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Abstract

Background: Pumilio/fem-3 mRNA binding factor (PUF) proteins can bind RNA in a sequence-specific manner. The deciphered RNA-
recognition code of these proteins has enabled researchers to design engineered PUF proteins, capable of binding to any desired
target in order to modify its ultimate fate. In this study, a modified Homo sapiens Pumilio 1-homology domain (HsPUM1-HD) was en-
gineered to bind to the internal ribosome entry site (IRES) of hepatitis C virus (HCV) genome to potentially inhibit viral translation.
Methods: Based on the RNA-recognition code, required modifications were applied to HsPUM1-HD in order to change its natural
recognition sequence to a sequence in the stem-loop III of HCV IRES. RNA protein pull-down assay was performed to assess the se-
quence specificity of the modified HsPUM1-HD (mHsPUM1-HD). Translational inhibitory effect of mHsPUM1-HD was evaluated in a
dual-luciferase reporter assay.
Results: The mHsPUM1-HD was found to bind to its cognate RNA in a sequence-specific manner, as a biotinylated target RNA captured
mHsPUM1-HD through binding to streptavidin magnetic beads. This protein also reduced HCV IRES-dependent firefly luciferase
translation by 40% in HEK293 cells.
Conclusions: The present study is the first report of an engineered HsPUM1-HD with potential anti-HCV activity. These findings
suggest that PUM-HDs can be engineered to target desired RNAs of infectious agents in order to specifically interrupt protein trans-
lation, as an essential step of their life cycle.
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1. Background

Hepatitis C virus (HCV) is the major causative agent of
chronic hepatitis. It is estimated that more than 185 mil-
lion people are chronically infected with HCV worldwide
(1). Only 5% of these individuals are aware of their infec-
tion, and only around 0.25% of HCV carriers are actually
treated (2, 3). With no vaccine yet available, the current
antivirals including interferon, in combination with rib-
avirin, induce a sustained virological response in less than
50% of genotype 1-infected patients, albeit with extensive
side-effects.

Efforts for the development of new antiviral drugs have
led to the introduction of direct-acting antiviral agents
(DAAs); this is in fact a promising progress in the treatment
of chronic HCV infection (4). However, limitations, such as
the emergence of drug-resistant mutants, patients’ unre-
sponsiveness, and prohibitive cost of DAAs, make the chal-
lenge against HCV infection a long and tough battle (5, 6).

HCV is a small enveloped virus, containing a single-
stranded positive-sense genomic RNA of about 9.7 kb in
length. The single long open reading frame (ORF) of the
genome is flanked by two untranslated regions (UTRs),
with secondary structures extremely vital for replication
and/or translation of viral RNA (7). The 5’-UTR contains
essential replication signals for the negative-strand RNA,
which serves as a replicative intermediate (8). This region
with four major structural domains is one of the most con-
served regions among HCV genotypes. Among the men-
tioned domains, domains II, III, and IV form the internal
ribosome entry site (IRES) (9). The IRES interacts directly
with 40S ribosomal subunit and leads to the initiation of
cap-independent translation of viral polyprotein precur-
sor (~ 3000 amino acids). To reach optimal IRES activ-
ity, a short sequence of the core gene, with around 30 nu-
cleotides in length, seems to be required (10).

Theoretically, every element that can disrupt the IRES
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and/or disturb the interactions between IRES and 40S ri-
bosomal subunit can prevent virus polyprotein transla-
tion. In addition to interfering RNAs (11), aptamers (12),
and ribozymes (13), RNA-binding proteins (RBPs) can be re-
cruited in order to hamper these interactions.

Among several families of RBPs, extensive research has
been performed on Pumilio/fem-3 mRNA binding factor
(PUF) proteins, as they can bind RNA in a sequence-specific
manner. The consensus recognition sequence for Homo
sapiens Pumilio 1, as one of the PUF proteins, is an eight-
nucleotide sequence of 5’-UGUANAUA-3’, in which N can be
A, C, or U bases (14, 15). A highly conserved RNA-binding
domain, known as Pumilio-homology domain (PUM-HD),
is the prominent characteristic of these proteins.

PUM-HD consists of eight tandem repeats of about
36 amino acids (N-terminal repeat-1 to C-terminal repeat-
8) (Figure 1A), which run anti-parallel to RNA nucleotides
from 3’ A-8 to 5’ U-1 (Figure 1B) (12, 13). Each repeat recog-
nizes a specific RNA base with a relatively conserved sim-
ple code of specific amino acids in positions 12, 13, and 16
(Figure 1C). The outstanding feature of PUF proteins is that
the code can be reprogrammed in order to change the se-
quence specificity of the protein. These modified proteins
have been adapted for translational regulation (14), prob-
ing specific RNAs (15, 16), and engineering desirable splic-
ing factors (17).

