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Abstract:
Molecular dioxygenases include JmjC-containing histone demethylases and PHD enzymes, but

only PHDs are considered to be molecular oxygen sensors in cells. Although, it is known that
hypoxia can alter chromatin, whether this is a direct effect on histone demethylases or due to
hypoxia induced HIF-dependent transcriptional changes is not known. Here, we report that
hypoxia induces a rapid and HIF-independent alteration to a variety of histone methylation marks.
Genomic locations of H3K4me3 and H3K36me3 following short hypoxia predict the hypoxia gene
signature observed several hours later in cells. We show that KDMS5A inactivation mimics hypoxic
changes to H3K4me3 in its targets and is required for the cellular response to hypoxia. Our results

demonstrate a direct link between oxygen sensing and chromatin changes via KDM inhibition.

One Sentence Summary: Rapid oxygen sensing by chromatin

Main Text:
Hypoxia, or reduced oxygen availability, is an important stimulus for the development of
multicellular organisms (/). In addition, hypoxia plays an important role in the pathology of

numerous human diseases, contributing to treatment resistance and disease progression (2, 3). At
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the molecular level, hypoxia activates a profound transcriptional programme in cells, with the
ultimate aim of adaptation and survival at a lower oxygen level (4, 5). To this end, the family of
transcription factors, known as hypoxia inducible factors (HIFs), coordinate the majority of the
transcriptional changes, with additional input from a multitude of additional and important
transcription factors such as p53, NF-kB, Myc, and Notch (4, 6). HIFs are heterodimeric
transcription factors composed of HIF1f3 (oxygen insensitive) and HIF o (oxygen labile) (7). HIF
a is encoded by three separate genes, HIF 1o, HIF 2a, and HIF 3a, and their function in each
tissue can be, at times, quite different (7). Hypoxia activation of HIFs is mediated via the inhibition
of dioxygenases, most prominently prolyl-hydroxylases (PHDs) and Factor Inhibiting HIF (FIH)
(8). These enzymes require molecular oxygen as a co-factor, as well as iron and 2-oxoglutarate, to
conduct the hydroxylation reaction in HIF a proteins. Hydroxylation of prolines in HIF a by
PHDs, creates a high affinity binding site for the tumour suppressor von Hippel Lindau (VHL),
which forms part of a E3-ubiquitin ligase, promoting proteasome dependent and independent
degradation of HIF a (§).

Analysis of chromatin marks, under conditions of hypoxia, has become an important aspect
due to the discovery of a class of dioxygenases that can reverse histone methylation. These
enzymes possess a Jumonji C domain (JmjC), which like PHDs and FIH require oxygen iron and
2-oxoglutarate to perform their enzymatic activity (9, /0). As such, there is the potential for the
activity of these enzymes to change in hypoxia, allowing specific areas of the genome to change
in structure to allow transcriptional changes to occur. Interestingly, and much like PHD2 and
PHD3, several of the JmjC containing enzymes have been shown to be direct HIF 1a targets (/0),
allowing for adaptation to occur at the chromatin level. Oxygen dependency for very few of the
JmjC enzymes has been measured, and for these, the Km for oxygen is very similar to PHD
enzymes in vitro (11, 12), further suggesting that JmjC enzymes can act as molecular oxygen
sensors in the cell. However, most of this information is missing for the vast majority of JmjC-
histone demethylases. Interestingly, a number of studies have shown that histone methylation
marks are increased following severe and prolonged hypoxia in a multitude of cell types (10, 13,
14).

Given that JmjC histone demethylases have the potential of being molecular oxygen
sensors in the cell, we have investigated histone methylation changes under hypoxia at early stages
of the hypoxia response. HeLa cells as well as the human fibroblast cell line HFF were exposed to

hypoxia for a time course analysis. Using immunoblot analysis, it was possible to observe that
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hypoxia induced a rapid and robust increase in the levels of a variety of histone methylation marks
on histone H3 (Fig. 1A), with no change in the levels of total histone H3 or actin in either cellular
background. Interestingly, many of the changes observed in H3 methylation preceded robust
stabilization of HIF la, occurring from 30 minutes following hypoxia exposure (Fig. 1A).
Furthermore, increases in histone methylation were also seen after longer periods of hypoxia
exposure (Fig. 1B). We also analysed if other HIF 1a stabilizing agents, such as DMOG (a known
PHD inhibitor) and an iron chelator (DFX) could induce similar changes to histone H3 methylation
marks (Fig. 1C-D). This analysis revealed a similar level and kinetics of histone H3 methylation
increase as to that observed with hypoxia, suggesting that all these stimuli are working via a similar
mechanism.

