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Supplementary Table 1. Oligonucleotide sequences.

sgRNA construction oligonucleotides (only sense strands shown)

5'hre-sgrna
3'hre-sgrna

5'-ccctgcacgtatgtgcetccggge-3
5'-ccctacgtgctgtctcacacagc-3'

EPO HRE PCR amplification primers

5'hre-fwd
5'hre-rev

5'hre-rev (deep seq.)

3'hre-fwd
3'hre-rev

5'-tggctgcggacatttctatc-3'
5'-gatgcaggagcctggttcac-3'
5'-ttcagtggcaatgtggaggt-3'
5'-gcacctaccatcagggacag-3'
5'-gccctgggcagggttg-3'

EPO HRE PCR amplification/cloning primers

5'hre-ecorv-fwd
5'hre-xhoi-rev
3'hre-ecorv-fwd
3'hre-xhoi-rev

5'-ccccgatatctgcggacatttctatcagge-3'
5'-cccccctcgagttcagtggcaatgtggaggt-3'
5'-ccccgatatcgcacctaccatcagggaca-3'
5'-ccccectcgagcetgggeagggttggeag-3'

MRNA RT-gPCR guantification primers

epo-fwd
epo-rev
caix-fwd
caix-rev
128-fwd
[28-rev
loxI2-fwd
loxI2-rev
pail-fwd
pail-rev

5'-tgggggtgcacgaatg-3'
5'-tttggtgtctgggacagtga-3'
5'-gggtgtcatctggactgtgtt-3'
5'-cttctgtgctgccttctcatc-3'
5'-gcaattccttccgctacaac-3'
5'-tgttcttgcggatcatgtgt-3'
5'-gagttgcctgctcagaaacc-3'
5'-ctgtgacagtcgtgccagat-3'
5'-actggaaaggcaacatgacc-3'
5'-gaggaagggtctgtccatga-3'

ChlIP _gPCR quantification primers

EPO-5'HRE-fwd
EPO-5'HRE-rev
EPO-5'HRE-fwd
EPO-5'HRE-rev
EPO-negctrl-fwd
EPO-negctrl-rev
EPO-promoter-fwd
EPO-promoter-rev
EPO-3'HRE-fwd
EPO-3'HRE-rev
EPO-3'HRE-fwd
EPO-3'HRE-rev
NDRG1-HRE-fwd
NDRG1-HRE-rev
PAI1-HRE-fwd
PAI1-HRE-rev

5'-gatggagctgtgtctccctg-3'
5'-agtggcaatgtggaggtctg-3'
5'-ggctgcggacatttctatca-3'
5'-aaggaagccttgcagtcag-3'
5'-ggtgcttggtcaggagttga-3'
5'-gacacgttctcgtccaacct-3'
5'-gtcctgeccctgctctgacc-3'
5'-gctgttatctgcatgtgtgcgt-3'

5'-cagcagtgcagcaggtccaggtcc-3'
5'-cgagaggtcagacaggctgtgtgag-3'
5'-cttcaacctcattgacaagaactg-3'

5'-ggatttggaggttcccagaaa-3'
5'-tccctecccaatctctetcttett-3'

5'-caccatcagcacagcaaactac-3'

5'-cagagggcagaaaggtcaag-3'
5'-ctctgggagtccgtctgaac-3'

Used for:
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Supplementary Methods

Gene editing

Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated 9 (Cas9)
gene editing was performed as described.! The EPO locus was screened for single guide RNA
(sgRNA) binding sites using CRISPR Design Tool.? Oligonucleotides containing the sgRNA
sequences (Supplementary Table 1) were synthesized (Microsynth, Balgach, Switzerland), annealed
and ligated into plasmid MLM3636 (#43860; Addgene, Middlesex, UK). Cells were co-transfected with
expression vectors for sgRNA, Cas-9 (ToolGen, Seoul, South Korea) and puromycin resistance
(linearized pBabe vector; #1764; Addgene) using polyethylenimine (Polysciences, Warrington, PA,
USA) for Hep3B and HepG2, and lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) for Kelly cells.
Puromycin (1.5 pg/ml, Hep3B; 1 ug/ml, HepG2; 0.2 ug/ml, Kelly) was added two days after
transfection for up to two weeks. Gene edited cells were cloned by limiting dilution and genotyped by
PCR using High Fidelity Phusion Polymerase (Thermo Fisher Scientific) and the primers listed in
Supplementary Table 1. Amplicons were analyzed either by Tail digestion (Thermo Fisher Scientific)
followed by 2% agarose gel electrophoresis to check for HRE destruction,? or by sub-cloning into
pBluescript vector (Agilent, Santa Clara, CA, USA) and plasmid DNA sequencing (Microsynth), or by

direct DNA deep sequencing (Functional Genomics Center Zurich).
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Kelly