While some HCV inhibitors can target IRES and hamper
viral replication to some extent, directing an RBP specifi-
cally towards IRES is still a major challenge. In line with this
view, the present study aimed to engineer a modified Homo
sapiens PUM1-HD (mHsPUM1-HD) to bind to HCV IRES in a
sequence-specific manner and potentially inhibit its crit-
ical role in cap-independent translation of viral polypro-
tein.

2. Methods

2.1. DNA Constructs

2.1.1. Wild-Type HsPUM1-HD (wHsPUM1-HD) and Modified
HsPUM1-HD (mHsPUM1-HD)

The complete sequence of Homo sapiens pumilio ho-
molog 1 (NM-014676) was obtained from the GenBank. The
nucleotides corresponding to the Pumilio-homology do-
main of this protein (wHsPUM1-HD; nucleotides 2595 - 3641;
amino acids 828 - 1176) were selected, and the exact position
of amino acids related to eight repeats was identified. In
order to change the sequence specificity of wHsPUM1 - HD
from consensus UGUAUAUA to UGGAUAAA, the nucleotides
(corresponding to amino acids 12, 13, and 16) were modi-
fied, based on the recognition code of PUF proteins.

Briefly, to switch the recognition code of repeat 6 from
U to G, Glu-1047, Tyr-1044, and Asn-1043 were substituted

with glutamic acid, asparagine, and serine, respectively. In
addition, to switch the recognition code of repeat 2 from U
to A, Glu-903, Tyr-900, and Asn-899 were substituted with
glutamine, asparagine, and cysteine, respectively. The UG-
GAUAAA sequence is located in HCV IRES stem-loop IIIb (nu-
cleotides 199 - 206).

The wHsPUM1-HD (as the negative control) and
mHsPUM1-HD fragments, flanked by restriction sites
of NheI and NcoI at 5’ and XhoI at 3’, were synthesized
and cloned into pBluescript II SK(+) vector by Biomatik
Corporation (Ontario, Canada).

2.1.2. Bicistronic Dual Luciferase Reporter (psiCHECK2-IRES)

The bicistronic dual luciferase reporter construct was
modified from psiCHECK2 plasmid (Promega Corpora-
tion; Madison, WI, USA), as previously described (18). The
psiCHECK2 plasmid contains two luciferase genes, includ-
ing Renilla and Firefly luciferases. The Renilla luciferase is
expressed through SV40 promoter, while the expression of
Firefly luciferase is controlled by HSV TK promoter.

The HCV IRES (genotype 1) DNA sequence (341 nu-
cleotides of 5’UTR, along with the first 36 nucleotides of the
core gene and the coding sequence for the first 10 amino
acids of Firefly luciferase) to retrieve the original sequence
of psiCHECK2 plasmid)], flanked by PmeI and ApaI restric-
tion sites, was synthesized and cloned into pBluescript II
SK(+) vector by Biomatik Corporation (Ontario, Canada).

In order to implant the DNA sequence of HCV IRES be-
tween two luciferase genes, the psiCHECK2 plasmid was
cut with the restriction endonucleases, PmeI and ApaI
(Roche; Basel, Switzerland) (30 bp downstream of the Fire-
fly luciferase gene) and ligated with the HCV IRES-encoding
DNA, which had been cut with the same enzymes. Tran-
scription from the resulting construct led to the produc-
tion of a bicistronic mRNA in which translation of the first
Renilla luciferase is cap-dependent, while translation of
the second Firefly luciferase is mediated by HCV IRES (Fig-
ure 2).