Prolonged hypoxia has also been associated with changes in reactive oxygen species (ROS)
(15). We thus analysed if short-term hypoxia induced ROS in our cell system (Fig. S1A), and if
using a ROS scavenger such as N-Acetyl-Cysteine (NAC) would alter histone methylation pattern
in cells (Fig. S1B). Although we could detect a small increase in ROS after 1 hour 1% O- (Fig.
S1A), pre-treatment with NAC did not reduce hypoxia induced increases in histone methylation
(Fig. S1B). In addition, when cells were treated with high levels of H>O,, to mimic ROS
production, we could not detect changes in histone methylation marks following 1 hour but
increases were visible following 24 hours (Fig. S1C). These data suggest that ROS is not involved
in the increase of histone methylation marks observed at 1 hour hypoxia, but could contribute to
increases in histone methylation following prolonged hypoxia.

Another known associated factor with hypoxia exposure is changes in metabolism, and
hence increased levels of certain metabolites (/6). Of particular relevance to histone demethylases
are changes in 2-oxoglutarate related metabolites such as succinate and fumarate and also the
oncometabolite 2-hydroxyglutarate (2-HG) (16, 17). In fact, recent studies have measured the
affinity of certain histone demethylases for such types of metabolites but also measured cells
responses to treatment with metabolites and oncometabolites (/7). However, these studies relied
on prolonged exposure to these, sometimes up to 72 hours of treatment (/7) . To determine if short
hypoxia induced changes in histone methylation were mimicked by changes in metabolites or
oncometabolites, we treated HeLa cells with succinate, fumarate or cell permeable 2-HG (Fig.
S2A-C). While we could not detect any changes in the histone methylation marks we analysed
following treatment with succinate (Fig. S2A), fumarate could induce some increases in histone

methylation (Fig. S2B). Treatment with 5 mM 2-HG resulted in increases in methylation marks in
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histone H3 only following prolonged treatment, but not after 1 hour (Fig. S2C). However, this was
only seen for HeLa cells, while in HFF cells, 2-HG treatment, even after prolonged exposure, only
altered H3K4me3 and H3K27me3 (Fig. S2C). Finally, we measured levels of 2-HG in cells
exposed to 1 hour or 24 hours of hypoxia (Fig. S2D). As a positive control, we measured 2-HG
levels in HT1080 cells that possess a mutation in IDH1, which results in high levels of this
oncometabolite (/8). This analysis revealed that in HeLa or HFF cells, hypoxia treatment, at the
time points we analysed, did not result in any significant change to 2-HG levels, suggesting that
this oncometabolite is not involved in the mechanism controlling the observed changes to the
histone marks.

Since our lysis conditions extract both soluble and most of the chromatin bound proteins,
we next determined if hypoxia was leading to increased histone H3 methylation in chromatin
bound only histones. To that end, we performed acid extraction of histone and re-analysed H3
methylation marks by immunoblot (Fig. 1E, Fig. S3). It was possible to determine that following
1 hour of hypoxia exposure, there were visible increases in several H3 methylation marks (Fig.
1E, Fig. S3). This indicates that indeed chromatin bound H3 possesses higher levels of methylation
following hypoxia. Finally, we supplemented our immunoblot analysis with quantitative
immunofluorescence (Fig. 1F). Here, short term exposure to hypoxia resulted in a significant
increase to the levels of H3K36me3 and H3K4me3.

