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HYPOXIA AND ITS STRESS RESPONSE, the hypoxia-inducible factor
(HIF) pathway, play a crucial role in physiological and pathophysiological phenomena in various organs, including kidney,
liver, heart, and brain, and thereby link to ischemic diseases (6,
27, 28, 32, 35). Erythropoietin (EPO), produced by the kidney
and liver, stimulates erythropoiesis and increases oxygen delivery to tissues, which are exposed to hypoxia. Expression of
EPO is carefully regulated by oxygen tensions, which is sensed
by the HIF pathway (24). However, some transcription factors,
including NF-B, are also known to alter EPO transcriptional
regulation and thereby trigger derangement of HIF-dependent
EPO production under certain pathogenic conditions (23).
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Hypoxia further induces other stress signals derived from the
endoplasmic reticulum (ER). The role of the ER in maintaining
protein homeostasis includes regulation of the synthesis, folding, and trafficking of client proteins. ER dysfunction triggered
by hypoxia or energy consumption causes an imbalance in
protein-folding capacity and protein-folding load (referred to
as ER stress), which triggers the accumulation of unfolded
proteins in the ER and a subsequent stress signal, the unfolded
protein response (UPR; Ref. 16). Although the UPR initially
serves as an adaptive response that acts to enhance proteinfolding capacity, degrades malfolded proteins, and attenuates
translation, this physiological response recharacterizes to a
pathogenic response when the ER stress crosses a certain
strength and duration threshold. The primary function of the
UPR at this pathogenic level is to induce an apoptotic response
(36). Recent evidence, including our studies, has also demonstrated that the UPR acts in various cells to maintain ER
homeostasis at the basal level and that an imbalanced pathogenic UPR state as a consequence of ER stress contributes to
the progression of various hypoxic diseases (3, 7–9, 15, 20, 29,
34). Further, cross talk between the HIF and UPR pathways has
been highlighted to be important for stress signal regulation
(41). To date, however, no evidence has been found for a
pathophysiological role of ER stress in the EPO-producing
system, particularly with regard to a link between the UPR and
EPO-producing capacity.
Here we hypothesized that ER stress contributes to oxygensensing machinery for EPO production. To test this, we evaluated changes in EPO transcriptional activity under ER stress
conditions, namely UPR activation, in in vitro studies in the
EPO-producing cell line HepG2 and in in vivo studies in rats
administered with ER stress inducers. The current study for the
first time demonstrated that UPR under ER stress conditions
suppresses basal and hypoxia-induced transcription of EPO but
not other HIF target genes. This suppression of EPO transcription is mediated by derangement of EPO 3=-enhancer activity
via activating transcription factor (ATF)4, a transcriptional
factor for UPR pathway, indicating that UPR contributes to
oxygen-sensing regulation of EPO.
METHODS