A

5' HRE alleles clone#

WT catacgtgcagggagacacagctccatccagce

C4 catacgtgcagggagacacagctccatccagc 2

C3 catac-tgcagggagacacagctccatccagc 8

B4 catac-tgcagggagacacagctccatccage 4

B4 c--—=—————————= acacagctccatccage 3

B

3' HRE alleles clone#

WT agcaggtccaggtccgggaaacgaggggtggagggggctgggceccctacgtgcectgtctcacacagec

C4 agcaggtccaggtccgggaaacgaggggtggagggggctgggccctacgtgectgtctcacacagece 2
Tl Qe e e e e e e e e e e tctcacacagcecc 9
B2 agcaggtccaggtccgggaaacgaggggtggagggggctgggeccctacg——-—-——-—-—-- acacagcc 1
B2 agcaggtccaggtccgggaaacgaggggtggagggggctgggeccctac-tgectgtctcacacagece 2
B2 ag===—==—=—— e tctcacacagcc 3
B2 agcaggtccaggtccgggaaacgaggggtggagggg-———-———-———--—---— gctgtctcacacagcc 1
B2 agcaggtccaggtccgggaaacgaggggtggagggggctgggccctacgt--tgtctcacacagec 1
F2 ag—=—====———————— - — tctcacacagcc 1
F2 agcaggtccaggtccgggaaacgaggggtggagggggctgggeccctacg-———-——--—- acacagcc 3
Al agcaggtccaggtccgggaaacgaggggtggagggggctgggecctacgt--tgtctcacacagee 12
Hep3B
C Tail undigested D
M wt PoolC7 B10H11B5 G4 G6H,0  wt PoolC7 B10H11B5 G4 G6 5' HRE alleles clonef (Seq%)
= i WT agcacatacgtgcagggagacacagctccatccagce
447 bp —| == - e 2 i 1 .“"'“‘ A5 agcacatacgtgcagggagacacagctccatccage 2
v : B5 agc------- tgcagggagacacagctccatccage 6
215 bp —| = £ B5 agcacatac-tgcagggagacacagctccatccagc 4
H11l agcacatac-tgcagaaggagacacagctccatccagc 6 (40%)
125bp - H11l agcacatac-tgcagggagacacagctccatccagc 9
- — H11l agcacatat-tgcagggagacacagctccatccagce 2 (35%)
5" HRE gene editing H11l agcacatacggagcagggagacacagctccatccagc 0 (20%)
B10 agc-=------ tgcagggagacacagctccatccagce 7
B10 agcacatac-tgcagggagacacagctccatccagc 7
E undigested Tail F
M Wt Pool F7 D4 E6 Wi HO M Wt Pool F7 D4 E6 Wi, 3'HRE alleles clone#
i WT ggccctacgtgctgtctcacacagcctgt
447 bp — = L% | u - “ u - 4433 bp D4 ggccctaecggtgctgtctcacacagcctgt 2
" . <« 301bp D4 ggccctacggggctgtctcacacagectgt 2
215bp — & <« 132bp Eg ggC========——————- tcacacagcctgt 2
ggaactgca--gctgtctcacacagcctgt 2
3' HRE gene editing
HepG2
G Tail undigested H
M wt Pool H8 A2 B5 B4 B3 wt H0O 5'HRE alleles clone#
- WT agcacatacgtgcagggagacacagctccatccagc
447 bp —| == H8 agcacatacgtgcagggagacacagctccatccage 2
e - - <+ 328bp A2 agc------- teca------------ tcc-tccagce 6
215 bp— - — — <« 195bp B5 435 bp deletion 10
ol oA B4 agc------- teca------------ tcc-tccage 7
“.Bgﬂ g.“<—133bp g g
5' HRE gene editing
| Tail undigested J
M wt wt, Pool B6 F2 HO wi wi Pool B6 F2 3" HRE alleles clonet
602bp-'.' = = WT acgaggggtggagggggctgggccctacgtgctgtctcacacagectgt
434 bp—“ - e s A BB 473 bp D6 acgaggggtggagggggctgggccctacgtgctgtctcacacagectgt 2
290 bp— o — — € 340bp F2 acgag—-—=——-==—mmsmms—mm s —m oo oo gcctgt 10
L= . E2 acgaggggtggagggggctgggccctacggtgctgtctcacacagectgt 11
174 bp— B6 acgaggggtggagggg-—————======== gctgtctcacacagcctgt 8
142 bp— < 133bp