Although these results suggest that HIF is not involved in the increases in histone
methylation in hypoxia, it is important to demonstrate this formally. To this end, we depleted cells
of HIF 1P using two separate siRNAs and analysed levels of the histone methylation on histone
H3 following 1 hour of hypoxia exposure (Fig. 1G). Surprisingly, depletion of HIF 1f resulted in
even higher levels of histone methylation marks in hypoxia, demonstrating the HIF is not required
for the changes observed in hypoxia. Increased levels of histone marks in the absence of HIF 13
could be due to reduced levels of several JmjC histone demethylases since these are known to be
direct targets of the HIF 1 complex (10, 19). To further investigate the involvement of HIF in our
mechanism, we used the selective chemical probe VH298 (20), which inhibits VHL without
altering PHD or other dioxygenases functions in cells (20). Here, despite robust HIF la
stabilization, no changes in histone methylation marks were observed in both normoxia and
hypoxia (Fig. 1H). Whereas, using cells constitutively expressing active HIF 1a and/or HIF 2a.,

hypoxia was able to induce increases in histone methylation marks (Fig. S4A-C). These data
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indicate that hypoxia, and other dioxygenase inhibitors induce rapid changes to several histone
methylation marks but HIF is not required for this response.

The analysis on H3 methylation suggests that hypoxia induces global changes to
methylation marks. However, two possible consequences could result from these changes. One
would be a stochastic distribution of the increased H3 methylation across the genome or
alternatively, loci specific and gene expression directed changes would occur following rapid
exposure to hypoxia. To determine which of these two options is occurring and in an unbiased
manner, we performed Chromatin Immunoprecipitation (ChIP) followed by next generation
sequencing for H3K4me3 and H3K36me3 marks in normoxia and following 1 hour exposure to
1% O in HeLa cells.

Analysis of H3K4me3 data revealed that in all 3 biological replicates, we could identify
over 14,000 peaks in both conditions, corresponding to 11,000 genes (Fig. SSA-B, Dataset S1). Of
all the peaks identified for both treatment conditions across 3 biological replicates, over 12,000
were shared between normoxia and hypoxia (Fig. 2A). In addition, when compared to a dataset
produced by the ENCODE consortium, this covered 92% of all peaks in normoxia (Fig. S5C). The
hypoxia dataset was covered by 91% of the dataset in ENCODE (Fig. S5C). This indicated that
our dataset is of high quality, comparable to the standard of ENCODE. Using stringent analysis
conditions, we could determine that hypoxia exposure led to 164 peaks upregulated and 455 peaks
that were reduced (Fig. 2B, Dataset S1). Analysis of genomic location of all H3K4me3 peaks
present in all three biological replicates reveal similar distributions with 95% of all peaks locating
to promoter regions both in normoxia and hypoxia, within 3000bp from the transcription start site
(TSS) (Fig. S5D). H3K4me3 increased peaks were not only located within promoter regions but
had also increased localization in gene bodies and intergenic regions (Fig. SS5E). On the other hand,
hypoxia reduced peaks were almost exclusively located to promoters (Fig. SS5E). To understand if
the intergenic or gene body location of the increased H3K4me3 peaks had some functional
significance, we determined if these sites were associated with enhancer markers. From our 25
peaks, identified in these non-promoter locations, 80% maps to DNAse hypersensitive sites and
60% to sites of H3K27Ac. Furthermore, 25% were also identified in the Fantom5 dataset of
predicted enhancers (Fig. S5F). This suggests that increased H3K4me3, at these intergenic regions,
could be controlling expression of associated genes. Given that none of these genes linked to
enhancers, identified in the Fantom5 analysis, have been shown to be hypoxia responsive, we

performed qPCR analysis in HeLa cells following several time points of exposure to 1% O> (Fig.
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S6A). This revealed that CBLB, CGAS and EEF1A1 are hypoxia inducible after 24 hours in HeLa
cells, supporting the hypothesis that H3K4me3 increases at enhancer regions associated with these
genes could control their expression.