Cell culture. The human hepatoma cell line HepG2 was obtained
from RIKEN BioResource Center (Tsukuba, Japan) and maintained in
DMEM (Nissui Seiyaku, Tokyo, Japan) at pH 7.4 containing 10%
FBS (SAFH Biosciences, Lenexa, KS). The cells were cultured in
humidified 95% air-5% CO2 at 37°C with various stimuli, namely the
chemical hypoxia inducer cobalt chloride (CoCl2; 100 M), the ER
stress inducers tunicamycin (TUN; 4 g/ml) or thapsigargin (THG; 50
ng/ml; Sigma-Aldrich, St. Louis, MO), and the ER stress inhibitor
salubrinal (20 M; Santa Cruz Biotechnology, Santa Cruz, CA). In
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for ATF4. Am J Physiol Cell Physiol 304: C342–C353, 2013. First
published December 12, 2012; doi:10.1152/ajpcell.00153.2012.—Hypoxia upregulates the hypoxia-inducible factor (HIF) pathway and the
endoplasmic reticulum (ER) stress signal, unfolded protein response
(UPR). The cross talk of both signals affects the pathogenic alteration
by hypoxia. Here we showed that ER stress induced by tunicamycin
or thapsigargin suppressed inducible (CoCl2 or hypoxia) transcription
of erythropoietin (EPO), a representative HIF target gene, in HepG2.
This suppression was inversely correlated with UPR activation, as
estimated by expression of the UPR regulator glucose-regulated
protein 78, and restored by an ER stress inhibitor, salubrinal, in
association with normalization of the UPR state. Importantly, the
decreased EPO expression was also observed in HepG2 overexpressing UPR activating transcription factor (ATF)4. Overexpression of
mutated ATF4 that lacks the transcriptional activity did not alter EPO
transcriptional regulation. Transcriptional activity of the EPO 3=enhancer, which is mainly regulated by HIF, was abolished by both
ER stressors and ATF4 overexpression, while nuclear HIF accumulation or expression of other HIF target genes was not suppressed by
ER stress. Chromatin immunoprecipitation analysis identified a novel
ATF4 binding site (TGACCTCT) within the EPO 3=-enhancer region,
suggesting a distinct role for ATF4 in UPR-dependent suppression of
the enhancer. Induction of ER stress in rat liver and kidney by
tunicamycin decreased the hepatic and renal mRNA and plasma level
of EPO. Collectively, ER stress selectively impairs the transcriptional
activity of EPO but not of other HIF target genes. This effect is
mediated by suppression of EPO 3=-enhancer activity via ATF4
without any direct effect on HIF, indicating that UPR contributes to
oxygen-sensing regulation of EPO.
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pHRE-luc, pEPO3=-luc, or CHOP-luc (see Functional analysis of
ATF4) were also cotransfected. The transfected cells were exposed to
the indicated stimuli for 16 h and then lysed in 150 l of passive
protein lysis buffer for dual-luciferase assay. Measurement was done
using a Lumat 9507 luminometer (EG and Berthold, Bad Wildbad,
Germany). Transfection efficiency was corrected by dividing the
relative value of the firefly luciferase light unit by that of the Renilla
luciferase. Each group consisted of three assays, and the experiments
were independently repeated four times.
Nuclear extract preparation. Nuclear or cytoplasmic proteins were
extracted from HepG2 cells using the Thermo Scientific NE-PER
nuclear and cytoplasmic extraction kit protocol after the addition of a
protease inhibitor cocktail (Themo Fisher Scientific, Rockford, IL).
Each extract was stored at ⫺80°C until use. Protein concentrations
were determined using the Bradford method with BSA as standard.
Western blot analyses. For detection of HIF-1␣, HIF-2␣, or ATF4,
30 g of nuclear extract protein were loaded in each lane. These
protein samples were separated by electrophoresis on an 8% (for HIF)
or 10% (for ATF4) SDS-polyacrylamide gel and then electrotransfered to PVDF membranes (GE Healthcare Bio-Sciences, Little Chalfont, UK). The transferred membranes were blocked with 5% fat-free
skim milk in TBS with 0.01% Tween 20 for 60 min at room
temperature. The membranes were then incubated with rabbit polyclonal anti-HIF-1␣, anti-HIF-2␣ (diluted 1:1,000; Novus Biologicals,
Littleton, CO), or anti-ATF4 antibody, which raised against a peptide
mapping near the COOH terminus of ATF4 (diluted 1:200; Santa
Cruz Biotechnology) overnight at 4°C. Horseradish peroxidase-conjugated anti-rabbit IgG (Promega) was then used as the secondary
antibody. Immunoreactive protein was visualized by the chemiluminescence protocol (ECL; GE Healthcare Bio-Sciences). Mouse monoclonal anti-histone H1 antibody (1:1,000; Santa Cruz) was used for
calibration. Band intensity was assessed by densitometry using the
ImageJ software (National Institutes of Health, Bethesda, MD). Each
group consisted of four assays.
For detection of phosphorylation of eukaryotic initiation factor-2␣
(eIF2␣), 30 g of cytoplasmic proteins were separated by electrophoresis on 10% SDS-polyacrylamide gel, electrotransfered to PVDF
membranes. The transferred membranes were blocked with 2% BSA,
incubated with rabbit monoclonal anti-phospho-eIF2␣ (Ser51, 1:500)
antibody or rabbit polyclonal anti-eIF2␣ antibody (1:500; Cell Signaling Technology, Danvers, MA) as a first antibody.
Functional analysis of ATF4. To evaluate the effect of ATF4 on
EPO production, pCAX-F-mATF4 was established as an ATF4 expression plasmid by insertion of an F-mATF4 DNA fragment into the
HindIII/XhoI sites of pCAX2. The F-mATF4 DNA fragment codes
mouse full-length ATF4 (from 595 nt to 1,644 nt of NM_009716)
with an NH2-terminal FLAG tag and was produced by PCR using the
primers (5=-CCC AAG CTT CCA CCA TGG ACT ACA AGG ACG
ACG ATG ACA AGA CCG AGA TGA GCT TCC TGA ACA GC-3=
and 5=-CCG CTC GAG TTA CGG AAC TCT CTT CTT CCC CCT
TGC CTT ACG-3=) and mouse ATF4 cDNA as a template. The

Table 1 Primers used for quantitative real-time PCR
Primer

Forward: 5= to 3=

Reverse: 5= to 3=

Human EPO
Human VEGF
Human GLUT1
Human GRP78
Human CHOP
Human ␤-actin
Rat EPO
Rat GRP78
Rat CHOP
Rat ␤-actin

AGGCCGAGAATATCACGACG
CCCTGATGAGATCGAGTACATCTT
CTTCACTGTCGTGTCGCTGT
GCCTGTATTTCTAGACCTGCC
ATGGCAGCTGAGTCATTGCCTTTC
TCCCCCAACTTGAGATGTATGAAG
TACGTAGCCTCACTTCACTGCTT
CCCCAGATTGAAGTCACCTTTGAG
CCAGCAGAGGTCACAAGCAC
CTTTCTACAATGAGCTGCGTG

CCATCCTCTTCCAGGCATAGAAA
TCTGAGCAAGGCCCACAGGGA
CCAGGACCCACTTCAAAGAA
TTCATCTTGCCAGCCAGTTG
AGAAGCAGGGTCAAGAGTGGTGAA
AACTGGTCTCAAGTCAGTGTACAGG
GCAGAAAGTATCCGCTGTGAGTGTTC
CAGGCGGTTTTGCTCATTG
CGCACTGACCACTCTGTTTC
TCATGAGGTAGTCTGTCAGG

