Translation of the human erythropoietin transcript
is regulated by an upstream open reading frame
in response to hypoxia
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ABSTRACT

Erythropoietin (EPO) is a key mediator hormone for hypoxic induction of erythropoiesis that also plays important nonhematopoietic
functions. It has been shown that EPO gene expression regulation occurs at different levels, including transcription and mRNA
stabilization. In this report, we show that expression of EPO is also regulated at the translational level by an upstream open
reading frame (UORF) of 14 codons. As judged by comparisons of protein and mRNA levels, the uORF acts as a cis-acting
element that represses translation of the main EPO ORF in unstressed HEK293, HepG2, and Hela cells. However, in response to
hypoxia, this repression is significantly released, specifically in HeLa cells, through a mechanism that involves processive
scanning of ribosomes from the 5 end of the EPO transcript and enhanced ribosome bypass of the uORF. In addition, we
demonstrate that in Hela cells, hypoxia induces the phosphorylation of eukaryotic translation initiation factor 2a (elF2a)
concomitantly with a significant increase of EPO protein synthesis. These findings provide a framework for understanding that
production of high levels of EPO induced by hypoxia also involves regulation at the translational level.
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INTRODUCTION

Regulation of mRNA translation is a key mechanism by
which cells and organisms can rapidly change their gene
expression patterns in response to extra- and intracellular
stimuli. Translational control can occur on a global basis
by modifications of the basic translation machinery or by
selectively targeting defined subsets of messenger RNAs
(mRNAs) to maintain the synthesis of certain proteins re-
quired either for the stress response or for aiding recovery
from stress. These pathways are evolutionarily conserved
and have been shown to impact translation significantly
in organisms as diverse as yeast and humans. In many cases,
features in the 5'-leader sequences of the corresponding
mRNAs, such as internal ribosome entry sites (IRESs) and/
or regulatory upstream open reading frames (uORFs), are
important for them to evade global repression of translation
(Sonenberg and Hinnebusch 2009).

uORFs are regulatory cis-acting elements present in the 5'-
leader sequence of a transcript that are spread among differ-
ent species and throughout the genome, but their prevalence
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has been difficult to calculate (Mignone et al. 2002). The
most recent studies estimate that ~49% of the human tran-
scripts contain at least one uORF (Calvo et al. 2009), being
conspicuously common in certain classes of genes, includ-
ing oncogenes and genes involved in the control of cellu-
lar growth and differentiation (Morris and Geballe 2000;
Wethmar et al. 2010). The fact that mutations that introduce
or disrupt a uORF can cause human diseases illustrates their
role in translational regulation (Cazzola and Skoda 2000;
Chatterjee and Pal 2009; Barbosa et al. 2013).

For a uORF to function as a translational regulatory ele-
ment, its initiation codon (upstream AUG [uAUG]) must
be recognized, at least at certain times, by the scanning 40S ri-
bosomal subunit and associated initiation factors (Hernandez
et al. 2010). When uORF recognition is regulated by a so-
called leaky scanning mechanism, ribosomes either scan
through the uAUG codon or recognize it, initiating transla-
tion. Indeed, the recognition of an AUG can be affected by
its context, the AUG proximity to the cap site and the presence
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of nearby secondary structures. The optimal context is GCC
(A/G)CCAUGG, with positions —3 and +4 being functionally
the most important (Kozak 2002). In the case that the uORF is
recognized and translated by a scanning ribosome, multiple
alternative fates are available to the ribosome: It may (1) ter-
minate and leave the mRNA, resulting in down-regulation of
translation of the downstream main ORF; (2) translate the
uORF and stall during either the elongation or termination
phase of uORF translation, creating a blockade to additional
ribosome scanning; or (3) terminate and reinitiate (Meijer
and Thomas 2002; Poyry et al. 2004). When the option is
for the ribosome to remain associated with the mRNA, it con-
tinues scanning and reinitiates further downstream at either
a proximal or distal AUG codon. The potential of a ribosome
to reinitiate further downstream depends on a number of
factors, including the length of the uORF and the time it
took to translate the uORF (Kozak 2001; Rajkowitsch et al.
2004). It has been shown that it is not so much the length
per se that is the critical parameter but, rather, the time taken
for the ribosome to translate the uORF (Poyry et al. 2004).
The reason why uORF translation needs to be completed
rapidly is related to the initiation factors necessary to remain
associated with the 40S subunit to promote 40S scanning
from the uORF termination codon to the downstream initia-
tion site (Poyry et al. 2004). However, other initiation factors
have to be acquired de novo. One initiation factor that has to
be reacquired is eIF2 in the form of an e[F2/GTP/Met-tRNA;
ternary complex (Hinnebusch 1997), because the Met-tRNA;
in the ternary complex associated with the 40S subunit as it
scans to the uORF initiation codon has been used to initiate
the uOREF translation (Poyry et al. 2004; Kozak 2005; Sachs
2006).

When mammalian cells encounter stress conditions such
as during differentiation, development, pathogenic infection,
chemical exposure, nutrient deprivation, and hypoxia, a fam-
ily of protein kinases is activated to phosphorylate elF2a.
Phosphorylation of the a subunit of eIlF2a on Ser 51 prevents
the exchange of GDP for GTP by sequestering eIF2B, lower-
ing the available pool of e[F2/GTP that is required for bind-
ing of initiator tRNA to the small ribosomal subunit and thus
repressing protein synthesis (Sonenberg and Hinnebusch
2009). Concomitantly with the general inhibition of transla-
tion, phosphorylation of elF2a selectively promotes transla-
tional up-regulation of a subset of mRNAs. Such mRNAs
include those containing uORFs.

Human erythropoietin (EPO) is a circulating 34.4-kDa
glycoprotein hormone that controls erythropoiesis by stimu-
lating the proliferation of erythroid precursors (Jelkmann
1992; Ebert and Bunn 1999; Mole and Ratcliffe 2007).
Indeed, its major action is the prevention of apoptosis in
EPO-dependent, colony-forming unit—erythroid cells and
erythroblasts that have not begun hemoglobin synthesis.
Expression of the EPO gene is tightly controlled, and in the
adult organism, kidneys produce ~90% of circulating EPO,
with its production being markedly up-regulated by hypoxia

(Jelkmann 1992). Apart from the kidney and liver being
the two major sites of synthesis, EPO mRNA expression has
also been detected in the brain (neurons and glial cells),
lung, heart, bone marrow, spleen, hair follicles, and the repro-
ductive tract (Fandrey and Bunn 1993; Dame et al. 1998;
Yasuda et al. 1998; Ghezzi and Brines 2004; Weidemann
and Johnson 2009; Hoch et al. 2011). EPO synthesized in
these organs appears to act locally, modulating, for example,
regional angiogenesis and cellular viability, and does not
seem to contribute to erythropoiesis (Maiese et al. 2008;
Gassmann and Soliz 2009).

As mentioned above, EPO expression under normoxic
conditions is low but increases during exposure to hypoxia;
however, other stimuli, such as estrogen in the uterus, can
also increase EPO expression (Yasuda et al. 1998; Chin
et al. 2000; Besarab et al. 2009). Hypoxia inducible factor
(HIF) 1 is the transcriptional activator responsible for the
hypoxic induction of EPO that binds to the hypoxia-respon-
sive element located in 3’ of the EPO gene, augmenting the
EPO transcriptional rate (Wang et al. 1995; Noguchi et al.
2008).

Although the effect of many transcriptional mecha-
nisms involved in EPO gene expression regulation has been
well established, there is also an important contribution of
post-transcriptional mechanisms that is less characterized
(Goldberg et al. 1991). Alignment of the human and mouse
EPO 5'-leader sequences has revealed high identity and
the presence of a 14-codon uORF located upstream of the
main AUG (Shoemaker and Mitsock 1986). These observa-
tions led us to investigate the potential role of this naturally
occurring uORF in the translational control of human EPO
expression. In this study, we report that the single uORF
located in the human EPO mRNA inhibits translation in
unstressed cells. However, this repression is significantly re-
leased by hypoxia in HeLa cells, via eIF2a phosphorylation.
These findings provide a framework for understanding that
production of high levels of EPO induced by hypoxia also
involves regulation at the translational level.

