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1st Editorial Decision 18 June 2018

Thank you for your patience while your manuscript was peer-reviewed at EMBO reports. We have
now received the referee comments as well as cross-comments that are all pasted below.

As you will see, all referees acknowledge that the findings are interesting. While referees 2 and 3 are
overall satisfied with your study, referee 1 points out that functional analyses would need to be
provided, and that the most important conclusions would need to be confirmed with an independent
cell line.

However, the referee cross-comments show that referees 2 and 3 do not feel that novel
transcriptomics data and independent cell lines are essential for the publication of this study here. I
therefore suggest that you address all referee comments to the best of your abilities and may be
provide some more data on HIFa target gene expression in different cell lines, as suggested by the
referees. We could also talk about the experiments for the revisions on the phone, if you like.

Given the constructive comments, I would thus like to invite you to revise your manuscript with the
understanding that the referee concerns must be fully addressed and their suggestions taken on
board. Please address all referee concerns in a complete point-by-point response. Acceptance of the
manuscript will depend on a positive outcome of a second round of review. It is EMBO reports
policy to allow a single round of revision only and acceptance or rejection of the manuscript will
therefore depend on the completeness of your responses included in the next, final version of the
manuscript.

Revised manuscripts should be submitted within three months of a request for revision; they will
otherwise be treated as new submissions. Please contact us if a 3-months time frame is not sufficient
for the revisions so that we can discuss this further. Given your 6 main figures, I suggest that you
layout your manuscript as a full article with separate results and discussion sections.

Regarding data quantification, please specify the number "n" for how many independent
experiments were performed, the bars and error bars (e.g. SEM, SD) and the test used to calculate p-
values in the respective figure legends. This information is currently incomplete and must be
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provided in the figure legends.

We now strongly encourage the publication of original source data with the aim of making primary
data more accessible and transparent to the reader. The source data will be published in a separate
source data file online along with the accepted manuscript and will be linked to the relevant figure.
If you would like to use this opportunity, please submit the source data (for example scans of entire
gels or blots, data points of graphs in an excel sheet, additional images, etc.) of your key
experiments together with the revised manuscript. Please include size markers for scans of entire
gels, label the scans with figure and panel number, and send one PDF file per figure.

When submitting your revised manuscript, we will require:

- a complete author checklist, which you can download from our author guidelines
(http://embor.embopress.org/authorguide#revision). Please insert page numbers in the checklist to
indicate where in the manuscript the requested information can be found. The completed author
checklist will also be part of the RPF (see below).

- a letter detailing your responses to the referee comments in Word format (.doc)

- a Microsoft Word file (.doc) of the revised manuscript text

- editable TIFF or EPS-formatted figure files in high resolution. In order to avoid delays later in the
process, please read our figure guidelines before preparing your manuscript figures at:
http://www.embopress.org/sites/default/files/EMBOPress_Figure Guidelines 061115.pdf

We would also welcome the submission of cover suggestions, or motifs to be used by our Graphics
Ilustrator in designing a cover.

As part of the EMBO publication's Transparent Editorial Process, EMBO reports publishes online a
Review Process File (RPF) to accompany accepted manuscripts. This File will be published in
conjunction with your paper and will include the referee reports, your point-by-point response and
all pertinent correspondence relating to the manuscript.

You are able to opt out of this by letting the editorial office know (emboreports@embo.org). If you
do opt out, the Review Process File link will point to the following statement: "No Review Process
File is available with this article, as the authors have chosen not to make the review process public

in this case."

I look forward to seeing a revised version of your manuscript when it is ready. Please let me know if
you have questions or comments regarding the revision.

REFEREE REPORTS
Referee #1:

In this paper, Smythies el al. show that pan-genomic patterns of HIF-1a and HIF-2a binding are
largely unaffected by the extent or duration of hypoxia or the presence of the other HIFa isoform.
They also demonstrate that distinct binding distribution of HIF-1a and HIF-2a are conserved
between cell types. This is an interesting study and important for the field. Overall the scientific
approaches and data presentation appear to be solid, and the text is written clearly. However,
characterization of DNA binding patterns of HIFs at different biological contexts is not supported by
any sort of functional analysis. This is a major weakness of the paper and needs to be addressed by
global transcriptome analysis (or at least, by analysis of HIF target genes). Below are additional
comments to improve the manuscript.

(1) There is no explanation why a specific cell line, HKC-8, has been used throughout the study.

(2) An important finding of this study is that HIFa isoform binding is mostly independent of the
severity or duration of hypoxia. However, the experiments supporting this conclusion were carried
out using only one cell line (Fig 2 and EV Fig3). Also, the hypoxia time points used in this study
(6h, 16h, or 48h) do not cover long-term adaptation to hypoxia. Based on the biological conditions
and controls tested in this study, their conclusion is too strong and needs to be toned down.
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(3) Another major conclusion of the work is that two HIFa isoforms do not compete for binding site
(Fig 3). This is an unexpected finding; therefore, requires rigorous experimental verification. Again,
using one cell line would not be sufficient to make a firm conclusion in this case.

(4) When comparing HIF binding patterns in different cell lines (Fig 4), the authors need to provide
the protein expression levels of HIF-1a, HIF-2a, and HIF-1f in these cell lines at the specific
hypoxia condition used for their ChIP-seq experiments.

(5) Throughout the paper, the authors should clarify the extent (O2 level) and duration of hypoxia
for each experiment. For example, the hypoxia conditions for four different cell lines (Fig 4) were
not provided in the manuscript. In RCC4 cells, HIFa protein levels are high even under normoxia
due to VHL deficiency. Did the authors perform ChIP-seq experiments with RCC4 cells cultured in
normoxic and hypoxic conditions, and compare the differences in HIF binding patterns between
normoxia and hypoxia?