2.2. Protein Expression in Prokaryotic Cells

In order to express wHsPUM1-HD and mHsPUM1-HD in
prokaryotic cells, the two synthesized fragments were di-
gested with NcoI and XhoI and were ligated into the pET-
28b expression plasmid (Novagen Inc., Madison, WI, USA),
previously digested with NcoI and XhoI. The wHsPUM1-HD-
pET-28b plasmid was used as the negative control. Recom-
binant plasmids were transformed into BL21(DE3) cells,
and protein expression was induced as follows: 20 ml
of fresh Lysogeny broth medium was inoculated with 1
ml overnight culture of BL21 (DE3) cells, supplemented
with ampicillin, and were grown for additional 2 hours at
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Figure 1. Pumilio-Homology domain from human pumilio1 in complex with hunchback NRE. A) The eight tandem repeats of HsPUM1-HD Structure are composed of three
α-helices of which the second helix (green) is responsible for base recognition. B) The scheme of anti-parallel recognition of eight RNA Bases by Eight Repeats of PUM-HD. C)
the RNA-recognition code of PUF Proteins. A distinctive combination of amino acids in positions 12, 13, and 16 of each repeat specifies the recognition of each RNA base. The
Figure was prepared with Molsoft ICM-Browser software, based on PDB accession code 3Q0P.

HCV IRES

5' cap Renilla Luciferase

Firefly Luciferase poly A

Figure 2. Dual-Luciferase Reporter Construct. HCV IRES was Inserted Between Re-
nilla and Firefly Luciferase Genes of psiCHECK-2 Plasmid. The Renilla Luciferase in
Bicistronic mRNA is Translated in a Cap-Dependent Manner, While the Firefly Lu-
ciferase Translation is HCV IRES-Dependent

37°C. To induce protein expression, 1 mM of isopropyl ß-D1-
thiogalactopyranoside (IPTG) (Qiagen; Hilden, Germany)
was added to the medium, and the cells were grown for 16
hours at 20°C.

Bacterial pellets were resuspended in sonication buffer
(20 mM HEPES pH: 7.5, 300 mM NaCl, 100 mM imidazole,
10% (v/v) glycerol, and 2 mM DTT), supplemented with 1
complete protease inhibitor tablet (Roche; Basel, Switzer-
land), and lysed by sonication. After centrifugation, pres-
ence of the protein in the supernatant was examined by
both sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and Western blot analysis.

2.3. Pull-Down Assay

In order to analyze the sequence-specific binding of
mHsPUM1-HD to its cognate sequence, RNA-protein pull-
down assay was performed (Figure 3). To capture poten-
tial RNA-binding protein of interest (mHsPUM1-HD) from

cell lysate proteins, two biotinylated RNA baits were de-
signed. To include our target (UGGAUAAA) and control
(ACAACAUA) sequences in the middle of a loop, let7i back-
bone was manipulated. The publicly available MFold soft-
ware was used to predict the optimal secondary structure
of the designed RNA stem-loops. The biotinylated RNA
sequences were synthesized by Metabion (Planegg, Ger-
many). These RNA baits were supposed to link the RNA-
binding protein of interest to the µMACS Streptavidin Mi-
croBeads (MiltenyiBiotek; Bergisch Gladbach, Germany).

In brief, the cell lysate (900 µL) was incubated with bi-
otinylated RNAs for 1 hour at 4°C on a rocking platform.
Streptavidin MicroBeads (100 µL) were added to the mix-
ture and incubated for additional 15 minutes at room tem-
perature. In order to prepare a µColumn (MiltenyiBiotek),
two washing steps were performed with 100 µL of equili-
bration buffer for protein applications, while the column
was held by a µMACS Separator (MiltenyiBiotek).

Subsequently, the whole volume of the binding reac-
tion was added to the column. Four washing steps with
200 µL of the binding buffer (10 mM HEPES pH: 7.0, 50
mM KCl, 10% glycerol, 1 mM EDTA, 1 mM DTT, 0.5% Triton
X-100, 0.15 µg/ml yeast tRNA, and RNase inhibitor) were
performed to clean-up non-specifically bound proteins. In
order to elute the potential RNA-binding protein of inter-
est, 200 µL of binding buffer supplemented with 1M NaCl
was applied on the column and all fractions were collected.
Then, 20µL of each fraction was analyzed by 10% SDS-PAGE
and Western blot method to detect proteins which were re-
tained by the bait RNAs.
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Figure 3. RNA-Protein Pull-Down Assay. Biotinylated RNAs, Attached to Streptavidin Magnetic Beads, were Fixed in a Column Held in a Magnetic Field. The mHsPUM1-HD-
Expressing Cells were Lysed and the Cell Lysate Passed Through the Column. Unintended Bound Proteins were Washed and the Potential RNA-Binding Protein of Interest was
Eluted by the Addition of 1 M Nacl to Binding/Washing Buffer. All Fractions were Analyzed by Both SDS-PAGE and Western Blot

