Hypoxia increases genome-wide bivalent epigenetic marking by specific gain of H3K27me3 
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Figure legends
Figure S1. Reversible, oxygen-dependent global changes of H3K4me3 and H3K27me3 levels. (A) Immuno-blot detection (IB) of epigenetic changes (H3K27me3 and K3K9K14ac) in MCF7 breast cancer cells and DU145 human prostate cancer cells at the indicated time points. Beta-Actin (bAct) was used as loading control. mRNA Expression profiles of (B) known and putative H3K4 and H3K27-methyl transferases (KMT) (C), known and putative H3K4 and H3K27 demethylases (KDM) and (D) corresponding protein expression profiles of in response to oxygen fluctuation. Alpha-Tubulin (Tub) and beta-Actin were used as loading controls. (E) Inhibition of EHZ2 using UCN1999 or GSK343. Left panel: representative immuno-blot detection of indicated proteins; induction of HIF1A and CA9 confirm hypoxic status. Tubulin was used as loading control. Right panel: quantification of global H3K27me3 levels. White bar: normoxic control (t=0); grey bars: normoxic references (t=24; DMSO, UCN1999, GSK343); black bars: hypoxic cells (t=24; DMSO, UCN1999, GSK343). Asterisk indicates statistical significance (p<0.05).    
Figure S2. Reversible, oxygen-dependent global changes of H3K4me3 and H3K27me3 levels. Genome-wide presentation of (A) H3K4me3 and (B) H3K27me3 enrichment/peak locations at indicated experimental time points. (C) ChIP-PCR validation of representative, called epigenetic profiles: gene tracks (shown at left side for each locus) and ChIP-PCR bar plots (shown at right side for each locus) for the indicated loci: CCNA2, DPM1, NOL11 for H3K4me3-only marked genes (mono H3K4me3), ATF3, LPO for H3K27me3-only marked genes (mono H3K27me3), ATP2A3, FOXF1, IGFBP4 for genes that gained H3K4me3-marking during hypoxia (gain H3K4me3) and APLN, CYP1B1, SLC9A5 for genes that gained H3K27me3-marking during hypoxia (gain H3K27me3). Antibodies used in ChIP: H3K4me3, H3K27me3 and HA (control; CCNA2); n.d.: ChIP not done. Diamond symbol indicates direction of transcription, black triangle indicates approximate positions of primer sets used for validation. 

Figure S3. Genic and intergenic distribution of histone trimethylation during hypoxia. Graphical representation of counted occurrence of H3K4me3- or H3K27me3-marking at defined genomic regions: (A) H3K4me3-marks and (B) H3K27me3-marks at genic (TSS, promoter, gene body) and intergenic regions. Note: percentages represent relative distribution of peaks over the indicated genomic regions (i.e. no correspondence to numbers of marked genes).

Figure S4. Epigenetic and transcriptional regulation at HIF1a target genes. (A) Table shows percentage significantly expressed genes (at any time point) of all genes (total number: 22732) in MCF7 data set and of a set of 206 HIF1a target genes ((Ortiz-Barahona et al. 2010) and percentage of genes upregulated with a set of significantly regulated genes (absolute Log2-based FC>1.2) in MCF7 cells (total number significantly regulated genes: 751) and of the HIF1a target genes set (40) (Ortiz-Barahona et al. 2010). (B) Bar graphs indicating percentage of HIF1a targets genes and other genes enriched for H3K4me3 (left), H3K27me3 (middle), or H3K4me3+H3K27me3 (right) under indicated experimental conditions (t=0, 8, 24 and +8 hrs). (C) immuno-blot analysis of global H3K4me3 levels in the presence or absence of HIF1A. Cellular HIF1A levels were reduced with a retroviral short hairpin (sh) construct. Beta Actin (bActin) was used as loading control.

