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Abstract: Hypoxia is not only a developmental cue but also a stress and pathological stimulus in 
many human diseases. The response to hypoxia at the cellular level relies on the activity of the 
transcription factor family, hypoxia inducible factor (HIF). HIF-1 is responsible for the acute 
response and transactivates a variety of genes involved in cellular metabolism, cell death, and cell 
growth. Here, we show that hypoxia results in increased mRNA levels for human lysine (K)-specific 
demethylase 2 (KDM2) family members, KDM2A and KDM2B, and also for Drosophila melanogaster 
KDM2, a histone and protein demethylase. In human cells, KDM2 family member’s mRNA levels 
are regulated by HIF-1 but not HIF-2 in hypoxia. Interestingly, only KDM2A protein levels are 
significantly induced in a HIF-1-dependent manner, while KDM2B protein changes in a cell type-
dependent manner. Importantly, we demonstrate that in human cells, KDM2A regulation by 
hypoxia and HIF-1 occurs at the level of promoter, with HIF-1 binding to the KDM2A promoter 
being required for RNA polymerase II recruitment. Taken together, these results demonstrate that 
KDM2 is a novel HIF target that can help coordinate the cellular response to hypoxia. In addition, 
these results might explain why KDM2 levels are often deregulated in human cancers. 
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1. Introduction 

Hypoxia, or reduced oxygen availability, is an important developmental cue in multicellular 
organisms, but it is also involved in a number of human pathologies [1,2]. In response to hypoxia, 
cells orchestrate a tightly controlled and coordinated response, mostly dependent on transcriptional 
changes [3]. In the centre stage of such a response, stands the transcription factor family, hypoxia 
inducible factor (HIF). 

HIF is a heterodimer consisting of a α and a β subunits, also known as aryl hydrocarbon nuclear 
translocator [4]. While HIF-1β protein levels remain largely unchanged in hypoxia, HIF-α levels are 
extremely sensitive to change in oxygen availability. Oxygen sensitivity is conferred to the HIF 
system, via the action of a class of dioxygenases called prolyl hydroxylases (PHDs). PHDs require 
molecular oxygen, 2-oxoglutarate, and iron as cofactors to perform proline hydroxylation of their 
targets [5]. Proline hydroxylation of two conserved residues within HIF-α creates a high-affinity 
binding site for a ubiquitin E3 ligase complex containing the tumour suppressor, von Hippel Lindau 
(VHL). VHL thus promotes the ubiquitination and proteasome-dependent degradation of HIF-α 
under normal oxygen conditions [6]. 

In addition to changes in HIF-α protein stability, an additional level of oxygen control is 
mediated by another dioxygenase called factor inhibiting HIF (FIH). FIH mediates asparagine 



Cells 2017, 6, 8 9 of 15 

 

hydroxylation in the transactivation domain of HIF-α, a modification that prevents efficient 
recruitment of coactivators such as p300/CBP to HIF-α, thus limiting the transcriptional output of 
HIF [7]. It has been shown that FIH is still functional at oxygen concentrations where PHDs are 
already inhibited [8]. Furthermore, genetic studies have shown that FIH regulates 40% of  
HIF-dependent genes [9]. However, FIH knockout mice develop normally, suggesting that FIH is not 
involved in controlling HIF-dependent transcription during developmental hypoxia [10]. 

Structural studies of the FIH enzyme revealed an interesting fold, identical to a domain called 
Jumonji C (JmjC) [11,12]. JmjC enzymes are protein demethylases, and a number of them possess 
histone demethylase activity [13]. As such, these enzymes have the potential of sensing and being 
controlled by oxygen levels in the cell. Changes in histone methylation have been described in 
hypoxia in a number of cellular systems [13,14]. One of the JmjC enzymes, lysine (K)-specific 
demethylase (KDM)4E, has been analysed in terms of its oxygen dependency, revealing a similar 
response to oxygen to that of PHDs [15]. Interestingly, some of the JmjC enzymes have been shown to 
be induced in hypoxia, and some in a HIF-dependent manner (reviewed in [13]). These include 
KDM3A, KDM4B and C, and KDM5C [16–20]. 

One interesting family of JmjC enzymes that is deregulated in human disease [13] is KDM2. 
KDM2A and KDM2B demethylate histone 3 lysine 36 when mono- and dimethylated [21,22]. The 
KDM2 family possesses additional functional domains to JmjC, including an Fbox domain, a PHD 
domain, a CXXC-zinc finger domain, and a leucine-rich repeat domain [13]. Apart from 
demethylating histone H3 tails, these proteins have also been shown to have non-histone targets such 
as RelA and β-catenin [23,24]. Furthermore, these enzymes have been shown to be deregulated in 
cancers such as breast and pancreatic [25–27]. 

Here, we demonstrate that KDM2A is hypoxia-inducible in a HIF-dependent manner. We find 
that HIF-1α regulates the KDM2A promoter and that HIF-1 is required for the recruitment of RNA 
polymerase II to the KDM2A promoter. Interestingly, although KDM2B mRNA is induced in a  
HIF-dependent manner in hypoxia, KDM2B protein level changes in hypoxia are dependent on the 
cell type analysed. 

2. Material and Methods 

Cells and cell culture: Human embryonic kidney cells HEK293, U2OS osteosarcoma, HeLa cervix 
carcinoma, and MCF-7 breast cancer cells were obtained from the European Collection of Cell 
Cultures and grown in Dulbecco’s Modified Eagle Medium (Lonza) supplemented with 10% foetal 
bovine serum (Gibco), 50 units/mL penicillin (Lonza), and 50 µg/mL streptomycin (Lonza) for no 
more than 30 passages at 37 °C and 5% CO2. Cells were routinely tested for contamination. 