Referee #2:

This report examines chromatin binding characteristics during hypoxia of HIF-1 and HIF-2, two
members of the three-member HIF family that control the majority of HIF signaling in many
mammalian cells. This is a superbly executed study that clearly and cleanly documents the dynamics
of HIF-1 and HIF-2 recruitment under severe and modest hypoxic conditions. Using an
experimental approach that emphasizes precision, the authors provide several lines of evidence for
important differences between HIF-1 and HIF-2 binding in hypoxia "permissive" and "non-
permissive" cell lines. These differences are consistent with other specific biological roles observed
for these factors in the intact mammal. The data is convincing and includes appropriate controls. The
replication of all experiments in each respective cell line provides a thorough palette for comparison.

My only suggestion would be to speculate more in the discussion about the differences between
HIF-1 and HIF-2 observed in this study. Specifically, why HIF-2 apparently has reduced binding in
the proximal promoter (-5kb to Okb) and coding region of genes (0Okb to 5kb) in contrast to HIF-1,
which appears to have peak binding in these same regions. Are these difference in recruitment
somehow linked to the differences in associated chromatin marks? The authors correctly point out
that association does not equate with causality. However, it seems reasonable to assume that there
may be a connection. Are there data from other studies that indicate HIF-1 and/or HIF-2 selectively
interact with cellular factors that generate these marks?

Referee #3:

In this manuscript, Smythies et al. have investigated the interesting topic of what governs DNA
binding specificity of the HIF1a and HIF2a transcription factors. While both alpha subunits
(HIF1a/ARNT and HIF2a/ARNT heterodimers) bind to identical consensus sequences, their
genome-wide binding profiles and target genes are only partially overlapping. The determinants of
their binding specificity and weather it relates to severity/duration of hypoxia, cell type or
competition between both isoforms is unknown. To answer these long-standing questions, the
authors used ChIP-seq to analyze the binding distribution of HIF subunits in response to varying
hypoxic conditions in multiple cell types. In addition, they studied the effect of deletion of one
HIFalpha isoform on the pan-genomic distribution of the other. Altogether the presented data
strongly support that HIF-alpha subunits bind DNA with distinct and characteristic distribution
patterns that are largely unaffected by the intensity or duration of the hypoxic stimuli. The data also
shows that, both HIF-alpha subunits bind chromatin in a stoichiometric ratio with HIF-beta and that
their binding pattern is independent on the presence/absence of the other alpha subunit.

In summary, the manuscript report that the pan-genomic distribution of HIF is an inherent property
of each alpha subunit that is largely independent of the hypoxic stimulus or competition between
isoforms. In this regard, it is a significant work that provides novel insight into a long-standing
question in the field. In addition, the conclusions could be of interest to a wide range of researchers
as they are relevant to understand the general mechanisms governing gene expression regulation and
how to exploit them to selectively target pathways relevant to human disease. Finally, the main
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findings reported in the manuscript are robustly supported by the results and are based on state-of-
the-art experimental approaches.

Specific queries:

1. Authors convincingly demonstrate that HIFbeta is universally present at HIFalpha binding sites
with no evidence of HIFalpha binding in the absence of HIFbeta. Is the reverse true? HIFbeta is
know to have dimerisation partners other than HIFalpha, thus it would be interesting to analyze the
possibility of HIFbeta binding in the absence of HIFalpha in the cell lines included in the study. For
example, the authors could show the combined HIFalpha signal intensity at all HIFbeta binding sites
and compare with the mean HIFalpha intensity across non-HIFbeta bound enhancers/promoters. In
addition, does HIFbeta bind DNA in normoxia?

2. Data presented shows that although the majority of HIF binding sites loaded similarly as the
severity of hypoxia increases, there are a limited number of "progressive loading" and "early
loading" sites. Could these sites represent low and high affinity binding sites respectively? Do these
type of sites show different nucleotide composition (e.g. different frequency of A/G at the first
position of the RCGTG motif or in the nucleotides flanking this core). Additionally, the
representation of the ratio of HIFalpha ChIP-seq signal at 0.5% compared to 3% against the total
(0.5%+3%) could reveal a relationship between total binding (as readout of binding affinity) and
loading.

3. A key and important finding of this work is that HIF1 and HIF2 loading at HIF binding sites is an
intrinsic property of each isoform with each isoform showing a clear and strong bias regarding their
location relative to the TSS. However, the determinants driving this selectivity are unclear. The
authors show differential associations of HIF1 and HIF2 binding sites with histone modifications but
these are very general marks and, as stated in the discussion, it is difficult to determine causality.
Thus, it is likely that other factors determine HIF binding specificity. In this regard, is there any
sequence motif significantly over-represented (depleted) in the HIF2 "only" binding sites compared
with HIF1a "only"?

4. The data presented demonstrate that many sites are bound by both isoforms yet there is little or no
cross-competition, suggesting that common sites could be co-occupied rather than simultaneously
bound by one or the other isoform. Is there evidence supporting or ruling out this possibility? Do
shared sites have a larger number of RCGTG motifs on average? How is the distribution of
distances between HIF1a and HI2a peak summits at shared sites? How are HIFbeta peaks at these
sites compared to those at sites bound by a single alpha isoform?

5. CRISPR-mediated ablation of HIF2a results in a slight reduction of HIF1a protein. Assuming
than these are clonal cell lines (it is not explicitly indicated in the manuscript), is this an anecdotical
effect due to cell-to-cell variability or is it a reproducible effect seen in other cell clones? Does the
ablation of one isoform affect the mRNA levels of the other?

6. Regarding conservation of HIF binding sites across cell lines, it is clear that categorical
classification based on peak calling underestimates overlap. The inclusion of a base-line, such as
that shown in figures 1E and 1F, in the quantitative analysis shown in expanded figures 4G and 4H,
could be helpful to get a better approximation to the number of overlapping sites across cell lines.
From a functional perspective, it would be nice to compare the overlap between the genes nearest to
HIF-bound sites across cell lines.