EPO, erythropoietin; GLUT1, human glucose transporter 1; GRP, glucose-regulated protein 78; CHOP, C/enhancer-binding protein homologous protein.
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some experiments, the cells were also cultured in a hypoxic chamber
(1% O2; Astec, Tokyo, Japan). The cells were exposed to these stimuli
for 12 h for evaluation of mRNA expression and nuclear fraction.
Lactate dehydrogenase-release assay. After cells were cultured in
a 24-well plate (1 ⫻ 105) for 24 h, culture media were collected and
the cells were lysed with 0.5% Triton X-100. Lactate dehydrogenase
(LDH) concentration of the medium and cell lysates was measured
using LDH Kainos (Kainos Laboratories, Tokyo, Japan) according to
the manufacturer’s protocol. The ratio of medium LDH to the sum of
medium and cellular LDHs was used as a marker of cellular injury.
Each group consisted of three assays, and the experiments were
independently repeated four times.
RNA isolation and quantitative real-time PCR. Total RNA was
isolated by RNAiso plus (Takara, Tokyo, Japan) according to the
manufacturer’s protocol and reverse-transcribed, and the amount of
mRNAs was evaluated by quantitative real-time PCR. cDNA was
synthesized using the ImProm-II reverse transcription system (Promega, Madison, WI) from 1 g of template RNA in a 20-l reaction
volume. One microliter of cDNA was added to Thunderbird qPCR
Mix (Toyobo) and subjected to PCR amplification (cycled 40 times at
95°C for 30 s, 60°C for 30 s, and 72°C for 30 s) in the iCycler system
(Bio-Rad). The ␤-actin was employed as an internal control. PCR was
conducted in triplicate for each sample. The sequences of primers
used for human and rat EPO, glucose-regulated protein 78 (GRP78),
C/enhancer-binding protein homologous protein (CHOP), ␤-actin
mRNA, human vascular endothelial growth factor (VEGF), and human glucose transporter 1 (GLUT1) are shown in Table 1. Each group
consisted of three assays, and the experiments were independently
repeated four times.
Measurement of EPO protein. The culture supernatant of HepG2
cells was concentrated 10-fold by AmiconUltra-15 (EMD Millipore,
Billerica, MA), and the concentration of EPO protein of the supernatant was measured by radioimmunoassay (Recombigen EPO kit;
Mitsubishi Chemical Medience, Tokyo, Japan). The plasma EPO level
of the experimental rats (n ⫽ 5 for each group) was determined by
ELISA using a Quantikine Mouse/Rat Epo Immunoassay kit (MEP00;
R&D Systems, Minneapolis, MN).
Luciferase assays. We previously constructed a hypoxia-responsive
reporter vector (pHRE-luc) by subcloning tandem copies of the HRE
from the rat VEGF gene into the 5= region of the human minimum
CMV-promoter-luciferase gene of pGL3-basic vector (Promega) (37).
The human genomic EPO DNA (906 bp, GeneBank No. 007933.15:
nt 38353551–38354456; see the schematic representation of EPO
gene in Fig. 4A), which included the core sequence of the EPO
3=-enhancer region, was subcloned into the 3=-region of the luciferase
gene of the pGL3-promoter vector (pEPO3=-luc). Five hundred nanograms of pHRE-luc or pEPO3=-luc were cotransfected with 25 ng of
pTK-Renilla luciferase (Promega) into HepG2 cells (1 ⫻ 105) utilizing Lipofectamine LTX with Plus reagent (Invitrogen). In some
experiments, 200 ng of ATF4 expression plasmid (pCAX-F-mATF4
or ATF4-mut, see Functional analysis of ATF4) and 300 ng of
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expression plasmid of NH2-terminal-deleted ATF4 (⌬2–144 aa),
which lacks the transcriptional activity, was also used as an ATF4-mut
(ca. 32 kDa). Neither of the ATF4 expression plasmids contains the
upstream open reading frames. Plasmid transfection (500 ng) into
HepG2 (1 ⫻ 105) was conducted using Lipofectamine LTX with Plus
reagent (Invitrogen) and the resulting ATF4- or ATF4-mut-overex-

pressing HepG2 were assessed by real-time PCR, luciferase assay, or
chromatin immunoprecipitation (ChIP) assay as described below.
pCAX2 was employed as an empty control vector.
Transcriptional activity of ATF4 in HepG2-overexpressed ATF4 or
ATF4-mut was estimated by luciferase assay utilizing CHOP-luc,
which was constructed by introducing the two-tandem repeat of the
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Fig. 1. Endoplasmic reticulum (ER) stress suppressed basal and inducible erythropoietin (EPO) transcription in HepG2 cells. A: when HepG2 cells were treated
with a noncytotoxic dose of the ER stress inducers tunicamycin (TUN) or thapsigargin (THG) for 12 h under normoxia, the basal EPO mRNA level, which was
measured by real-time PCR, was significantly suppressed in association with an increase in ER stress, as estimated by glucose-regulated protein 78 (GRP78)
expression. B and C: under the condition of hypoxia-inducible factor (HIF) stabilization by 100 M CoCl2 (B) or hypoxia at 1.0% O2 (C) for 12 h, EPO mRNA
expression was significantly increased, while it was markedly blunted by TUN or THG. This suppression was inversely correlated with ER stress induction, as
estimated by mRNA expression of GRP78. D: ER stress inhibitor salubrinal (SAL, 20M) reduced the ER stress activation induced by TUN and normalized
the UPR state (top), which was estimated by GRP78 mRNA level. In parallel, SAL restored basal and CoCl2-induced EPO transcriptions, both of which were
suppressed by TUN (bottom). Each group consisted of 3 assays, and the experiments were independently repeated 4 times. *P ⬍ 0.05, compared with untreated
cells; #P ⬍ 0.05, compared with cells exposed to CoCl2 or hypoxia alone; $P ⬍ 0.05, compared with cells treated with both CoCl2 and TUN.
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RESULTS