Hypoxia treatments: All hypoxia exposures were performed at 1% O2 in an in vivo 300 hypoxia 
workstation (Ruskin, Pencoe, UK). Cells were lysed for protein extracts, RNA extraction, 
immunofluorescence, and chromatin immunoprecipitation fixation in the workstation to avoid 
reoxygenation. 

Drosophila melanogaster experiments: Fly culture and husbandry were performed according to 
standard protocols. All procedures were previously described in [28,29]. 

Antibodies: HIF-1α (610958, BD Biosciences San Jose, CA, USA, and sc-53546 Santa Cruz 
Biotechnology, Dallas, TX, USA), HIF-2α (sc-13596, Santa Cruz Biotechnology ), HIF-1β (#5537, Cell 
Signaling, Danvers, MA, USA), β-actin (3700, Cell Signaling), RNA polymerase II (sc-47701, Santa 
Cruz Biotechnology), KDM2A (A301-476A, Bethyl laboratories, Montgomery, TX, USA), and KDM2B 
(09-862, Millipore; GTX104868. Genetex, Zeeland, MI, USA). 

Immunoblot: Cells were lysed in RIPA buffer, 50 mM Tris-HCl (pH 8), 150 mM NaCl, 1% (v/v) 
NP40, 0.5% (v/v) Na-deoxycholate, 0.1% (v/v) SDS, and 1 tablet/10 mL Complete, Mini, EDTA-free 
protease inhibitors (Roche). SDS-PAGE and immunoblots were carried out using standard protocols. 

mRNA analysis: RNA was extracted using peqGOLD total RNA kit (Peqlab, Erlangen, 
Germany) or Direct-Zol RNA kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s 
instructions, and reverse transcribed using QuantiTect Reverse Transcription Kit (Qiagen, Hilden, 
Germany). For quantitative PCR, Brilliant II Sybr Green kit (Statagene/Agilent, Santa Clara, CA, 
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USA), including specific MX3005P 96-well semi-skirted plates, were used to analyse samples on the 
MX3005P qPCR platform (Stratagene/Agilent). Actin was used as a normalising agent in all 
experiments. qPCR results were analysed by the ΔΔCt method. Control normoxia or hypoxia were 
used as calibrators in the different experiments, and set to 100. 

The following primers were used for RT-PCR: 
Actin 

F: 5’-CTGGGAGTGGGTGGAGGC-3’, and 
R: 5’-TCAACTGGTCTCAAGTCAGTG-3’. 

KDM2A 

F: 5’-CAGGAGGCCGGGCTCTCAGT-3’, and 
R: 5’-CGGGTCTGGGACTCCTGGGG-3’. 

HIF-1α 

F: 5’-CATAAAGTCTGCAACATGGAAGGT-3’, and 
R: 5’-ATTTGATGGGTGAGGAATGGGTT-3’. 

HIF-1β 

F: 5’-CAAGCCCCTTGAGAAGTCAG-3’; and 
R: 5’-GAGGGGCTAGGCCACTATTC-3’. 

CA9 

F: 5’-CTTTGCCAGAGTTGACGAGG-3’; and 
R: 5’-CAGCAACTGCTCATAGGCAC-3’. 

HIF-2α 

F: 5’-TTTGATGTGGAAACGGATGA-3’, and 
R: 5’-GGAACCTGCTCTTGCTGTTC-3’ 

KDM2B and KDM2B isoform 1 validated primer set were obtained from Qiagen. 
KDM2B_isoform2 

F: 5’- AAGCAAGTCACCAAGGAAGG-3’; and 
R: 5’- CCCAAACGGGTGGTTGAA-3’. 

Drosophila primers: 
drActin 

F: 5’- GCGTTTTGTACAATTCGTCAGCAACC-3’, 
R: 5’- GCACGCGAAACTGCAGCCAA-3’. 

drKDM2 

F: 5’-AGTGTTGAGGATAGCACGAAAG-3’, 
R: 5’-CCCAGTAGCGTGTGAACATAG-3’. 

siRNA: siRNA oligonucleotides were purchased from MWG and used in a final concentration 
of 27 nM. They were transfected using Interferin from Polyplus according to manufacturer’s 
instructions. The following oligonucleotides sequences were used for siRNA knockdown: 

Control: 5’-AAC AGU CGC GUU UGC GAC UGG-3’, 

HIF-1α: 5’-CUG AUG ACC AGC AAC UU-3’, 

HIF-2α: 5’-CAG CAU CUU UGA CAG-3’. 

HIF-1β: 5’-GGU CAG CAG UCU UCC AUG-3’. 

KDM2B_1: 5’- CUA UGA GUA GGU ACA GAG A-3’ 
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KDM2B_2: 5-CCA CUG CAA GUC UAG CAC A-3’ 

