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Expression of Human Hemojuvelin (HJV) Is Tightly Regulated by
Two Upstream Open Reading Frames in HJV mRNA That Respond to

Iron Overload in Hepatic Cells
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The gene encoding human hemojuvelin (HJV) is one of the genes that, when mutated, can cause juvenile hemochromatosis, an
early-onset inherited disorder associated with iron overload. The 5’ untranslated region of the human HJV mRNA has two up-
stream open reading frames (WORFs), with 28 and 19 codons formed by two upstream AUGs (uAUGs) sharing the same in-frame
stop codon. Here we show that these uORFs decrease the translational efficiency of the downstream main ORF in HeLa and
HepG2 cells. Indeed, ribosomal access to the main AUG is conditioned by the strong uAUG context, which results in the first
uOREF being translated most frequently. The reach of the main ORF is then achieved by ribosomes that resume scanning after
uOREF translation. Furthermore, the amino acid sequences of the uORF-encoded peptides also reinforce the translational repres-
sion of the main ORF. Interestingly, when iron levels increase, translational repression is relieved specifically in hepatic cells.
The upregulation of protein levels occurs along with phosphorylation of the eukaryotic initiation factor 2a. Nevertheless, our
results support a model in which the increasing recognition of the main AUG is mediated by a tissue-specific factor that pro-
motes uORF bypass. These results support a tight HJV translational regulation involved in iron homeostasis.

Mammalian cells have the ability to change global and gene-
specific translation in response to many different environ-
mental stresses. Translation itself is regulated by a diverse set of
mechanisms that act at the initiation step as well as during elon-
gation and termination, and even after termination (1, 2). Trans-
lational regulation at the initiation step can be mediated via dif-
ferent cis-acting elements present in the 5" untranslated region (5’
UTR), among them the upstream AUG codons (uAUGs) associ-
ated with upstream open reading frames (uORFs) (1-4). These
uORFs are spread among different species and throughout the
genome, but their prevalence has been difficult to calculate. The
most recent studies estimate that about half of human transcripts
contain at least one uORF (5), with these being conspicuously
common in certain classes of genes, including oncogenes and
genes involved in the control of cellular growth and differentia-
tion (6, 7). A genetic and proteomic large-scale analysis revealed
that under control conditions, uORFs reduce protein expression
from the downstream main ORF by 30 to 80% (5); however, this
repression can be alleviated in response to stress (4).

For a uORF to function as a translational regulatory element, its
initiation codon (UAUG) must be recognized, at least at certain times,
by the scanning 40S ribosomal subunit and associated initiation fac-
tors (8). One of the determinant factors of uUAUG recognition by the
translational machinery is the context of the start codon (9). Accord-
ing to Kozak’s scanning model, the ideal context at the start AUG
codon for higher eukaryotes is GCCRCCAUGG, where R can be G or
A (10). The AnnAUGn and GnnAUGG contexts are considered to be
strong enough to be recognized by the majority of scanning ribo-
somes (11). However, the ribosome might ignore the first AUG, scan
right past it, and recognize the downstream AUG by leaky scanning
(12). This mechanism depends not only on the AUG context but also
on the proximity of the AUG codon to the cap, the length of the 5’
UTR, and the secondary structures of the transcript (13). Even after
translation of the uORF, the main ORF can still be translated due to
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reinitiation (13, 14). Translation reinitiation occurs when the 40S
subunit of the ribosome remains associated with the mRNA after
uORF translation terminates, so it resumes scanning and reinitiates
further downstream (13, 14). Translation reinitiation is thought to be
an inefficient mechanism that depends on (i) the time required for
the uORF translation, which is determined by the relative length of
the uORF and the translation elongation rate; (ii) the translation ini-
tiation factors involved in the initiation event; and (iii) the length of
the intercistronic region (15). A key factor for translation reinitiation
is the reacquisition of a new ternary complex (eukaryotic translation
initiation factor 2 [eIF2]-GTP—Met-tRNA1), which is essential for the
recognition of a downstream AUG by the scanning 40S subunit (10,
15). As a result, eIF2« is one of the modulators of reinitiation effi-
ciency (14, 15). In fact, the protein kinases that phosphorylate e[F2a
are activated under stress conditions, resulting in global inhibition of
translation (1). However, phosphorylation of elF2a selectively pro-
motes translational upregulation of mRNAs that contain uORFs by

Received 5 December 2014 Returned for modification 30 December 2014
Accepted 22 January 2015

Accepted manuscript posted online 9 February 2015

Citation Onofre C, Tomé F, Barbosa C, Silva AL, Romao L. 2015. Expression of
human hemojuvelin (HJV) is tightly regulated by two upstream open reading
frames in HJV mRNA that respond to iron overload in hepatic cells. Mol Cell Biol
35:1376-1389. doi:10.1128/MCB.01462-14.

Address correspondence to Luisa Roméo, luisa.romao@insa.min-saude.pt.

* Present address: Filipa Tomé, Bayer CropScience NV, Innovation Center-Trait
Discovery, Zwijnaarde, Ghent, Belgium; Ana Luisa Silva, Centro de Investigagdo em
Patobiologia Molecular, Instituto Portugués de Oncologia de Lisboa Francisco
Gentil, Lisbon, Portugal.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.
doi:10.1128/MCB.01462-14

April 2015 Volume 35 Number 8


http://dx.doi.org/10.1128/MCB.01462-14
http://dx.doi.org/10.1128/MCB.01462-14
http://mcb.asm.org

increasing uORF leaky scanning or translation reinitiation efficiency
(4,7,16,17).

During translation of a uORF, ribosomes may stall through
direct interaction between the translating ribosome and the
uORF-encoded peptide, at either the elongation or termination
step (14). This ribosomal blockade might pose an obstacle to the
scanning ribosome and thereby reduce the number of ribosomes
that, by leaky scanning or reinitiation, gain access to the main
AUG codon (13, 18). The uORFs characterized so far that act
through this mechanism do not share any recognizable consensus
sequence, suggesting that the different peptides interact with dis-
tinct sites in the translational machinery (13).

In adults, the hemojuvelin (HJV) gene is expressed mainly in
the liver and in skeletal and cardiac muscles (19-21). HJVisabone
morphogenetic protein (BMP) coreceptor of BMP signaling (22).
BMPs, which are members of the transforming growth factor beta
(TGEF-B) superfamily of cytokines, play an important role during
development, being involved in proliferation, differentiation, and
apoptosis (23). HJV acts through the BMP signaling pathway in
order to modulate the expression of hepcidin, an iron homeostasis
regulator (24). HJV binds to type I and type II BMP receptor
complexes and induces their phosphorylation. Consequently,
these activated complexes phosphorylate a subset of Smad pro-
teins (Smads 1, 5, and 8) (24). These phosphorylated Smads have
the ability to bind to Smad4, creating a complex that migrates into
the nucleus, binding itself to specific DNA motifs and regulating
gene transcription (25). Due to this process, HJV expression leads
to an increase in hepcidin expression, demonstrating its funda-
mental role in systemic iron metabolism (22, 25). In fact, disrup-
tions in the HJV gene may cause juvenile hemochromatosis, an
early-onset hereditary hemochromatosis (26).