ER stress suppressed basal and inducible EPO transcription
in HepG2 cells. We assessed the change in EPO mRNA
expression induced by ER stress in HepG2 exposed to the HIF
stabilizer CoCl2 or hypoxia (1% O2). We used a noncytotoxic
dose of an ER stressor, TUN or THG, as evaluated by LDH
release assay in HepG2 cells exposed to CoCl2 (7.4 ⫾ 0.8 in
nontreatment, 7.5 ⫾ 0.6 in CoCl2, 8.1 ⫾ 0.9 in CoCl2 ⫹ TUN,
and 9.1 ⫾ 0.5% in CoCl2 ⫹ THG) or hypoxia (7.4 ⫾ 0.8 in
nontreatment, 8.2 ⫾ 0.6 in hypoxia, 8.8 ⫾ 0.3 in hypoxia ⫹
TUN, and 9.1 ⫾ 0.4% in hypoxia ⫹ THG). The ER stress
inducers activated the ER stress signal, namely the UPR, in
cells under normoxia (not subjected to CoCl2 or hypoxia), as
shown by an increase in the expression of GRP78, which is an
ER stress-inducible chaperone and used as an ER stress marker
(Fig. 1A). Of note, ER stress markedly lowered the basal level
of EPO transcription (Fig. 1A). As observed in normoxia, ER
stress also dramatically lowered EPO mRNA expression induced by CoCl2 or hypoxia (Fig. 1, B and C). This decrease in
EPO transcription was negatively correlated with the level of
UPR activation estimated by expression of GRP78 (Fig. 1, B
and C). The change of EPO transcription was consistent with
that of EPO protein production: the concentration of EPO
protein in the culture supernatant of untreated HepG2 cells
(culture for 24 h, 10.8 ⫾ 1.0 mIU/ml) was significantly
increased by exposure to 100 M CoCl2 for 24 h (47.0 ⫾ 3.3
mIU/ml), while it was suppressed by treatment with 50 ng/ml
THG (4.9 ⫾ 1.0 mIU/ml; P ⬍ 0.05).
Importantly, the suppression of basal and inducible EPO
transcription by ER stress was completely restored by the ER
stress inhibitor salubrinal, which normalized the UPR state of
ER stressor-treated HepG2 (Fig. 1D).
ER stress selectively suppressed EPO 3=-enhancer activity
without affecting HIF directly. To identify the mechanisms of
this decrease in EPO mRNA expression by ER stress in HepG2
cells, we assessed the transcriptional activity of a major EPOenhancer region located in the 3=-downstream of the EPO gene
(see Fig. 4A) by luciferase assay. EPO 3=-enhancer activity was
enhanced by CoCl2, while it was significantly dampened under
ER stress conditions (Fig. 2A). ER stress per se also altered this
enhancer activity under normoxia. This EPO 3=-enhancer activity is mainly regulated by HIF-2␣ through its binding to the
HRE existing within this region (30, 40). We therefore evaluated the effect of ER stress on HIF-2␣ activity. Unexpectedly,
ER stress did not interfere with the nuclear accumulation of
HIF-2␣ induced by CoCl2 (Fig. 2B); rather, it increased the
nuclear accumulation of HIF-2␣ in both the presence and
absence of CoCl2. ER stress showed a similar effect in nuclear
accumulation of HIF-1␣ (Fig. 2C), another isoform of HIF-␣.
Consistent with these observations, we also found that ER
stress enhanced the level of HIF transactivation, as estimated
by HRE-luciferase assay utilizing the reporter plasmid regulated by tandem copies of the HRE (37) (Fig. 2D). Of interest,
while ER stress suppressed EPO expression, it markedly enhanced the expression of other HIF target genes, such as VEGF
and GLUT1 (Fig. 2E). This was consistent with a previous
finding that VEGF transcription was regulated by the UPR
pathway as well as HIF pathway (11).
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CHOP AARE element (aacATTGCATCAtccccgc) and TK promoter
(⫺108 to ⫹44) into pGL3-basic (Promega) with XhoI/ HindIII sites.
Small interfering RNA transfection. HepG2 cells were transfected
with protein kinase RNA-like endoplasmic reticulum kinase (PERK)
small interfering (si)RNA or control siRNA (EIF2AK3, Stealth RNAi;
Invitrogen, Carlsbad, CA) utilizing HiPerFect transfection reagent
(Qiagen, Tokyo, Japan). The level of PERK knockdown was evaluated by real-time PCR as described below. The PCR primers for
PERK are Fw: 5=-CCT CAC CAT TTG CCT AAG GA-3= and Rv:
5=-GGG GGA CTT TCC TTC TTC TG-3=.
Prediction of transcription factor binding site. The transcription
factor binding site search in the EPO 3=-enhancer region was performed using the Transfac database (BIOBASE GmbH, Germany).
ChIP assay. HepG2 cells overexpressing FLAG-tagged ATF4
(pCAX-F-mATF4 transfectant) or mock (pCAX)-transfectant were
subjected to hypoxia (1% O2) for 8 h. ChIP was then performed with
cross-linked chromatin from 4 ⫻ 106 cells and anti-FLAG antibody
(M2, ⫻200; Sigma) using a SimpleChIP Enzymatic Chromatin IP
kit (Cell Signaling Technology). Anti-histone H3 antibody
(D2B12, ⫻100; Cell Signaling Technology) and anti-HIF-1␣ antibody (NB100 –134, ⫻200; Novus Biologicals) were used as positive
controls, and normal mouse IgG (⫻200; Sigma) was utilized as a
negative control. The enriched chromatin DNA was quantified by
PCR or real-time PCR with a TaqMan MGB probe (5=-FAM-TAC
GCT GGT CAA TAA G-MGB-3=; Life Technologies, Tokyo, Japan).
The primers used in this study were as follows: for PCR, forward
primer (Pr 1), 5=-ACA CAG CCT GTC TGA CCT CTC GAC-3=, and
reverse primer (Pr 2), 5=-TTG ATG ACA ATC TCA GCG CAC
TGC-3=; for real-time PCR, forward primer (Pr 3), 5=-ACA GCC TGT
CTG ACC TCT CGA C-3=, and reverse primer (Pr 4), 5=-CGG TGA
GGC CTT GAA TGG-3= (see Fig. 4A). The primers for human
RPL30 Exon 3 (no. 7014; Cell Signaling Technology) and HRE of
EPO 3=-enhancer region (forward primer, 5=- TAC GTG CTG TCT
CAC ACA GCC TGT C-3=, and reverse primer, 5=-ACC TTA TTG
ACC AGC GTA GGC AGA G-3=) were used as positive control
primers. The amount of immunoprecipitated DNA in each sample was
represented as a signal relative to the total amount of input chromatin,
which was equivalent to one. We performed three independent experiments.
Animal experiments. Male Wistar rats weighing 200 g (Nippon
Bio-Supp. Center, Tokyo, Japan) were subcutaneously injected with
60 mg/kg of CoCl2 (Sigma) or vehicle (distilled water) and intraperitoneally with a nontoxic dose of TUN (0.3 mg/kg; Sigma; Ref. 15) or
PBS and then killed 24 h later (n ⫽ 5 for each group). The renal cortex
and liver parenchyma were harvested and stored at ⫺80°C until use.
All animal experiments were performed in accordance with the
National Institutes of Health Guidelines for the Use and Care of
Laboratory Animals and approved by the University of Tokyo Local
Ethical Committee.
Immunohistochemistry. The ER stress state of tubulointerstitial
cells in in vivo studies was evaluated by immunohistochemistry for
the detection of GRP78 using renal cortical tissue sections (3-m)
fixed with methyl Carnoy’s solution as previously described (15).
Briefly, sections were incubated with goat polyclonal anti-GRP78
antibody (1:200; Santa Cruz Biotechnology) followed by biotinylated
rabbit anti-goat IgG (1:800; DakoCytomation, Kyoto, Japan). Development was performed with peroxidase-conjugated avidin (Vector
Laboratories, Burlingame, CA) and 3.3=-diaminobenzidine tetrahydrochloride (Wako, Osaka, Japan).
Statistical analysis. Values given in this study are presented as
means ⫾ SE of the results of independent three to four experiments.
All analyses were performed by analysis of variance followed by
Fisher’s least significant different test. All statistical calculations were
done with SPSS 16.0 for Windows.
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ATF4, the ATF4-mut did not suppress basal and inducible
EPO production (Fig. 3E). Further, the ATF4-mut affected
neither EPO 3=-enhancer activity nor HRE activity (Fig. 3F).
These results also supported the contribution of ATF4 on
suppression of EPO production by UPR activation.
The expression level of ATF4 is mainly regulated by PERKeIF2␣ pathway of UPR (25). We therefore performed loss-offunction analysis of ATF4 by utilizing HepG2 cells knocking
down PERK by siRNA. When knockdown of PERK significantly decreased the activity of the PERK-eIF2␣ pathway,
estimated by phosphorylation of eIF2␣, and it thereby lowered
the nuclear ATF4 accumulation (Fig. 3, G, H, and I). The
decrease in ATF4 activity was confirmed by suppression of
ATF4-downstream gene CHOP (Fig. 3I). Importantly, the
suppression of ATF4 by ⬃65% inversely enhanced EPO transcription induced by CoCl2 (Fig. 3J).
ATF4 bound to a novel ATF4 binding site in EPO 3=enhancer region. Further, to confirm the interaction of ATF4
with the EPO 3=-enhancer region and to identify the ATF4
binding site within this region, we performed ChIP analysis
using hypoxia-exposed HepG2 cells overexpressing FLAGtagged ATF4. The results of ATF4 ChIP followed by PCR
utilizing the primers Pr1 and Pr2 showed that ATF4 bound to
the putative ATF binding element within the EPO 3=-enhancer
region (Fig. 4, A and B). This finding was confirmed by
real-time quantitative PCR utilizing other primer set (Pr3 and
Pr4) and a TaqMan probe after ATF4 ChIP (Fig. 4, A and C).
Increased ER stress in rat liver and kidney impaired CoCl2induced EPO mRNA expression and plasma EPO levels. We
next examined whether ER stress suppresses hepatic and renal
EPO mRNA and plasma EPO levels in vivo. To induce ER
stress in the liver and kidney, a nontoxic dose of TUN, which
induces no functional or pathological changes in these organs,
was injected intraperitoneally into the rats (15). Immunohistochemical analysis of GRP78 confirmed the induction of ER
stress by TUN in hepatocytes of the liver or in interstitial cells
of the kidney (Fig. 5A). CoCl2 administration induced robust
expression of hepatic EPO mRNA compared with untreated
rats. As expected, further treatment of these CoCl2-treated rats
with TUN significantly blunted hepatic EPO transcription in
association with an increase in the expression of GRP78 as
well as CHOP (Fig. 5B). Similar results were observed in the
kidney of the rats treated with CoCl2 and TUN (Fig. 5C). In
parallel, plasma EPO level was also increased by CoCl2 and
blunted by TUN (Fig. 5D). Overall, these in vivo data fully