RESULTS

The human EPO 5'-leader sequence comprises
a conserved uORF

It has been shown that the 5’-leader sequence of the human
EPO transcript has a significant homology with the murine
EPO 5 UTR, with both sequences having a high percentage
of GC content (Shoemaker and Mitsock 1986). These inves-
tigators also reported the presence of a 14-codon ORF located
upstream of the main AUG in both human and murine
EPO transcripts. Figure 1A shows a broader alignment of
the EPO 5'-leader sequences from human, chimpanzee,
gorilla, orangutan, common marmoset, mouse, and rat,
which all exhibit a high degree of similarity and conservation
of the 14-codon uORF. These uORFs and the corresponding
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the EPO uORF was disrupted by site-
directed mutagenesis of the uAUG
(ATG—TTG), using the previous pGL2-
WT construct as a template, originating
the pGL2-no_uAUG construct (Fig. 2A).
Expression of each of these reporter
gene constructs was studied after tran-
sient transfection into a panel of cell lines:
human embryonic kidney 293 (HEK293)
cells, human hepatoma (HepG2) cells, and

4 D human cervix adenocarcinoma (HeLa)
e L cells. For that, cellular extracts were pre-
o pared and assayed for luciferase activity,

45 nucleotides 22-25 nucleotides

B
M RAPGVVTRRAPGR R stop
MRAPGYVTRRAPGR R stop
MRAPGYVYVYTRRAPGR R stop
MRAPGVYVYTRRAPGTR stop
M RAPGYN T GIRA SIG C stop
M.musculus M KTCS¥DTGPAEPGR stop
R.norvegicus MKTHSNDITIG PIACPIG R stop

FIGURE 1. The 5'-leader sequence of the EPO transcript includes a highly conserved uORF. (A)
Nucleotide sequence alignment of the human (Homo sapiens), chimpanzee (Pan troglodytes), go-
rilla (Gorilla gorilla), orangutan (Pongo abelii), common marmoset (Callithrix jacchus), mouse
(Mus musculus), and rat (Rattus norvegicus) EPO mRNA 5-leader regions. The uORF sequences
of the different species are framed, where the arrow indicates position of the upstream initiation
AUG codon (in gray). The uORF termination codon (UGA or UAA), as well as the main EPO
AUG codon (EPO initiation codon), is also shown in gray. The uORF and the intercistronic region
lengths (in nucleotides) are indicated below. The percentage of homology relative to the human
5'-leader sequence and to the uORF is indicated on the right. (B) uORF-encoded amino acid se-
quence alignment of the human, chimpanzee, gorilla, orangutan, common marmoset, mouse,
and rat EPO transcripts. The conserved amino acids are indicated in gray.

5'-leader sequences have similar percentages of homology,
with both structures equally conserved among species (Fig.
1A). The uORFs have a Kozak match of G/A at position —3
of the A(+1)UG. In addition, the position of the EPO uORF
relative to the main AUG shows significant similarity among
species, with the intercistronic region spanning 22 or 25
nucleotides (nt) (Fig. 1A). The alignment of the amino acid
sequences for the EPO uORF in these species also shows a
high degree of similarity (Fig. 1B). The conservation of the
EPO uORF among the species may reflect an important evo-
lutionary selection pressure and may suggest a potential reg-
ulatory function in EPO expression. These observations led
us to investigate the role of the human EPO uORF in the trans-
lational control of the downstream main ORF.

The EPO uORF represses translation of a downstream
main ORF

To determine the importance of the human EPO uORF in
modulating translation efficiency of the downstream main
OREF, the 181-bp sequence corresponding to the intact hu-
man EPO 5'-leader sequence was cloned into the cloning
site of pGL2 expression vector, flanking the FLuc reporter
gene to create the pGL2-WT construct (Fig. 2A). In addition,
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) and total RNA was isolated to quantify
the relative luciferase mRNA levels by
reverse transcription—quantitative PCR
(RT-gPCR). FLuc activity of each con-
struct was normalized to the activity units
from Renilla luciferase (RLuc) expressed
from the cotransfected pRL-TK plasmid.
The relative luciferase activity was then
normalized to the corresponding mRNA
levels and compared to the levels obtained
with the empty pGL2-Luc vector, arbi-
trarily defined as one (Fig. 2B). Results
show that in all cell lines studied, the hu-
man EPO 5'-leader sequence with the in-
tact uORF induces a threefold repression
of translation of the reporter transcript,
compared with the data from the pGL2-
no_uAUG construct without uORF (Fig.
2B). Thus, the intact EPO uORF induces a repression of
gene expression at the translational level.

To confirm that the uAUG of the EPO uOREF is recognized
by the ribosome, we cloned a construct in which the EPO
uORF was fused in-frame to the luciferase ORF. This was
achieved by site-directed mutagenesis of the pGL2-WT con-
struct to introduce a mutation at the uORF stop codon in cis
with a base pair deletion 4 nt downstream from the stop
codon (TGAgggac—AGAggg-c) and also by mutating the
FLuc main AUG (ATG—TTG; see Materials and Methods;
pGL2-Luc_fusion construct) (Fig. 2C). This construct, as
well as the pGL2-Luc, pGL2-WT, and pGL2-no_uAUG
constructs, was transiently transfected into HEK293 cells.
Twenty-four hours later, cell extracts were purified and ana-
lyzed by Western blot using a specific antibody that recogniz-
es FLuc, with B-catenin as a loading control (Fig. 2D). As
shown in Figure 2D (lane 2), the pGL2-Luc_fusion construct
expresses a protein with higher molecular weight than that at
lanes 1, 3, or 4; the larger band detected in lane 2 (Fig. 2D)
corresponds to the uORF-FLuc fusion protein, while the oth-
er lanes (Fig. 2D, lanes 1,3,4) only show a smaller band that
corresponds to the native form of the FLuc protein. These
data demonstrate that indeed the human EPO uORF is recog-
nized and translated by the ribosome and is thus functional.
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FIGURE 2. The EPO uOREF represses translation of the downstream
main ORF. (A) Schematic representation of reporter constructs. The hu-
man EPO 5'-leader sequence encompassing its uORF (open box) with
the intact initiation (uUAUG) and termination (UGA) codons was cloned
into the empty vector (pGL2-Luc), upstream of the firefly luciferase cod-
ing region (FLuc; gray boxes) to create the pGL2-WT construct. In the
pGL2-no_uAUG construct, the uORF initiation codon is mutated
(AUG—UUG; the cross represents the point mutation, and the dashed
lined box represents the nonfunctional uORF). (B) The EPO 5'-leader
sequence represses protein expression of the downstream reporter.
HEK293, HepG2, and Hela cells were transiently cotransfected with
each one of the constructs described in A and with the pRL-TK plasmid
encoding the Renillaluciferase (RLuc). Cells were lysed 24 h later, and the
luciferase activity and mRNA levels were measured by luminometry as-
says and RT-qPCR, respectively. The graph represents the data as trans-
lational efficiency (relative luciferase activity/mRNA levels). Expression
levels obtained from pGL2-Luc construct were defined as one. Average
values and SD of three independent experiments are shown. Statistical
analysis was performed using Student’s t-test (unpaired, two-tailed):
(**)P<0.01; (***) P < 0.001. (C) Schematic representation of additional
reporter constructs. The uORF stop codon was mutated in cis with a dele-
tion of 1 nt downstream 4 nt from the stop codon (TGAgggac—AGAggg-
¢), so thatboth initiation codons (UAUG and AUG) are in frame. Also the
AUG of the FLuc coding region was mutated (AUG—UUG) in the pGL2-
Luc_fusion construct, encoding a fusion protein represented by the dark-
er box. Crosses represent the point mutations. (D) Translation initiation
can occur at the EPO uAUG. The constructs specified above each lane
were transiently transfected in HEK293 cells. Twenty-four hours later, ly-
sates were prepared and analyzed by Western blot. Immunoblotting was
performed by using a firefly luciferase (FLuc)—specific antibody and a hu-
man B-catenin—specific antibody as a control for variations in protein
loading.