In this study, we demonstrate that the two uORFs (with 28 and
19 codons) present in the 5" UTR of the human HJV mRNA have
the ability to significantly decrease translational efficiency under
normal conditions. Moreover, the C-terminal domain of the pep-
tides encoded by these uORFs seems to be involved in the mech-
anism through which translational repression of the downstream
main ORF occurs. However, this repression is significantly re-
leased in hepatic cells in response to an increase in iron. These
results provide support for the understanding that HJV protein
expression is tightly modulated at the translational level in re-
sponse to iron overload.

MATERIALS AND METHODS

Plasmid constructs. The expression vector pGL2-enhancer (Promega),
encoding firefly luciferase (FLuc), was digested with BglII/HindIII to in-
sert the human cytomegalovirus (HCMV) promoter sequence from the
pcDNA3.1/hygro+ vector (Invitrogen), after its digestion with the same
enzymes, creating the pGL2hCMYV plasmid. The 5" UTR of the human
HJV mRNA was then cloned into the new pGL2hCMYV vector, upstream
of the firefly luciferase cistron, in such a way that the firefly luciferase AUG
overlaps the main HJV AUG. For this purpose, the HJV 5" UTR (325
nucleotides) was amplified by PCR, using cDNA from human liver,
primer 1 with a HindIII linker, and primer 2, and the region between the
HindIII and Xbal restriction sites was amplified from the pGL2hCMV
plasmid by use of primers 3 and 4. The two obtained PCR products were
then joined by a third amplification, using both amplification products
obtained before as DNA templates, the forward primer from the first PCR,
and the reverse primer from the second PCR (primers 1 and 4, respec-
tively). The resulting DNA fragment was digested with HindIII/Xbal and
then ligated to the pPGL2hCMYV plasmid previously digested with the same
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enzymes. The resulting construct was named the wild type (WT) (Fig.
1A), and its cloned sequence was confirmed by automated sequencing.

The WT construct was subjected to site-directed mutagenesis to ob-
tain several mutant constructs, as follows. Site-directed mutagenesis was
performed by using Pfu Turbo DNA polymerase (Invitrogen) as in-
structed by the manufacturer, mutagenic primers, and the WT plasmid,
with the wild-type HJV 5" UTR as the DNA template. PCR cycling was
done as follows: after initial denaturation for 10 min at 95°C, PCR cycling
parameters were 95°C for 1 min, 55°C for 1 min, and 72°C for 16 min, for
a total of 11 cycles, with a final extension at 72°C for 10 min. Following
Dpnl (Fermentas) restriction digestion of the template, Escherichia coli
DH5a bacteria were transformed with the mutagenesis reaction mixture,
and transformants were selected on Luria-Bertani (LB) agar-ampicillin
plates. The corresponding plasmid DNAs were purified from overnight
cultures of single colonies by use of a Jetquick plasmid purification spin kit
(Genomed) following the manufacturer’s instructions. Confirmation of
the correct cloned sequences containing the relevant mutations was car-
ried out by automated sequencing. Using this strategy, the uORF1I,
uORF2, and “no uORFs” constructs (Fig. 1A), carrying a mutation(s)
(ATG — TTG) in uAUG2, uAUG], and both, respectively, were obtained
with primers 5 to 8. The constructs uAUG1_fusedLuc, uAUG2_fusedLuc,
uAUGI_Luc, and uAUG2_Luc (Fig. 1C) were obtained by using primers
9 and 10 in order to set the uORF and the luciferase cistron in frame by
deletion of a T in the intercistronic sequence in the uORF1 and uORF2
constructs. Afterwards, the resulting constructs were subjected to a new site-
directed mutagenesis in order to mutate the uORF stop codon by using prim-
ers 11 and 12. Finally, to obtain the constructs uAUGI_fusedLuc and
uAUG2_fusedLuc (Fig. 1C), the ATG codon of the luciferase cistron was
mutated to TTG by using primers 13 and 14. Next, the WT, uORF1, and
uORF?2 constructs were used as DNA templates in mutagenesis reaction mix-
tures, using primers 15 to 18, to obtain the “optimal uAUGs,” “optimal
uAUG],” and “optimal uAUG2” constructs, respectively (Fig. 2A). In these
constructs, the uAUGI flanking sequence was mutated from GAATCATGG
to GAACCATGG, and the uAUG2 flanking sequence was mutated from
GAGTAATGT to GAGCCATGG. The constructs named “mt stop uORFs,”
“mtstop uORF1,” and “mt stop uORF2” (Fig. 2C) were obtained by mutating
the uORF stop codon from TAG to AAG in the WT, uORF1, and uORF2
constructs, respectively, using primers 11 and 12. The “frameshift uORFs,”
“frameshift uORF1,” and “frameshift uORF2” constructs (Fig. 3B) were also
cloned by mutagenesis of the WT, uORF1, and uORF2 constructs, respec-
tively, using primers 19 to 28. These primers can introduce two frameshifts:
one frameshift is due to deletion of a T after uAUG1 (ATGGCTG — ATG-
GCQG) and insertion of a C before uAUG2 (GATAGC — GATACGC), and
the second frameshift is due to deletion of a T after uAUG2 (ATGTTT —
ATGTT) and insertion of a C before the stop codon (TAGGTAG — TACG-
GTAG). Next, the frameshift uORFs, frameshift uORF1, and frameshift
uORF2 constructs were used as templates to mutate the uORF stop codon
from TAG to AAG by using primers 29 and 30, obtaining the “frameshift mt
stop uORFs,” “frameshift mt stop uORF1,” and “frameshift mt stop uORF2”
constructs (Fig. 3D). Finally, the “frameshift’2” to “frameshift’15” constructs
(Fig. 4A) were sequentially derived, using the uORF2 construct as the tem-
plate and primers 31 to 62, respectively, which shift the sequence until the
codon mentioned in each construct designation.