Fig. 2. ER stress selectively suppressed EPO 3=-enhancer activity without affecting HIF directly. A: HepG2 cells transfected with the EPO 3=-enhancer reporter
vector (pEPO3=-luc) were treated with CoCl2 for 16 h in the presence or absence of TUN or THG, and then EPO 3=-enhancer-luciferase assay was performed.
While CoCl2 increased EPO-enhancer activity compared with untreated cells, it was significantly blunted by TUN or THG. The basal level of enhancer activity
was also suppressed by ER stressors. B: to assess the nuclear translocation of HIF-2␣ in HegG2 treated with CoCl2 under ER stress conditions, Western blot
analysis utilizing the nuclear proteins followed by densitometry was performed. HIF stabilization by CoCl2 for 12 h significantly enhanced the nuclear
accumulation of HIF-2␣ compared with untreated cells. Of note, accumulation was further augmented by TUN or THG. TUN or THG per se also enhanced
nuclear HIF-2␣ accumulation, with statistical significance. C: Western blot analysis for detection of the nuclear translocation of HIF-1␣ followed by densitometry
revealed that CoCl2 significantly upregulated the nuclear accumulation of HIF-1␣ in HepG2 cells compared with untreated cells. Of note, it was further
augmented by TUN or THG. TUN or THG per se also induced HIF-1␣ accumulation with statistical significance. D: HepG2 cells transfected with
hypoxia-responsive reporter (HRE) reporter vector (pHRE-luc) were treated with CoCl2 for 16 h in the presence or absence of THG, and then HRE-luciferase
assay was performed. CoCl2-treated HepG2 cells showed the enhancement of HIF-␣ transactivation, as estimated by HRE-luciferase activity, compared with
untreated cells. Transactivation was further enhanced by THG. THG per se also enhanced HRE-luciferase activity under normoxia. E: change in expression level
of representative HIF-1␣ target genes VEGF (top) and GLUT1 (bottom) by ER stress was assessed by real-time PCR. CoCl2 induced the expression of these
target genes in HepG2 cells, and expression was further enhanced by THG. THG per se also induced VEGF and GLUT1 gene expressions. Each group consisted
of 3 assays, and the experiments were independently repeated 4 times. *P ⬍ 0.05, compared with untreated cells; #P ⬍ 0.05, compared with cells exposed to
CoCl2 alone.
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UPR transcription factor ATF4 suppressed EPO transcription via a decrease in EPO 3=-enhancer activity. From the
findings that ER stress specifically decreased EPO transcription,
but not other HIF target genes, we speculated that the UPR
activation by ER stress impaired the oxygen-sensing machinery of
EPO regulation by modulating EPO 3=-enhancer activity, without
any direct effect on HIF. To evaluate the contribution of UPR
to EPO 3=-enhancer activity, we conducted a transcription
factor binding site search using a Transfac data base in this
region. This revealed the existence of a putative binding
element (TGACCTCT) of ATF4, a major transcription factor of
the UPR pathway (25, 33), adjacent to HRE in the EPO 3=enhancer region, indicating that ATF4 contributes to EPO transcription (see Fig. 4A). We therefore assessed the effect of ATF4
on EPO transcription in HepG2. ER stress inducers induced ATF4
activation, estimated by nuclear accumulation of ATF4, in parallel
with suppression of EPO transcription (Fig. 3A). The ATF4
activation by ER stress was confirmed by an increase in phosphorylation of eIF2␣, a major translation signal for ATF4, and
CHOP mRNA expression, a representative ATF4-downstream
target (Fig. 3B).
We further confirmed the effect of ATF4 on EPO transcription by gain-of-function analysis utilizing HepG2 overexpressing ATF4. ATF4 overexpression was evaluated by Western
blot analysis for detection of nuclear ATF4 accumulation and
subsequent ATF4-dependent luciferase activity utilizing a
CHOP-luciferase reporter vector. Overexpression of ATF4 in
HepG2 indeed increased nuclear accumulation of ATF4 (Fig.
3C) and thereby induced CHOP-luciferase activity under untreated and CoCl2- or hypoxia-treated conditions compared
with the wild-type cells (Fig. 3D). CoCl2- or hypoxia-induced
EPO mRNA expression was significantly decreased by ATF4
overexpression, as was observed under ER stress conditions (Fig.
3E). In parallel, ATF4 overexpression significantly decreased
EPO 3=-enhancer activity but not HRE activity (Fig. 3F).
Because the putative binding element of ATF4 partly overlaps with DR-2 element, which augments hypoxic induction of
EPO mRNA (18, 40) (Fig. 4A), it is difficult to confirm the
suppressive effect of ATF4 on EPO production by utilizing the
mutant of binding element. We thus employed the mutant of
ATF4 (ATF4-mut) that lacks the transcriptional activity by
deletion of the first 144 amino acids but retains the DNA
binding element. While the ATF4-mut was markedly accumulated in the nuclei HepG2, the ATF4-mut did not enhance
CHOP-luciferase activity, (Fig. 3, C and D). In contrast to
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support the notion that the induction of ER stress and subsequent UPR activation impairs EPO production.
DISCUSSION