Chromatin immunoprecipitation: Following the different treatments, proteins and chromatin 
were cross-linked with 1% formaldehyde at room temperature for 10 min. Glycine was added to a 
final concentration of 0.125 M for 5 min to quench the reaction. Cells were harvested into 400 µL of 
lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8.1, 1 mM PMSF, 1 µg/mL leupeptin,  
1 µg/mL aprotinin) and left on ice for 10 min. Samples were then sonicated at 4 °C eight times for 15 
s with a 30 s gap between each sonication at 50% amplitude (Sonics Vibra-Cell # VCX130). 
Supernatants were recovered by centrifugation (12,000 rpm for 10 min at 4 °C) before 10% of each 
sample was stored as input. Remaining samples were split into 120 µL aliquots before being diluted 
10-fold in dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCl pH 8.1). 
Diluted samples were precleared for 2 h at 4 °C by incubating with 2 µg of sheared salmon sperm 
DNA and 20 µL of protein G-Sepharose (50% slurry). Immunoprecipitations were performed 
overnight with 2 µg of specific antibody or IgG control, with the addition of Brij 35 detergent to a 
final concentration of 0.1%. Immune complexes were captured by incubation with 40 µL of protein 
G-Sepharose (50% slurry) and 2 µg salmon sperm DNA for 1 h at 4 °C. The immunoprecipitates were 
washed sequentially for 5 min each at 4 °C in Wash Buffer 1 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 
20 mM Tris-HCl, pH 8.1, 150 mM NaCl), Wash Buffer 2 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 
mM Tris-HCl, pH 8.1, 500 mM NaCl), and Wash Buffer 3 (0.25 M LiCl, 1% Nonidet P-40, 1% 
deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.1). Beads were washed twice with Tris-EDTA 
buffer and eluted with 120 µL of Elution Buffer (1% SDS, 0.1 M NaHCO3). Cross-links were reversed 
by incubation with 0.2 M NaCl at 65 °C overnight and Proteinase K (20 µg each), 40 mM Tris-HCl pH 
6.5, and 10 mM EDTA for 1 h at 45 °C was used to remove protein. DNA was purified using a PCR-
product purification kit according to manufacturer’s instructions (NBS Biologicals #NBS363). DNA 
(3 µL) was used for qPCR with the following primers for the putative hypoxia response element 
(HRE) sites at the KDM2A and KDM2B promoters: 

KDM2A_HRE 

F: 5’-GTCTGACGGGTTCAAAATGG-3’, and 
R: 5’-CTACTCCCCAGTCGCAGAAG-3’. 

KDM2B_HRE 

F: 5’-CCTAGTAAAGGAGTCCACAG-3’, and 
R: 5’-CCATACCTATAAGGACTGCC-3’. 

Immunofluorescence: Cells were plated onto sterilised glass coverslips (VWR 19 mm) in 35 mm 
plates 24 h before transfection at a density of 1.2 × 105 cells in a total volume of 2 mL media.  
Forty-eight hours following transfection, cells were fixed to coverslips in 100% methanol for 5 mins 
at −20 °C. Cells were then washed with PBS and blocked with 1% donkey serum in PBS/0.05% Tween 
for 30 min at room temperature. Cells were placed in a humidified chamber, incubated with primary 
antibody for 1 h, washed three times (5 min each) in PBS, incubated for 1 h with secondary antibody, 
and washed three times (5 min each) in PBS. Nuclear staining was performed by incubation with 33.3 
µM Hoechst (Life Technologies) for 2 min. Coverslips were then washed in dH2O and mounted onto 
VWR SuperFrost slides using mounting medium (H-1000; Vector labs, Peterborough, UK) and sealed 
with nail varnish. Cell images were acquired using a DeltaVision microscope. Images were 
deconvolved and analysed using OMERO client software (5.2.7, Open Microscopy Environment, 
Dundee, UK) [30]. 

Plasmids and cloning: HIF-1α expression plasmid was obtained from Origene. 
KDM2A HRE sites were cloned using KpnI and MluI restriction enzymes in the pGL3 promoter 

luciferase construct (Promega) using the following oligonucleotides 

WT KDM2A (−186 GCGTG, −143 GCGTG) 
Forward:  
5’-CGCATCCGCGCGTGCGCGCGCGGAGTGACGCGTGCGCGTTCA-3’ 
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Reverse:  
5’-CGCGTGAACGCGCACGCGTCACTCCGCGCGCGCACGCGCGGATGCGGTAC-3’ 
KDM2A −186 mut (−186 GATAA, −143 GCGTG) 

Forward: 
5’-CGCATCCGCGATAACGCGCGCGGAGTGACGCGTGCGCGTTCA-3’ 
Reverse: 
5’-CGCGTGAACGCGCACGCGTCACTCCGCGCGCGTTATCGCGGATGCGGTAC-3’ 

KDM2A double mut (−186 GATAA, −143 GATAA) 

Forward: 
5’-CGCATCCGCGATAACGCGCGCGGAGTGACGATAACGCGTTCA-3’ 
Reverse: 
5’-CGCGTGAACGCGTTATCGTCACTCCGCGCGCGTTATCGCGGATGCGGTAC-3’ 

Luciferase reporter assay: Cells (2 × 105) were seeded in six-well plates and transfected with 1 µg 
DNA. At 48 h post-transfection, cells were lysed in 400 µL passive lysis buffer (Promega). Luciferase 
assays were performed according to the manufacturer's instructions (Luciferase Assay System, 
Promega). Results were normalised for protein concentration with all experiments being performed 
a minimum of three times before calculating means and standard error of the means. 

Statistical analysis: Student t-tests were performed for all the data comparing control to 
treatment conditions, with values calculated: p values, with * p < 0.05, ** p < 0.01, and *** p < 0.001. 

3. Results 

3.1. Hypoxia Induces Changes in KDM2A and KDM2B mRNA Levels 

In order to determine if KDM2 family members are transcriptionally regulated in hypoxia, U2OS 
and HeLa cells were exposed to 1% O2 for 24 h prior to mRNA extraction and qPCR analysis. Levels 
of KDM2A and KDM2B were analysed (Figure 1A,B) and CA9, a known HIF-dependent target, was 
used as a control (Figure 1C). Both KDM2A and KDM2B mRNA were induced by hypoxia (Figure 
1A,B). As expected, CA9 mRNA was robustly induced in both cell lines following hypoxia (Figure 
1C). In addition, we also investigated if hypoxia was able to induce KDM2 in the model organism 
Drosophila melanogaster, where only one gene is present. Here, whole flies were exposed to 5% oxygen 
for 24 h prior to mRNA extraction and gene expression analysis. As it can be seen in Figure 1D, 
hypoxia induces the levels of KDM2 mRNA in this organism as well. 