Cell culture and plasmid transfection. HeLa cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% (vol/
vol) fetal bovine serum (Gibco). HepG2 cells were grown in RPMI 1640
medium supplemented with 10% (vol/vol) fetal bovine serum. Transient
transfections were performed using Lipofectamine 2000 transfection re-
agent (Invitrogen), following the manufacturer’s instructions, in 35-mm
plates. For gene constructs cloned into the pPGL2hCMYV plasmid, 1,500 ng
of the test DNA construct was cotransfected with 500 ng of the pRL-TK
plasmid, which encodes Renilla luciferase (RLuc), as a control for lumi-
nescence assays, and the cells were harvested after 24 h. Treatment with 20
M holotransferrin (Sigma-Aldrich), which mimics iron overload condi-
tions, was performed 2 h after transfection, and cells were harvested 24 h
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FIG 1 The human HJV mRNA uORFs decrease the translational efficiency of the downstream main reporter ORF. (A) Schematic representation of
reporter constructs. The human HJV 5 UTR, encompassing the uORFs (light gray boxes) with intact initiation (1AUG) and termination (UAG) codons,
was cloned into the empty vector (pGL2hCMV) upstream of the firefly luciferase gene coding region (FLuc) to create the wild-type construct (WT). The
uAUGs were mutated individually (uORF1 and uORF2) or simultaneously (no uORFs). (B) The HJV 5’ UTR represses the activity of the downstream
reporter coding sequence. HeLa and HepG2 cells were transiently cotransfected with each of the constructs shown in panel A and with the pRL-TK
plasmid, encoding Renilla luciferase (RLuc). Cells were lysed 24 h later, and luciferase (Luc) activities and mRNA levels were measured by luminometry assays
and RT-qPCR, respectively. The graph represents the data as translational efficiencies (relative luciferase activity/mRNA levels). Expression
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later. To activate eIlF2a kinases and induce eIF2a phosphorylation, cells
taken 4 h after transfection were treated with 1 M thapsigargin (Enzo-
Life Technologies) for 24 h.

Luminometry assay. Lysis was performed in all cell lines by use of
passive lysis buffer (Promega), and luminescence was measured in a Lucy
2 luminometer (Anthos Labtec) with a dual-luciferase reporter assay sys-
tem (Promega) according to the manufacturer’s standard protocol. One
microgram of extract was assayed for firefly and Renilla luciferase activi-
ties. Ratios show the units of firefly luciferase (FLuc) activity normalized
to those of Renilla luciferase (RLuc) activity, and each value was derived
from three independent experiments.

RNA isolation. Total RNA from transfected cells was prepared using a
Nucleospin RNA extraction IT kit (Macherey-Nagel) according to the
manual provided by the manufacturer. After this step, all RNA samples
were treated with RNase-free DNase I (Ambion) and purified by phenol-
chloroform extraction.

Reverse transcription-quantitative PCR (RT-qPCR). Synthesis of
c¢DNA was carried out using 1 g of total RNA and Superscript II reverse
transcriptase (Invitrogen) according to the manufacturer’s instructions.
Real-time PCR was performed in an ABI Prism 7000 sequence detection
system, using Sybr green master mix (Applied Biosystems). Specific prim-
ers for the firefly luciferase (primers 63 and 64) and Renilla luciferase
(primers 65 and 66) genes were designed using ABI Primer Express soft-
ware (6). Hypoxanthine phosphoribosyltransferase 1 (Hprtl) (primers 67
and 68)- and transferrin receptor 1 (TfR1) (primers 69 and 70)-specific
primers were designed by Crespo et al. (27). Quantification was per-
formed using the relative standard curve method (AAC; Applied Biosys-
tems). The following cycling parameters were used: 10 min at 95°C fol-
lowed by 40 cycles of 15 s at 95°C and 1 min at 61°C. Technical triplicates
from three or four independent experiments were assessed in all cases.

SDS-PAGE and Western blotting. Protein lysates were resolved by
10% SDS-PAGE according to standard protocols and transferred to poly-
vinylidene difluoride (PVDF) membranes (Bio-Rad). Membranes were
probed using mouse monoclonal anti-a-tubulin (Sigma) at a 1:10,000
dilution, mouse antiluciferase (Invitrogen) at a 1:200 dilution, rabbit
polyclonal anti-eIF2a (Cell Signaling) at a 1:500 dilution, and rabbit poly-
clonal anti-phospho-Ser52 elF2a (Invitrogen) at a 1:500 dilution. Detec-
tion was carried out using secondary peroxidase-conjugated anti-mouse
IgG (Bio-Rad) and anti-rabbit IgG (Bio-Rad) antibodies, followed by
chemiluminescence.

Statistical analysis. Results are expressed as means * standard devi-
ations. Student’s ¢ test was used for estimation of statistical significance
(unpaired, two-tailed). Significance for statistical analysis was defined as
having a P value of <0.05.

RESULTS

The human HJV uORFs inhibit translation of the downstream
main ORF. The human HJV mRNA (NM_213653) presents a 5’
UTR with 325 nucleotides. Within this sequence, there are two
AUGs located upstream of the main ORF, which in turn encodes
the functional HJV protein. These two uAUGs are in frame with
the same stop codon, located upstream of the main AUG, and thus
create two overlapped uORFs which are 52 nucleotides upstream
of the main AUG (Fig. 1A). The first uORF (uORF1) has 28
codons, and the second one (WORF2) has 19 codons. Both uAUG1

HJV mRNA uORF-Mediated Translational Control

(GAAUCAUGG) and the main AUG (UAGGUAUGG) have very
good sequence contexts, showing Kozak matches of G/A at posi-
tion —3 and G at position +4 of the A(+1)UG codon; in contrast,
uAUG2 (GAGUAAUGU) lacks a suitable base at position +4,
despite having an adequate base at position —3. Thus, at least
uAUGI is found within a sequence context that might allow ini-
tiation of translation by ribosomes. This observation led us to
investigate the effects of the HJV uORFs in modulating the trans-
lation of the downstream coding sequence.

In order to assess whether HJV uORFs can regulate translation
of the downstream ORF, we designed a reporter construct con-
taining a DNA fragment with 325 bp corresponding to the intact
human HJV 5’ leader sequence fused upstream of the firefly lucif-
erase cistron (WT construct) (Fig. 1A). Additionally, to determine
the importance of each of the HJV uAUGs in regulating transla-
tion, we constructed a series of plasmids (derived from the WT
construct) containing a point mutation in each uAUG (AUG —
UUG) or both, creating the uORF1, uORF2, and “no uORFs”
constructs (Fig. 1A). These constructs were transiently transfected
into human hepatoma HepG2 cells. These cells were chosen be-
cause they correspond to liver cells, where endogenous HJV is
expressed (19, 28). Cellular extracts were prepared and assayed for
luciferase activity, and total RNA was isolated to quantify the lu-
ciferase mRNA levels by RT-qPCR. The FLuc activity of each con-
struct was normalized to the activity units from RLuc expressed
from the cotransfected pRL-TK plasmid. The FLuc mRNA level of
each construct was also normalized to the coexpressed RLuc
mRNA level. The relative luciferase activity was then normalized
to the corresponding relative mRNA level and compared to that of
the WT control, arbitrarily defined as 1 (Fig. 1B).