Further, luciferase and ChIP assays revealed that UPR activation significantly suppresses EPO 3=-enhancer activity via
the binding of ATF4 to a newly identified ATF4 binding
element within the enhancer region. Our present study demonstrated that ER stress associated with UPR activation does not
directly affect the nuclear accumulation of HIF-␣ in HepG2
cells under hypoxic conditions. This is consistent with our
finding that UPR activation distinctly suppressed EPO transcription but not that of other HIF target genes, such as VEGF
and GLUT1: rather, it enhanced mRNA expression of VEGF
or GLUT1. EPO production under physiological hypoxic conditions might be negatively regulated by the UPR pathway as
well as the HIF pathway. Therefore, it might be possible that
various pathogens that trigger overwhelmed UPR activation
derange EPO production.
Identification of a novel ATF4 binding site adjacent to HRE
in the EPO 3=-enhancer region indicates the possibility that the
interaction of ATF4 with this region may influence the 5=promoter activity of EPO gene. HIF-␣ interacts with p300, a
HIF coactivator, and the subsequent p300/HIF complex markedly enhances the 5=-promoter activity of EPO gene (39).
Based on the fact that p300 also has an ATF4 binding site (12),
the enhancer activity may be altered by the interaction of ATF4
with p300/HIF complex. This hypothesis is supported by the
results of the experiments utilizing ATF4-mut: overexpression
of ATF4-mut, which lacks the p300 binding site, did not
suppress basal and inducible EPO transcription. Another possible mechanism of the effect of ATF4 on the EPO-enhancer
activity is that the novel ATF4 binding site we found has an
overlap with DR-2 element. DR-2 is an essential binding site of
transcriptional factors that augment hypoxic induction of EPO
mRNA (18, 40). For example, hepatocyte nuclear factor-4, a
nuclear receptor protein, binds to DR-2 and dramatically increases the hypoxic inducibility of EPO production in hepatocytes (10, 40). Therefore, ATF4 may contribute to modulate
the function of transcription factors bound to DR-2.