Cross-comments from referee 2:

Both of these suggestions in theory would expand the relevance of this study. However, in reality,
they potentially pose significant theoretical and practical barriers. Gene expression analyses might
indicate what HIF binding sites are transcriptional active. However, given that HIF binding appears
to affect epigenetic signatures that may also be influenced in a gene-specific manner by non-HIF
factors, one could imagine an experimental result that provides lots of data, but one without any
meaningful pattern, at least at this time. Nevertheless, it may be reasonable to suggest or request that
the authors provide either broad transcriptional analyses or targeted rtPCR analyses in the three cell
lines examined (HKC-8, RCC4, HepG2) using RNA/cDNA samples that were prepared in parallel.

© European Molecular Biology Organization
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For targeted rtPCR analyses, it would be helpful to examine a dozen or so select genes that are
similar as well as ones that differ between the three cell lines.

However, my main concern with asking for additional transcriptional, and especially more cellular,
studies is the practical barrier that this would impose on the authors. ChIPseq experiments are not
trivial ones in terms of time, money, and effort. Asking for additional cell line studies, in particular,
would likely be a death knell for this study and would reinforce an unfortunate pattern of electronic
"piling-on" that permeates the review process these days. This study has enough merit with its
current content to warrant publication now, in my opinion.

Cross-comments from referee 3:

Yes, I agree. Global transcriptome analyses of HIF target gene expression could certainly aid to
determine the functional impact of the of different DNA binding patterns of HIFs in different
biological contexts. On the other hand, the confirmation of results in a second line will strengthen
the conclusions.

However, asking for the generation of additional CRISPR-edited cell lines implies an awful amount
of work just to get a confirmatory result rather than providing novel insights. Thus, in my opinion,
other (independent) works should confirm the lack of competition between both HIF isoforms. As
regards of transcriptome analysis, authors could make use of published RNA-seq datasets to
correlate expression with binding patterns"

Thus, as indicated in my evaluation report and in agreement with referee #2, I believe the work has
sufficient merit to be published after minor modifications addressing the points I raised before.

1st Revision - authors' response 15 August 2018

Response to reviewers
Referee #1:

In this paper, Smythies el al. show that pan-genomic patterns of HIF-1a and HIF-2a binding are
largely unaffected by the extent or duration of hypoxia or the presence of the other HIFa isoform.
They also demonstrate that distinct binding distribution of HIF- 1a and HIF-2a are conserved
between cell types. This is an interesting study and important for the field. Overall the scientific
approaches and data presentation appear to be solid, and the text is written clearly. However,
characterization of DNA binding patterns of HIFs at different biological contexts is not supported by
any sort of functional analysis. This is a major weakness of the paper and needs to be addressed by
global transcriptome analysis (or at least, by analysis of HIF target genes).

Thank you. We understand that functional analyses (we assume of hypoxia-inducible gene
expression) are of interest and indeed many such studies have been reported. However,
attempting an accurate, mechanistically meaningful correlation of the current data with
transcriptomic data is much less straightforward than might appear.

First — differences in time course (between binding and transcriptional target abundance) are
problematic, since neither will come into steady state — at least not at the same time.

Second — very many factors influence transcript abundance other than DNA binding of a
relevant transcription factor. For example:

*  FIH regulates the interaction of HIF-1a with the transcriptional co-activator p300/CBP
and operates over a different oxygen range to the PHD enzymes that regulate HIF
abundance, and hence HIF binding.

* Some genes are differentially regulated by HIF-1 or HIF-2, even when both isoforms are
bound

¢ Transcript abundance will depend upon the duration of transcriptional activation as well
as the balance between transcript generation and degradation rates.

© European Molecular Biology Organization
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¢ Expression levels will depend on interaction with other transcription factors that are both
general and cell-type specific.

These factors will greatly complicate global transcriptome analysis and a proper

interpretation will require not only the measurement of nascent transcript levels, but also of

the binding of RNApol2, transcriptional co-activators and other as yet unidentified

transcription factors. As indicated by referees 2 and 3 in the cross comments, meaningful

mechanistic analyses would be complex and beyond the scope of the current manuscript.

In this work, we chose to analyse, in depth, the factors constraining HIF isoform-specific
binding, since this is a definable property whose description should open a clear route to
further mechanistic analysis. Much previous literature has demonstrated that DNA binding of
this (and other) transcription factors alters gene expression so we are confident of the
biological relevance of our work.

However, considering this request, the suggestions made by referee 3 and the cross comments
by referee 2, we have provided broad correlative RNA-seq transcriptome data for the three
cell lines HKC8, RCC4 and HepG2 in normoxia and following 16 hours incubation in 0.5%
hypoxia (we have previously published this analysis for MCF-7 cells in Schodel et al, Blood
2011). This demonstrates the expected overall association between HIF-binding and hypoxic
gene expression using Gene Set Enrichment Analysis. We have added this analysis as an
Expanded View Figure and briefly discussed some of the points outlined above in the revision.

Below are additional comments to improve the manuscript.

(1) There is no explanation why a specific cell line, HKC-8, has been used throughout the study.
Our laboratory is interested in the key role of the HIF pathway in the pathogenesis of clear
cell kidney cancer, and we have studied this immortalized cell line derived from proximal
renal tubules cells extensively, as a background to that work. More importantly for the
current work, we have used the same cell line throughout to enable comparison of data sets. In
addition, HKCS cells express both HIF-a isoforms at reasonable (though not exceptionally
high) levels and so provide a good basis for the current studies.

(2) An important finding of this study is that HIFa isoform binding is mostly independent of the
severity or duration of hypoxia. However, the experiments supporting this conclusion were carried
out using only one cell line (Fig 2 and EV Fig3). Also, the hypoxia time points used in this study
(6h, 16h, or 48h) do not cover long-term adaptation to hypoxia. Based on the biological conditions
and controls tested in this study, their conclusion is too strong and needs to be toned down.

We understand the concerns about the generality of observations arising from experiments in
one cell line and have added a caveat to this effect in the revised manuscript.

However, we feel that the ability to correlate multiple datasets within one tightly defined
setting provides a powerful tool in dissecting the HIF response and have chosen to focus our
resources in this way.