The results show that the intact HJV 5" UTR present in the
wild-type (WT) transcript induced a 7-fold repression (P = 0.004)
of relative luciferase activity compared to that from the “no
uORFs” construct without uORFs (Fig. 1B). In addition, com-
pared with the WT control, mutation of the first uAUG
(uORF2 construct) led to an increase in relative luciferase ac-
tivity of 2.3-fold (P = 0.004), whereas mutation of the second
uAUG (uORF1 construct) did not significantly affect relative
luciferase activity (1.5-fold increase; P = 0.092) (Fig. 1B).
Taken together, these results indicate that the intact HJV
uORFs repress translation. However, uORFI is a stronger re-
pressor than uORF2, with uORF1 being as repressive as both
uORFs in the WT transcript (Fig. 1B).

To test the generality of these data, we analyzed the relative
luciferase activities of the same reporter constructs expressed in
HeLa cells. Similar results were observed in these cells (Fig. 1B),
suggesting that translation is strongly repressed by the HJV mRNA
5" UTR and that this translational regulation might be a general
phenomenon observed in different cell lines.

To confirm that each of the uAUGs of the HJV uORFs can in

levels obtained from the WT construct were defined as 1. Average values and standard deviations for three independent experiments are shown. Statistical analysis
was performed using Student’s ¢ test (unpaired, two-tailed). ¥, P < 0.05; **, P < 0.01; ***, P < 0.001. (C) Schematic representation of the constructs used for
translation analysis. The WT and “no uORFs” constructs are the same as in panel A. The stop codon of each of the HJV uORFs was mutated in the uORF1 and
uORF?2 constructs, and each uORF was fused in frame with the downstream FLuc coding sequence, with (uAUG1_fusedLuc and uAUG2_fusedLuc) or without
(uAUGI1_Luc and uAUG2_Luc) mutation of the FLuc initiation (AUG) codon. Crosses represent the point mutations of the uORF stop codon and the FLuc
initiation codon. (D) Translation initiation occurs at the HJV uORFs. Representative Western blot analyses show HeLa cell extracts transiently transfected with
the constructs specified above the lanes. Immunoblotting was performed using an antiluciferase antibody to verify protein expression, and a human a-tubulin-

specific antibody was used to control for variations in protein loading.
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FIG 2 The HJV main AUG is mostly recognized by translation reinitiation. (A) Schematic representation of reporter constructs. The WT, uORF1, and uORF2
constructs, carrying both HJV uORFs, uORF1, and uORF?2 (light gray boxes), respectively, were used to mutate the uAUG sequence context and to improve it
to an optimal Kozak context (as indicated below each uAUG), giving the optimal uAUGs, optimal uAUGI, and optimal uAUG2 constructs, respectively. (B)
Preventing leaky scanning by improving the Kozak sequence context of the uAUGs does not affect luciferase protein expression levels. HeLa and HepG2 cells were
transiently cotransfected with each of the constructs shown in panel A and with the pRL-TK plasmid, encoding Renilla luciferase (RLuc). The experimental
procedure and analyses were identical to those described in the legend to Fig. 1B. For comparison, the chart also contains data imported from Fig. 1B. (C)
Representation of reporter constructs. The mt stop uORFs, mt stop uORF1, and mt stop uORF2 constructs were obtained by mutating the uORF stop codon of
the WT, uORF1, and uORF2 constructs, respectively. Crosses represent the point mutations of the uORF stop codon. (D) Preventing translation reinitiation by
overlapping the HJV uORFs with the main firefly luciferase (FLuc) reporter ORF significantly decreases protein expression levels. Relative translation activities
in HeLa and HepG2 cells for each of the constructs presented in panel C, as well as for the WT, uORF1, uORF2, and no uORFs constructs, were obtained as
described for panel B. Data were analyzed as described in the legend to Fig. 1B. For comparison, the chart also contains data imported from Fig. 1B.
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fact be recognized by the ribosome, several constructs were
cloned, in which each of the HJV uORFs was fused in frame with
the FLuc ORF. This was achieved by site-directed mutagenesis of
the WT construct to introduce a mutation at the uORF stop codon
(UAG — AAG) and a deletion of one nucleotide in the intercis-
tronic region, with or without mutating the FLuc main AUG (AUG
— UUG), creating the uAUGI_fusedLuc, uAUG2_fusedLuc,
uAUGI1_Luc, and uAUG2_Luc constructs (see Materials and
Methods and Fig. 1C). These constructs, as well as the WT and “no
uORFs” control constructs and the parental pGL2hCMYV vector,
were transiently transfected into HeLa cells. Twenty-four hours
later, cell extracts were purified and analyzed by Western blotting
using a specific antibody that recognizes firefly luciferase, with
a-tubulin as a loading control (Fig. 1D). The results show that
luciferase protein expression was observed from the WT and “no
uORFs” constructs and from the pGL2hCMYV control vector (Fig.
1D, lanes 2 and 3 versus lane 1). However, FLuc expression from
the WT transcript seemed to be much lower than that from the
“no uORFs” construct, in accordance with the previous data (Fig.
1B) showing that HJV uORFs repress translation. In addition,
lanes 4 and 5 of Fig. 1D show expression of a protein with a mo-
lecular weight slightly higher than that of the native FLuc protein
seen in lanes 1, 2, and 3. These data demonstrate that a uORF-
luciferase fusion protein is expressed from the uAUGI1_fusedLuc
and uAUG2_fusedLuc constructs and thus provide evidence that
translation can be initiated at each of the uAUGs. The same
uORF-luciferase fusion protein was also expressed from the
uAUG1_Lucand uAUG2_Luc constructs (Fig. 1D, lanes 6 and 7).
However, uAUG2_Luc mRNA produced an additional luciferase
protein product with the molecular weight of native FLuc, which
indicates that translation was also initiated at the main AUG.
Thus, some of the scanning ribosomes skipped the first AUG
codon (i.e., uAUG2) of the uAUG2_Luc mRNA and directed
translation from the downstream main AUG codon, showing that
ribosomal leaky scanning of HJV uAUG2 can occur. These results
are in accordance with the observation that HJV uAUG2 is in a
weaker Kozak sequence context (29) than that of uAUGLI. Fur-
thermore, these data also demonstrate that human HJV uORF1
and, to a lesser extent, uORF2 are indeed efficiently recognized
and translated by the ribosome and thus are functional, creating
strong barriers to scanning ribosomes.