Figure S5. Global expression changes in response to hypoxia and reoxygenation. (A) Pie charts indicating (upper panel) fold change (FC) of significantly expressed genes (n=2544) and (lower panel) fold change (FC) of significantly regulated genes (n=751) under indicated experimental conditions (t=8, t=24 hrs vs t=0). (B) Bar graphs indicating number of genes significantly up- (red) or down- regulated (blue) at t=8 and t=24 hrs vs t=0. (C) Box-plots showing fold changes (FC) median expression levels for all significantly expressed genes t=8 and t=24 hrs vs t=0. (D) Pie charts indicating (upper panel) fold change (FC) of significantly expressed genes (n=2544) and (lower panel) fold change (FC) of significantly regulated genes (n=751) under indicated experimental conditions t=+8 hrs vs t=0. (E) Bar graphs indicating number of genes significantly up- (red) or down- regulated (blue) under indicated experimental conditions t=+8 hrs vs t=0. (F) Box-plots showing fold changes (FC) median expression levels for all significantly expressed genes under indicated experimental conditions t=+8 hrs vs t=0. An expressed gene is defined as a gene with a minimum absolute expression of 100 (averaged across 3 replicates) at any experimental time point; a significantly regulated gene shows a FC of least 2 in response to its reference value at t=0. 

Figure S6. Effect of hypoxia-induced bivalency on gene expression. (A) Bar graphs depicting hypoxia/reoxygenation-induced epigenetic changes (numbers of genes) at loci that were H3K4me3 only- (green), bivalently- (orange), H3K37me3 only- (red) or non-marked (grey) at t=0 (top to bottom: a, t=0; b, t=8; c, t=24; d, t=+8 hrs). (B) Box-plots indicating median expression values of genes (t=0 vs t=8 hrs hypoxia) that retained or acquired H3K4me3 only-marking (any color (t=0) to green (t=8): any color>green), that retained/acquired bivalency (any color>orange); that retained/acquired H3K27me3 only-marking (any color>red) or that retained/acquired no mark (any color>grey); panels are indicated from left to right, respectively. (C) Box-plots indicating median expression values of genes (t=0 vs t=24 hrs hypoxia) that retained of acquired indicated epigenetic marks; color coding as under (B). (D) Box-plots indicating median expression values of genes (t=0 vs t=+8 hrs reoxygenation) that retained of acquired indicated epigenetic marks; color coding as under (B). (E) Bar graphs depicting reoxygenation-induced epigenetic changes (numbers of genes) at loci that were H3K4me3 only- (green), bivalently- (orange), H3K37me3 only- (red) or non-marked (grey) at t=24 hrs hypoxia (top to bottom). (F) Box-plots indicating median expression values of genes (t=24 hrs hypoxia t=0 vs t=+8 hrs reoxygenation) that retained or acquired indicated epigenetic marks; color coding as under (B).

Figure S7. Hypoxia increases genic bivalent marking. Bioinformatic calling of enriched regions (gene tracks shown at left side for each locus) was validated by ChIP-PCR (bar plots; shown at right side for each locus) for a number of representative epigenetic profiles: GPRC5B, LOX and OPRL1. Antibodies used in ChIP: H3K4me3 (green), H3K27me3 (red). Diamond symbol indicates direction of transcription, black triangle indicates approximate position of primer set used for validation. Bar diagrams at far-right show outcome of re-ChIP experiments: Antibody combinations used in ChIP/re-ChIP: H3K4me3/H3K4me3 (green), H3K4me3/H3K27me3 (red) and H3K4me3/IgG control (grey). The single-H3K4me3-marked CCNA2 locus (bottom panel) was used as a methodological control. 

Figure S8. Hypoxia increases genic bivalent marking. (A) Bar graphs depicting H3K27me3 only-marked and bivalently–marked gene numbers at the indicated time points, differentiated by subgenic location of H3K27me3-marking (promoter-, TSS-, broad-profile marking). (B) Box-plots indicating median expression values of a select set (Log2-based expression value 3.68-6.64 at t=0) of genes that had acquired bivalent marking during hypoxia and sustained this epigenetic status upon reoxygenation; color coding: orange: H3K4me3 & H3K27me3-marked genes; green H3K4me3 only-marked genes. Asterisks (*) indicates statistical significant differences at p<0.05.


Table legends
Table S1. GO-analysis of genes and processes induced and down-regulated by hypoxia (t=24 hrs). 

Table S2. GO-analysis of genes and processes induced and reduced by reoxygenation (t=+8 hrs).