 

Figure 1. Cont. 
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Figure 1. KDM2 mRNA is induced in hypoxia in human and in Drosophila melanogaster. U2OS and 
HeLa cells were exposed to 1% O2 for 24 h prior to RNA extraction. Following cDNA synthesis, qPCR 
analysis was performed for the levels of (A) KDM2A, (B) KDM2B, and (C) CA9 mRNA. Graphs depict 
mean and standard deviation from a minimum of three independent experiments performed in 
duplicate. (D) Adult animals were exposed to 5% O2 for 24 h prior to total RNA extraction. Levels of 
KDM2 were as in (A). Graph depicts mean and standard deviation of two independent experiments 
consisting of 70 animals per condition. Student t-test was performed and p values calculated.  
*** p < 0.001. 

3.2. Hypoxia Induces KDM2A Protein but KDM2B Changes are Cell Type-Dependent 

Next, we assessed if hypoxia could induce KDM2A and KDM2B protein levels. Western blot 
analysis revealed that, indeed, hypoxia induces KDM2A protein (Figure 2A) in the cell lines analysed. 
While numerous attempts were made to investigate KDM2B protein levels by Western blot, none of 
the antibodies tested were specific for KDM2B when an siRNA depletion control was included 
(Figure S1A), despite all the antibodies presenting a band of the expected size (Figure S1B–D). 
However, we could determine that one particular antibody was specific when used in 
immunofluorescence, accessed by siRNA depletion, overexpression of KDM2B, and specific controls 
for antibody staining (Figure S2A–C).  
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Using immunofluorescence (IF), we find that hypoxia exposure results in reduced expression of 
KDM2B protein in U2OS cells and in a small statistical upregulation in HeLa cells following 24 h of 
hypoxia, assessed by analysing the intensity of antibody staining across several cells (Figure 2B).  

Given that KDM2B possesses two different isoforms [31], we investigated the possibility that 
our mRNA analysis was only measuring one specific isoform, not recognised by the antibodies we 
have tested. As such, we designed specific PCR primers directed at each of the KDM2B isoforms and 
repeated our qPCR analysis in cells exposed or not to hypoxia. This analysis revealed that hypoxia 
induces the expression of both KDM2B transcripts significantly in both HeLa and U2OS (Figure 2C). 
This confirmed our initial mRNA analysis for total KDM2B mRNA, and suggests that hypoxia 
induces changes in KDM2B protein at the post-transcriptional level. 

 
Figure 2. Cont. 
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Figure 2. Hypoxia induces KDM2A protein but has little effect on KDM2B protein levels. (A) U2OS 
and HeLa cells were exposed to 1% O2 for the depicted times prior to cell lysis. Western blot was 
performed for the levels of the indicated proteins. Nonspecific band is labelled ns; (B) HeLa and U2OS 
were grown on coverslips and exposed to 1% O2 for the times depicted prior to fixation with methanol. 
Cells were stained with anti-KDM2B, HIF-1α antibodies, and DAPI to mark chromatin. Scale bar 
represents 10 µm. Images were acquired using a Deltavision microscope, and deconvolved and 
analysed using Omero software. Pixel intensities were quantified in Omero using the region of 
interest (ROI) tool. Graph depicts mean and standard deviation (SD) of a minimum of 100 cells per 
condition. Student t-test was performed and p value calculated. * p < 0.05, *** p < 0.001. 

3.3. Changes to the Levels of KDM2 Family Members in Hypoxia are HIF-1 Dependent 

Given that hypoxia induces changes to KDM2 proteins, we next determined if these were HIF 
dependent. First, we analysed KDM2A protein levels in response to hypoxia in the presence or 
absence of HIF subunits. Western blot analysis revealed that KDM2A protein levels were induced in 
hypoxia in a HIF-1α-, HIF-1β-dependent manner, while HIF-2α did not contribute to these effects 
(Figure 3A). Interestingly, KDM2B protein levels are also HIF-1α dependent, as HIF-1α depletion 
resulted in higher KDM2B protein levels both in normoxia and especially in hypoxia in U2OS cells 
(Figure 3B). This data was also observed when additional siRNA oligonucleotides were used in HeLa 
cells (Figure S3A).  

 
Figure 3. Cont. 
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Figure 3. Hypoxia-induced KDM2A protein requires HIF-α/HIF-1β heterodimer. (A) U2OS and HeLa 
cells were transfected with the indicated siRNA oligonucleotides for 48 h prior to lysis. Where 
indicated, cells were also exposed to 1% O2, for 24 h, prior to lysis. Cell lysates were analysed by 
Western blot using the indicated antibodies. (B) U2OS cells were grown on cover slips and transfected 
with the indicated siRNA oligonucleotides prior to methanol fixation. Where indicated, cells were 
also exposed to 1% O2, for the periods of time depicted, prior to fixation. Cells were stained with anti-
KDM2B, HIF-1α antibodies, and DAPI to mark chromatin. Scale bar represents 10 µm. Images were 
acquired using a Deltavision microscope, and deconvolved and analysed using Omero software. Pixel 
intensities were quantified in Omero using the ROI tool. Graph depicts mean and standard deviation 
(SD) of a minimum of 100 cells per condition. Student t-test was performed and p values calculated. 
*** p < 0.001. 

As HIF is a transcription factor, we next analysed the levels of KDM2A and KDM2B mRNAs in 
the presence or absence of HIF subunits (Figure 4). Both KDM2A and KDM2B mRNA levels in HeLa 
and U2OS cells were dependent on the presence of HIF-1α and HIF-1β in hypoxia (Figure 4A,B, 
Figure S4A). These results suggest that KDM2 family is transcriptionally regulated by HIF-1, which 
results in changes in protein levels in hypoxia. Similarly, overexpression of HIF-1α could induce 
KDM2A mRNA levels in both cells lines in normoxia and hypoxia (Figure 4C, Figure S4B). 
Interestingly, HIF-1α overexpression also resulted in increased levels of KDM2B, but this was only 
observed under normoxic conditions (Figure 4C, Figure S4B). 

