tures, located in the juxtamedullary cortex."* These cells
respond to a decrease in tissue oxygen partial pressure by
hypoxia-inducible transcription factor-2 (HIF-2)-depen-
dent induction of Epo synthesis.” DNA sequences required
for oxygen-dependent regulation of the EPO gene are dif-

Erythropoietin (Epo) is the main humoral regulator of ferent in liver and Ifidn?y. Under physiological conditions,
erythropoiesis. During development, Epo production EPO gene expression is controlled by elements located
switches in a species-specific manner from the liver to the =~ Within 0.4 kb of the 5' and 0.7 kb of the 3'-flanking region
kidneys which account for approximately 90% of total in the liver, while an essential regulatory element for renal
Epo synthesis in the adult. Renal Epo is produced by peri-  Epo expression resides between -14 and -6 kb in the distal
tubular interstitial cells with fibroblastic and neuronal fea- ~ 5'-region.”” The liver-inducible element consists of a proxi-

A novel distal upstream hypoxia response element
regulating oxygen-dependent erythropoietin gene
expression
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Figure 1. Location of a functional distal HRE in the Epo 5' regulatory region. (A) UCSC Genome Browser output (hg19) of the Epo genomic
and 5' upstream region. Shown are the ENCODE DSS clusters and mammalian PhastCons conservation tracks with a closer view of the
region in 28 vertebrates extracted using the 46-MULTIZ whole-genome multiple alignment algorithm. (B) Epo mRNA levels in human
Hep3B and Kelly cells were measured by RT-gPCR and normalized to ribosomal protein L28 mRNA levels. (C) Both cell types (3x10° cells)
were co-transfected with the indicated SV40-driven firefly luciferase reporter gene plasmids (500 ng) and a Renilla luciferase control plas-
mid (5 ng, Promega) in a 6-well format by polyethylenimine (PEI). 24 h post-transfection, cells were incubated for another 24 h under nor-
moxic or hypoxic (0.2% 0:) conditions. Luciferase activities of triplicate wells were determined using the Dual Luciferase Reporter Assay
System according to the manufacturer's protocol (Promega). All results are displayed as ratios of firefly to Renilla relative light units
(R.L.U.). (D) Cells were co-transfected with pGL3p Epo 5'-HRE wild-type (w), pGL3p Epo HBS mutated (m) (ACGTG to AAAAG), pGL3p Epo
CACA mutated (CACA to AAAA) or pGL3p Epo HBSm, CACAm together with a Renilla luciferase control plasmid, and reporter gene exper-
iments performed as in D. (B-D) All data are expressed as mean £ SEM of 3 independent experiments and statistical analyses were per-
formed with one-way ANOVA and Tukey correction for multiple comparisons (*P<0.05; **P<0.01; ***P<0.001).
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Figure 2. HIF-2a. dependent hypoxic regulation of the Epo distal enhancer element. (A) Scheme depicting the constructs used. The nhum-
bers are relative to the transcriptional start site (TSS). KIE: kidney-inducible element; NRE: negative regulatory element; LIE: liver-inducible
element; NRLE: negative regulatory liver element. (B) Dual luciferase analyses using the Epo minimal promoter (117 bp) and several indi-
cated extensions of the distal 5-HRE alone or in combination with the 3'-HRE. All reporter gene experiments were performed as in Figure
1. (C) The indicated vectors were co-transfected with HIF-a. or empty expression vectors into Hep3B cells. CAIX (carbonic anhydrase IX)
and PAI-1 (plasminogen activator inhibitor 1) promoter constructs were used as controls for HIF-1o. and HIF-2a specificity, respectively.
pH3SVL is controlled by a concatamerized non-HIFa isoform specific HRE and an SV40 promoter. (D) Comparison between SV40-driven
and Epo promoter-driven luciferase expression, following HIFa overexpression in Hep3B cells. (E) Effect of siRNA-mediated HIFo knock-
down on the indicated vectors in Hep3B cells. (F) HIF-1a, HIF-2a, Epo, PAI-1 and CAIX mRNA levels were measured by RT-qPCR and nor-
malized to ribosomal protein L28 mRNA levels. (G) Scheme depicting the different primer regions used for ChIP experiments. ChIP of nor-
moxic or hypoxic (0.2% 0z, 24 h) Hep3B cells using antibodies directed against HIF-1a or HIF-2c.. The amount of co-precipitated chromatin
derived from the human Epo 5' regulatory region, its upstream and downstream regions, and the Epo 3-HRE was determined by qPCR.
The PAI-1 promoter was used as an additional positive control. Mean values + SEM of 3 (B-F) or 4 (G) independent experiments are shown
and statistical analyses were performed with one-way ANOVA and Tukey correction for multiple comparisons (*P<0.05; **P<0.01;
***P<0.001).
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mal downstream enhancer which synergizes with the
minimal promoter re§ion to achieve up to 100-fold tran-
scriptional induction.’ Detailed analysis of this conserved
50 bp 3'-enhancer revealed a tripartite cis-regulatory struc-
ture with a consensus HIF binding site (HBS, ACGTG) and
a CACA repeat downstream of the HBS.” The latter ele-
ment is necessary, but not sufficient, for hypoxia inducibil-
ity of the 3'-enhancer. However, so far no protein binding
to this element has been defined. While the Epo 3'-
enhancer is well characterized and has been confirmed to
be both essential and sufficient for liver-specific Epo
expression in mice beyond embryonic day 14.5," the kid-
ney-inducible element (KIE) remains unexplored. In the
present study, we functionally analyzed a distal upstream
hypoxia response element (HRE) which confers oxygen-
regulated Epo transcription and presumably represents the
hitherto uncharacterized KIE.