Given the nature of H3K36me3 mark distribution, we performed a high stringency peak
calling analysis. This gave rise to the identification of 3829 peaks called in normoxia, and 3125
peaks called in 1% O3, seen across all three biological replicates, corresponding to ~3,000 genes
(Fig. STA-B, Dataset S1). Overall, 2816 H3K36me3 peaks were found in normoxia and hypoxia
(Fig. 2C). Comparison with ENCODE data for this mark again indicated the quality of our dataset,
with normoxia and hypoxia covering 92 % of peaks present in the ENCODE dataset (Fig. S7C).
Hypoxia led to 179 peaks being upregulated and 560 peaks being downregulated (Fig. 2D, Dataset
S1). H3K36me3 located primarily across the gene bodies (Fig. S7D). Hypoxia led to a reduction
in the percentage of peaks identified for this mark, but its location was unaltered (Fig. S7E).

To understand the relevance of the changes in H3K4me3 and H3K36me3 we had identified
after such a short period of hypoxia, we performed pathway association analysis using the
molecular signatures database (MSigDB) (21, 22). Genes found to have upregulated peaks of
H3K4me3 had a significant representation of hypoxia signaling and epithelial to mesenchemical
transition signatures (Fig. 2E). On the other hand, genes with reduced peaks of H3K4me3, were
mostly associated with cell division and oxidative phosphorylation (Fig. S8A). Analysis of the
H3K36me3 datasets revealed that genes with increased H3K36me3 peaks were associated not only
with hypoxia but also NF-«kB signaling (Fig. 2F). Although ‘Response to UV’ (downregulated)
was the signature mostly represented in this dataset, a similar signature was also found associated
with the genes with reduced peaks for H3K36me3 (Fig. S8B). Genes with reduced H3K36me3
peaks were also associated with cell division and oxidative phosphorylation, suggesting that these
molecular pathways are represented in the acute response to hypoxia (Fig. S§B).

Given the interesting results that 1 hour of hypoxia exposure changes histone mark
deposition at genes associated with the hypoxia response, we performed integrative analysis of our
histone marks datasets, with known HIF targets and hypoxia inducible/repressed gene sets (Fig.
2G-H). Overlap analysis was performed on 93 validated HIF 1 target genes (adapted from (23)),
hypoxia induced and repressed genes across several cell types (24) (Fig. 2G, Dataset S1).
H3K4me3 hypoxia upregulated peaks were significantly correlated with validated HIF targets, cell
type conserved hypoxia induced genes and the non-redundant combination of validated HIF targets

and cell type conserved hypoxia induced genes (Fig. 2G, Dataset S1). H3K4me3 hypoxia
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downregulated peak genes showed no significant correlation with HIF validated target genes,
hypoxia induced or hypoxia repressed gene lists (Fig. 2G). We also compared the H3K4me3 ChIP-
seq dataset with our own RNA-seq analysis in HeLa cells, following 16 hours exposure to 1% O»
(Fig. 2G, Dataset S1). This analysis revealed some overlap with hypoxia induced genes, but also
contained genes that were identified as having a reduced level of H3K4me3 but were still induced
in HeLa cells at 16 hours. This result was not unexpected given the dynamic nature of gene
expression in hypoxia, with certain genes being activated at early times but repressed at later
stages, when adaptation is starting to occur. Finally, H3K4me3 hypoxia upregulated peaks were
significantly enriched in the non-redundant combination of validated HIF target genes, cell type
conserved hypoxia induced genes and HeLa hypoxia induced genes. Taken together these results
suggest that H3K4me methylation is associated with a core response to hypoxia, since most
significant overlap occurs in a cell independent and conserved set of genes responsive to this stress.

H3K36me3 upregulated peak genes also displayed positive correlation with HIF validated
target genes (Fig. 2H, Dataset S1). All of these peak changes were located at gene bodies (Dataset
S1). No gene overlap was found between H3K36me3 hypoxia upregulated peak genes and cell
type conserved hypoxia downregulated genes (Fig. 2H). However, hypoxia repressed genes were
significantly enriched for H3K36me3 hypoxia downregulated peak genes (Dataset S1).