As pointed out in the cross-comments, repeating the experimental plan at this level of detail in
a different cell is a huge piece of work beyond our resources and we agree that it would be of
greater value to the scientific community to await other independent work post-publication.
We also agree that measuring the responses to long-term hypoxia could be of interest in future
studies. However mechanistic understanding of long-term adaptation to hypoxia is likely to be
highly complex. One particular issue we think is likely to be very important in cell culture is
the potential to select variants that are present in all tissue culture cell populations when
stresses are applied for periods that are long in relation to cell cycle times. We are currently
considering how best to deploy lineage marking and single cell methodologies that should
address this problem, but that work is outside the scope of this paper.

We therefore focused our analysis within the timeframe and severity of hypoxia that is known
to fully induce the HIF response in a manner that is largely unconfounded by these effects. We
have briefly discussed these issues in the revised manuscript, including moderation of the
conclusions, as suggested by the reviewer.

© European Molecular Biology Organization
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(3) Another major conclusion of the work is that two HIFa isoforms do not compete for binding site
(Fig 3). This is an unexpected finding; therefore, requires rigorous experimental verification. Again,
using one cell line would not be sufficient to make a firm conclusion in this case.

We agree that the lack of competition between the two HIF isoforms is a novel finding that
might initially appear unexpected. However, it is consistent with other observations. Firstly,
HIF-binding signals vary by up to 100-fold between different sites (e.g. Figure 1, Expanded
View Figures 1 and 2). Thus even if the strongest sites are 100% occupied, the vast majority of
sites will have low levels of occupancy and we believe that this is the reason why the two
isoforms do not compete for DNA binding (i.e. binding is very transient, so that binding of one
isoform does affect the kinetic of binding to the other isoform). Secondly, our finding is
consistent with the common observation that suppressing one HIF-isoform alone has a
significant effect on gene expression. If one isoform were able to compensate for the other then
suppressing each individually would have little effect.

We have added a brief discussion of these points in the revised manuscript.

(4) When comparing HIF binding patterns in different cell lines (Fig 4), the authors need to provide
the protein expression levels of HIF-1a, HIF-2a, and HIF-1p in these cell lines at the specific
hypoxia condition used for their ChIP-seq experiments.

We have now included these immunoblots as Panel A in Figure 4.

(5) Throughout the paper, the authors should clarify the extent (O2 level) and duration of hypoxia
for each experiment. For example, the hypoxia conditions for four different cell lines (Fig 4) were
not provided in the manuscript. In RCC4 cells, HIFa protein levels are high even under normoxia
due to VHL deficiency. Did the authors perform ChIP-seq experiments with RCC4 cells cultured in
normoxic and hypoxic conditions, and compare the differences in HIF binding patterns between
normoxia and hypoxia?

We apologize for this omission and have amended the manuscript. As the referee points out, in
RCC4 cells, HIF-a levels are constitutively high. In these cells, experiments were performed in
normoxic conditions. We did not compare binding patterns in normoxic and hypoxia RCC4
cells, though in other work we have done this for the pVHL-defective cell line 786-0 and
observed very few differences.

Referee #2:

This report examines chromatin binding characteristics during hypoxia of HIF-1 and HIF-2, two
members of the three-member HIF family that control the majority of HIF signaling in many
mammalian cells. This is a superbly executed study that clearly and cleanly documents the dynamics
of HIF-1 and HIF-2 recruitment under severe and modest hypoxic conditions. Using an
experimental approach that emphasizes precision, the authors provide several lines of evidence for
important differences between HIF-1 and HIF-2 binding in hypoxia "permissive" and "non-
permissive" cell lines. These differences are consistent with other specific biological roles observed
for these factors in the intact mammal. The data is convincing and includes appropriate controls. The
replication of all experiments in each respective cell line provides a thorough palette for comparison.

My only suggestion would be to speculate more in the discussion about the differences between
HIF-1 and HIF-2 observed in this study. Specifically, why HIF-2 apparently has reduced binding in
the proximal promoter (-5kb to 0kb) and coding region of genes (0Okb to 5kb) in contrast to HIF-1,
which appears to have peak binding in these same regions. Are these difference in recruitment
somehow linked to the differences in associated chromatin marks? The authors correctly point out
that association does not equate with causality. However, it seems reasonable to assume that there
may be a connection. Are there data from other studies that indicate HIF-1 and/or HIF-2 selectively
interact with cellular factors that generate these marks?

Thank you. We know of no protein-protein interaction data (e.g. immunoprecipitation
followed by mass-spectrometry) that has consistently identified DNA-binding proteins that
specifically interact with one HIF-isoform, though we agree that this is an important question.
Furthermore, since HIF binding to DNA is transient and the number of HIF-molecules bound
to DNA in any one cell at any one time is small (we estimate at most a few hundred molecules),

© European Molecular Biology Organization



EMBO reports - Peer Review Process File

such interactions will likely occur in a very low stoichiometric ratio and be challenging to
define.

However, we have correlated our HIF-1 and HIF-2 binding datasets in HepG2 cells with
publically available transcription factor ChIP-seq datasets in the same cell line. This has
identified non-HIF transcription factors and DNA-binding proteins that are present selectively
at HIF-1 or HIF-2 sites and we have added this analysis to Figure 6 of the manuscript. We
again emphasize that such associations do not equate with causality. Experiments to
distinguish between these possibilities are beyond the scope of the current manuscript.