3' HRE gene editing

Supplementary Figure 1. Generation and analysis of EPO 5' and 3' mutant HRE clonal cell lines.
Following mutation of the EPO 5' and 3' HREs by CRISPR-Cas9, Kelly (A, B), Hep3B (D, F) and HepG2
(H, J) cells were cloned by limiting dilution, the HRE regions amplified by PCR, and the amplicons either
subcloned or directly deep sequenced (bold, consensus 5'-ACGTG-3' and 5'-CACA-3' HRE core and
ancillary elements, respectively; WT, wild-type; dashes, nucleotide deletions; highlighted, nucleotide
exchanges). The number of independent plasmids harboring the same sequence (clone#) and the
percentage of deep sequence reads (Seq%) are indicated on the right. Like outlined for Kelly cells in
Figure 1, mutation of the consensus HIF binding site confers resistance to Tail restriction digestion as
shown by agarose gel analysis of digested or undigested PCR products using as template genomic DNA
isolated from Hep3B (C, E) and HepG2 (G, I) cells (M, marker; wt; wild-type; Pool, polyclonal pool of
cells; H20, water control).
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Supplementary Figure 2. Hypoxic induction of HIF target genes in EPO 5' and 3' mutant HRE clonal
cell lines. Kelly (A, B), Hep3B (C, D) and HepG2 (E, F) samples shown in Figure 2 were analyzed for
the mRNA levels of the HIF target genes carbonic anhydrase (CA) IX (A, C, E), lysyl oxidase like (LOXL)
2 (B) and plasminogen activator inhibitor (PAI) 1 (D, F) by RT-qPCR. Transcript levels were normalized
to ribosomal protein L28 mRNA and shown as mean + SEM of 3 independent experiments. Numbers
above the columns indicate hypoxic induction factors. Student's t-tests were used to statistically evaluate
the difference to hypoxic wild-type (WT) cells (*, p<0.05; Pool, polyclonal pool of cells; +/+, subclones
containing two wild-type alleles; -/-, subclones with biallelic HRE mutation). Note that neither the hypoxic
CAIX nor LOXL2 or PAI1 mRNA levels were significantly reduced by EPO HRE mutations.
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Supplementary Figure 3. Hypoxic stabilization of HIF-1a. and HIF-2a in EPO 5' and 3' mutant HRE
clonal cell lines. Kelly (A, B), Hep3B (C, D) and HepG2 (E, F) wild-type (WT) cells and 5' HRE (A, C, E)
or 3' HRE (B, D, F) mutant subclones were exposed to hypoxia (0.2% Oz2) for 24 hours followed by
immunoblotting for HIF-1a and HIF-2a. B-Actin was used as loading and blotting control. Note that HIFa
protein stabilization was not affected by EPO HRE mutations.
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POLR2A
TAF1