For validation, we focused on the H3K4me3 genes, selecting some known HIF genes but
also genes that are hypoxia-inducible independently of known HIF regulation (Dataset S1). We
also included a very well-known HIF-dependent and hypoxia inducible gene, not identified in our
stringent analysis, CA9 (Fig. S9A). ChIP-qPCR analysis revealed a significant increase in
H3K4me3 present at all the predicted genes, with further increases being observed at 24 hours of
hypoxia (Fig. 3A, Fig. S9B). Interestingly, we also observed significant increases in the mark
present at the ACTB gene, which we used as a control, following 24 hours of hypoxia. As negative
controls we used BAP1 and KDM2B genes, BAP1 was identified as a down peak while no change
was detected in KDM2B in the H3K4me3 analysis. As predicted no change was observed in the
levels of H3K4me3 present at the genomic locations analysed following any of the hypoxia time
points (Fig. 3A, Fig. S9B)

Since H3K4me3 is associated with active transcription, we next determined if the genes
selected for validation of our sequencing results were being activated very early in hypoxia. To
this end, we analysed mRNA levels for all the genes we tested using qPCR (Fig. 3B, Fig. S10A).

This analysis demonstrated that following 1 hour of hypoxia, none of the investigated genes
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increased above the normoxia control. BNIP3L, KLF10, CA9 and STAG2 mRNA levels were
significantly increased following 2 hours of hypoxia, while ENOI and LOX mRNA levels were
only increased following prolonged hypoxia exposures. These results indicate that elevated
H3K4me3, following 1 hour of hypoxia, is not a result of increased gene transcription at the sites
studied.

Given the rapid nature of the changes in H3K4me3 levels observed at these genes, we
hypothesized that this was due to JmjC histone demethylase inhibition. This mark is predicted to
be erased by a variety of these enzymes, namely, KDM2B and the KDM5A-D family. To
investigate if any or all of the enzymes were controlling global levels of this mark in HeLa cells,
we depleted each of them using siRNA and analysed the levels of H3K4me3 by immunoblot (Fig.
4A, Fig. S10B-C). Visible increases in H3K4me3 could be seen in cells depleted of KDM2B,
KDMS5A, KDM5B and KDMS5C (Fig. 4A). However, no effect was seen with KDMS5D, which is
not expressed in HeLa cells (Fig. 4A). We also analysed mRNA levels of the genes we identified
as having increased levels of H3K4me3 at their promoters in hypoxia (Fig. 4B, Fig. S10D). This
revealed that KDMS5A has the strongest effect, inducing increases in mRNA levels of BNIP3L,
KLF10 and LOX. STAG2 and ENO1 mRNA levels were only increased significantly by one of
the siRNA oligonucleotides used against KDMS5A (Fig. 4B, Fig. S10D). These changes were
mirrored in the levels of H3K4me3 present at promoters of each of the genes tested, with
significant increases detected in KLF10, BNIP3L, STAG2 and LOX, when cells were depleted of
KDMS5A but not in our negative controls BAP1 and KDM2B (Fig. 4C, Fig. SI0E). These results
indicate that KDMS5A is directly involved in the regulation of H3K4me3 at the genes we identified
in the ChIP-sequencing in the early response to hypoxia. KDMS5A involvement in hypoxia had
previously been demonstrated following prolonged exposures times in other systems (25).

To determine if indeed KDMSA has a role in altering cellular responses in hypoxia and
normoxia, we performed functional assays modulating KDMS5A levels in cells. We could
demonstrate that KDMS5A depletion resulted in reduced proliferation and colony formation in
normoxia but also hypoxia (Fig. 4D, Fig. S10F). Furthermore, KDMS5A depletion increased the
levels of Autophagy/Apoptosis BH3 containing proteins both in normoxia and hypoxia (Fig. 4E).
As predicted by our ChIP-seq validation and mRNA analysis, KDMS5A depletion is sufficient to
induce BNIP3L protein, an important BH3 containing protein with roles in autophagy and
apoptosis (26, 27). These results demonstrate that KDMS5A is sensitive to oxygen levels in cells