Referee #3:

In this manuscript, Smythies et al. have investigated the interesting topic of what governs DNA
binding specificity of the HIF1a and HIF2a transcription factors. While both alpha subunits
(HIF1a/ARNT and HIF2a/ARNT heterodimers) bind to identical consensus sequences, their
genome-wide binding profiles and target genes are only partially overlapping. The determinants of
their binding specificity and weather it relates to severity/duration of hypoxia, cell type or
competition between both isoforms is unknown. To answer these long-standing questions, the
authors used ChIP-seq to analyze the binding distribution of HIF subunits in response to varying
hypoxic conditions in multiple cell types. In addition, they studied the effect of deletion of one
HIFalpha isoform on the pan-genomic distribution of the other. Altogether the presented data
strongly support that HIF-alpha subunits bind DNA with distinct and characteristic distribution
patterns that are largely unaffected by the intensity or duration of the hypoxic stimuli. The data also
shows that, both HIF-alpha subunits bind chromatin in a stoichiometric ratio with HIF-beta and that
their binding pattern is independent on the presence/absence of the other alpha subunit.

In summary, the manuscript report that the pan-genomic distribution of HIF is an inherent property
of each alpha subunit that is largely independent of the hypoxic stimulus or competition between
isoforms. In this regard, it is a significant work that provides novel insight into a long-standing
question in the field. In addition, the conclusions could be of interest to a wide range of researchers
as they are relevant to understand the general mechanisms governing gene expression regulation and
how to exploit them to selectively target pathways relevant to human disease. Finally, the main
findings reported in the manuscript are robustly supported by the results and are based on state-of-
the-art experimental approaches.

Specific queries:

1. Authors convincingly demonstrate that HIFbeta is universally present at HIFalpha binding sites
with no evidence of HIFalpha binding in the absence of HIFbeta. Is the reverse true? HIFbeta is
know to have dimerisation partners other than HIFalpha, thus it would be interesting to analyze
the possibility of HIFbeta binding in the absence of HIFalpha in the cell lines included in the
study. For example, the authors could show the combined HIFalpha signal intensity at all
HIFbeta binding sites and compare with the mean HIFalpha intensity across non-HIFbeta bound
enhancers/promoters. In addition, does HIFbeta bind DNA in normoxia?

We agree that this is an interesting question. As suggested, we have repeated the reciprocal

analysis to that shown in Figure 1 to look at the combined HIF-a signal at HIF-1f binding sites

ranked according to HIF-a signal and have added this data to the Expanded View Figures.

Under the hypoxic culture conditions used in our experiments, this does not reveal any HIF-1§

sites that lack HIF-a signal. However, as a further check, we have also performed HIF-1§

ChIP-seq analysis in normoxic HKCS8 cells in which both HIF-10 and HIF-2a had also been

ablated by CRISPR-Cas9 induced frameshift mutations. In this setting, a much smaller

number (622 versus 5177) of HIF-1p peaks were detected and were weakly enriched for the

ARNT binding motif. Interestingly, the majority (417/622) were not identified in the hypoxic

wild-type cells suggesting that HIF-1p may re-distribute to these sites in the absence of HIF-a

subunits.

We have commented on this interesting point in revision, and have added some of this data.
However, it would also be important to study conditions of AHR activation (one of the
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alternative dimerization partners of HIF-1b), and we have made this clear in our commentary
on the additional data.

2. Data presented shows that although the majority of HIF binding sites loaded similarly as the
severity of hypoxia increases, there are a limited number of "progressive loading" and "early
loading" sites. Could these sites represent low and high affinity binding sites respectively? Do
these type of sites show different nucleotide composition (e.g. different frequency of A/G at the
first position of the RCGTG motif or in the nucleotides flanking this core). Additionally, the
representation of the ratio of HIFalpha ChIP-seq signal at 0.5% compared to 3% against the
total (0.5%+3%) could reveal a relationship between total binding (as readout of binding
affinity) and loading.

The reviewer is correct that “progressive loading” sites are essentially low affinity sites and

that “early loading sites” are high affinity sites. However, affinity is often confused with

overall binding intensity, so we chose to describe the sites according to the observed
characteristic.

As suggested, we have examined for differences in nucleotide composition for all flanking

positions within 10-bp of the core RCGTG motif and at the first position of the RCGTG motif

itself. No significant difference in base composition between the progressive loading and early
loading sites was observed at any position for either HIF-1 or HIF-2 sites (see below). We have
added a description of this result to the revision

CLaeC CGGEC C C
HIF-1 binding sites CC CCC CcT C T CQCCCCCCC gcg_rg(f‘gcg C T TCQQCCQCTC
CC CCCC CCe
HIF-2 binding sites CC CCCCCT C T Cc CC Cgcc TQQQQCT ETCQTTTS
TITA T

nnnnnnnnnnnnnnnnnnnnnnnn

The suggested plots are essentially MA plots (log ratio plotted against mean signal). We had
plotted these graphs, but chose not to represent them as we felt that they added little to the
plots already shown in Figures 2B, 2C and 2D. We include them here for the reviewer. No
significant relationship was observed between total binding and differential loading. We have
added a comment to this effect in revision
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3. A key and important finding of this work is that HIF1 and HIF2 loading at HIF binding sites is
an intrinsic property of each isoform with each isoform showing a clear and strong bias
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regarding their location relative to the TSS. However, the determinants driving this selectivity
are unclear. The authors show differential associations of HIF1 and HIF2 binding sites with
histone modifications but these are very general marks and, as stated in the discussion, it is
difficult to determine causality. Thus, it is likely that other factors determine HIF binding
specificity. In this regard, is there any sequence motif significantly over-represented (depleted)
in the HIF2 "only" binding sites compared with HIF1a "only"?
We have observed enrichment (over-representation) of particular transcription factor binding
motifs specifically at HIF-1 sites or at HIF-2 sites. Notably, in HKC8 and RCC4 cells, HEY1/2
and ZNF263 motifs were amongst those most enriched at HIF-1 binding sites, whilst AP-1
motifs were most markedly enriched at HIF-2 binding sites. In HepG2 cells, the most enriched
motifs at HIF-1 sites included SP1/2 as well as HEY?2, whilst those most enriched at HIF-2 sites
included FOXD2, FOXL1 and FOXC2. We have added this analysis to supplemental
information.