DNasel HSS

Chromosome 7
Human
Chimp
Gorilla
Orangutan
Gibbon
Crab-eating macaque
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Green monkey
Marmoset
Squirrel monkey
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Chinese tree shrew
Squirrel
Lesser Egyptian jerboa
Prairie vole
Chinese hamster
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House mouse
Norway rat
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100,318,300 | 100,318,350 | >TSS
CCCCGGGTGGCCCCTACCCCTGGCGACCCCTCACGCACACAGCCTCTCCCCCACCCCCACCCGCGCACGCACACATGCAGATAACAGCCCCGACCCCCGGCCAGAGCCGCAGAGTCCCTGGGCCACCCCGGC
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CCCCGGGTGGCCCCTACCC-TGGCGACCCCTCACGCACACAGCTTCTCCCCCACCCCCACCCGCGCACGCACACATGCAGATAACAGCCCCGACCCCCGGCCGGAGCCGCAGAGTCCCTGGGCCACCCCGGC
CCCCGGGTGGCCCCTACCC-TGGCGACCCCTCACGCACACAGCTTCTCCCCCACCCCCACCCGCGCACGCACACATGCAGATAACAGCCCCGACCCCCGGCCGGAGCCGCAGAGTCCCTGGGCCACCCCGGL
CCCCGGGTGGCCCCTACCCTCGGCGACCCCTCACGCACACAGCCTCTCTCCCACCCCCACCCGCGCACGCACACATGCTGATAACAGTCCCGACCCCCGGCCCGAGCCGCAGAGTCCCCGHGCCACCCC GC
CCCCGGGTGGCCCC GACCCTTCCCGGACACAGCCTCACCCCCACCCCCACCCGCGCACGCACACATGCTGATAACAGTTCCGACCCCCGGCCGGAGCTGCAGAGTCCCGGGGCCACCCTGGC
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TCCCGCCTGGCCCCCACCTCGGGCGACCCCACACGCACACAGC--—-CCCCCCACCCCCACACACGCACGCACACATGCAGATAACAACCCCGACCCCCAGCCGCAGCAGCAGTGTCCCAAGGGCGCCCCGGC

pHRE1 WT1 pHRE2 GATA

Supplementary Figure 4. Putative EPO promoter HREs. Location of two conserved potential promoter
HREs (pHRE1 and pHREZ2; green) close to the GATA (blue) and WT1 (yellow) sites in the EPO proximal
5' region. Shown is a UCSC Genome Browser output (version hg19), including 161 transcription factor
ChiIP-sequencing (ChIP-seq) tracks derived from the ENCODE database (version 3), clusters of DNasel
hypersensitivity sites (HSS) from 125 cell types, and the transcriptional start site (TSS), with a closer
view of the region in 50 vertebrates extracted using the 100-MULTIZ whole-genome multiple sequence
alignment algorithm.
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Supplementary Figure 5. UCSC Genome Browser output (hg19) of the EPO (A) and PAG1 (B)
genomic regions. HIF-1a, HIF-2a and HIF-B ChIP-seq data of hypoxic non-Epo-producing renal
proximal tubule HKC-8 and VHL-deficient clear cell renal cell carcinoma RCC4 as well as of Epo-
producing hepatoma HepG2 cell lines are indicated. The PAG1 locus confirms HRE binding by all three
factors in all cell lines analyzed. In addition, the ENCODE integrated regulation tracks containing ChlP-
seq data of 161 transcription factors and DNasel hypersensitivity (HS) clusters are displayed, aligned to
the conservation scores of 100 different vertebrate species. Arrows indicate the 5' and 3' HREs of the
EPO locus and the distal upstream HRE of the PAG1 locus, respectively.
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D1 ctcaggccc-———————————-—--——-—————————————— atccagcttc 31 bp (85%)
C24 ctcaggcccggagcacatac-tgcagggagacacagctccatccagette 1 bp (94%)
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Supplementary Figure 6. Generation and analysis of EPO 5'/3' HRE double-mutant cell lines. (A)
Following 5' HRE mutation of the Kelly 3' HRE mutant B2 subclone by CRISPR-Cas9 mediated gene
editing, the resulting 5'/3' HRE double-mutant subclones were analyzed by PCR ampilification and direct
deep sequencing (bold, consensus 5-ACGTG-3' and 5'-CACA-3' HRE core and ancillary elements,
respectively; WT, wild-type; dashes, nucleotide deletions). The size of the HRE deletion and the
percentage of deep sequence reads (Seq%) are indicated on the right. (B, C) Kelly samples shown in
Figure 5D were analyzed for the mRNA levels of the HIF target genes carbonic anhydrase (CA) IX (B)
and lysyl oxidase like (LOXL) 2 (C) by RT-qgPCR. Transcript levels were normalized to ribosomal protein
L28 mRNA and shown as mean + SEM of 3 independent experiments. Numbers above the columns
indicate hypoxic induction factors. Student's t-tests were used to statistically evaluate the difference to
hypoxic WT (*, p<0.05; **, p<0.01,) or 3' B2 cells (*, p<0.05; #, p<0.01; ## p<0.001). (D, E) Kelly
samples shown in Figure 5C were analyzed for the protein levels of HIF-1a and HIF-2a by
immunoblotting. B-Actin was used as loading and blotting control.
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