The HJV main AUG codon is mostly recognized by transla-
tion reinitiation. Our results indicate that HJV uORF1 is a strong
barrier to scanning ribosomes, which corroborates well with its
very good uAUG Kozak consensus sequence, while uORF2 is less
repressive, as it presents a uUAUG codon in a weaker context. These
results suggest that, most of the time, uAUGL is recognized by the
scanning ribosome, and the ribosome may resume scanning after
translation of the inhibitory uORF1 and reinitiate translation at
the main AUG. Alternatively, if the ribosome bypasses uAUGI, it
may recognize uAUG2 and may reinitiate at the main AUG, or it
may skip the uAUG2 codon and continue scanning until the main
AUG. To test these mechanisms and to better confirm the mech-
anism through which the main AUG is indeed recognized by the
ribosome, we first considered testing whether the main AUG is
recognized by translation reinitiation. In order to test this mech-
anism, the sequence contexts of both uAUGs were mutated to an
optimal Kozak context (“optimal uAUGs” construct) (Fig. 2A). In
parallel, the sequence context of each uAUG was individually mu-
tated to an optimal Kozak context, while the other uORF was
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inactivated by mutation of the corresponding uAUG (AUG —
UUG) (“optimal uAUG1” and “optimal uAUG2” constructs)
(Fig. 2A). After transient transfection of HeLa and HepG2 cells
with each of these constructs, cells were lysed and protein and total
RNA were isolated. Relative luciferase activity from each construct
was analyzed as described above. Results were normalized to the
control (the WT construct) and compared with those of the cor-
responding original construct (Fig. 2B). The results show that the
optimal uAUGs construct was expressed at the same levels as the
WT construct in both HeLa (P = 0.543) and HepG2 (P = 0.414)
cells (Fig. 2B). Also, the constructs with only one uAUG in an
optimal Kozak sequence context (optimal uAUGI1 and optimal
uAUG2 constructs) (Fig. 2A) were expressed at levels comparable
to those of the uORF1 and uORF2 constructs in both HeLa (P =
0.168 for optimal uAUGI versus uORF1 and P = 0.439 for opti-
mal uAUG2 versus uORF2) and HepG2 (P = 0.999 for optimal
uAUGI versus uORF1 and P = 0.960 for optimal uAUG2 versus
uOREF2) cells (Fig. 2B). These data indicate that the HJV uAUGs,
or at least uAUGI, are recognized by the ribosome with a high
frequency, with the HJV uORFs, or at least uORFI, being effi-
ciently translated, and thus translation of the downstream main
OREF seems to occur mainly by reinitiation.

Next, we addressed whether the HJV main ORF could be trans-
lated, at least sometimes, by the leaky scanning mechanism. In this
mechanism, the scanning ribosome would bypass and scan
through the inhibitory uORFs and initiate translation at the
downstream main AUG (12). To test for the occurrence of this
mechanism, we mutated the stop codon of the HJV uORFs to a
sense codon (UAG — AAG), resulting in extended uORFs that
overlap, by 23 out-of-frame nucleotides, the coding region of the
downstream luciferase reporter ORF; these overlapped uORFs
(“mt stop uORFs” construct) (Fig. 2C), if recognized by the ribo-
some, would inhibit translation reinitiation. Additionally, each of
the uORFs was overlapped individually with the main ORF by the
stop codon mutation, while the other uORF was inactivated by
mutation of the corresponding AUG (AUG — UUG) (“mt stop
uORF1” and “mt stop uORF2” constructs) (Fig. 2C). Relative lu-
ciferase activities from these constructs were analyzed as described
above. The results showed significant decreases of expression lev-
els, to approximately null levels, between the mt stop uORF1 and
uORF1 constructs for both cell lines (P = 0.017 for HeLa cells and
P = 0.006 for HepG2 cells). Comparison of relative luciferase
levels of the mt stop uORF2 construct and the uORF2 construct
also revealed significant reductions in protein expression in both
cell lines (4-fold reduction [P = 0.003] for HepG2 cells and 3-fold
reduction [P = 0.005] for HeLa cells), but protein expression did
not reach levels as low as those with the mt stop uORF1 construct
(Fig. 2D). Thus, these data indicate that the native uORF2 allows
more ribosomal leaky scanning than uORF1, in accordance with
the fact that the uAUG2 Kozak sequence context is weaker than
that of uAUGL. In addition, comparison of the relative luciferase
levels of the mt stop uORFs construct and the WT construct
showed a significant reduction in the expression of the mt stop
uORFs construct in both HeLa (P = 1.27 X 107°) and HepG2
(P = 6.13 X 107°) cells, reaching approximately null levels (Fig.
2D). These data indicate that HJV uORFs, and more specifically
uORF1, are efficiently recognized by the ribosome. The facts that
when translation reinitiation is inhibited by the overlapped
uORFs or overlapped uORF]I, translation of the main ORF is
strongly inhibited, and that null levels of luciferase activity are
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FIG 3 The peptides encoded by the human HJV uORFs are conserved among different species and are competent to significantly inhibit downstream
translation. (A) An alignment of the amino acid sequences of the peptides encoded by the human HJV uORFs and those of several mammalian species
shows high degrees of similarity and the conservation of both uAUGs. Alignment of the peptide encoded by the frameshift uORFs construct is also shown.
Percentages of similarity are indicated on the right. Amino acids are represented by letters; the nonconserved amino acids are indicated in gray boxes. (B)
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obtained in both cases confirm that translation of the HJV main
ORF occurs largely by reinitiation after translation of uORFI.
These results support a low level of ribosomal leaky scanning of
uORF1.

The peptides encoded by the human HJV uORFs are con-
served among different species and are competent to inhibit
downstream translation. Alignment of the human HJV mRNA 5’
UTR nucleotide sequence with those of Nomascus leucogenys, Go-
rilla gorilla, Macaca mulatta, Pan troglodytes, Pongo abelli, Felis
catus, and Canis familiaris shows high degrees of similarity and the
conservation of both uAUGs. In addition, an alignment of the
amino acid sequences among these species also reveals high de-
grees of similarity (Fig. 3A). This amino acid conservation among
species may reflect an important evolutionary selection pressure,
revealing their role in translation regulation of HJV protein ex-
pression. This might be a consequence of the conserved nucleo-
tide sequence of the mRNA or reflect an important evolutionary
selection pressure on the peptide sequence. To address the ques-
tion of whether the mRNA or the peptide sequence is important
for inhibition of downstream translation, a nucleotide was deleted
(=T) downstream of uAUG1 (ATGGCTG — ATGGCG) and
one was inserted (+C) upstream of uAUG2 (GATAGC —
GATACGC); a nucleotide was also deleted (—T) downstream of
uAUG2 (ATGTTT — ATGTT) and a nucleotide inserted (+C)
upstream of the uORFs stop codon (TAGGTAG — TACGGTAG)
(“frameshift uORFs” construct) (Fig. 3B). The resulting frame-
shifts change the peptide sequence of each uORF, without affect-
ing the position of uAUG2. Additionally, each of the uORFs was
frameshifted individually, while the other uORF was inactivated
by mutation of the corresponding AUG (AUG — UUG) (“frame-
shift uORF1” and “frameshift uORF2” constructs) (Fig. 3B). In all
these constructs, the context sequence of the native uAUGs was
maintained. After transient transfection of these constructs into
HeLa and HepG2 cells, their relative luciferase activities were an-
alyzed as described above (Fig. 3C). The results showed that the
mutations of the frameshift uORFs construct significantly affected
its relative luciferase activity levels in both HeLa (3-fold increase;
P =0.020) and HepG2 (2-fold increase; P = 0.011) cells (Fig. 3C).
Parallel results were observed between the frameshift uORF1 and
uORF1 constructs in both cell lines (Fig. 3C). Lastly, when we
compared relative luciferase activity levels of the frameshift
uORF?2 construct and the uORF2 construct, we also observed an
increase of about 3-fold (P = 0.003 for HeLa cells and P = 0.028
for HepG2 cells), but frameshift uORF2 expression reached levels
similar to those expressed in the “no uORFs” mRNA in both cell
lines (Fig. 3C). Thus, there was a derepression of translation when
the peptide sequence encoded by each of the HJV uORFs was
modified; however, the final effect of uORF2 frameshift was more
pronounced, as it induced a complete translational derepression
(Fig. 3C). These results indicate that synthesis of native peptides