Fig. 3. Unfolded protein response (UPR) tactivating transcription factor (ATF)4 suppressed EPO transcription via a decrease in EPO 3=-enhancer activity without
affecting HIF directly. A: level of nuclear accumulation of ATF4 was assessed by Western blot analysis. Nuclear accumulation of ATF4 was significantly
increased in HepG2 treated with TUN or THG for 12 h, and it was associated with the suppression of EPO transcription induced by CoCl2. B: activation of ATF4
by TUN or THG shown in Fig. 3A was confirmed by translation signal state of ATF4, estimated by phosphorylation of eukaryotic initiation factor-2␣ (eIF2␣),
and expression level of ATF4-downstream gene C/enhancer-binding protein homologous protein (CHOP). TUN or THG significantly induced phosphorylation
of eIF2␣ (at 4 h of the exposure) and CHOP expression (at 12 h of the exposure), indicating the ATF4 activation by TUN or THG. C and D: HepG2 transfected
with ATF4 or NH2-terminal-deleted ATF4 (ATF4-mut) was verified by Western blot analysis for detection of nuclear accumulation of ATF4 (C) and its
transcriptional activity as estimated by CHOP-lucilerase assay (D). Nuclear ATF4 accumulation in ATF4-transfected cells significantly increased transcriptional
activity of ATF4 under normoxic or CoCl2- or hypxioa-treated conditions. In contrast, ATF4-mut overexpression did not change the transcriptional activity, while
it induced nuclear accumulation of ATF4-mut (ca. 32 kDa). Empty, empty vector alone; ATF4-mut, ATF4 lacking the first 144 amino acids and its transcriptional
activity. E: HepG2 cells overexpressing ATF4 or ATF4-mut were treated with CoCl2 or exposed to hypoxia for 12 h, and then EPO transcription level was
assessed by real-time PCR. ATF4 overexpression significantly decreased the CoCl2- or hypoxia-induced EPO mRNA expression. ATF4 also suppressed the basal
level of EPO expression under normoxia. In contrast, ATF4-mut did not interfere both basal and inducible EPO transcriptional level. F: EPO 3=-enhancerluciferase or HRE-luciferase assay was performed in HepG2 overexpressing ATF4 or ATF4-mut under various stimuli. ATF4 overexpression markedly
suppressed EPO 3=-enhancer-luciferase activity but not HRE-luciferase activity, both of which were enhanced by CoCl2 or hypoxia. Rather, ATF4 overexpression
enhanced CoCl2- or hypoxia-induced HRE-luciferase activity. ATF4 suppressed EPO 3=-enhancer activity under normoxia as well as under CoCl2 treatment or
hypoxia. In contrast, ATF4-mut overexpression did not change both EPO 3=-enhancer- and HRE-luciferase activities. G-J: HepG2 cells were transfected with
small interfering (si)RNA for PERK, a translational regulator of ATF4, to downregulate the ATF4 activity and assessed basal and CoCl2-induced EPO
transcription level by real-time PCR. Expression of PERK was inhibited by siRNA specific for PERK but not by control siRNA (G). Level of suppression of
ATF4 by PERK siRNA was evaluated at translation level of ATF4 (phosphorylation of eIF2␣), the nuclear ATF4 accumulation, and transcriptional activity
(CHOP expression; H and I) in HepG2 treated with TUN. TUN treatment was employed to emphasize the effect of PERK siRNA on suppression of ATF4.
Nuclear ATF4 accumulation was decreased by PERK siRNA (H) and it was supported by both decreased phosphrylation of eIF2␣ (at 4 h of exposure to TUN),
and decreased expression of ATF4-downstream target CHOP (at 12 h of exposure to TUN; I). Importantly, the suppression of ATF4 activity enhanced
CoCl2-induced EPO transcription in HepG2 in the absence of TUN (J). Each group consisted of 3 assays, and the experiments were independently repeated 4
times. Separated Western blot membranes are arranged as representative pictures of each group (H and I). *P ⬍ 0.05, compared with untreated cells; #P ⬍ 0.05,
compared with cells exposed to CoCl2 or hypoxia alone.
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To date, a link between UPR activation induced by ER stress
and EPO transcriptional regulation has not been reported. EPO
production is predominantly regulated by HIF-2␣, a master
transcription factor for oxygen sensing machinery (24, 30, 40).
We for the first time demonstrated that UPR activation acts to
derange the transcriptional regulation of EPO and that overwhelming activation of the UPR transcription factor ATF4
contributes to the suppression of EPO mRNA expression under
both normoxic and hypoxic conditions. Activation of ATF4 is
regulated by PERK pathway and downregulation of PERK by
siRNA indeed enhances EPO transcription in association with
reduction of nuclear ATF4 level. Therefore, our current study
strongly suggests that regulation of EPO transcription is orchestrated by both HIF-2␣, a master transcription factor for
oxygen-sensing machinery, and PERK-ATF4 axis of UPR
pathway.
Transcriptional activity of HIF-2␣ is known to be modified
under certain pathogenic conditions, including inflammation
and oxidative stress associated with hyperglycemia (19, 23, 31,
38). Further, our recent study demonstrated the possibility of
derangement of HIF-2␣ activity by uremic toxins (4). These
pathogenic factors are also known as potent inducers of the ER
stress signal (3, 7–9, 15–17, 20, 29). Although these findings
suggest the link between HIF-2␣ activity and ER stress, the
mechanism by which EPO production is impaired under ER
stress conditions is not unclear. ER stress is significantly
induced in various liver and kidney diseases and links to the
progression of these diseases. Overwhelming activation of
ATF4 in hepatic and renal EPO-producing cells may result in
alteration of transcriptional regulation of EPO by oxygensensing machinery, HIF-2␣ pathway, and the subsequent insufficient EPO production leading to renal anemia.
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Fig. 4. Identification of a novel ATF4 binding site within the EPO 3=-enhancer region. A: schematic view of the EPO 3=-enhancer region. Locations of HRE and
a putative ATF4 binding element in the EPO 3=-enhancer region are indicated by white and black boxes, respectively. Primers and a Taqman probe, which are
used for chromatin immunoprecipitation (ChIP)-PCR and ChIP-real-time PCR, are indicated by arrows and a bold line, respectively. B and C: to reveal the
binding of ATF4 to the putative binding site within the EPO 3=-enhancer region as shown in A, ChIP-PCR (B) or ChIP-real-time PCR (C) was performed utilizing
ATF4 (FLAG-tagged)-overexpressing HepG2 cells. Digested chromatin from the cells (1 ⫻ 107), which were transfected with FLAG-tagged-ATF4 vector
(ATF4) or mock (Empty) and subsequently exposed to hypoxia (1% O2) for 8 h, was immunoprecipitated (IP) with anti-FLAG antibody, anti-histone H3 antibody
(anti-H3, a positive control for IP), anti-HIF1 antibody (a positive control for IP of HRE located within 3= EPO-enhancer region), or normal mouse IgG (IgG,
a negative control for IP) and analyzed by PCR using 3= EPO-enhancer region-specific primers (Pr 1 and Pr 2, bottom left) or the primers for the positive control
(RPL30 or HRE). ATF4 ChIP using FLAG revealed enrichment of the putative ATF4 binding site adjacent to HRE in the EPO 3=-enhancer region (indicated
by a black or white box in the schematic representation of EPO gene; B). ATF4 (FLAG) ChIP followed by quantitative real-time PCR using a TaqMan probe
and independent primers (indicated by Probe, Pr 3, and Pr 4 in the schematic representation of EPO gene) also revealed the interaction of ATF4 transcription
factor and putative ATF4 binding site in the EPO 3=-enhancer region (C). Experiments were independently repeated 3 times. *P ⬍ 0.05, compared with the
control group utilizing the chromatin from mock-transfected cells and normal mouse IgG for IP.