Both translation reinitiation and uAUG leaky scanning
are involved in the translational initiation at the main
AUG codon

Since the AUG codon of the EPO uORF is in a good, but not
optimal, context for initiation (gggAUGa), we expected that
some ribosomes that load onto the EPO mRNA would initiate
at the uUAUG codon but that others could leak past the uAUG
codon and initiate at the main AUG. Nevertheless, a few ribo-
somes that translate the uORF may reinitiate at the main AUG
codon. To evaluate these possibilities, we first mutated the
stop codon of the uORF (TGA—AGA; pGL2-no_uSTOP con-
struct), creating an extended uORF that terminates at the next
in-frame stop codon, 83 nt downstream from the FLuc initi-
ation codon (pGL2-no_uSTOP construct) (Fig. 3A). This
mutation completely abrogates the possibility that FLuc can
be made by reinitiation after translation of the uORF, thereby
allowing evaluation of the efficiency of leaky ribosome scan-
ning. In addition, in the pGL2-WT vector we mutated the
context of the uAUG codon (gggAUGa—gccAUGg) to obtain
the pGL2-optimal_uAUG construct (Fig. 3A) with a uAUG
sequence context shown by Kozak to yield maximum ini-
tiation frequency in higher eukaryotes (Kozak 1997; Wang
2004; Loughran et al. 2011). In this case, the majority of the

A uAUG UGA AUG
[Tworr || FLuc | poL2-wr
EPO 5'-leader
QC)
uAUIG J\SA T‘ LIGJ\
| u | FLue I pGL2-no_uSTOP
wAUG UGA AUG
L 1 k
[Cworr | | FLuc | pGL2-optimal_uAUG
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FIGURE 3. Both translation reinitiation and uAUG leaky scanning are
involved in the translational initiation at the main AUG codon. (A)
Schematic representation of reporter constructs. The pGL2-WT plasmid
contains the wild-type human EPO 5'-leader sequence; the pGL2-
no_uSTOP construct presents the EPO 5'-leader sequence with a
mutation (UGA—AGA) at the uORF translation termination codon,
which makes the uORF overlap with the luciferase ORF (the cross rep-
resents the point mutation); and the pGL2-optimal_uAUG contains
the EPO 5'-leader sequence with an optimal uAUG sequence context
(gggAUGa—gccAUGg; represented by a bold lined box). (B) HEK293,
HepG2, and HeLa cells were transiently cotransfected with each one
of the constructs described in A and with a plasmid encoding RLuc
(pRL-TK) and analyzed as described in the legend to Figure 2B.
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ribosomes that load on the EPO mRNA 5’'-leader sequence
are unable to leak past the uAUG codon, and most likely
they translate the uORF and may reinitiate at the downstream
AUG codon. To estimate the relative contribution of leaky
scanning and translation reinitiation, HEK293, HepG2,
and HelLa cells were transiently transfected with the pGL2-
no_uSTOP or pGL2-optimal_uAUG constructs or with the
pGL2-WT construct, and translational efficiencies were
monitored by dual luciferase assays normalized to the corres-
ponding mRNA levels, as before. Results were compared to
those obtained from the pGL2-WT construct (Fig. 3B). As
shown in Figure 3B, mutation of the uORF stop codon
(pGL2-no_uSTOP construct) reduces the translational effi-
ciency to ~20% of that of the pGL2-WT construct, suggesting
that the percentage of ribosomes that leak past the uORF is
low, and thus translation of the main ORF mostly occurs
by reinitiation of the ribosomes after translation termination
of the uORF. The analysis of pGL2-optimal_uAUG expres-
sion allowed us to observe that translation reinitiation at
the main ORF can account for ~60%, in comparison to the
translation efficiency of the pGL2-WT construct (Fig. 3B).
Our data demonstrate that a minority of ribosomes gain ac-
cess to the main initiation codon by leaky scanning past the
uAUG codon, while the majority does so by reinitiating trans-
lation after having translated the uORF.

Translational repression exerted by the EPO uORF
is peptide sequence-independent

Translational inhibition by uORFs in some eukaryotic tran-
scripts is dependent upon the peptide-coding sequence of
the uORF (Karagyozov et al. 2008; Wei et al. 2012). Based
on these data, and knowing that the peptide encoded by
the EPO uORF is conserved among mammalian species
(Fig. 1B), which may indicate its functional role, we next
examined whether this peptide is required for inhibition of
downstream translation. For that, we cloned the pGL2-
frameshift construct (Fig. 4A) in which the uORF was mod-
ified by shifting the reading frame to generate a different
amino acid sequence while preserving the uAUG context
and most of the nucleotide sequence (see Materials and
Methods). The pGL2-frameshift construct was used to tran-
siently transfect the same panel of cells, and the analysis of
translational efficiency was assessed as before; results were
compared with those of the pGL2-WT construct (Fig. 4B).
Our data show that in HeLa cells, the mutant uORF of
pGL2-frameshift construct allows for a translational efficien-
cy slightly lower than that of the pGL2-WT construct with
the normal uORF. This difference is significant in HEK293
and HepG2 cells (Fig. 4B). The lower level of translation
obtained by the pGL2-frameshift construct may reflect the ef-
fect of a rare codon encoded by the uORF of pGL2-frameshift
construct that may decrease the efficiency of translational
reinitiation. Since frameshifting the EPO uORF does not
derepress translation, we can conclude that the native EPO
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FIGURE 4. Translational repression exerted by the EPO uORF is pep-
tide sequence—independent. (A) Schematic representation of the expres-
sion constructs. The pGL2-WT plasmid contains the human normal
EPO 5'-leader transcript sequence, and the pGL2-frameshift vector car-
ries a EPO uORF sequence modified by frameshift mutations, which
consist in the insertion of 1 nt in the second codon (+1 nt) and the dele-
tion of 1 nt in 13th codon (—1 nt). The resulting uORF-encoded peptide
sequence is shown below. (B) HEK293, HepG2, and HeLa cells were
transiently cotransfected with each one of the constructs described in
A and with a plasmid encoding RLuc (pRL-TK) and analyzed as de-
scribed in the legend to Figure 2B.

uOREF functions in a peptide sequence—independent manner
to inhibit translation.

The 3’ UTR of the EPO mRNA has no impact
on the relative inhibitory effect of the uORF

It has been shown that translational repression exerted by a
uOREF present in a transcript can be modulated by the corre-
sponding 3’ UTR, through protein interactions between both
UTRs of the mRNA (Mehta 2006). On the other hand, it has
been shown that a pyrimidine-rich region within the human
EPO 3’ UTR is implicated in regulation of EPO mRNA stabil-
ity and shown to bind two isoforms of a 40-kD poly(C) bind-
ing protein (PCBP), PCBP; and PCBP, (Wang et al. 1995;
McGary et al. 1997; Czyzyk-Krzeska and Bendixen 1999;
Ohigashi et al. 1999). Since these data show that the 3’ UTR
of the EPO transcript influences its expression, we hypothe-
sized that the EPO 3’ UTR could affect the translational inhi-
bition exerted by the EPO uORF. To address this question, we
first tested the effect of the EPO 3’ UTR on the translational
efficiency of the FLuc. For that, the EPO 3’ UTR was cloned
into the pGL2-Luc vector downstream from the FLuc cistron
(pGL2-Luc-3' UTR construct) (Fig. 5A). Expression of this re-
porter gene construct was studied following transfection into
HEK?293, HepG2, and HeLa cell lines. Translational efficiency
was analyzed as before and compared with that of the empty
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FIGURE 5. The 3’ UTR of the EPO mRNA has no influence in the relative inhibitory effect of the uORF. (A) Schematic of the FLuc reporter con-
structs containing the native luciferase 3 UTR (pGL2-Luc) or the 3 UTR sequence (dark gray box) of the human EPO transcript (pGL2-Luc-3' UTR).
(B) HEK293, HepG2, and HeLa cells were transiently cotransfected with each one of the constructs described in A and with a plasmid encoding RLuc
(pRL-TK) and analyzed as described in the legend to Figure 2B. (C) Schematic of the FLuc reporter constructs containing the human EPO 5'-leader
sequence with the intact uORF and the luciferase 3 UTR (pGL2-WT), pGL2-WT-3" UTR (dark gray box), or the EPO 5'-leader sequence with a dis-
rupted uORF due to the uUAUG—UUG mutation (represented by a cross) and the EPO 3" UTR sequence (dark gray box; pGL2-no_uAUG-3' UTR).
(D) HEK293, HepG2, and HeLa cells were transiently cotransfected with each one of the constructs described in C and with a plasmid encoding RLuc

(pRL-TK) and analyzed as described in the legend to Figure 2B.

pGL2-Luc construct. Results show that the EPO 3’ UTR alone
induces about a fivefold increase of the translation efficiency
in HEK293 and HepG?2 cells (Fig. 5B); nevertheless in HeLa
cells, the translational efficiency is unaltered (Fig. 5B).
Therefore, it seems that the EPO 3’ UTR affects expression
of the reporter gene through different mechanisms in the
three cell lines.