HJV mRNA uORF-Mediated Translational Control

encoded by HJV uORFs mediates repression of main ORF trans-
lation; however, the native uORF2-encoded peptide exerts a more
evident effect.

Since the frameshift uORF2 construct was expressed at levels
similar to those of the “no uORFs” construct (Fig. 3C), we hypoth-
esized that this result may have been due to the fact that the uORFs
present in the frameshift constructs were not recognized and
translated by the ribosome, despite their unaltered uAUG con-
texts. To control for this possibility, we took advantage of knowing
that the overlap of the HIV mRNA uORFs with the downstream
main ORF inhibits translation reinitiation of the main ORF, as
previously seen in Fig. 2, which confirms their recognition by the
ribosome. Therefore, we mutated the stop codon of the previous
frameshift constructs to a sense codon (UAG — AAG), resulting
again in extended uORFs that overlap the coding region of the
downstream luciferase reporter ORF by 23 out-of-frame nucleo-
tides (frameshift mt stop uORFs, frameshift mt stop uORF1, and
frameshift mt stop uORF2 constructs) (Fig. 3D). We then ex-
pressed and analyzed these constructs in HeLa and HepG2 cells as
described above (Fig. 3E). The results were normalized to those of
the WT construct and compared to those of the corresponding
parental frameshift construct. The data show that the uORFs that
overlapped with the reporter main ORF strongly inhibit protein
expression; indeed, the “frameshift mt stop uORFs” construct was
expressed at null levels in both cell lines (P = 0.001 for HeLa cells
and P = 0.004 for HepG2 cells) (Fig. 3E). Parallel results were
obtained with the “frameshift mt stop uORF1” construct (P =
3.17 X 107" for HeLa cells and P = 0.001 for HepG2 cells) (Fig.
3E). In comparing expression levels of the “frameshift mt stop
uORF2” and frameshift uORF2 constructs, we noted that expres-
sion of the “frameshift mt stop uORF2” construct significantly
decreased (5-fold decrease [P = 0.0001] for HeLa cells and 6-fold
decrease [P = 0.0002] for HepG2 cells) but did not reach null
levels, again providing evidence for a ribosomal leaky scanning
capacity of uORF2 (Fig. 3E). Nevertheless, this set of data also
proves that the HJV uORFs (mainly uORF1) are indeed efficiently
recognized and translated by the ribosome, with uORF2 being
recognized less competently than uORF1. In addition, a compar-
ison of results from Fig. 2D and 3E demonstrates that uORF se-
quence frameshifting does not affect the competence of uORFs
being recognized by the ribosome. Also, the data from Fig. 3 show
that each of the native HJV uORF-encoded peptides is able to
repress translation of the downstream main ORF.

The carboxyl terminus of the native HJV uORF2-encoded
peptide is inhibitory to the downstream main ORF translation.
To better understand the peptide sequence requirements for HJV
uORF-mediated translation repression, and knowing that uORF2
shares the same encoded peptide sequence with uORF1, we per-
formed a systematic frameshift mutagenesis analysis of uORF2 to
determine which amino acid residues are important for transla-

The frameshift uORFs, frameshift uORF1, and frameshift uORF2 constructs were obtained by mutagenesis of the WT, uORF1, and uORF2 constructs,
respectively, by shifting the ORF without affecting the nucleotide sequence, as described in Materials and Methods. (C) Translational repression exerted by the
HJV uOREFs is peptide sequence dependent. Relative translation activities in HeLa and HepG2 cells are shown for each of the constructs presented in panel B.
Relative translation activities were determined as described in the legend to Fig. 1B. For comparison, the chart also contains data imported from Fig. 1B. (D)
Schematic representation of reporter constructs. The frameshift mt stop uORFs, frameshift mt stop uORF1, and frameshift mt stop uORF2 constructs were
derived from the frameshift uORFs, frameshift uORF1, and frameshift uORF2 constructs, respectively, by mutation of the uORF stop codon. (E) The uORFs
present in the frameshift constructs support very low levels of leaky scanning. Relative translation activities expressed in HeLa and HepG2 cells for each of the
constructs presented in panel D, as well as for the WT, frameshift uORFs, frameshift uORF1, and frameshift uORF2 constructs, were obtained as described in the

legend to Fig. 1B.
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FIG 4 The carboxyl-terminal domain of the native HJV uORF2-encoded peptide is inhibitory to the downstream main ORF translation. (A) Representation of
the uORF2 construct encoding the native peptide, with the amino acid sequence shown below. Also, the amino acid sequences of the frameshift'2 to frameshift' 16
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are indicated in gray. (B) Relative translation activities expressed in HeLa and HepG2 cells for each of the constructs presented in panel A were obtained as

described in the legend to Fig. 1B.
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tional repression. Therefore, we cloned several mutants of the pa-
rental uORF2 construct in which the amino acid sequence of the
uORF2-encoded peptide was successively altered by frameshift
mutations, as previously performed to obtain the frameshift
uORF?2 construct (Fig. 4A). The effect of each mutation on re-
porter protein levels was compared with protein expression levels
from the uORF2 construct (Fig. 4B). The results showed signifi-
cant increases of the protein levels from the “frameshift’7”
through frameshift uORF2 constructs expressed in HeLa cells
(Fig. 4B). Similar results were observed in HepG2 cells (Fig. 4B).
These results indicated that the peptides with altered amino acids
at positions 7 to 16 had less ability to repress translation than that
of the native peptides (Fig. 4B). Moreover, the increase in reporter
protein levels was more substantial (about 2-fold increase) when
the consecutive alterations of amino acids reached codons 16 and
17 in the frameshift’ 16 and frameshift uORF2 constructs, which
are codons contiguous to the uORF stop codon. These results
indicate that the C-terminal region of the peptide encoded by the
native HJV uORF2 has the ability to repress translation of the
downstream main ORF.

