journal. 
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