 

Figure 4. Cont. 
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Figure 4. Hypoxia-induced KDM2A and KDM2B mRNA in a HIF-α/HIF-1β-dependent manner. (A) 
HeLa and (B) U2OS cells were transfected with the indicated siRNA oligonucleotides for 48 h prior 
to RNA extraction. In addition, cells were exposed to 1% O2 for the last 24 h. Following cDNA 
synthesis, qPCR analysis was performed for the levels of KDM2A and KDM2B mRNA. Graphs depict 
mean and standard deviation from a minimum of three independent experiments performed in 
duplicate. Student t-test was performed and p values calculated. * p < 0.05, ** p < 0.01, *** p < 0.001. (C) 
HeLa and (D) U2OS cells were transfected with empty vector (EV), or HIF-1α (1 or 2 µg) for 48 h prior 
to RNA extraction. In addition, cells were exposed to 1% O2 for the last 24 h. Following cDNA 
synthesis, qPCR analysis was performed for the levels of KDM2A and KDM2B mRNA. Graphs depict 
mean and standard error of mean from a minimum of three independent experiments performed in 
duplicate. Student t-test was performed and p values calculated. * p < 0.05, ** p < 0.01, *** p < 0.001. 

3.4. KDM2A Promoter is Regulated by HIF-1 

Given our results, we next determined if HIF-mediated regulation of KDM2 was occurring at 
the promoter level. Bioinformatic analysis of the KDM2A and KDM2B promoters revealed putative 
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hypoxia response elements (HREs) in both promoters, some quite close to the transcriptional start 
site (Figure 5A, Figure S5). We thus designed primer sets for the putative HRE sites present in the 
KDM2A and KDM2B promoters nearer the transcription start and performed chromatin 
immunoprecipitation (ChIP) analysis in hypoxia, for the levels of HIF-1α and HIF-1β present at these 
sites using qPCR (Figure 5A). We could detect significant levels of both HIF-1α and HIF-1β present 
at the KDM2A promoter when cells were exposed to hypoxia (Figure 5A). Interestingly, HIF-1α and 
HIF-1β were also present at the KDM2B promoter, under the same conditions. 

As we had observed HIF-1-dependent increases in mRNA and protein of KDM2A in hypoxia, 
we next investigated the functional significance of HIF-1 presence at the KDM2A promoter. To this 
end, HIF-1 subunits were depleted by siRNA from cells and levels of RNA polymerase II present at 
the KDM2A promoter were analysed by ChIP-qPCR. This analysis was performed following 24 h of 
hypoxia, where we had observed the highest mRNA induction, in a HIF-dependent manner. Levels 
of RNA polymerase II were robustly detected in control cells exposed to hypoxia, when the KDM2A 
promoter was analysed (Figure 5B). However, when either HIF-1α or HIF-1β were depleted by 
siRNA from cells, levels of RNA polymerase II present at the KDM2A promoter dropped significantly 
and to almost background levels (Figure 5B). These results demonstrate the importance of HIF-1 
subunits in the regulation of the KDM2A promoter, indicating that HIF-1 is required for transcriptional 
activation of this gene. To further determine the functionality of the HRE sites present at the KDM2A 
promoter, we created luciferase constructs expressing the two putative HRE sites in tandem, as well 
as mutant versions of the HRE sites. Analysis of luciferase activity in cells revealed that indeed these 
HREs confirm promoter activity (Figure 5D). Furthermore, this analysis revealed that both HREs are 
required for full luciferase activity, since, when mutated, luciferase output reverts to background 
level, while mutation of the −186 HRE site gives an intermediate activity level (Figure 5D). 

Taken together, these results indicate that KDM2 family members are novel HIF-1 targets in 
response to hypoxia, and might explain why KDM2 levels are often deregulated in human cancers. 

 

Figure 5. Cont. 
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Figure 5. HIF-1α/HIF-1β heterodimer is present at the KDM2A promoter and is required for RNA 
polymerase II recruitment. (A) Schematic diagram of the KDM2A and KDM2B genes and annotation 
of putative hypoxia responsive elements (HREs) in different species; (B) HeLa cells were exposed to 
1% O2 for 24 h prior to crosslinking and lysis. Chromatin immunoprecipitations (ChIPs) were 
performed for the levels of HIF-1α and HIF-1β present at the KDM2A and KDM2B promoters. IgG 
was used as the antibody control; (C) HeLa cells were transfected with the indicated siRNA 
oligonucleotides for 72 h prior to cross-linking and lysis. In addition, cells were exposed to 1% O2 for 
the last 24 h. ChIP was performed for the level of RNA polymerase II present at the KDM2A promoter, 
with IgG used as the antibody control. Graphs depict mean and standard deviation from a minimum 
of three independent experiments performed in duplicate. Student t-test was performed and p values 
calculated. * p < 0.05, ** p < 0.01, *** p < 0.001; (D) HEK293 cells were transfected with 500 ng PGL3 
(control) vector or KDM2A HRE–luciferase constructs as indicted for 48 h prior to lysis and luciferase 
activity measured. Graph depicts mean and standard error of mean of a minimum of three 
independent experiments. Student t-test was performed and p values calculated. * p < 0.05, ** p < 0.01, 
*** p < 0.001. 

4. Discussion 

In this report, we have identified that the KDM2 family of JmjC demethylases is responsive to 
hypoxia, and that this is conserved in the model organism Drosophila melanogaster. Furthermore, we 
show that both KDM2A and KDM2B protein levels change in response to hypoxia in a HIF-1 
dependent manner. KDM2A mRNA and protein are increased in response to hypoxia by a 
mechanism dependent on the HIF-1 heterodimer. However, while KDM2B mRNA is also increased 
in response to hypoxia, KDM2B protein is reduced in a HIF-1-dependent manner by a post-
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transcriptional mechanism in U2OS cells, while KDM2B protein levels are slightly higher in HeLa 
cells exposed to hypoxia.  