Table S3. GO-analysis of genes and processes associated with bivalent markers at t=8, t=24 hours hypoxia; reference lists: t=0 and processes associated with known bivalent markers in embryonal stem cells (Bernstein et al. 2006). 

Table S4. Primers used for ChIP and re-CHIP analysis.

Table S5. Primers used for quantitative RT-PCR analysis.
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Table S4

Gene	Direction	ChIP primer sequence (5’→3’)

CCNA2 (cyclin-A2)	Forward	TGACGTCATTCAAGGCGACAG
	Reverse 	GCTCAGTTTCCTTTGGTTTACCC
ATF3 (cyclic AMP-dependent transcription factor ATF3)	Forward 	TGTTTTTTCTTTTGCGTTTGGC
	Reverse 	TCGTGGCAACCAAATCTAAACAG
[bookmark: _GoBack]ATP2A3 (sarcoplasmic/endoplasmic reticulum calcium ATPase 3)	Forward 	GCTCGAATTCTGCGAAGTGAC
	Reverse 	GCTTATTCAGAGGCTTTCGGG
APLN (apelin)	Forward 	AGGGCAACGAATTTATCCAAA
	Reverse 	CGTGCTTTAATTCCCCCGT
DPM1 (dolichol-phosphate mannosyltransferase1)	Forward	GCAGATCCTGACCGCCTA
	Reverse 	TACTTGGAAGCGAGGCTGA
LPO (lactorperoxidase)	Forward	GCTGTCAGGTCTTCATCTCATTTC
	Reverse 	TCGGATCTGCTGCAGATGG
IGFBP4 (insulin-like growth factor-binding protein 4)	Forward	CTCTTCCTTGAACGAGTCTCCC
	Reverse 	AGCACCAGTTCCTGGAGCTC
SLC9A5 (sodium–hydrogen exchanger 5)	Forward	GGCTTCTTGCACGGTGCT
	Reverse 	AGCCCGGATTTGTGGAATC
NOL11 (nucleolar protein 1)	Forward	GTGGAGCAGAGCGACAAAAC
	Reverse 	CCTGCCGCTGTCTGTCACTA
CYP1B1 (cytochrome P450 1B1)	Forward	GACTGAGTGCCGTTGGGTG
	Reverse 	CGTCTTCGGCCATTTCTCC
FOXF1 (forkhead box protein F1)	Forward	GTGCACACACGCATGGGT
	Reverse 	CCCGGTAAATTACGCAAACA
KLK11 (kallikrein-11)	Forward	ATGGAGCTGAAGTTTGTGCTGA
	Reverse 	AATCCATCTCTTCCCCTGTTCC


Gene	Direction	Re-ChIP primer sequence (5’→3’)
LOX (lysyl oxidase)	Forward	CGCTGAGGCTGGTACTGTGA
	Reverse 	AGAACAACGGGCAGGTGTTC
OPRL1 (opioid related nociceptin receptor 1)	Forward	GCCCCTCCTTAGCTCCTG
	Reverse 	AGGGGGTGTAGGGACCAA
GPRC5B (G protein-coupled receptor class C group 5 member B)	Forward	TCATAAGCAGTAACTTCCCCGAA
	Reverse 	CTGCGTCCTGGACCTGGT