However, in this analysis, we often see enrichment of multiple closely related motifs and it is
not possible to know which, if any, of the associated transcription factors are bound.
Therefore, we have also examined the overlap between HIF-1 and HIF-2 binding sites and
binding of other transcription factors using publically available ChIP-seq analyses from the
ENCODE Consortium. In this respect HepG?2 cells are one of the best-studied cell lines with
approximately 50 transcription factor ChIP-seq datasets available. We have included this
analysis in Figure 6 of the revised manuscript and now include a discussion of those
transcription factors that are bound preferentially at either HIF-1 or HIF-2 sites.

4. The data presented demonstrate that many sites are bound by both isoforms yet there is little or
no cross-competition, suggesting that common sites could be co-occupied rather than
simultaneously bound by one or the other isoform. Is there evidence supporting or ruling out
this possibility? Do shared sites have a larger number of RCGTG motifs on average? How is the
distribution of distances between HIF 1a and HI2a peak summits at shared sites? How are HIF
beta peaks at these sites compared to those at sites bound by a single alpha isoform?

These are important questions and we have examined each in turn. In summary:

a) We do not see any significant difference in the number of HRE motifs at shared sites
compared to sites that bind only one HIF isoform.

b) Within the shared sites, the distribution of distances between the HIF1o and HIF2a
peak summits is very tightly distributed about a median distance of less than one base
pair (interquartile range: -21 bp to +23 bp). This distribution is almost identical to
that seen when the summits for one replicate are compared with the other replicate
for the same isoform, indicating that the observed distribution is within the precision
of the assay.

¢) The HIF-1p signal at shared sites shows the same profile as that at sites that bound a
single isoform.

Taken together, these findings strongly suggest that at each site, the two isoforms are binding

to the same RCGTG motif. However, crystal structures of the two isoforms bound to DNA

indicate that simultaneous binding of HIF-10/HIF1f and HIF-20/HIF-1B heterodimers is
sterically prohibited. Since ChIP-seq signal is an average across a large number of cells, this
suggests that at any instance, in any one cell, shared sites are occupied by a single isoform. The
lack of competition between the two isoforms would be consistent with low overall occupancy

(i.e. the site is unoccupied most of the time).

We have included, and added a brief comment on these findings in the revision.

© European Molecular Biology Organization 10
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5. CRISPR-mediated ablation of HIF2a results in a slight reduction of HIF1a protein. Assuming
than these are clonal cell lines (it is not explicitly indicated in the manuscript), is this an
anecdotal effect due to cell-to-cell variability or is it a reproducible effect seen in other cell
clones? Does the ablation of one isoform affect the mRNA levels of the other?

The reviewer is correct that these are clonal cell lines and that this may underlie some of the

difference. However, we only obtained one validated KO clone for each HIF isoform, so are

unable to determine whether this observation is consistent across multiple clones. Based on the
totality of data in the HIF field, we consider it more likely that this simply reflects cell-to-cell
variability. We have commented on this in revision.

6. Regarding conservation of HIF binding sites across cell lines, it is clear that categorical
classification based on peak calling underestimates overlap. The inclusion of a base-line, such
as that shown in figures 1E and 1F, in the quantitative analysis shown in expanded figures 4G
and 4H, could be helpful to get a better approximation to the number of overlapping sites across
cell lines. From a functional perspective, it would be nice to compare the overlap between the
genes nearest to HIF-bound sites across cell lines.

The base-line signal has now been included in Expanded View Figures 4G and 4H.

© European Molecular Biology Organization
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Cross-comments from referee 2:

Both of these suggestions in theory would expand the relevance of this study. However, in reality,
they potentially pose significant theoretical and practical barriers. Gene expression analyses might
indicate what HIF binding sites are transcriptional active. However, given that HIF binding appears
to affect epigenetic signatures that may also be influenced in a gene-specific manner by non-HIF
factors, one could imagine an experimental result that provides lots of data, but one without any
meaningful pattern, at least at this time. Nevertheless, it may be reasonable to suggest or request that
the authors provide either broad transcriptional analyses or targeted rtPCR analyses in the three cell
lines examined (HKC-8, RCC4, HepG2) using RNA/cDNA samples that were prepared in parallel.
For targeted rtPCR analyses, it would be helpful to examine a dozen or so select genes that are
similar as well as ones that differ between the three cell lines.

See comments above. In addition, we have performed RNA-seq analysis of transcript levels in
normoxia and following 16 hours at 0.5% hypoxia in HKC-8 cells, HepG2 cells and RCC4
cells stably transfected with wtVHL to confer normal regulation of HIF. Genes were ranked
according to hypoxic induction and Gene Set Enrichment Analysis (GSEA) was performed for
genes (TSS) closest to canonical HIF-binding sites in each cell line. Consistent with our
previously published findings in MCF-7 cells, HIF bound genes were strongly enriched
amongst genes that were up- but not downregulated by hypoxia, confirming the functional
relevance of the observed HIF-binding patterns. We have added this analysis as a new
Expanded View Figure.

However, my main concern with asking for additional transcriptional, and especially more cellular,
studies is the practical barrier that this would impose on the authors. ChIPseq experiments are not
trivial ones in terms of time, money, and effort. Asking for additional cell line studies, in particular,
would likely be a death knell for this study and would reinforce an unfortunate pattern of electronic
"piling-on" that permeates the review process these days. This study has enough merit with its
current content to warrant publication now, in my opinion.

Cross-comments from referee 3:

Yes, I agree. Global transcriptome analyses of HIF target gene expression could certainly help to
determine the functional impact of the different DNA binding patterns of HIFs in different
biological contexts. On the other hand, the confirmation of results in a second line will strengthen
the conclusions. However, asking for the generation of additional CRISPR-edited cell lines implies
an awful amount of work just to get a confirmatory result rather than providing novel insights. Thus,
in my opinion, other (independent) works should confirm the lack of competition between both HIF
isoforms. As regards of transcriptome analysis, authors could make use of published RNA-seq
datasets to correlate expression with binding patterns".