and modules the cell’s transcription and functional response.
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Our results indicate that chromatin can sense oxygen at the cellular level, via JmjC domain
containing enzymes, in a similar manner to HIF la via the PHD enzymes. We thus investigated
the dynamics of histone methylation marks in hypoxia. A feature of oxygen sensing by PHDs is
the rapid re-instatement of basal HIF la levels, upon re-oxygenation (28). We thus analysed how
rapidly histone methylation marks retuned to normoxic levels upon restoration of normal oxygen
tensions (Fig. 5A). As expected, HIF 1a levels quickly returned to basal or lower levels when cells
were exposed to 21% O» following 24 hours exposure to 1% O> (Fig, SA). Interestingly, almost
all histone marks were reverted as quickly as 1 hour following re-oxygenation, indicating again a
strong sensitivity to Oz tensions at this level (Fig. 5A). To further delineate the O> sensitivity of
histone methylation marks to O2, we repeated our analysis in cells exposed to different levels of
O2 and compared this to HIF la stabilization pattern in the cell (Fig. 5B). This revealed that the
histone methylation marks we analysed are increased at the same O concentration as HIF 1la.,
indicating that some of the JmjC containing enzymes have similar Oz requirements as the PHD
enzymes (Fig. 5B). This is in agreement with the reported Km measurement reported for of these
enzymes, KDM4A and KDM4E (11, 12).

Given that our results indicated that KDM5A is the more likely KMDS5 family member to
be mediating the O2 sensing in HeLa cells, we investigated if there were any sequence or structural
differences between KDMS5A, KDM5B and KDMS5C that could explain these observations.
Sequence alignment revealed a high level of similarity between all three enzymes (Fig. S11A).
Closer examination of the KDMS5 family active site using publicly available structures, revealed
very similar features (Fig. 5C). The only visible difference is on Serine 464 in KDMS5A and
KDMS5C (position 495), which is changed to a Cysteine in KDMS5B (position 480), this creates a
bigger onward interface in KDMS5A than in the other KDMS5 family members (Fig. 5C). We thus
created this point mutation in KDMS5A and assessed its response in normoxia and hypoxia (Fig.
5D). For this analysis we used HEK293 cells, which also demonstrably respond with similar
kinetics of histone demethylase inhibition as HeLa cells (Fig. S12A). Overexpression of KDM5A
resulted in robust demethylation in normoxia as expected (Fig. SD). KDM5A was also able to
demethylate H3K4me3 even at 1% O», suggesting that increasing the levels of the enzyme can
compensate for reduced level of co-activators. Interestingly, mutation of Serine 464 to Cysteine
did not results in any discernable change to the activity of KDMS5A, suggesting that this site is not
responsible for the specificity we are proposing in response to hypoxia. We thus returned to the

structural information available and created a series of mutants across different and divergent
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regions of KDMS5A (Fig. S12B). These mutations were directed against key domains, where
residues were different between KDMS5 family members (Fig. S12B). We analysed the activity of
these mutants in cells in normoxia and 1% O». All mutants expressed well, and similar potent at
demethylating H3K4me3 in normal oxygen conditions (Fig. 5E). As previously observed,
mutation of S464 to Cysteine did not result in a visible activity change in either normoxia or
hypoxia. Similar results were obtained for mutations in the ARID domain or PHD3 domain (Fig.
SE, Fig. S12B). Interestingly, mutations in the JmjN (T30 and S34 to A) and PHDI1 (M297L)
domains resulted in higher demethylase activity even at 1% oxygen. Given that these domains do
not coordinate coactivators such as oxygen or 2-oxoglutarate, it is likely that they increase affinity
for histone tail (PHD1 domain) and increase activity by potentiating dimerization (ARID domain),
as was recently discovered for the KDM4 family (29).