We then monitored the translational efficiency of the pGL2-
WT-3" UTR construct that harbors both EPO 5" and 3’ UTRs
(Fig. 5C) and compared it to that of the corresponding con-
struct with the disrupted uORF (pGL2-no_uAUG-3" UTR
construct) after normalization of both to the translational
efficiency of the pGL2-WT construct (Fig. 5C). For that,
each one of these constructs was cotransfected with pRL-TK
in the same cell lines as above, and translational efficiency
was measured as previously. Results show that insertion
of the EPO 3" UTR into pGL2-WT construct significantly
increases expression of the main ORF; however, the fold in-
crease is much lower in HeLa cells, which might indicate a tis-
sue-specific effect (Fig. 5D). Of note, the intact EPO 5'-leader
and 3’ UTR sequences in the pGL2-WT-3" UTR construct
still allow a significant threefold decrease in translational
efficiency compared with that observed from the pGL2-
no_uAUG-3" UTR construct (Fig. 5D). Thus, the EPO 3’
UTR fails to overcome relative translational repression
induced by the EPO uORF.

EPO is regulated at the translational level in response
to hypoxia, but not nutrient deprivation, specifically
in Hela cells

A number of stresses, including temperature shock, DNA
damage, nutrient stress, and hypoxia, can lead to changes
in gene expression patterns caused by a general shutdown
and reprogramming of protein synthesis. This process of
translational control decreases global protein synthesis rates
and increases synthesis of selective subsets of mRNAs, such as
those carrying IRESs and/or uORFs, which encode stress-
response proteins (Blais et al. 2004; Barbosa et al. 2013).
Given that EPO is widely known to respond to hypoxia
(Ebert and Bunn 1999; Haase 2013), we decided to investi-
gate whether the EPO uORF directs translational control in
response to this cellular stress. Therefore, HEK293, HepG2,
and HelLa cells were transiently transfected with the pGL2-
WT and pGL2-no_uAUG constructs that carry the intact
or disrupted EPO uOREF, respectively, and the cells were treat-
ed with 200 uM cobalt chloride (CoCl,) to mimic hypoxia.
Twenty-four hours after exposure, cells were lysed, and pro-
tein and RNA were extracted and analyzed as previously
described. As the transcription factor HIF complex is the
key regulator of hypoxia-inducible EPO gene expression in
HepG2 cells (Fandrey and Bunn 1993), the cellular hypoxic
stimulus was monitored by Western blot against HIFla.
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This analysis demonstrated an increase in HIF1a protein lev-
els induced by hypoxia, compared with results obtained in
untreated cells. Detection of a-tubulin was used to control
the amount of loaded protein (Fig. 6A). Under normoxic
and hypoxic conditions, we observed that the translational ef-
ficiency of the pGL2-WT construct, normalized to that of the
pGL2-no_uAUG construct under corresponding conditions,
does not significantly change in response to hypoxia in
HEK?293 and HepG2 cells (Fig. 6B). In contrast, the pGL2-
WT expression increased 1.7-fold in the Hela cells in
response to hypoxia (Fig. 6B), consistent with the intact 5'-
leader sequence of the EPO mRNA directing translational
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FIGURE 6. The EPO uORF responds to hypoxia but not to nutrient
starvation, specifically in HeLa cells. The pGL-WT (construct 1) and
pGL2-no_uAUG (construct 2) vectors represented as in Figure 2 were
separately cotransfected with a plasmid encoding RLuc (pRL-TK) in
HEK293, HepG2, and Hela cells. Six hours after transfection, cells
were untreated (—) or treated (+) for 24 h with 200 pM CoCl, to mimic
hypoxic conditions or with medium supplemented with 10% (v/v) dia-
lyzed fetal bovine serum (dFBS) to induce nutrient starvation. (A)
Representative Western blot analysis of HEK293, HepG2, and HeLa
cell extracts untreated (—) or treated (+) with CoCl, as indicated.
Immunoblotting was performed using a human HIFlo—specific anti-
body to control the stress conditions and a human a-tubulin—specific
antibody to control for variations in protein loading. (B) Normoxic
(CoCl, —) and hypoxic (CoCl, +) transfected cells were lysed and ana-
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600 RNA, Vol. 20, No. 5

derepression in response to hypoxia, specifically in HeLa
cells.

Thereafter, we investigated if this effect is observed in stim-
uli other than hypoxia. To test this hypothesis, HEK293,
HepG2, and Hela cells transiently transfected with the
pGL2-WT or pGL2-no_uAUG constructs were cultured un-
der conditions of nutrient deprivation using dialyzed fetal bo-
vine serum (dFBS) in the media, as described in the Materials
and Methods. Translational efficiency of the pGL2-WT con-
struct was compared with that of the pGL2-no_uAUG con-
struct as before. Our data have shown that translational
efficiency of pGL2-WT does not significantly change in
response to nutrient deprivation in all cell lines studied
(Fig. 6C). Taken together, this set of data shows that the
EPO uORF controls translation specifically in response to
hypoxia in HeLa cells.

EPO translational derepression in response to hypoxia
in Hela cells is not mediated by an IRES