Table S5

Gene	Category	Direction	Primer sequence (5’→3’)
ADCY5 (adenylate cyclase 5)	gain H3K27me3	Forward	TCTGAGCACGTCCGCAAGT
		Reverse	CAAATCGGTCGTCTACCTGCTT
AKAP1 (A-kinase anchoring protein 1)	gain H3K27me3	Forward	CGTGGACTACGGCGGATATAA
		Reverse	AAACGGCAGGGTGACAAAGT
ARRB1 (arrestin beta 1)	gain H3K27me3	Forward	CGACGTGGCCGTGGAA
		Reverse	TTGGTATCTACTGGCGTCTCGTT
ASB8 (ankyrin repeat and SOCS box containing 8)	mono H3K4me3	Forward	TGTCTGGGAAAATCAAAGAGAGTTAC
		Reverse	CTCTTACGCATCCCCAGAACA
FAM217B (family with sequence similarity 217 member B)	gain H3K27me3	Forward	AGCAGCTCTAAGGTGGAAACCA
		Reverse	GTGGCATGACCACAGCTCTCT
LRRC28 (leucine rich repeat containing 28)	mono H3K4me3	Forward	TCCCTTGAGAGAGACGCCAAT
		Reverse	GAGCAGCAGTAAGCCACAAAACT
PPAT (phosphoribosyl pyrophosphate amidotransferase)	mono H3K4me3	Forward	TGCTCTTGCTTACGCAGGAA
		Reverse	TGTTTGGCTGAATGAAGGTTCTC
RPL31P17 (ribosomal protein L31 pseudogene 17)	mono H3K4me3	Forward	GACACCAGGCTCAACAAAGCT
		Reverse	GCCGCACACGGATTCG
ACTB (actin beta)	reference	Forward	CCTGGCACCCAGCACAAT
		Reverse	GCCGATCCACACGGAGTACT
PPIA (cyclophilin A)	reference	Forward	TTCCTGCTTTCACAGAATTATTCC
		Reverse	GCCACCAGTGCCATTATGG
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Hypoxia induced    Hypoxia reduced   

     

GO term  # genes   GO term  # genes  

apoptosis  42   RNA  processing  61  

cell proliferation  36   mRNA metabolic process  55  

cell adhesion  25   transcription from RNA polymerase II promoter  48  

cellular component assembly  25   cell proliferation  36  

regulation of cell proliferation  25   regulation of apoptosis  33  

regulation of cell cycle  21   ncRNA metabolic process  32  

glucose metabolic process  17   cell cycle checkpoint  30  

response to hypoxia  16   RNA splicing, via transesterification reactions  27  

response to peptide hormone stimulus  16   S phase  27  

GTP catabolic  process  13   G1/S transition of mitotic cell cycle  26  

anti - apoptosis  13   regulation of mitotic cell cycle  26  

cellular response to hormone stimulus  13   S phase of mitotic cell cycle  25  

interspecies interaction between organism  13   nuclear mRNA splicing,  via spliceosome  25  

response to drug  12   viral reproduction  25  

angiogenesis  11   ribosome biogenesis  23  

cell cycle arrest  11   M/G1 transition of mitotic cell cycle  19  

heart development  10   interspecies interaction between organisms  18  

response to  organic cyclic compound  10   cell division  18  

small GTPase mediated signal transduction  10   protein polyubiquitination  17  

Glycolysis  9   APC - dpt proteasomal ub - dependent protein catabolic process  16  

aging  9   positive regulation ubiquitin - protein ligase activity/ mitotis  16  

   rRNA processing  15  

   negative regulation ubiquitin - protein ligase activity/mitotis  15  

   mRNA 3' - end processing  13  

   antigen processing and presentation via MHC class I  12  

   regulation of cellular amino acid metabolic process  12  

   DNA strand elongation involved in DNA replication  11  

   DNA damage response, p53 mediated cell cycle arrest  11  

   methylation  11  

   cellular response to insulin stimulus  11  

   double - strand  break repair  10  

   termination of RNA polymerase II transcription  9  

   mRNA export from nucleus  9  

   transcription elongation from RNA polymerase II promoter  8  

   regulation of translational initiation   8  
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Reoxygenation induced    Reoxygenation reduced   

     

GO term  #  genes   GO term  #  genes  

RNA metabolic process  576   nervous system development  293  

transport  403   transcription from RNA  pol II promoter  229  

regulation of transcription, DNA - dependent  388   regulation of cell death  188  

cell cycle  232   regulation of transcription from RNA pol II promoter  187  

protein transport  179   regulation of apoptosis  183  

mRNA metabolic process  139   neuron differentiation  172  

vesicle - mediated transport  127   positive regulation of transcription, DNA - dependent  163  

chromosome organization  113   cellular component movement  162  

response to DNA damage stimulus  109   cell adhesion  147  

translation  100   intracellular protein kinase cascade  140  

positive regulation of catalytic activity  93   negative regulation of transcription, DNA - dependent  124  

viral reproduction  92   synaptic transmission  118  

cell division  89   organ morphogenesis  117  

DNA repair  74   cation transport  111  

protein ubiquitination  72   G - protein coupled receptor protein signaling  pathway  109  

ubiquitin - dependent protein catabolic  process  70   positive regulation RNA pol II promoter transcription  102  