HJV uORF-mediated translational regulation responds to
iron overload in hepatic cells. As mentioned before, HJV is re-
sponsible for the transcriptional activation of hepcidin that is in-
volved in regulating iron homeostasis. When iron levels increase,
HJV signaling is activated in order to increase the hepcidin levels,
which triggers a decrease of dietary iron absorption (24, 30). Due
to this HJV response to iron overload, we next examined whether
the stress of iron overload affects HJV translational efficiency
through its uORFs. To examine the influence of iron overload on
the HJV uORF-mediated translational control, HepG2 and HeLa
cells were transiently transfected with the WT, uORF1, uORF2,
and “no uORFs” constructs and then incubated in medium with
20 uM holotransferrin to mimic iron overload. Eighteen hours
after exposure, cells were lysed and protein and RNA were ex-
tracted and analyzed (Fig. 5). Since it has been shown that the
transferrin receptor 1 (TfR1) mRNA is downregulated in cases of
iron overload, which leads to a decrease of iron uptake by cells
(30), the TfR1 mRNA levels were monitored by RT-qPCR to con-
trol the iron overload condition (Fig. 5A). This analysis showed a
significant decrease in the relative TfR1 mRNA levels induced by
holotransferrin treatment in both cell lines, as expected; however,
the difference was more significant in HepG2 cells (Fig. 5A). Un-
der normal and iron overload conditions, the relative luciferase
activities of all constructs were evaluated as described above, and
the results were normalized to those of the “no uORFs” construct
under each condition (Fig. 5B). The results showed that in HeLa
cells, iron overload had no significant effect on relative luciferase
activity from either construct (Fig. 5B). However, in HepG2 cells,
the relative luciferase activity from the WT construct was signifi-
cantly increased (2-fold; P = 0.01) after 18 h of iron overload (Fig.
5B). Furthermore, this significant increase of protein levels be-
tween treated and untreated cells was also observed with the
uORF1 construct (P = 0.008). With the uORF2 construct, the
expression increased to a lower level (1.4-fold increase; P =
0.003). These results show that the HJV uORFs direct a transla-
tional derepression in response to iron overload, particularly in
HepG2 cells.

Phosphorylation of eIF2a is a rapid consequence of many cel-
lular stresses, reducing the availability of competent initiation
complexes. Indeed, when elF2a is phosphorylated, the ternary
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complex becomes scarce and global translation is compromised
(1). Despite elF2a phosphorylation, the presence of uORFs can
promote the increased expression of certain stress-related mRNAs
(7). Based on these data, we next asked whether cellular holotrans-
ferrin treatment is accompanied by elF2a phosphorylation. To
test this hypothesis, e[F2a phosphorylation was examined by im-
munoblotting using an anti-phospho-elF2a antibody in HeLa
and HepG2 cells left untreated or treated with 20 uM holotrans-
ferrin for 8 or 18 h. Detection of a-tubulin was used to control the
amount of loaded protein (Fig. 5C). The results showed that the
extent of e]F2a phosphorylation was increased by holotransferrin
treatment for 18 h, in both cell lines (Fig. 5C). Despite the increase
of eIF2a phosphorylation in both cell lines (Fig. 5C), our results
showed that a significant translational derepression occurred only
in HepG2 cells (Fig. 5B). Thus, we concluded that if eIF2a phos-
phorylation is involved in the mechanism through which transla-
tional derepression occurs, it is not the only factor promoting it;
instead, a tissue-specific factor might also be involved.

HJV uORF-mediated translational regulation responds to
elF2a phosphorylation in hepatic cells but not in HeLa cells.
Based on the previous data, we next tested whether the treatment
of HeLa and HepG2 cells with the potent endoplasmic reticulum
stress agent thapsigargin, which directly activates eIF2a kinases
without another signaling pathway (31, 32), would induce trans-
lational derepression of the reporter luciferase ORF. Thus, cells
were transiently transfected with the WT, uORF1, uORF2, and
“no uORFs” constructs and then left untreated or treated with 1
wM thapsigargin. After 18 h of exposure, cells were analyzed as
described previously, and results were normalized to those of the
“no uORFs” construct under each condition. The extent of elF2«
phosphorylation in untreated and thapsigargin-treated cells was
examined by immunoblotting as described above. Figure 6A
shows that the extent of eIF2a phosphorylation was increased by
thapsigargin treatment in both cell lines. Figure 6B shows that
phosphorylation of elF2a effectively induced a significant in-
crease (2-fold) of luciferase translation in the WT mRNA (P =
0.020), specifically in treated compared to untreated HepG2 cells
(Fig. 6B). In addition, reporter translation of the uORF1 (P =
0.025) and uORF2 (P = 0.012) mRNAs also increased signifi-
cantly (2- and 1.5-fold, respectively) (Fig. 6B). In contrast, treat-
ment of HeLa cells induced irrelevant increases in reporter activity
from the WT (P = 0.183), uORF1 (P = 0.524), and ORF2 (P =
0.586) constructs. From these findings, it is evident that eIF2a
phosphorylation, although occurring in both cell lines, promotes
a significant increase in reporter translation, especially in hepatic
HepG2 cells. Therefore, these results uncover an additional tissue-
specific factor involved in the mechanism through which HJV
uORF-mediated translational derepression occurs in liver cells in
response to iron overload.

DISCUSSION

With the aim of investigating the functions of the two overlapping
and in-frame uORFs (uORF1 and uORF2) present in the 5" UTR
of the human HJV mRNA, here we show that both uORFs are
functional, preventing the main ORF from being translated with
full competence, in both HeLa and HepG2 cells (Fig. 1). However,
uORF1 is the major translational repressor of the main ORF. Note
that the effect of uUORF1 alone was similar to that obtained when
both uORFs were present (Fig. 1). This high level of competence
was expected, since uAUGI lies in a very good AUG sequence
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FIG 5 HJV uORF-mediated translational regulation responds to iron overload in hepatic cells. The WT, uORF1, uORF2, and “no uORFs” constructs were
separately cotransfected with a plasmid encoding Renilla luciferase (pRL-TK) in HeLa and HepG2 cells. Two hours after transfection, cells were left untreated
(dark gray bars) or treated (light gray bars) for 18 h with 20 uM holotransferrin. (A) To control the iron overload conditions, TfR1 mRNA levels were monitored
by RT-qPCR and normalized to those of the housekeeping Hprt1 (hypoxanthine phosphoribosyltransferase 1) mRNA. (B) Untreated (dark gray bars) or treated
(light gray bars) transfected cells were lysed, and relative luciferase activities were quantified as described in the legend to Fig. 1B. (C) Representative Western blot
analyses of HeLa and HepG2 cell extracts left untreated (0 h) or treated with 20 pM holotransferrin for 8 or 18 h. Immunoblotting was performed using human
elF2a- and human phosphorylated elF2a-specific antibodies to control for the state of elF2« phosphorylation, and using a human a-tubulin-specific antibody

to control for variations in protein loading.

context, having suitable nucleotides in the —3 and +4 positions.
The better context of uAUG1 leads to the recognition of uORF1 by
the ribosome in the vast majority of the rounds of translation,
strongly reducing the production of the functional protein. On the
other hand, uORF2 represses translation with less efficiency due to
its weaker AUG sequence context (it lacks the appropriate nucle-
otide at position +4). It may function as a backup for those few
rounds of translation in which the ribosome bypasses uAUGI,
creating an additional barrier to the ribosome. This potential fail-
safe mechanism might help to secure translational repression of
the main ORF. Apparently, a similar fail-safe system has been
described previously for the yeast GCN4 transcript (33).