As already stated, translational control can be regulated by
elements within the 5" and 3" UTRs of mRNAs, including
uORFs and IRESs, among others. These elements can act sin-
gly or in combination. The 5'-leader sequence of the EPO
mRNA is relatively long, with a high CG content (81%) form-
ing a secondary Y structure with strong and structured
hairpins, as predicted by Mfold (AG=-93.18 kcal/mol)
(Fig. 7A), which are common features of the 5 UTRs of cel-
lular mRNAs reported to have IRES activity (Bastide et al.
2008; Tahiri-Alaoui et al. 2009; Komar and Hatzoglou
2011). Based on these data, we first aimed to test whether
the 5'-leader sequence of the human EPO mRNA exhibits
IRES activity. For that, we cloned a dicistronic reporter con-
struct in which the native EPO 5'-leader sequence was inserted
between the Renilla and FLuc cistrons but downstream from a
stem—loop structure (AG value of —55.50 kcal/mol) to im-
pede ribosomal reinitiation (Fig. 7B). In parallel, the f-globin
(HBB) 5' UTR and the c-myc IRES sequence were also inserted
in the dicistronic reporter system to serve as negative and pos-
itive controls for IRES activity, respectively (Fig. 7B; Stoneley
etal. 1998; Cobbold et al. 2007). The resulting plasmids, called
RLuc-B-globin_5" UTR, RLuc-c-myc_IRES, and RLuc-WT,
were each transiently transfected into HeLa cells. Twenty-
four hours post transfection, cells were harvested and lysates
subjected to a dual luciferase reporter assay, and the subse-
quent ratio of FLuc to RLuc was compared with that from
the control RLuc-empty plasmid, which contains a short link-
er sequence between the two luciferase cistrons (Fig. 7B).
Results show that the ¢-myc sequence significantly increased
the relative luciferase activity by 2.5-fold (Fig. 7C), which
shows its capacity to drive cap-independent FLuc expression,
in accordance to what is expected for an mRNA containing
IRES activity (Stoneley et al. 1998; Cobbold et al. 2007).
However, the EPO 5" UTR behaved similarly to the B-globin
5" UTR, and each maintained relative luciferase activity at
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FIGURE 7. EPO translational derepression in response to hypoxia in HeLa cells is not mediated
by an IRES. (A) Representation of the secondary structure of the 5'-leader sequence of the human
EPO transcript as predicted by the Mfold webserver. (B) Schematic of the dicistronic luciferase
vectors. The 5 UTR sequence of the human EPO transcript (EPO 5 UTR) to be tested for
IRES activity, as well as the 5 UTR sequence of the human B-globin transcript (B-globin 5’
UTR), or the c-myc IRES sequence previously described by Stoneley et al. (1998), was inserted
between the Renilla (RLuc) and firefly (FLuc) luciferase cistrons, downstream from a hairpin
structure (represented by a stem—loop) in the multiple cloning site spacer of the RLuc-empty vec-
tor to create the RLuc-WT, RLuc-f-globin_5" UTR, and the RLuc-c-myc_IRES constructs, re-
spectively. (C) HeLa cells were transiently transfected with each one of the constructs
described in B and with a plasmid encoding RLuc (pRL-TK) and analyzed as described in the leg-
end to Figure 2B. (D) Schematic of the dicistronic reporter constructs used to test if the EPO 5'-
leader sequence contains an IRES activated during hypoxia. RLuc-WT contains the human EPO
5'-leader sequence with the intact uORF, as defined in A, and the RLuc-no_uAUG contains the
EPO 5'-leader sequence with a disrupted uORF due to the uAUG—UUG mutation (represented
by a cross). HeLa cells were transfected with these constructs. Six hours later, cells were untreated
or treated with 200 pM CoCl, for 24 h. (E) Representative Western blot analysis of HeLa cell ex-
tracts untreated (—) or treated (+) with CoCl,. Immunoblotting was performed using a human
HIFla-specific antibody to control the stress conditions and a human a-tubulin—specific anti-
body to control for variations in protein loading. (F) Relative luciferase activity was quantified
as described in the legend to Figure 2B.

levels similar to those of the RLuc-empty
construct, showing that neither of them
allows detectable internal translation ini-
tiation (Fig. 7C). These results illustrate
that the EPO 5'-leader sequence does
not exhibit IRES activity in normoxic
HeLa cells.

Knowing that in response to hypoxia,
some transcripts may increase efficien-
cy of translation by facilitating internal
translation initiation through a process
such as IRES-mediated initiation (Sche-
pens 2005), we subsequently tested if
EPO translational derepression in re-
sponse to hypoxia in HeLa cells is medi-
ated by IRES. Thus, we analyzed the
expression of the RLuc-WT construct
with the intact EPO uOREF, relative to
that of the RLuc-no_uAUG construct car-
rying the disrupted EPO uORF, both
cloned in the dicistronic reporter plasmid
(Fig. 7D) as before, in normoxic and hyp-
oxic HeLa cells. To mimic hypoxia, cells
were treated with CoCl,, and induction
of hypoxia was monitored, as previous-
ly, by Western blot using an antibody
against HIF1a. As expected, results show
high accumulation of HIF1a protein dur-
ing hypoxic incubation (Fig. 7E). In ad-
dition, data show that relative luciferase
activity from the RLuc-WT construct in
normoxic cells is at ~45% of the relative
luciferase activity of the RLuc-no_uAUG
construct. Under hypoxia, the same rela-
tive luciferase activity was observed (Fig.
7F). This result supports the idea that
the EPO5’'-leader sequence does not allow
for internal translation initiation irrespec-
tive of stress conditions. Thus, in both
normoxic and hypoxic HeLa cells, EPO
translation involves the processive scan-
ning of ribosomes from the 5'-end of the
EPO transcript.

EPO translational derepression in
response to hypoxia is mediated by
leaky scanning of ribosomes through
the inhibitory uORF

Based on our data showing that both
translation reinitiation and uAUG leaky
scanning are involved in the translational
initiation at the main AUG codon of the
pGL2-WT construct, we next addressed
which of these two mechanisms of
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initiation occur to overcome the inhibitory function of the
EPOuORF in response to hypoxia in HeLa cells. Thus, as pre-
viously (see Fig. 3), protein expression of the pGL2-WT (con-
struct carrying the wild type EPO uORF), pGL2-no_uSTOP
(construct carrying a mutation at the uORF stop codon
[TGA—AGA]), and pGL2-optimal_uORF (construct carry-
ing the uAUG in an optimal context) constructs was analyzed
in HeLa cells under normoxic and hypoxic conditions. To
mimic hypoxia, cells were treated with CoCl,, and induc-
tion of hypoxia was monitored, as before, by Western blotting
using an antibody against HIF1a. As expected, hypoxia condi-
tions led to the accumulation of HIFla (Fig. 8A). Further-
more, our results show that the translational efficiency from
the pGL2-no_uSTOP construct with the extended uORF in-
creases 1.6-fold in hypoxic conditions, compared with its lev-
els in normoxia, meaning that, under hypoxia, the uAUG is
less efficiently recognized (Fig. 8B). In contrast, increasing
the translation initiation sequence context to an optimal start
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FIGURE 8. EPO translational derepression in response to hypoxia of
HelLa cells is mediated by leaky scanning of ribosomes through the in-
hibitory uORF. The pGL-WT (construct 1), pGL2-no_STOP (construct
2), and pGL2-optimal_uAUG (construct 3) vectors, represented as
in Figure 3, were separately cotransfected with a plasmid encoding
RLuc (pRL-TK) in HeLa cells. Six hours after transfection, cells were un-
treated or treated for 24 h with 200 M CoCl, to mimic hypoxic
conditions. (A) Representative Western blot analysis of transfected
HelLa cell extracts untreated (—) or treated (+) with CoCl, as shown.
Immunoblotting was performed using a human HIFla-specific anti-
body to control for hypoxia and a human a-tubulin—specific antibody
to control for variations in protein loading. (B) Relative luciferase activ-
ity was quantified as described in the legend to Figure 2B.

602 RNA, Vol. 20, No. 5

codon contextat the pGL2-optimal_uAUG construct does not
affect the corresponding translational efficiency under hypox-
ic versus normoxic conditions (Fig. 8B). These results are con-
sistent with a model in which derepression of translation in
hypoxic HeLa cells occurs by an increase in leaky scanning
of ribosomes through the inhibitory EPO uORF.

EPO translational regulation in response to hypoxia
occurs with concomitant elF2a phosphorylation

Phosphorylation of elF2a is a rapid consequence of hypoxic
stress, reducing the availability of competent initiation com-
plexes. Indeed, when elF2a is phosphorylated, the ternary
complex becomes scarce and global translation compromised
(Sonenberg and Hinnebusch 2009). Despite elF2a phosphor-
ylation, the presence of uUORFs can promote the increased ex-
pression of certain stress-related mRNAs (Koritzinsky et al.
2007; Dang Do et al. 2009; Barbosa et al. 2013). Based on these
data, we next addressed whether the mechanism by which
EPO uOREF significantly derepresses translation in hypoxic
HeLa cells occurs through elF2a phosphorylation. For that,
the state of e]F2a phosphorylation was examined by immuno-
blotting using anti-phospho-elF2a antibody, in HelLa cells
transiently transfected with pGL2-WT or pGL2-no_uAUG
constructs, and treated with 200 uM CoCl, for 24 h. Results
show that the extent of elF2a phosphorylation in this cell
line is increased by induction of hypoxia (Fig. 9A). Taking
advantage of these data, we next tested whether the treat-
ment of these cells with thapsigargin, a potent ER stress agent
that directly activates elF2a kinases without activating any
other signaling pathway (Harding et al. 2001; Koumenis
etal. 2002), would induce translational derepression of the lu-
ciferase reporter. Hela cells transiently transfected with
pGL2-WT or pGL2-no_uAUG constructs were treated with
1 uM thapsigargin. Twenty-four hours later, cells were lysed,
and protein levels were measured by luminometry assays and
normalized to the corresponding mRNA levels quantified
by RT-qPCR, as previously. The extent of eIF2a phosphoryla-
tion in thapsigargin-treated cells was examined by immuno-
blotting, as before. Figure 9A shows that the extent of e[F2a
phosphorylation was increased by thapsigargin treatment.
Figure 9B shows that phosphorylation of elF2a effectively
induces a significant increase of translation of the pGL2-
WT mRNA relative to that of pGL2-no_uAUG (twofold
increase), specifically in treated compared with untreated
HeLa cells. From these findings, it seems that e[F2a phos-
phorylation is involved in the regulation of translation of
the pGL2-WT reporter mRNA via the EPO uORF in Hela
cells in response to hypoxia. Together, these results and those
shown in Figure 8 indicate that in HeLa cells exposed to hyp-
oxia, e[F2a is phosphorylated, which up-regulates the transla-
tion of EPO mRNA by increasing the rate of ribosomal bypass
of the inhibitory uORF.