2.4. Western Blot

For this purpose, BL21(DE3) cells were transformed
with either pET-28b plasmid, containing mHsPUM1-HD or
wHsPUM1-HD gene. Then, the cells were induced with
IPTG, lysed by sonication, and resolved in SDS-PAGE. Sim-
ilarly, human embryonic kidney-293 (HEK-293) cells, co-
transfected with reporter and mHsPUM1-HD-expressing
plasmids, were lysed and resolved using SDS-PAGE. The
lysate was then transferred from the gel onto a nitrocel-
lulose membrane and probed, using anti-His primary an-
tibody (Qiagen; Hilden, Germany) and anti-IgG secondary
antibody (Southern Biotech; Birmingham, AL, USA). Af-
ter washing, the bands were visualized by either 0.05%
3,3’-diaminobenzidine tetrahydrochloride hydrate (DAB)
(Sigma-Aldrich; St. Louis, MO, USA) and 0.01% H2O2 or en-
hanced chemiluminescence western blot detection system
(Amersham Biosciences; Little Chalfont, UK).

2.5. Expression in Eukaryotic Cells

In order to express wHsPUM1-HD and mHsPUM1-HD in
eukaryotic cells, the synthesized fragments were inserted
into the pcDNA3.1+ expression plasmid (Invitrogen; Carls-
bad, CA, USA), using NheI and XhoI restriction sites. HEK-
293 cells were grown in polystyrene flasks (Orange Sci-
entific; Braine-l’Alleud, Belgium) in Minimum Essential
Medium (MEM) (Gibco; Paisley, Scotland), supplemented
with 10% heat-inactivated fetal bovine serum and 1% peni-
cillin/streptomycin at 37°C plus 5% CO2.

When the cells were 80% - 90% confluent, they were
harvested with 0.05% trypsin for transfection. For this
purpose, HEK-293 cells were seeded into 96-well plates at
a density of 2×104 cells per well the day before transfec-
tion. For each well, 1 µg of plasmid DNA was diluted in

HEPES-buffered saline (HBS) and mixed with 4.5 µL of lin-
ear polyethylenimine 25 (LINPEI 25) (10 µM) (Polysciences;
Warrington, PA, USA). After 15 minutes of incubation at
room temperature, 40 µL of LINPEI 25/DNA complexes
were added to the cells and incubated for 6 hours at 37°C.
The cells were then rinsed and supplemented with new
medium.

2.6. Dual-Luciferase Reporter Assay

For this assay (Figure 4), HEK-293 cells were seeded
into 96-well plates at a density of 2×104 cells per well
the day before transfection. For each well, 100-ng re-
porter plasmid (psiCHECK2-IRES) and 1000-ng mHsPUM1-
HD-expressing plasmid were diluted in HBS buffer, mixed
with LINPEI 25, and used for transfection. Co-transfection
of wHsPUM1-HD-expressing plasmid or empty pcDNA3.1(+),
along with the reporter plasmid, was also used as the neg-
ative control. After 24, 48, and 72 hours, the luciferase ac-
tivity of the transfected cells was determined using dual-
luciferase reporter assay system (Promega Corporation;
Madison, WI, USA), according to the manufacturer’s in-
structions.

Briefly, passive lysis buffer (PLB) was added to the cells
and incubated at room temperature for 20 minutes on a
rocking platform. The lysate was then transferred to white
plates (Sigma-Aldrich; St. Louis, MO, USA) and 100 µL of
luciferase assay reagent II (LAR-II) was added to each well
and mixed. The Firefly luciferase activity was quantified
and then the Stop & Glo Reagent was added and mixed.
The Renilla luciferase activity was also quantified. The lu-
ciferase activity was measured by Synergy 2 Multimode
Reader (BioTek Company; Bad Friedrichshall, Germany).
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Figure 4. Dual-Luciferase Reporter Assay. The HEK-293 Cells were Cotransfected with pcDNA3.1-mHsPUM1-HD and psiCHECK2-IRES Reporter Plasmids. Upon Translation,
mHsPUM1-HD Can Bind to HCV IRES, Inserted Between Renilla and Firefly Luciferase Genes and inhibits IRES-Dependent Translation of Firefly Luciferase Gene

The activity of both Firefly and Renilla luciferases was
normalized to non-transfected cells. In addition, the
level of each Firefly luciferase activity was normalized to
the level of Renilla luciferase activity. The mean Fire-
fly luciferase activity from the cells, cotransfected with
pcDNA3.1(+) and reporter plasmids, was set at 100% and
used to compare with the mean Firefly luciferase activ-
ity from mHsPUM1-HD-expressing cells. Assays were per-
formed in triplicate and repeated at least twice; the results
were expressed as mean ± SEM.