Aiming to test the mechanism through which translation ini-
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tiation occurs in the main ORF of the HJV mRNA we showed (Fig.
2) that reinitiation is the major mechanism in both HeLa and
HepG2 cells. Since reinitiation depends on the length of the inter-
cistronic region, on the secondary structures of the transcript, and
on the uORF length (12-15, 34), our results illustrate that the
human HJV mRNA intercistronic region has favorable features
for reinitiation; also, the uORF properties (such as length and
translational rate) seem to be appropriate for reinitiation to occur.
In contrast, the results revealed a very low leaky scanning capacity
in both cell lines (Fig. 2B). This low level of leaky scanning can be
justified by the strong contexts of the uAUGs, especially uAUGI,
which is recognized by the scanning ribosome most of the time.
To understand whether the HJV uORF-encoded peptides play
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were separately cotransfected with a plasmid encoding Renilla luciferase (pRL-TK) into HeLa and HepG2 cells. Six hours after transfection, cells were left
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activities were quantified as described in the legend to Fig. 1B.

arolein translational repression, we analyzed a set of constructs in
which frameshift mutations were introduced into the uORFs
without changing the nucleotide sequence (Fig. 3). This analysis
revealed that the HJV uORF-encoded peptides, together or indi-
vidually (uORF1 or uORF2), are involved in the mechanism by
which translation of the downstream main ORF is repressed
(Fig. 3). Also, we observed that the C-terminal region of the
uORF-encoded peptides is involved in repressing translation of
the downstream main ORF (Fig. 4). This effect may consist of
ribosome stalling due to the ability of the peptide sequence to act
in a cis manner to impede ribosomal movement during either
elongation or termination, although future experiments are
needed to confirm such an occurrence. Such a mechanism has
already been described for the transcripts encoding the fungal
arginine attenuator peptide (35) and, in humans, the CCAAT/
enhancer-binding protein homologous protein (CHOP) (36).
Nevertheless, we cannot exclude the possibility that this effect oc-
curs in frans, as more recently shown for a human transcript en-
coding a microsomal epoxide hydrolase (EPHX1) (37).

In the present study, our data show that both HJV uORFs,
when translated, are able to repress translation through the same
mechanisms: translation reinitiation and uORF-encoded peptide-
dependent repression. Indeed, the conservation of the HJV uORF-
encoded peptide sequences among different species supports this
hypothesis. Nevertheless, we cannot rule out the alternative hy-
pothesis, in which the uORF1- and uORF2-encoded peptides may
act differently. Length and/or the secondary structure of the en-
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coded peptide may affect its function. It is possible that the two
encoded peptides interact differently with the ribosome, depend-
ing on their lengths and/or secondary structures. For example, by
being shorter, the uORF2-encoded peptide might be more effec-
tive at interacting with the translational machinery and thus might
stall the ribosome with a higher efficiency.

Despite prior studies showing that HJV liver membrane protein
expression itself does not appear to be regulated by iron in mice and
rats (38), our data have shown that in response to iron overload,
translational repression mediated by the human HJV uORFs is sig-
nificantly relieved in hepatic HepG2 cells (Fig. 5 and 6). This might be
due to the differences in the uORF-encoded peptides observed be-
tween humans, mice, and rats, which may reflect a fine-tuning regu-
latory mechanism that appeared during mammalian evolution. In
addition, we observed that each HJV uORF responds equally to iron
overload in hepatic cells, which supports the above-mentioned fail-
safe function of uORF2. We also observed that the upregulation of
protein levels occurs concomitantly with elF2a phosphorylation
(Fig. 5). Although the finding that iron overload induces eIF2a phos-
phorylation seems to be very interesting, to our knowledge, nothing is
known about elF2a phosphorylation by holotransferrin or by other
sources of iron; indeed, it may result from an indirect mechanism.
Nevertheless, the consequent phosphorylation of eIF2a may
mediate the HJV uORF ribosomal bypass, as previously shown
in other systems, such as the mammalian ATF4 mRNA (39—
41). However, we show here that translational upregulation in
response to the abnormal stimulus of iron overload, although
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involving eIF2a phosphorylation, needs an additional hepatic
tissue-specific regulator(s), since phosphorylation of e[F2a oc-
curs in both cell lines tested but protein upregulation is seen
only in HepG2 cells (Fig. 5 and 6). Note that our data show that
HJV uORF-mediated translational regulation in response to
iron overload occurs in hepatic cells, which corresponds to a
tissue where HJV expression occurs in adults (19, 21). Never-
theless, we cannot rule out the hypothesis that this transla-
tional regulation also occurs in myocytes, which likewise ex-
press HJV.

Our results support a model in which the increasing recogni-
tion of the HJV main AUG, observed in hepatic cells under iron
overload conditions, is mediated by a tissue-specific factor that,
together with phosphorylated elF2a and lowered levels of eIF2-
GTP, increases the time required for scanning ribosomes to scan
through the inhibitory uORFs and instead translate the main HJV
coding region. We do not yet completely understand the bio-
chemical basis for the potential ribosomal bypass of the uORFs in
the HJV mRNA in response to iron overload in hepatic cells. Ad-
ditional contributors to this bypass may be the eIF2a phosphory-
lation-mediated expression regulation of other critical translation
factors or tissue-specific regulators that would then facilitate the
bypass of the HJV uORFs. A noteworthy report was recently pub-
lished, showing for the first time how specific proteins can func-
tion as selective regulators of translation reinitiation in transcripts
containing uORFs with strong Kozak sequences (42).

In conclusion, our results show that under physiological con-
ditions, translation of the HJV uORFs serves as a strong barrier
that inhibits translation of the downstream main ORF. Under
conditions of iron overload, enhanced elF2a phosphorylation in
combination with a liver-specific factor(s) significantly increases
ribosomal bypass of the uORFs, and translation of the down-
stream main ORF occurs with a higher efficiency. Overall, the
current results report that the HJ'V uORFs have the ability to mod-
ulate the levels of functional protein according to the cellular iron
levels.
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