Mitosis  69   blood coagulation  99  

cell  cycle arrest  66   positive regulation of cell proliferation  96  

ncRNA metabolic process  62   central nervous system development  93  

nuclear mRNA splicing, via spliceosome  51   positive regulation of apoptosis  92  

viral transcription  50   negative regulation of   cell proliferation  89  

DNA replication  45   actin cytoskeleton organization  77  

anti - apoptosis  44   negative regulation RNA pol II promoter  transcription  72  

chordate embryonic development  42   Ras protein signal transduction  71  

G1/S transition of mitotic  cell cycle  40   axon guidance  66  

protein folding  40   GTP catabolic process  63  

endocrine pancreas development  40   regulation of cellular component movement  61  

regulation of protein localization  39   nerve growth factor receptor signaling pathway  60  

translational elongation  38   negative regulation of cell cycle  59  

epithelium development  37   angiogenesis  58  

translational termination  36   platelet activation  52  

regulation of translation  36   regulation of cell growth  51  

protein localization to nucleus  33   response to hypoxia  44  

response to oxidative stress  32   positive regulation of protein phosphorylation  43  

G2/M transition of mitotic cell cycle  31   leukocyte migration  43  

nucleosome assembly  31   cellular response to insulin stimulus  42  

respiratory   electron transport chain  30   calcium ion homeostasis  40  

   Rho protein signal transduction  38  

   sodium ion transport  35  

   cell junction assembly  34  

   protein autophosphorylation  33  

   energy reserve metabolic process  31  

   positive regulation of  I - kB kinase/NF - kB cascade  28  

   activation of MAPK activity  27  

   fibroblast growth factor receptor signaling pathway  27  

   positive regulation of MAPKKK cascade  27  

   dendrite development  26  

   positive regulation DNA binding TF activity  26  

   negative regulation of protein kinase activity  25  

   morphogenesis of embryonic epithelium  24  

   neurotransmitter secretion  23  

   lipoprotein metabolic process  23  

   receptor - mediated endocytosis  21  

   activation of phospholipase C activity  21  

   regulation of angiogenesis  21  

   cell chemotaxis  21  

   cholesterol metabolic process  20  

   regulation of cell shape  20  

   skeletal muscle fiber development  20  

   chromatin remodeling  19  

   actin polymerization or depolymerization  19  

   antigen  receptor - mediated signaling pathway  19  

   gluconeogenesis   18  
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  Bivalency normoxia     Bivalency 8 hours hypoxia    Bivalency 24 hours hypoxia   

        

GO term  # genes   GO term  # genes   GO term  # genes  

intracellular signal transduction  77   signal transduction  426   multicellular organismal development  390  

cell adhesion  44   multicellular organismal development  419   signal transduction  374  

axon guidance  24   nervous system development  214   regulation gene expression  224  

negative regulation transcription by RNApol II   23   intracellular signal transduction  206   nervous system development  197  

fatty acid metabolic process  17   programmed cell death  166   intracellular signal transduction  172  

positive regulation of cell migration  14   apoptosis  160   programmed cell death  141  

cell junction assembly  13   generation neurons  141   neuron differentiation  124  

leukocyte migration  11   protein phosphorylation  126   protein phosphorylation  110  

osteoblast differentiation  10   transmembrane transport  120   response to wounding  106  

mononuclear cell proliferation  9   cell adhesion  99   cell adhesion  97  

learning or memory  8   vesicle - mediated transport  97   cell migration  82  

embryonic limb morphogenesis  8   cell migration  88   central nervous system development  72  

BMP signaling pathway  8   transmembrane RPTK signaling pathway  84   blood coagulation  64  

heart morphogenesis  7   protein complex assembly  73   pos regulation apoptosis  59  