See comments above. We now provide a correlative analysis of our canonical HIF-binding
sites with RNA-seq analyses in HKC-8, HepG2 and RCC4 cells expressing wtVHL.

Thus, as indicated in my evaluation report and in agreement with referee #2, I believe the work has
sufficient merit to be published after minor modifications addressing the points I raised before.

2nd Editorial Decision 24 September 2018

Thank you for the submission of your revised manuscript. We have now received the enclosed
comments from the referees and I am happy to tell you that all support its publication now. Only a
few minor changes are needed before we can proceed with the official acceptance.

Please explain what is shown and the statistics in the Box-and-whisker plots in figure 3 D-G in the
figure legend.

Fig SA + B are called out before Fig 4, and Fig 4E + G are called out after Fig 5. Please correct.

© European Molecular Biology Organization
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Your manuscript has 8 EV figures, but we can only offer a maximum of 6 EV figures. You could
either move 1 or 2 EV figures to the main manuscript file, or combine some EV figures.

The 3 EV tables are fine, but are submitted as pdf files, and we need excel or word files. Please also
include the table titles and legends in the excel or word file.

EMBO press papers are accompanied online by A) a short (1-2 sentences) summary of the findings
and their significance, B) 2-3 bullet points highlighting key results and C) a synopsis image that is
550x200-400 pixels large (the height is variable). You can either show a model or key data in the
synopsis image. Please note that text needs to be readable at the final size. Please send us this
information along with the revised manuscript.

I look forward to seeing a final version of your manuscript as soon as possible.

Please let me know if you have any questions or comments.

REFEREE REPORTS

Referee #1:

The authors have done a thorough job of responding to previous concerns.

Referee #2:

The revised report addresses many of the more reasonable concerns raised by the Reviewers 1 and 3.
As such, it represents an even more complete body of work than the original submission, which in
my opinion was acceptable in that sate. I support publication of the current study.

Referee #3:

The authors have addressed my concerns. I have no further questions.

2nd Revision - authors' response 9 October 2018

The authors performed all minor editorial changes.

© European Molecular Biology Organization
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Corresponding Author Name: David Robert Mole

Journal Submitted to: EMBO Reports

Manuscript Number: EMBOR-2018-46401

Reporting Checklist For Life Sciences Articles (Rev. June 2017)

This checklist is used to ensure good reporting standards and to improve the reproducibility of published results. These guidelines are
consistent with the Principles and Guidelines for Reporting Preclinical Research issued by the NIH in 2014. Please follow the journal’s
authorship guidelines in preparing your manuscript.

A- Figures
1. Data

The data shown in figures should satisfy the following conditions:

2> the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the
experiments in an accurate and unbiased manner.
figure panels include only data points, measurements or observations that can be compared to each other in a scientifically
meaningful way.
graphs include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should
not be shown for technical replicates.
if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be
justified
Source Data should be included to report the data underlying graphs. Please follow the guidelines set out in the author ship
guidelines on Data Presentation.

>
>
>
>

2. Captions

Each figure caption should contain the following information, for each panel where they are relevant:

=> a specification of the experimental system investigated (eg cell line, species name).
the assay(s) and method(s) used to carry out the reported observations and measurements
an explicit mention of the biological and chemical entity(ies) that are being measured.

an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.

the exact sample size (n) for each experimental group/condition, given as a number, not a range;

a description of the sample collection allowing the reader to understand whether the samples represent technical or
biological replicates (including how many animals, litters, cultures, etc.).

a statement of how many times the experiment shown was independently replicated in the laboratory.

definitions of statistical methods and measures:

* common tests, such as t-test (please specify whether paired vs. unpaired), simple x2 tests, Wilcoxon and Mann-Whitney
tests, can be unambiguously identified by name only, but more complex techniques should be described in the methods
section;

are tests one-sided or two-sided?

are there adjustments for multiple comparisons?

exact statistical test results, e.g., P values = x but not P values < x;

definition of ‘center values’ as median or average;

definition of error bars as s.d. or s.e.m.

>
>
>
>
>
>
>

Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.

In the pink boxes below, please ensure that the answers to the following questions are reported in the manuscript itself.
Every question should be answered. If the question is not relevant to your research, please write NA (non applicable).

We encourage you to include a specific subsecti
subjects.

in the methods section for statistics, reagents, animal models and human

B- Statistics and general methods

USEFUL LINKS FOR COMPLETING THIS FORM

http://www.antibodypedia.com
http://1degreebio.org

http://www.equator-network.org/reporting-guidelines/improving-bioscience-research-repo

http://grants.nih.gov/grants/olaw/olaw.htm
http://www.mrc.ac.uk/Ourresearch/Ethicsresearchguidance/Useofanimals/index.htm
http://ClinicalTrials.gov

http://www.consort-statement.org
http://www.consort-statement.org/checklists/view/32-consort/66-title

http://www.equator-network.org/reporting-guidelines/reporting-rec ions-for-tun

http://datadryad.org

http://figshare.com
http://www.ncbi.nim.nih.gov/gap

http://www.ebi.ac.uk/ega

http://biomodels.net/

http://biomodels.net/miriam/
http://jjj.biochem.sun.ac.za
http://oba.od.nih.gov/biosecurity/biosecurity_documents.html

Please fill out these boxe: (Do not worry if you cannot see all your text once you press return

1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size? Page 20: All ChIP-seq experiments were performed in duplicate in accordance with ENCODE
consortium guidelines (https://www.encodeproject.org/documents/ceb172ef-7474-4cd6-bfd2-
5e8e6e38592e/@ @download/attachment/ChIP-seq_ENCODE3_v3.0.pdf). All RNA-seq
experiments were performed in triplicate in accordance with ENCODE consortium guidelines
(https://www.encodeproject.org/documents/cedeOcbe-d324-4ce7-aced-

fOc3eddf5972/@ @download/attachment/ENCODE%20Best%20Practices%20for%20RNA_v2.pdf).

1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used. N/A
2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre- N/A
established?