In the previous study, it was demonstrated that ATF4 null
fetuses were severely anemic because of an impairment in
fetal-liver definitive hematopoiesis and the fetal livers of
ATF4⫺/⫺ mice were pale and hypoplastic (26). These data may
support our findings that regulation of hepatic EPO production
is impaired by ATF4 deficiency. Further investigation is necessary to improve our findings in in vivo study.
Kidney of patients with chronic kidney disease suffers from
chronic hypoxia (13, 27, 28). Hypoxia signaling through the
HIF and UPR pathways is carefully orchestrated for cell
homeostasis (41). In particular, recent reports have demonstrated that ATF4 is degraded by prolyl hydroxylase (PHD),
which regulates oxygen-dependent degradation of HIF (14,
21), suggesting that PHD regulates both HIF and UPR pathways in common. While inhibitor of PHD is highlighted as a
stabilizer of HIF and a stimulator for EPO production (2), it
may enhance the suppression of EPO transcription by ATF4.
The function of PHD distinctly differs from the isoform of
PHD (1). The expression level of each PHD isoform and the

subsequent characteristics for regulation of HIF-1␣ or HIF-2␣
are variable in the different cells. Further analysis regarding
PHD function to HIF-␣ and ATF4 in EPO-producing cells may
help to understand the regulation of EPO production by
HIF-2␣ and ATF4 under normal or pathogenic conditions.
Based on the previous reports that salubrinal increases ATF4
expression via the enhancement of phosphorylation of eIF2␣
(5), we also expected that salubrinal would further suppress
EPO transcription in HepG2 treated with TUN. However,
unexpectedly, we could not detect the further increase in
nuclear ATF4 accumulation after 3– 4 h of exposure to salubrinal (relative intensity of ATF4/histone H1 in TUN-treated
HepG2 was 1.42 ⫾ 0.17 and 1.40 ⫾ 0.28 in the absence and
presence of salubrinal, respectively). Meanwhile, salubrinal
markedly suppressed TUN-induced ER stress after 24 h of the
exposure in these cells (Fig. 1D). These data indicated that
salubrinal did not dominantly activate eIF2␣-ATF4 pathway,
while it could suppress overwhelming UPR pathway of HepG2
induced by TUN. We speculate that an unknown inhibitory
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Fig. 5. Induction of ER stress in interstitial cells of rat kidney impaired CoCl2-induced EPO mRNA expression and plasma EPO levels. A: rats were treated with
CoCl2 (60 mg/kg, subcutaneous injection) combined with intraperitoneal injection of PBS or TUN (0.3 mg/kg), and the liver and kidney was fixed with methyl
Carnoy’s solution. ER stress signal induction was assessed by immunohistochemical staining with anti-GRP78 antibody. A positive signal was predominantly
observed in hepatocytes and the cells located in interstitium of the kidney (indicated by arrows). Original magnification, ⫻200. B and C: subcutaneous injection
of CoCl2 (60 mg/kg, 24 h) to rats induced elevations of hepatic (B) and renal (C) EPO mRNA levels, as measured by real-time PCR, compared with untreated
control rats. Intraperitoneal injection of a nontoxic dose of TUN (0.3 mg/kg) to CoCl2-treated rats significantly induced ER stress, as estimated by expression
levels of GRP78 and CHOP, both in the liver and kidney. Importantly, this ER stress with UPR activation suppressed CoCl2-induced hepatic and renal EPO
transcription. D: ER stress induced by TUN markedly suppressed plasma EPO levels in CoCl2-treated rats from 4,952.0 ⫾ 173.0 to 169.0 ⫾ 103.9 pg/ml. N.D.;
not detectable. *P ⬍ 0.05, compared with the untreated control group; #P ⬍ 0.05, compared with the group treated with CoCl2 alone.
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