HIF-1 has been shown to regulate certain JmjC enzymes previously. As such, KDM3A, KDM4B, 
KDM4C, KDM5C, and KDM6B have all been shown to be HIF targets (reviewed in [13]). However, 
despite some reports indicating that KDM2A and KDM2B mRNA levels increase in response to 
hypoxia [14], there was no information as to whether these where HIF-dependent genes. 

KDM2B has been previously shown to be nuclear factor (NF)-κB dependent, and be negatively 
regulated by TRAIL treatment in several cancer cell lines [32]. While we have previously shown that 
hypoxia activated NF-κB to modulate its targets [33], we have not investigated if hypoxia-induced 
KDM2B mRNA is NF-κB dependent. We did find that depletion of HIF-1 significantly decreased 
KDM2B mRNA in hypoxia. Moreover, recently, we demonstrated that HIF-1α acts as a repressor of 
NF-κB in cells, controlling its activity both in normoxia and hypoxia [29], thus suggesting that under 
these conditions, NF-κB does not control KDM2B expression. Intriguingly, hypoxia exposure results 
in reduced protein levels of KDM2B in U2OS, in a HIF-1-dependent manner, suggesting that HIF-1-
mediated effects on KDM2B protein are not direct and are post-transcriptional. How KDM2B protein 
is regulated in U2OS cells is currently unknown and would thus require additional work. 

Our data clearly show that KDM2A is a novel HIF-1α-dependent target. Transcript and protein 
levels increase in hypoxia in a HIF-1α-dependent manner in both cell lines tested. In addition, we 
could demonstrate that HIF-1α and HIF-1β are present at the KDM2A promoter and that this is 
required for recruitment of RNA polymerase II to this promoter. A study analysing RNA polymerase 
II behaviour in hypoxia has revealed that some promoters already possess RNA polymerase loaded 
but it was non-processive [34]. Hypoxia was shown to release RNA polymerase from these promoters 
and thus induce transcription of these targets [34]. However, the authors did mention exceptions such 
as ADM, for example, where hypoxia induced RNA polymerase II loading [34]. Furthermore, given 
that the resolution of the ChIP-qPCR is around 400 bp, our results could also be consistent with a 
HIF-dependent RNA polymerase II release as proposed by the abovementioned study. 

KDM2A has been reported to act as an oncogene in different types of cancer. As such, it has been 
shown to promote tumourigenesis in lung [35] and gastric [36] cancers, and more recently an 
oncogenic isoform of KDM2A has been identified in breast cancer [26]. However, KDM2A has also 
been shown to repress rRNA transcription, a process required for cell proliferation [37,38]; also, when 
phosphorylated by ataxia-telangiectasia mutated (ATM), KDM2A helps in DNA damage repair [39]. 
Interestingly, HIF-1α also has dual roles in cancer, being important for tumourigenesis in cancer such 
as colon and breast [2,40], but acting more as a tumour suppressor in cancers such as renal clear cell 
cancer [41]. 

Given that KDM2 enzymes require oxygen for their histone demethylase function, it would be 
tempting to speculate that, despite the increase in expression, their demethylase activity would still 
be low. However, their other protein domains would still be functional, and as such their role as 
ubiquitin ligases might be increased in hypoxia. However, currently very few targets are known for 
these proteins and, as such, further work directed at these questions is therefore need. It would thus 
be interesting to analyse which proteins KDM2 family members interact with and modify, and what 
the functional consequences are for the cell, when KDM2 levels increase or decrease. Given that the 
KDM2 family targets important histone methylation marks such histone H3 lysine 4 trimethylation 
(H3K4me3) and H3K36me/me2 [13], regulation of KDM2 abundance will impinge into the levels of 
these histone marks. This suggests that prolonged hypoxia could therefore change chromatin 
structure via the mechanism described here, where HIF-1 induces KDM2 protein changes. Analysis 
of histone marks in cells exposed to different periods of hypoxia would allow to determine how the 
action of KDM2 proteins is controlled under such stress conditions. 

Supplementary Materials: The following are available online at www.mdpi.com/ 2073-4409/6/1/8/s1. Figure S1. 
siRNA and antibody validation for KDM2B. Figure S2. siRNA and antibody validation for KDM2B using 
immunofluorescence. Figure S3. Additional siRNA oligonucleotide for HIF subunit knockdown. Figure S4. HIF 
subunit RNA level controls. Figure S5. HRE annotation in the promoters of KDM2 family in different species. 



Cells 2017, 6, 8 9 of 15 

 

Acknowledgements: We would like to thank Prof. Arno Muller (Kassel University, Germany) for his help with 
the Drosophila work, and SLS imaging facility. This work was funded by a Cancer Research UK Senior 
Fellowship to SR (C99667/A12918), a Wellcome Trust Strategic Award (097945/B/11/Z). MB is funded by MRC 
PhD studentship, and LDI is funded by a Wellcome Trust PhD studentship. 

Author Contributions: M.B. and J.D. performed almost all the experiments and analysed the data. L.D.I., 
performed the experiments in Drosophila and analysed the data. S.R. conceived the project, analysed the data 
and wrote the manuscript. 

Conflict of Interest: The authors declare no conflict of interest. 

References 

1. Mole, D.R.; Ratcliffe, P.J. Cellular oxygen sensing in health and disease. Pediatr. Nephrol. 2008, 23, 681–694. 
2. Prabhakar, N.R.; Semenza, G.L. Oxygen sensing and homeostasis. Physiology (Bethesda) 2015, 30, 340–348. 
3. Rocha, S. Gene regulation under low oxygen: Holding your breath for transcription. Trends Biochem. Sci. 