3. Were any steps taken to minimize the effects of subjective bias when allocating animals/samples to treatment (e.g. N/A
randomization procedure)? If yes, please describe.

For animal studies, include a statement about rand ion even if no rar ion was used. N/A
4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results |[N/A
(e.g. blinding of the investigator)? If yes please describe.

4.b. For animal studies, include a statement about blinding even if no blinding was done N/A
S. For every figure, are statistical tests justified as appropriate? Yes

Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it. Most statistical analyses are performed using well validated bioinformatic tools and are referenced
in the meythods section. Othe analyses are performed using non-parametric test that make no

assumptions about the underlying distribution of data values

Is there an estimate of variation within each group of data? Yes, box-and-whisker polts are used to display the median, interquartile and full ranges and

outlying values.

Is the variance similar between the groups that are being statistically compared? Yes




C- Reagents

6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog
number and/or clone number, supplementary information or reference to an antibody validation profile. e.g.,
Antibodypedia (see link list at top right), 1DegreeBio (see link list at top right).

Page 19: Immunoblot Analysis: HIF proteins were detected using anti-HIF-1a (mouse monoclonal,
BD Bioscience 610958), anti-HIF-2a (mouse monoclonal, 190b) or anti-HIF-1p (rabbit polyclonal,
Novus Biologicals, NB100-110) antibodies Page 20 ChIP-seq analysis: Chromatin
immunoprecipitation (ChIP) experiments were performed as previously described [7,43-45] using
antibodies directed against HIF-1a (rabbit polyclonal, PM14), HIF-2a (rabbit polyclonal, PM9), or
HIF-1B (rabbit polyclonal, Novus Biologicals, NB100-110).

7. Identify the source of cell lines and report if they were recently authenticated (e.g., by STR profiling) and tested for
mycoplasma contamination.

Page 19: HKC-8 cell were a gift from L.C. Racusen[41]. RCC4 cells were a gift from C.H. Buys. The
identity of RCC4 was confirmed through the presence in RNA-seq data sets of unique mutations in
the coding region of the VHL gene (chr3:10,183,841 G>del) that are as previously described.

HepG2 cells were purchased directly from ATCC and validated by STR genotyping.

* for all hyperlinks, please see the table at the top right of the document

D- Animal Models

E- Human Subjects

F- Data A

G- Dual u

top right). See author guidelines, under ‘Reporting Guidelines’. Please confirm you have followed these guidelines.

8. Report species, strain, gender, age of animals and genetic modification status where applicable. Please detail housing  |N/A
and husbandry conditions and the source of animals.

9. For experiments involving live vertebrates, include a statement of compliance with ethical regulations and identify the |[N/A
committee(s) approving the experiments.

10. We recommend consulting the ARRIVE guidelines (see link list at top right) (PLoS Biol. 8(6), 1000412, 2010) to ensure |N/A
that other relevant aspects of animal studies are adequately reported. See author guidelines, under ‘Reporting

Guidelines’. See also: NIH (see link list at top right) and MRC (see link list at top right) recommendations. Please confirm
compliance.

11. Identify the committee(s) approving the study protocol. N/A
12. Include a statement confirming that informed consent was obtained from all subjects and that the experiments N/A
conformed to the principles set out in the WMA Declaration of Helsinki and the Department of Health and Human

Services Belmont Report.

13. For publication of patient photos, include a statement confirming that consent to publish was obtained. N/A
14. Report any restrictions on the availability (and/or on the use) of human data or samples. N/A
15. Report the clinical trial registration number (at ClinicalTrials.gov or equivalent), where applicable. N/A
16. For phase Il and Ill randomized controlled trials, please refer to the CONSORT flow diagram (see link list at top right)  |N/A
and submit the CONSORT checklist (see link list at top right) with your submission. See author guidelines, under

‘Reporting Guidelines’. Please confirm you have submitted this list.

17. For tumor marker prognostic studies, we recommend that you follow the REMARK reporting guidelines (see link list at IN/A

ccessibility

18: Provide a “Data Availability” section at the end of the Materials & Methods, listing the accession codes for data
generated in this study and deposited in a public database (e.g. RNA-Seq data: Gene Expression Omnibus GSE39462,
Proteomics data: PRIDE PXD000208 etc.) Please refer to our author guidelines for ‘Data Deposition’.

Data deposition in a public repository is mandatory for:
a. Protein, DNA and RNA sequences

b. Macromolecular structures

c. Crystallographic data for small molecules

d. Functional genomics data

e. Proteomics and molecular interactions

Page 20: ChIP-seq data are available from Gene Expression Omnibus GSE120885. RNA-seq data are
available from Gene Expression Omnibus GSE120886 and together these form the Gene
Expression Omnibus Super Series GSE120887.

respecting ethical obligations to the patients and relevant medical and legal issues. If practically possible and compatible
with the individual consent agreement used in the study, such data should be deposited in one of the major public access-|
controlled repositories such as dbGAP (see link list at top right) or EGA (see link list at top right).

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the  |See above
journal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of

datasets in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ or in

unstructured repositories such as Dryad (see link list at top right) or Figshare (see link list at top right).

20. Access to human clinical and genomic datasets should be provided with as few restrictions as possible while N/A

21. Computational models that are central and integral to a study should be shared without restrictions and provided in a
machine-readable form. The relevant accession numbers or links should be provided. When possible, standardized
format (SBML, CellML) should be used instead of scripts (e.g. MATLAB). Authors are strongly encouraged to follow the
MIRIAM guidelines (see link list at top right) and deposit their model in a public database such as Biomodels (see link list
at top right) or JWS Online (see link list at top right). If computer source code is provided with the paper, it should be
deposited in a public repository or included in y information.

Page 20-22: References and web links to bioinformatic tools used in the analysis of this data are
provided as a separate section in methods.

se research of concern

22. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top
right) and list of select agents and toxins (APHIS/CDC) (see link list at top right). According to our biosecurity guidelines,
provide a statement only if it could.

N/A