The mutational analysis of KDMS5A, making it more similar to KDMS5B, still could not
answer how the specificity of oxygen dependent responses is achieved in cells. We hypothesized
that this could be due to levels of the respective enzymes in cells. HIF 1o stabilization in cells is
only transient given the negative feedback loop mediated by PHD2 and PHD3. After prolonged
hypoxia, upregulation of PHD2 or PHD3 in a HIF la dependent manner, results in reduced HIF

la levels, despite low oxygen conditions. It is therefore possible that different levels of KDM
family members can dictate specificity of a cell/tissue response to oxygen. Based on this
hypothesis, we interrogated quantitative proteomic datasets available on the PRIDE database and
collected the copy number information for several members of the KDM family in HeLa cells (30)
(Fig. S13A-E). In HeLa cells, KDM5A is the most abundant KDM5 family member, followed
closely by KDMS5C, while KDM5B is much less abundant (Fig. 5F). Clear copy number
differences amongst KDM family members is seen for all the KDMs detected in these proteomic
analyses, with KDM2A, KDM3B, KDM4A, and KDM6A having highest expression levels in
HeLa cells (Fig. S13A-E). Our overexpression analysis (Fig. 5D-E), already supports this
possibility. However, we manipulated KDMS5A levels with siRNA and exposed cells to 15% or
10% of O and analysed how this histone mark behaved (Fig. 5G). This analysis revealed that
reduced levels of KDMS5A, and hence activity, resulted in similar H3K4me3 levels in cells exposed
to 15% or 10% O, thus setting a new sensitivity threshold for oxygen in these cells (Fig. 5G).
Although the O, Km for KDMS5A is currently unknown, our data suggest that this property alone
is not sufficient to explain how different tissues respond to different O tensions. Rather, and based

on the data presented here, levels of JmjC histone demethylases in combination with oxygen
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affinity, contribute to the overall sensitivity to Oz of a given cell, and this would promote
specificity across different tissues. JmjC containing enzymes, including KDMS5A, are evolutionary
conserved from yeast to humans (37-33) suggesting that oxygen sensing by chromatin via these
enzymes will contribute to a conserved response to hypoxia across species. Furthermore, it
suggests that oxygen sensing by chromatin is, in phylogenetic evolutionary terms, older that

oxygen regulated transcription factors such as HIFs.
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Fig. 1. Hypoxia increases histone methylation independent of HIF.

Immunoblot analysis of histone methylation and HIF 1o in HeLa and HFF cells exposed to 1% O:
for the indicated time points (A). Immunoblot analysis of histone methylation and HIF 1o in HeLa
cells exposed to 1% O: for the indicated time points (B). Immunoblot analysis of histone
methylation and HIF 1a in HeLa cells treated with DMOG (C) and DFX (D) for the indicated time
points. Immunoblot analysis of histone methylation on purified histone extracts from HeLa cells
exposed to 1% O, for the indicated time points (E). Immunofluorescence analysis histone
methylation in HeLa cells exposed to 1% O> for 1 hour (F) Graph depicts individual cell
measurements, mean and SEM from a minimum of three independent experiments. ANOVA
analysis determined statistical significance ***p<0.001 between conditions. Immunoblot analysis
of histone methylation, and HIF 1o and HIF 1 in HeLa cells exposed or not to 1 hour of 1% O»
following siRNA depletion of HIF 13 (G). Immunoblot analysis of histone methylation and HIF
la in HeLa cells treated with VH298 for the indicated time points, with or without exposure to 24
hours to 1% O> (H).
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Fig. 2. Hypoxia induces specific changes in H3K4me3 and H3K36me3 with marks increasing
at hypoxic gene signatures.

ChIP-Seq analysis of H3K4me3 and H3K36me3 in HeLa cells at 21% O> (normoxia) or exposed
to 1% O: for 1 hour (hypoxia). Overlap of high stringency (3/3 replicates) H3K4me3 (A) and
H3K36me3 (C) ChIP-seq peaks in HeLa cells at normoxia (21% O2) or exposed to hypoxia (1H
of 1% O»). Differential regulation of H3K4me3 (B) and H3K36me3 (D) ChlP-seq peaks in HeLa
cells exposed to hypoxia compared to normoxia. Gene group association analysis showing
significant enrichment of gene set signatures (MsigDB) for H3K4me3 (E) and H3K36me3 (F)
hypoxia upregulated ChIP-Seq peak genes. Hypergeometric distribution analysis determined
statistical significance. Gene group association analysis of differentially regulated H3K4me3 (G)
and H3K36me3 (H) ChIP-Seq peaks in HeLa cells exposed to hypoxia (1H, 1% O) compared to
normoxia, with HIF 1o target genes (HIF target), hypoxia induced genes, hypoxia repressed genes,
hypoxia induced and repressed genes in HeLa cells, and the non-redundant combination of HIF
la target and hypoxia induced genes (HIF 1a target + hypoxia induced). p values were determined
by Fisher exact t test. **p<0.01, ***p<0.001.
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Fig. 3. H3K4me3 levels increase in hypoxia at a subset of hypoxia inducible genes.