Next, we investigated whether CoCl, and thapsigargin
treatments show a parallel effect on the expression of the
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FIGURE 9. Hypoxia stimulates phosphorylation of e[F2a, which induces EPO translational reg-
ulation in HeLa cells. The pGL-WT (construct 1) and pGL2-no_uAUG (construct 2) vectors rep-
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to mimic hypoxic conditions or with 1 pM thapsigargin. (A) Representative Western blot analyses
of HeLa cell extracts untreated (—) or treated (+) as indicated. Immunoblotting was performed
using human eIF2a-specific and human phosphorylated eIF2a—specific antibodies to control
for stress conditions and human a-tubulin—specific antibody to control for variations in protein
loading. (B) Relative luciferase activity was quantified as described in the legend to Figure 2B. (C)
Endogenous EPO protein expression responds to CoCl, and thapsigargin cellular treatment.
(Left) Panel is representative of Western blot analyses of HeLa cell extracts untreated (—) or treat-
ed (+) with CoCl, or thapsigargin, as indicated. Immunoblotting was performed using human
HIFla-specific, human elF2a-specific, and human phosphorylated elF2a—specific antibodies
to control for stress conditions and human a—specific antibody to control for variations in protein
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is indicated below each lane and was achieved by densitometric analysis using Image] software.

(Fig. 9C, left). Under these conditions,
immunoblotting against the endogenous
human EPO protein revealed an increase
of its levels as a result of both of these
stimuli (Fig. 9C, right). This leads to
the conclusion that, indeed, human
EPO protein expression is regulated by
hypoxia via elF2a phosphorylation,
recapitulating our previous results from
reporter constructs. Furthermore, the re-
sponse of endogenous EPO expression
to thapsigargin treatment unequivocally
shows that its expression is controlled at
the translational level.

DISCUSSION

EPO is one of many examples of genes
that present several layers of expression
regulation. The most well characterized
mechanisms are at the transcriptional
level and are correlated with the increase
of EPO mRNA levels under hypoxic con-
ditions (Jelkmann 2011). Human EPO
mRNA (NM_000799), which encodes a
166-amino-acid hormone, possesses a
5'-leader sequence with 181 nt that en-
compasses a uORF with 14 codons, locat-
ed 22 nt upstream of the EPO AUG
codon (Fig. 1). The 5'-leader sequences of
the EPO mRNAs of human, chimpanzee,
gorilla, orangutan, common marmoset,
mouse, and rat show elevated sequence
similarity, with the uORF also highly
conserved among these species (Fig. 1).
Knowing that a high percentage of tran-
scripts encoding hormones have uORFs
involved in their translational control,
responding to cell type and external stim-
uli (Sachs 2006; Wethmar et al. 2010;
Medenbach et al. 2011), we investigated
the function of the human EPO uORF
in its translational control. We found
that the EPO uORF is translatable and
that the presence of the intact uORF sig-
nificantly inhibits the translation of the
downstream OREF in different cell lines
(Fig. 2). The preservation of this effect
in different cell types suggests that the

endogenous human EPO protein. For that, HeLa cells were
treated with each one of these drugs, and the stimuli were
monitored by immunoblotting against HIF1a and phosphor-
ylated elF2a, as before. This analysis demonstrated an in-
crease in HIFla protein levels induced by hypoxia and an
increase of phosphorylated elF2a after both treatments

uORF is a major determinant of EPO protein expression.
In the context of questioning how ribosomes gain access to
the main EPO AUG codon, the results shown in Figure 3 sug-
gest that a small percentage of ribosomes bypass the uAUG
codon and the corresponding uORF and that additional ribo-
somes are also able to reinitiate at the EPO start site after
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translation of the uORF. Knowing that the presence of a pu-
rine at the —3 position relative to the AUG codon is usu-
ally thought to be sufficient for efficient initiation (Kozak
2001), it is really not too surprising that some ribosomes
leak past the EPO uORF AUG codon, but the majority of
them recognize the uAUG, translate the uORF, and may
reinitiate at the downstream main ORF, even though the
uORF AUG codon has the nonoptimal gggAUGa sequence
context. As an A at position —3 can be superior to G
(Kozak 2001), which occurs in the mouse and rat sequences
(Fig. 1), we hypothesize that in these species, EPO uORF may
be even more efficiently recognized than in humans. In this
work, we also show that the EPO uORF-encoded peptide,
although highly conserved among species (Fig. 1), is not in-
volved in the mechanism by which the uORF represses trans-
lation (Fig. 4). Thus, we do not currently understand the
significance of the conservation of the peptide sequence. In
addition, using reporter constructs where the EPO 5'-leader
sequence and/or the EPO 3’ UTR flank the FLuc cistron,
we substantiate that the relative translational repression ex-
erted by the uORF is not released in the presence of the
EPO 3’ UTR sequence (Fig. 5). These results suggest that
the cis-acting elements present in the EPO 3’ UTR involved
in increasing EPO gene expression do not affect the mecha-
nism by which the uORF represses translation. Thus, these
two regions may act at different layers of EPO gene expression
regulation.

Trying to understand the mechanism by which EPO trans-
lational derepression occurs in response to hypoxia in HeLa
cells, we have observed that EPO translation does not impli-
cate the induction of IRES activity despite the high CG
content of the EPO 5'-leader sequence forming a secondary
Y structure with strong and structured hairpins, characteris-
tics of IRES sequences (Fig. 7). Instead, it involves the pro-
cessive scanning of ribosomes from the 5'-end of the EPO
transcript whether in normoxic or hypoxic HeLa cells (Figs.
3, 8), suggesting that EPO translation is not controlled via
multiple elements located in its 5'-leader region, a condition
that occurs in some transcripts such as the VEGF-A isoform,
in which an uORF is located within an IRES (Bastide et al.
2008).

EPO is the primary regulator of mammalian erythropoiesis
and is produced by the kidney and the liver in an oxygen-
dependent manner. However, it is now clear that EPO is a
multifunctional molecule produced and utilized by many tis-
sues that rapidly responds to different cell stress stimuli and
tissue injuries (Arcasoy 2008; Brines et al. 2008; Ruifrok
etal. 2008; Ryou et al. 2012). Based on these data, we have in-
vestigated the role of the EPO uORF in three different cell lines
derived from embryonic kidney, liver, and cervical cancer in
the response to chemical hypoxia or nutrient deprivation.
We found that the protein expression from the construct
with the intact EPO 5'-leader sequence is significantly in-
creased, specifically in HeLa cells in response to hypoxia,
but not during nutrient limitation (Fig. 6). On the other
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hand, no effect was observed in HEK293 and HepG2 cells
(Fig. 6), suggesting that a tissue-specific factor might be in-
volved in the different EPO uORF-mediated translational
control observed in the different cell lines. This factor might
be, for example, a kinase that specifically phosphorylates
elF2a in HeLa cells in response to hypoxia, inducing EPO
translational derepression in these cells specifically. These re-
sults show that the translational control mediated by the EPO
uOREF is another layer in the already complex control of EPO
gene expression in response to hypoxia.