2007, 32, 389–397. 
4. Moniz, S.; Biddlestone, J.; Rocha, S. Grow (2): The HIF system, energy homeostasis and the cell cycle. Histol. 

Histopathol. 2014, 29, 589–600. 
5. Fandrey, J.; Gorr, T.A.; Gassmann, M. Regulating cellular oxygen sensing by hydroxylation. Cardiovasc Res. 

2006, 71, 642–651. 
6. Robinson, C.M.; Ohh, M. The multifaceted von Hippel-Lindau tumour suppressor protein. FEBS Lett. 2014, 

588, 2704–2711. 
7. Coleman, M.L.; Ratcliffe, P.J. Signalling cross talk of the HIF system: Involvement of the fih protein. Curr. 

Pharm. Des. 2009, 15, 3904–3907. 
8. Koivunen, P.; Hirsila, M.; Gunzler, V.; Kivirikko, K.I.; Myllyharju, J. Catalytic properties of the asparaginyl 

hydroxylase (FIH) in the oxygen sensing pathway are distinct from those of its prolyl 4-hydroxylases.  
J. Biol. Chem. 2004, 279, 9899–9904. 

9. Kasper, L.H.; Boussouar, F.; Boyd, K.; Xu, W.; Biesen, M.; Rehg, J.; Baudino, T.A.; Cleveland, J.L.; Brindle, 
P.K. Two transactivation mechanisms cooperate for the bulk of HIF-1-responsive gene expression. Embo. J. 
2005, 24, 3846–3858. 

10. Zhang, N.; Fu, Z.; Linke, S.; Chicher, J.; Gorman, J.J.; Visk, D.; Haddad, G.G.; Poellinger, L.; Peet, D.J.; 
Powell, F.; et al. The asparaginyl hydroxylase factor inhibiting HIF-1α is an essential regulator of 
metabolism. Cell Metab. 2010, 11, 364–378. 

11. Trewick, S.C.; McLaughlin, P.J.; Allshire, R.C. Methylation: Lost in hydroxylation? EMBO Rep. 2005, 6,  
315–320. 

12. Elkins, J.M.; Hewitson, K.S.; McNeill, L.A.; Seibel, J.F.; Schlemminger, I.; Pugh, C.W.; Ratcliffe, P.J.; 
Schofield, C.J. Structure of factor-inhibiting hypoxia-inducible factor (HIF) reveals mechanism of oxidative 
modification of HIF-1α. J. Biol. Chem. 2003, 278, 1802–1806. 

13. Shmakova, A.; Batie, M.; Druker, J.; Rocha, S. Chromatin and oxygen sensing in the context of jmjc histone 
demethylases. Biochem. J. 2014, 462, 385–395. 

14. Melvin, A.; Rocha, S. Chromatin as an oxygen sensor and active player in the hypoxia response. Cell Signal. 
2012, 24, 35–43. 

15. Sanchez-Fernandez, E.M.; Tarhonskaya, H.; Al-Qahtani, K.; Hopkinson, R.J.; McCullagh, J.S.; Schofield, 
C.J.; Flashman, E. Investigations on the oxygen dependence of a 2-oxoglutarate histone demethylase. 
Biochem. J. 2013, 449, 491–496. 

16. Beyer, S.; Kristensen, M.M.; Jensen, K.S.; Johansen, J.V.; Staller, P. The histone demethylases JMJD1A and 
JMJD2B are transcriptional targets of hypoxia-inducible factor HIF. J. Biol. Chem. 2008, 283, 36542–36552. 

17. Pollard, P.; Loenarz, C.; Mole, D.; McDonough, M.; Gleadle, J.; Schofield, C.; Ratcliffe, P. Regulation of 
jumonji-domain-containing histone demethylases by hypoxia-inducible factor (HIF)-1α. Biochem. J. 2008, 
416, 387–394. 

18. Wellmann, S.; Bettkober, M.; Zelmer, A.; Seeger, K.; Faigle, M.; Eltzschig, H.K.; Bührer, C. Hypoxia 
upregulates the histone demethylase JMJD1A via HIF-1. Biochem. Biophys. Res. Commun. 2008, 372, 892–897. 

19. Krieg, A.J.; Rankin, E.B.; Chan, D.; Razorenova, O.; Fernandez, S.; Giaccia, A.J. Regulation of the histone 
demethylase JMJD1A by hypoxia-inducible factor 1α enhances hypoxic gene expression and tumor growth. 
Mol. Cell. Biol. 2010, 30, 344–353. 

20. Niu, X.; Zhang, T.; Liao, L.; Zhou, L.; Lindner, D.J.; Zhou, M.; Rini, B.; Yan, Q.; Yang, H. The von Hippel-
Lindau tumor suppressor protein regulates gene expression and tumor growth through histone 
demethylase JARID1C. Oncogene 2012, 31, 776–786. 



Cells 2017, 6, 8 9 of 15 

 

21. Tsukada, Y.; Fang, J.; Erdjument-Bromage, H.; Warren, M.E.; Borchers, C.H.; Tempst, P.; Zhang, Y. Histone 
demethylation by a family of jmjc domain-containing proteins. Nature 2006, 439, 811–816. 

22. He, J.; Nguyen, A.T.; Zhang, Y. KDM2b/JHDM1b, an H3K36me2-specific demethylase, is required for 
initiation and maintenance of acute myeloid leukemia. Blood 2011, 117, 3869–3880. 

23. Lu, L.; Gao, Y.; Zhang, Z.; Cao, Q.; Zhang, X.; Zou, J.; Cao, Y. Kdm2a/b lysine demethylases regulate 
canonical Wnt signaling by modulating the stability of nuclear β-catenin. Dev. Cell 2015, 33, 660–674. 