ChIP qPCR analysis of H3K4me3 at promoters of indicated the genes in HeLa cells exposed to
1% O; for the indicated time points (A). Coverage tracks for RPM normalised H3K4me3 ChIP-
seq read counts in HeLa cells exposed to normoxia (N) or 1 hour of 1% O> (H) with hypoxia
upregulated peaks highlighted, are inserted into graphs. Data represent the mean and SEM of at
least 3 independent experiments with p values determined by Student’s t test. (B) gPCR analysis
of mRNA expression levels for the indicated genes in HeLa cells exposed to 1% O- for the
indicated time points. Data represent the mean and SEM of at least 3 independent experiments
with p values determined by Student’s t test. *p< 0.05, **p<0.01, ***p<0.001.
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Fig. 4. KDMS5A regulates promoter methylation and gene expression at a subset hypoxia
inducible genes and controls cells proliferation and autophagy.

Immunoblot analysis of H3K4me3 and H3 levels in HeLa cells siRNA depleted of KDMS5A,
KDMS5B, KDMS5C and KDMS5D (A). gPCR analysis of mRNA expression levels for the indicated
genes in HeLa cells siRNA depleted of KDMS5A, KDM5B and KDMS5C (B). Data represent the
mean and SEM of at least 3 independent experiments with p values determined by Student’s t test.
ChIP gPCR analysis of H3K4me3 at promoters of indicated the genes in HeLa cells siRNA
depleted of KDMS5A (C). Data represent the mean and SEM of at least 3 independent experiments
with p values determined by Student’s t test. Cell proliferation analysis in HeLa cells depleted of
KDMS5A in normoxia and hypoxia (D). Analysis of autophagy markers and BH3 protein BNIP3
and BNIP3L by immunoblot in cells depleted of KDMS5A and exposed to hypoxia and sub-G1
analysis using Flow cytometry (E). Data represent the mean and SEM of at least 3 independent
experiments with p values determined by Student’s t test. *p< 0.05, **p< 0.01, ***p< 0.001.
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Fig. 5. Oxygen sensitivity of cellular histone methylation marks.

Immunoblot analysis of histone methylation in HeLa cells exposed or not to 24 hours of 1% O:
followed by 1,2 and 4 hours of reoxgenation at normoxia (21% O) (A). Immunoblot analysis of
histone methylation in HeLa cells exposed or not to 1 hour of 15%, 10%, 5% and 1% O (B).
Structural alignment of KDM5A (yellow, PDB 5V9P), KDM5B (blue, PDB 5A3P), and KDMS5C
(orange, PDB 5FWJ) catalytic pocket with the H3K4me3 peptide substrate (green, PDB 5YKO)
(C). Immunoblot analysis of H3K4me3 levels in the presence of overexpressed KDMS5A wildtype
or Serine 464 to Cysteine mutant in HEK293 cells. Where indicated cells were also exposed to 24
hours of 1% O; (D). Immunoblot analysis of H3K4me3 levels in the presence of overexpressed
KDMS5A wildtype or the indicated KDMSA mutants in HEK293 cells. Where indicated cells were
also exposed to 24 hours of 1% Oz (E). Quantitative proteomic analysis for KDMS5 family members
in HeLa cells (F). Immunoblot analysis of histone methylation and HIF 1a levels in HeLa cells
siRNA depleted of KDMS5A and exposed or not to 15% and 10% O for 1 hour (G).
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