To understand how scanning ribosomes better reach the
main ORF to increase translation when HeLa cells are hypox-
ic, we have observed that besides the reinitiation mechanism,
more ribosomes bypass the EPO uORF in response to hypox-
ia, and thus, the uORF decreases its barrier function to
scanning ribosomes and translational rate of the main ORF
is significantly increased (Fig. 8). What is the biochemical
mechanism by which scanning ribosomes bypass EPO
uORF and reach the main AUG in hypoxic HeLa cells? It
is known that hypoxia activates elF2a phosphorylation
(Sonenberg and Hinnebusch 2009), which is also in accor-
dance with our data shown in Figure 9. On the other hand,
stress-induced elF2a phosphorylation significantly increases
translation of the main reporter ORF in HeLa cells (Fig. 9);
these data may indicate that different tissues evolved differ-
ently in order to increase EPO expression locally, indepen-
dently of the renal transcription induction. Taken together,
our results indicate that in basal conditions where e[F2a phos-
phorylation is low, translation of the EPO uOREF serves as a
barrier that inhibits translation of the main downstream
EPO OREF in different cell types. During hypoxia, enhanced
elF2a phosphorylation significantly increases ribosome
bypass of the uORF in HeLa cells, probably due to the non-
optimal uAUG sequence context, and translation of the
downstream main ORF occurs with higher efficiency. A
similar mechanism has been previously described for two
other human transcripts: ATF4/5 and CCAAT/enhancer-
binding protein homologous protein (CHOP) mRNAs
(Watatani et al. 2007; Zhou et al. 2008; Palam et al. 2011).
Indeed, the nonoptimal sequence context of the uAUG is a
feature conserved among each of the species illustrated in
Figure 1, which may reflect its functional role in translational
control. On the other hand, the tissue specificity observed in
the translational control mediated by the EPO uORF in re-
sponse to hypoxia may suggest the involvement of potential
tissue-specific regulator(s) that would facilitate the bypass
of the EPO uOREF, specifically in HeLa cells during hypoxia.
In the future, it will be interesting to determine whether
EPO responds to other stress stimuli in combination with
elF2a phosphorylation through the uORF bypass mechanism
in different cell types.

We do not yet completely understand the biochemical
basis for the ribosomal bypass of the uORF in our model
of EPO translational control in response to hypoxia specifi-
cally in HeLa cells. Lowered eIF2-GTP levels may contribute
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to the reduced recognition of the EPO uORF. Additional con-
tributors to this bypass may be the elF2a phosphorylation-
mediated expression regulation of other critical translation
factors, or the tissue-specific regulators that would then facil-
itate the bypass of the EPO uORF during hypoxia. Also, this
mechanism may involve specific sequences or conditions,
such as cancerigenesis, that have not yet been identified but
will be challenged to investigate.

Overall, the present results report an additional mecha-
nism involved in the regulation of human EPO gene expres-
sion. The translational control by the EPO uORF and its
response to hypoxia might present a new target for therapeu-
tic interventions in diseases, such as cancer, related to the
nonhematopoietic functions of EPO.

MATERIALS AND METHODS
Plasmid constructs

The plasmid pGL2-enhancer (Promega) encoding the FLuc was di-
gested with BglII/HindIII, into which was inserted the BglIl/
HindIII-digested CMV promoter sequence from pcDNA3.1/hygro+
(Invitrogen), originating the so-called pGL2-Luc construct. Then,
the 181-bp fragment corresponding to the human EPO 5 UTR
was inserted into the HindIII/Xbal sites of the pGL2-Luc plasmid,
originating the pGL2-WT construct. The fragment corresponding
to the 5 UTR of the human EPO transcript was previously obtained
by overlap-extension PCR. For that, two PCR products were ob-
tained: one corresponding to the human EPO 5 UTR amplified
from human genomic DNA with the primer 1 (with the HindIII link-
er) (Table 1) and the overlapping reverse primer 3 (Table 1), and an-
other corresponding to the amplification of the pGL2-Luc plasmid
with the overlapping primer 4 (Table 1) and the reverse flanking
primer 2 that produce a 160-bp fragment beginning at the FLuc
AUG codon through downstream. Then, the flanking primers 1
and 2 and the two PCR-amplified products were used to amplify
the final overlap-extension fragment encompassing the human
EPO 5" UTR and the 5 part of the FLuc cistron, which was further
digested with HindIII and Xbal enzymes (the fragment sequence in-
cludes a Xbal restriction site) before ligation to the pGL2-Luc vector
to create the pGL2-WT construct.

The pGL2-no_uAUG variant, carrying a mutation at the uORF
AUG codon (ATG—TTG), was created by replacing the native
HindIII/Xbal fragment by the corresponding fragment carrying
the ATG—TTG mutation. For that, the same overlap-extension ap-
proach was used, in which the two first PCR reactions were per-
formed to amplify fragments from the pGL2-WT plasmid with
primers 1 and 5 (reverse primer 5 carries the mutation) (Table 1)
and with primers 6 and 2 (forward primer 6 carries the mutation)
(Table 1), respectively. Then, primers 1 and 2 were used to amplify
the overlapped fragment, using the previous fragments as template.
The resulting DNA fragment was digested with HindIII/Xbal and
then ligated to the pGL2-WT plasmid previously digested with the
same enzymes.

The pGL2-Luc_fusion carrying a mutation of the uORF stop co-
don in cis with a deletion of 1 nt downstream 4 nt from the stop co-
don (TGAgggac—AGAggg-c), so that both AUG codons (the uAUG
and the main AUG) are in frame, and a mutation (ATG—TTG) at the
main AUG, the pGL2-no_uSTOP carrying a mutation (TGA—AGA)

TABLE 1. DNA oligonucleotides used in the current work

Primer Sequence (5'—=3)
1 CCCAAGCTTCCCGGAGCCGGACCGG
2 CGTACGTGATGTTCACCTC
3 GCCAGGCGCGGAGATGGAAGACGCCAAAAACATAAAG
4 CTTTATGTTTTTGGCGTCTTCCATCTCCGCGCCTGGC
5 CTTCCCGGGTTGAGGGC
6 GCCCTGAACCCGGGAAG
7 GTCGCAGAGGGCCCCGG
8 CCGGGGCCCTCTGCGAC
9 GCGGAGTTGGAAGACGCC
10 GTCTTCCAACTCCGCGCC
11 CAGGTCGCAGAGGGACCCCGGCCAC
12 CTGGCCGGGGTCCCTCTGCGACCTG
13 CCGCCGAGCTTCCCGGCCATGGGGCCCCCGG
14 CCGGGGGCCCCCATGGCGGGAAGCTCGGLGA
15 GAGCTTCCCGGGATGAAGGGCCCCCGG
16 CCGGGGGCCCTTCATCCCGGGAAGCTC
17 GCGCCCCAGGCGCTGAG
18 CTCAGCGCCTGGGGGCGC
19 GTAAACAATCCGGAAGCGACC
20 GGGCCATAGGTTGGTTGGTGGTTTCAGTTCTTGTC
21 GTCCAAATTGTAACCAGGTGTGTCCACCTGG
22 GTGGACACACCTGGTTACAATTTGGACTTTCCGCC
23 CCGCTCGAGCGGGGTACCAATGACGCGCGC
24 GAATTCTGCAGTCGACGGTACC
25 TCCCCCCGGGGGGAACATTTGCTTCTGACACAAC
26 CATCGGCCTAGGTGTCTGTTTGAGGT
27 ACAGACACCATGGCCGATGCTAAGAACA
28 GTGAGAGAAGCGCACACAG
29 GGAATTCCAATTCCAGCGAGAGGCAGAG
30 TAGCATCGGCCATCGTCTAAGCAGCTGCAAGGAGA
31 GCAGCTGCTTAGACGATGGCCGATGCTAAGAACA
32 CAACTGCATAAGGCTATGAAGAGA
33 ATTTGTATTCAGCCCATATCGTTT
34 AACGCGGCCTCTTCTTATTT
35 ACCAGATTTGCCTGATTTGC
36 TGGGAGCCCAGAAGGAAGCCA
37 TGGTCATCTGTCCCCTGTCCTGC

at the uORF stop codon, and the pGL2-optimal_uAUG carrying a
mutation of the uAUG sequence context (gggATGa—gccATGg)
were all created by site-directed mutagenesis, using the pGL2-WT
plasmid as template and the mutagenic primers 7 to 14, respectively
(Table 1).