   Pos regulation cell proliferation  70   neg regulation apoptosis  57  

   central nervous system development  68   pos regulation transcription by RNApol II   53  

   pos regulation transcription by RNA pol II  65   axon guidance  51  

   pos   regulation of apoptosis  64   brain development  49  

   neg regulation transcription by RNA pol II  56   neg regulation transcription byRNA pol II  47  

   actin cytoskeleton organization  55   actin cytoskeleton organization  42  

   chromatin modification  54   morphogenesis epithelium  41  

   axon guidance  51   regulation cell migration  41  

   GTPase mediated signal transduction  49   response to drug  36  

   brain development  46   angiogenesis  34  

   muscle organ development  46   platelet activation  34  

   response to   drug  45   response to metal ion  30  

   regulation cell migration  43   pos regulation of cell migration  30  

   endocytosis  40   cellular amino acid metabolic process  28  

   cellular amino acid metabolic process  39   kidney development  27  

   muscle cell  differentiation  39   NGFR signaling pathway  27  

   angiogenesis  36   osteoblast differentiation  25  

Bivalency ESC    regulation cell growth  33   morphogenesis a branching structure  25  

   platelet activation  33   leukocyte migration  22  

GO term  # genes   NGFR  signaling pathway  33   telencephalon development  21  

multicellular organismal development  93   response to nutrient  32   regulation MAP kinase activity  21  

regulation transcription, DNA - dependent  66   kidney development  30   cellular response to growth factor  stimulus  21  

organ morphogenesis  49   exocytosis  30   intracellular receptor signaling pathway  20  

transcription by RNApol II   46   morphogenesis a branching structure  28   learning or memory  19  

pattern specification process  46   response to hypoxia  26   bone  mineralization  19  

embryo development  44   osteoblast differentiation  24   heart morphogenesis  18  

pos regulation transcription, DNA - dpt  38   intracellular receptor signaling   24   Odontogenesis  18  

neuron differentiation  34   insulin receptor signaling pathway  22   BMP signaling pathway  17  

skeletal system development  33   carbohydrate biosynthetic process  22   bone development  16  

central nervous system development  30   bone mineralization  19   activation phospholipase C activity  15  

embryo development   30   lung  development  19   pos regulation of MAPKKK cascade  15  

pos regulation RNA pol II transcription  30   regulation actin cytoskeleton  19   embryonic skeletal system development  15  

anterior/posterior pattern specification  27   odontogenesis  19   ureteric bud  development  14  

neg regulation transcription, DNA - dpt  25   heart morphogenesis  18   embryonic limb morphogenesis  14  

brain development  21   positive regulation GTPase activity  18   regulation bone mineralization  14  

embryonic organ morphogenesis  21   activation   phospholipase C activity  17   activation MAPK activity  13  

neg regulation RNA pol II transcription   20   BMP signaling pathway  17   regulation peptidyl - tyrosine  phosphorylation  13  

skeletal system morphogenesis  20   chromatin remodeling  15   negative regulation Wnt - R signaling   13  

embryonic skeletal system development  20   embryonic limb morphogenesis  15   chromatin remodeling  12  

cell proliferation  19   negative regulation of neuron apoptosis  15   pos regulation epithelial cell proliferation  12  

neuron development  17   regulation ion homeostasis  15   chondrocyte differentiation  11  

embryonic skeletal system morphogenesis  15   EGFR signaling pathway  14   regulation transcription RNApol II by  nuHR   10  

blood vessel morphogenesis  12   regulation transcription RNApol II nuHR  14   integrin - mediated signaling pathway  9  

dorsal/ventral pattern formation  11   electron transport chain  13   positive regulation bone mineralization  9  

neuron fate specification  11   neuron migration  12   odontogenesis   dentine - containing tooth  9  

camera - type eye development  10   ATP biosynthetic process  12   pos regulation osteoblast differentiation  9  

regulation DNA binding TF factor activity  10   ERK1 and ERK2 cascade  12   VEGFR signaling pathway  9  

kidney development  9   neg regulation canonical Wnt - R signaling  12   regulation dendrite development  9  

limb morphogenesis  9   integrin - mediated signaling pathway  11   neg regulation of T cell activation  9  

cartilage development  9   odontogenesis dentine - containing tooth  11   response to interleukin - 1  9  

angiogenesis  8   positive regulation peptidase activity  10   cellular response to retinoic acid  9  

forebrain development  8   VEGFR signaling pathway  10   mesoderm formation  8  

      female gonad development  8  

        