We used the ENCODE data integrated in the UCSC
Genome Browser (http://genome.ucsc.edu/) to identify a dis-
tal conserved putative HBS in the Epo 5'-region, located
within a DNase I hypersensitivity site (DSS) observed in 9
different non-Epo-producing cell lines and strongly con-
served in multiple vertebrate species (Figure 1A). This dis-
tant locus, 9248 bp upstream of the Epo transcriptional
start site, contains a putative HBS and is flanked by the
most frequently neighboring residues observed around the
consensus HBS'" and a CACA repeat 8 bp upstream, very
similar to the established 3'-HRE. The striking overlap of
this region with a previously reported anemia-inducible
DSS in liver and kidney of anemic Epo transgenic mice’
prompted us to perform a detailed functional analysis.
Two Epo-expressing (Hep3B and Kelly, Figure 1B) and two
non-expressing (HeLa and HK-2) human cell lines were
transfected with firefly luciferase reporter gene constructs
under the control of the exogenous SV40 promoter and a
100 bp fragment encompassing the novel candidate 5'-
HRE, containing either wild-type or mutant HBS and
CACA elements. The isolated distal 5'-HRE conferred
robust hypoxic reporter gene induction in all cell lines test-
ed (Figure 1C), which was abrogated upon mutation of
either the HBS or the CACA sequence (Figure 1D).

We next combined the endogenous Epo minimal pro-
moter (117 bp) with the distal 5'-HRE of either 100 bp, 300
bp (covering the entire conserved DSS region), or 3 kb
length as indicated in Figure 2A. All three constructs, but
not the Epo minimal promoter alone, increased reporter
gene activity in hypoxic Hep3B cells (Figure 2B). No fur-
ther induction was observed by inclusion of the 3'-HRE
(126 bp), suggesting that, at least under our experimental
conditions, the 5'-HRE and the 3'-HRE do not cooperate.
Because the 3 kb containing fragment did not further
increase the hypoxic response, it was excluded from later
analyses.

To analyze HIFo isoform transcriptional selectivity,
reporter gene constructs were co-transfected with consti-
tutively active (double proline mutant) HIF-1a or HIF-2a
over-expressing plasmids. Reporter assays using the PAI-1
and CAIX promoters, as well as pH3SVL, served as con-
trols for HIFa overexpression. HIF-2a enhanced transacti-
vation of the Epo promoter substantially better than HIF-
1o (Figure 2C), and this is in line with the previously
reported dominant role of HIF-2a in hypoxia-inducible
Epo transcription in vitro.”” Interestingly, no HIFo isoform
specificity was observed in reporter genes driven by the
heterologous SV40 promoter (Figure 2D), indicating a cru-
cial role of the endogenous Epo minimal promoter in HIFa
isoform selectivity. Reporter gene assays were repeated in
siRNA-mediated HIFa-deficient Hep3B cells, as described
before.” Both HIF-1a and HIF-2a siRNA reduced 5'-HRE

dependent luciferase activity in hypoxic Hep3B cells
(Figure 2E). Rather unexpectedly, both Epo 5' and 3'-HRE
dependent luciferase activity was more affected by deple-
tion of HIF-la than HIF-20. This might be partially
explained by less efficient knockdown of HIF-2a, as
reflected by the PAI-1 and pH3SVL reporter activity and
HIF-2a mRNA expression levels (Figure 2E and F).
Alternatively, knockdown of HIF-la might decrease
hypoxic PHD3 induction, which has been shown to pref-
erentially target HIF-20." Notably, hypoxia-inducible Epo
mRNA expression was not entirely HIF-2-dependent in
hypoxic Hep3B cells (Figure 2F).

To analyze HIFa DNA binding to the endogenous sites,
ChIP assays were performed using either anti-HIF-1a (5
ug, Ab2185; Abcam) or anti-HIF-2a (5 ug, Ab199; Abcam)
antibodies in hypoxically-treated Hep3B cells, as described
before.”” The PAI-1 and Epo 3'-HRE were analyzed as pos-
itive controls, and regions 1 kb upstream and downstream
of the 5'-HRE served as negative controls. ChIP analysis
revealed hypoxia-inducible HIF-2a, but not HIF-1a enrich-
ment at the 5'-HRE or at any other of the tested 5' loci
(Figure 2G, left panel). In contrast, both HIF-1at and HIF-
20. bound to the Epo 3'-HRE and the known PAI-1 HRE
(Figure 2G, right panel).

Collectively, our results demonstrate the identification
of a functional HIF-2a dependent distal 5'-HRE regulating
Epo transcription. The lack of a renal cell culture system
capable of hypoxia-inducible Epo expression precluded
further validation of the kidney-specificity of this 5'-HRE.
There are likely to be additional distal elements contribut-
ing to kidney-specific Epo expression because a BAC cov-
ering more than 180 kb flanking Epo regulatory regions is
required to fully recapitulate endogenous Epo expression
in transgenic mice.”” Our study is the first to functionally
analyze the enigmatic KIE, and provides the basis for fur-
ther investigations on the cooperation between other
putative distal and proximal regions in regulating kidney-
specific inducible Epo expression.
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