24. Lu, T.; Jackson, M.W.; Wang, B.; Yang, M.; Chance, M.R.; Miyagi, M.; Gudkov, A.V.; Stark, G.R. Regulation 
of NF-κB by NSD1/FBXL11-dependent reversible lysine methylation of p65. Proc. Natl. Acad. Sci. USA 2010, 
107, 46–51. 

25. Tzatsos, A.; Paskaleva, P.; Ferrari, F.; Deshpande, V.; Stoykova, S.; Contino, G.; Wong, K.-K.; Lan, F.; Trojer, 
P.; Park, P.J. Kdm2b promotes pancreatic cancer via polycomb-dependent and-independent transcriptional 
programs. J. Clin. Investig. 2013, 123, 727. 

26. Liu, H.; Liu, L.; Holowatyj, A.; Jiang, Y.; Yang, Z.Q. Integrated genomic and functional analyses of histone 
demethylases identify oncogenic KDM2A isoform in breast cancer. Mol. Carcinog. 2016, 55, 977–990. 

27. Chen, J.Y.; Li, C.F.; Chu, P.Y.; Lai, Y.S.; Chen, C.H.; Jiang, S.S.; Hou, M.F.; Hung, W.C. Lysine demethylase 
2a promotes stemness and angiogenesis of breast cancer by upregulating jagged1. Oncotarget 2016, 7, 
27689–27710. 

28. Bandarra, D.; Biddlestone, J.; Mudie, S.; Muller, H.A.; Rocha, S. Hypoxia activates IKK-NF-κB and the 
immune response in drosophila melanogaster. Biosci. Reports 2014, 34, e00127. 

29. Bandarra, D.; Biddlestone, J.; Mudie, S.; Muller, H.A.; Rocha, S. HIF-1α restricts NF-κB-dependent gene 
expression to control innate immunity signals. Dis. Model Mech. 2015, 8, 169–181. 

30. Allan, C.; Burel, J.M.; Moore, J.; Blackburn, C.; Linkert, M.; Loynton, S.; Macdonald, D.; Moore, W.J.; Neves, 
C.; Patterson, A.; et al. Omero: Flexible, model-driven data management for experimental biology. Nat. 
Methods 2012, 9, 245–253. 

31. He, J.; Shen, L.; Wan, M.; Taranova, O.; Wu, H.; Zhang, Y. Kdm2b maintains murine embryonic stem cell 
status by recruiting PRC1 complex to CPG islands of developmental genes. Nat. Cell Biol. 2013, 15, 373–384. 

32. Ge, R.; Wang, Z.; Zeng, Q.; Xu, X.; Olumi, A.F. F-box protein 10, an NF-κB-dependent anti-apoptotic 
protein, regulates trail-induced apoptosis through modulating c-Fos/c-Flip pathway. Cell Death Differ. 2011, 
18, 1184–1195. 

33. Culver, C.; Sundqvist, A.; Mudie, S.; Melvin, A.; Xirodimas, D.; Rocha, S. Mechanism of hypoxia-induced 
NF-κB. Mol.Cellular Biol. 2010, 30, 4901–4921. 

34. Choudhry, H.; Schodel, J.; Oikonomopoulos, S.; Camps, C.; Grampp, S.; Harris, A.L.; Ratcliffe, P.J.; 
Ragoussis, J.; Mole, D.R. Extensive regulation of the non-coding transcriptome by hypoxia: Role of HIF in 
releasing paused RNApol2. EMBO Rep. 2014, 15, 70–76. 

35. Wagner, K.W.; Alam, H.; Dhar, S.S.; Giri, U.; Li, N.; Wei, Y.; Giri, D.; Cascone, T.; Kim, J.H.; Ye, Y.; et al. 
Kdm2a promotes lung tumorigenesis by epigenetically enhancing ERK1/2 signaling. J.Clin. Investig. 2013, 
123, 5231–5246. 

36. Huang, Y.; Liu, Y.; Yu, L.; Chen, J.; Hou, J.; Cui, L.; Ma, D.; Lu, W. Histone demethylase Kdm2a promotes 
tumor cell growth and migration in gastric cancer. Tumour. Biol. 2015, 36, 271–278. 

37. Tanaka, Y.; Yano, H.; Ogasawara, S.; Yoshioka, S.; Imamura, H.; Okamoto, K.; Tsuneoka, M. Mild glucose 
starvation induces KDM2A-mediated H3K36me2 demethylation through AMPK to reduce rRNA 
transcription and cell proliferation. Mol. Cellular Biol. 2015, 35, 4170–4184. 

38. Tanaka, Y.; Okamoto, K.; Teye, K.; Umata, T.; Yamagiwa, N.; Suto, Y.; Zhang, Y.; Tsuneoka, M. JmjC 
enzyme KDM2A is a regulator of rRNA transcription in response to starvation. Embo. J. 2010, 29, 1510–1522. 

39. Cao, L.L.; Wei, F.; Du, Y.; Song, B.; Wang, D.; Shen, C.; Lu, X.; Cao, Z.; Yang, Q.; Gao, Y.; et al. Atm-mediated 
KDM2A phosphorylation is required for the DNA damage repair. Oncogene 2016, 35, 402. 

40. Ioannou, M.; Paraskeva, E.; Baxevanidou, K.; Simos, G.; Papamichali, R.; Papacharalambous, C.; Samara, 
M.; Koukoulis, G. HIF-1α in colorectal carcinoma: Review of the literature. J. Buon. 2015, 20, 680–689. 

41. Shen, C.; Beroukhim, R.; Schumacher, S.E.; Zhou, J.; Chang, M.; Signoretti, S.; Kaelin, W.G., Jr. Genetic and 
functional studies implicate hif1alpha as a 14q kidney cancer suppressor gene. Cancer Discov. 2011, 1,  
222–235. 

© 2017 by the author; licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 