The pGL2-frameshift construct was obtained by site-directed
mutagenesis, insertion of one A nucleotide at the beginning of the
uORF (5'-ATGAAGG...-3'), and deletion of one T nucleotide at
the 3’ end (5'-...GGCGCTGA-3'), using the primers 15 to 18
(Table 1) and the pGL2-WT as template.

The sequence corresponding to the 3" UTR of the human EPO
transcript was inserted into the EcoRI/PIMI sites of the pGL2-
Luc, pGL2-WT, and the pGL2-no_uAUG constructs to obtain the
pGL2-Luc-3" UTR, pGL2-WT-3' UTR, and pGL2-no_AUG-3'
UTR constructs, respectively. For this purpose, overlap-extension
PCR was performed as above, with the flanking primers 19 and 20
(primer 20 with PfIMI linker) (Table 1), using as templates the
PCR amplification of the 3’ part of the FLuc cistron (450-bp frag-
ment located upstream of the FLuc stop codon, which encompasses
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a EcoRlI site) from the pGL2-Luc construct with primers 19 and 22
(Table 1) and the PCR amplification of the 3’ UTR fragment of the
human EPO gene with primers 20 and 21 (Table 1).

The dicistronic constructs carrying both RLuc and FLuc cistrons
were derived from the psiRF vector previously described (Tahiri-
Alaoui et al. 2009). In order to prevent ribosome read-through,
the sequence encompassing a stable hairpin structure was PCR am-
plified from the plasmid p53 “construct A” (Candeias et al. 2006),
with the primers 23 and 24. This PCR product was digested with
Xhol and cloned into the Xhol site of the psiRF vector. The resulting
construct was named RLuc-empty. To obtain the RLuc-p-globin_5'
UTR, the same overlap-extension approach described above was
used. In this case, the two first PCR reactions were performed to
amplify the following fragments: The human -globin 5 UTR was
amplified from genomic DNA with the primers 25 (with the
Xmal linker) and 26 (Table 1), and the 663-bp fragment located
downstream from the FLuc AUG codon, encompassing one
Acdl site, was amplified from the RLuc-empty plasmid with the
primers 27 and 28 (Table 1). Then, primers 25 and 28 were used
to amplify the two overlapped fragments. The resulting DNA frag-
ment was digested with Xmal/Accl and then ligated to the RLuc-
empty plasmid previously digested with the same enzymes. The
RLuc-c-myc_IRES construct was generated using the same ap-
proach. The two first PCR reactions were performed to amplify
the c-myc IRES 340-bp sequence (Stoneley et al. 1998) from human
genomic DNA with the primers 29 (with the EcoRI linker) and 30
(Table 1) and to amplify a 663-bp fragment from the AUG codon
through downstream into the FLuc coding sequence of the RLuc-
empty construct, with the primers 31 and 28 (Table 1). Then prim-
ers 29 and 28 were used to amplify the two overlapped fragments.
The resulting DNA fragment was digested with EcoRI/Accl and
then ligated to the RLuc-empty plasmid previously digested with
the same enzymes.

To obtain the RLuc-WT and the RLuc-no_uAUG dicistronic con-
structs, the RLuc-empty plasmid was digested with BglII/Pmel and
the RLuc cistron sequence along with the SV40 promoter sequence,
and the hairpin structure was inserted into the BglIl/Pmel sites of
pGL2-WT and pGL2-no_uAUG plasmids, creating the RLuc-WT
and the RLuc-no_uAUG constructs, respectively.

Cell culture and plasmid transfection

HEK293 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum.
HepG2 cells and HeLa cells were grown in Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with 10% (v/v) fetal
bovine serum (Gibco). Cells were grown at 37°C in a humidified
incubator containing 5% CO,. Transient transfections were per-
formed using Lipofectamine 2000 transfection reagent (Invitrogen),
following the manufacturer’s instructions, in 35-mm plates. Cells
were cotransfected with 750 ng of the test DNA construct corre-
sponding to pGL2-Luc, pGL2-WT, or its derivative plasmids and
500 ng of the pRL-TK plasmid (Promega), which encodes RLuc as
an internal control, and then harvested after 24 h. Dicistronic plas-
mids were single transfected at the same conditions but using 1 ug
of test DNA construct. To mimic hypoxia, 6 h post-transfection
the cultures were changed to fresh medium supplemented with
200 uM CoCl, (Sigma-Aldrich). To induce nutrient starvation, 6
h post-transfection the cultures were changed to fresh medium
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supplemented with 10% (v/v) of dFBS (Gibco), and then cells
were harvested 24 h post-treatment. Cells were treated with 1 uM
thapsigargin (Sigma) to activate elF2a kinases and induce eIF2a
phosphorylation.

SDS-PAGE and Western blotting

Protein lysates were resolved, according to standard protocols, in
10% SDS-PAGE and transferred to PVDF membranes (Bio-Rad).
Membranes were probed using mouse monoclonal anti-a-tubulin
(Sigma) at 1:10000 dilution, rabbit polyclonal anti-elF2a (Cell
Signaling) at 1:500 dilution, rabbit polyclonal anti-phospho Ser 51
elF2a (Life Technologies) at 1:500 dilution, mouse monoclonal f-
catenin (Transduction Laboratories) at 1:3000 dilution, rabbit poly-
clonal anti-HIFla (BD Biosciences) at 1:500, or rabbit polyclonal
anti-EPO (Sigma) at 1:100. Detection was carried out using second-
ary peroxidase—conjugated anti-mouse IgG (Bio-Rad), anti-rabbit
IgG (Bio-Rad), or anti-goat IgG (Sigma) antibodies followed by che-
moluminescence. For densitometric analysis, films from at least
three independent experiments were digitalized and analyzed using
Image]J software.

Luminometry assay

Lysis was performed in all cell lines with passive lysis buffer
(Promega). The cell lysates were used to determine luciferase activity
with the dual-luciferase reporter assay system (Promega) and a Lucy
2 luminometer (Anthos Labtec), according to the manufacturers’
standard protocols. One microgram of extract was assayed for firefly
and RLuc activities. The ratio is the unit of FLuc after normalized
with RLuc, and each value was derived from three independent
experiments.

RNA isolation

Total RNA from transfected cells was isolated using the Nucleospin
RNA extraction IT kit (Macherey-Nagel), following the manufactur-
er’s instructions. Then, all RNA samples were treated with RNase-
free DNase I (Ambion) and purified by phenol:chloroform
extraction.

Reverse transcription-quantitative PCR

Synthesis of cDNA was carried out using 1 pg of total RNA and
Superscript IT reverse transcriptase (Invitrogen), according to the
manufacturer’s instructions. Real-time PCR was performed in ABI
Prism 7000 sequence detection system, using SybrGreen master
mix (Applied Biosystems). Primers specific for the FLuc ¢cDNA
(primers 32 and 33) (Table 1) and RLuc ¢cDNA (primers 34 and
35) (Table 1) were designed using the ABI Primer Express software.
Primers specific for human EPO ¢cDNA (primers 36 and 37) (Table
1) were according to the method previously described (Frede et al.
2011). Quantification was performed using the relative standard
curve method (AACt; Applied Biosystems). The following cycling
parameters were used: 10 min at 95°C and 40 cycles of 15 sec at
95°C and 1 min at 61°C. Technical triplicates from three to four in-
dependent experiments were assessed in all cases.
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Statistical analysis

Results are expressed as mean + SD. Student’s ¢-test was used for es-
timation of statistical significance. Significance for statistical analysis
was defined as a P < 0.05.
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