2.7. Cytotoxicity Assay in HEK-293 Cells
HEK-293 cells were seeded into 96-well plates at a

density of 2×104 cells per well and transfected as de-
scribed above. At 72 hours after transfection, 15 µL of 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) (Promega Corporation; Madison, WI, USA) solution
(5 mg/mL) was added to each well and incubated for 4
hours at 37˚C in 5% CO2. The cells were washed with PBS,
and then 100 µL of dimethyl sulphoxide was added to dis-
solve formazan crystals. The plates were finally measured
at a wavelength of 570 nm, using the Anthos 2020 mi-
croplate reader (Biochrom Ltd; Cambridge, UK).

2.8. Statistical Analysis
All experiments were performed at least twice (in trip-

licates), and differences between the mean values were
compared using analysis of variance (one-way or two-way
ANOVA). Statistical analyses were performed, using Graph-
Pad Prism 6 software. P-values less than 0.05 were consid-
ered statistically significant.

3. Results

3.1. HsPUM1-HD Expression in BL21 (DE3) Cells

The expression of control and modified HsPUM1-HD
genes was induced by 1mM IPTG from pET-28b plasmid in
BL21(DE3) cells. The cells were lysed via sonication and
the supernatant was resolved by SDS-PAGE. The presence of
control and modified HsPUM1-HD proteins (41 kDa) in the
supernatant was confirmed by western blot analysis (Fig-
ure 5).

3.2. Sequence-Specific Binding of mHsPUM1-HD to its Cognate
Sequence

In order to confirm the sequence-specific binding of
mHsPUM1-HD to its cognate sequence, pull-down assay was
performed, using biotinylated bait RNAs and streptavidin-
coated magnetic beads (Figure 3).

3.2.1. Design of Bait RNAs

The let-7i sequence was used as a backbone to design
the two bait RNAs. In this assay, the target (UGGAUAAA)
and control (ACAACAUA) sequences were implanted in the
middle of the second loop of let-7i sequence in order to
be more accessible and not structured. The flanked nu-
cleotides were then added one by one to finally create an
18-nt loop, attached to a 44-nt double-stranded stem (Fig-
ure 6). The online MFold software was used to predict the
secondary structures.
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Figure 5. The Modified HsPUM1-HD Expression In BL21(DE3) Cells. The 41 kDa Protein Expression was Induced By 1 mM IPTG. Lane 1, BL21(DE3) Cells as Negative Control; Lane
2, BL21(DE3) Cells Transformed with pET-28b Plasmid Without Any Insert; Lane 3, BL21(DE3) Cells Transformed with pET-28b-mHsPUM1-HD Before Induction; Lane 4, BL21(DE3)
Cells Transformed with pET-28b-mHsPUM1-HD at 2 Hours After Induction; Lane 5, BL21(DE3) Cells Transformed with pET-28b-mHsPUM1-HD at 16 Hours After Induction; and Lane
6, Molecular Weight Marker

Figure 6. Design of RNA Baits Based on the Let-7i Sequence. Two RNAs were Designed to Host the Target and Control Recognition Sequences of mHsPUM1-HD in the Middle
of Their Loops (Nucleotides 28-35). The Complete Sequence and MFold Software Predictions of the Secondary Structures are Shown for A) Let-7i, B) Target RNA, And C) Control
RNA

3.2.2. RNA-Binding Protein Capture with Bait RNA

Cell lysate was mixed with biotinylated bait RNA and
incubated for 1 hour at 4°C on a rocking platform. Then,
streptavidin-coated microbeads were added to the solu-
tion to capture the complex in a µColumn, held within a
magneticµMACS separator. After 4 washing steps, the RNA-
binding proteins were eluted from the column by wash-
ing buffer, supplemented with 1M NaCl. The flow-through,

four wash and elution fractions were resolved with SDS-
PAGE and analyzed with western blot. As shown in Figure
7, mHsPUM1-HD was captured by biotinylated target RNA
(Figure 7A), while in case of biotinylated control RNA, no
protein was captured (Figure 7B).
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Figure 7. The Sequence-Specific Binding of mHsPUM1-HD to its Cognate RNA in RNA-Protein Pull-Down Assay. A) the Presence of a 41 kDa Protein in the Elution Fraction
Confirms the Specific Binding of mHsPUM1-HD to the Target RNA Bait (5’-UGGAUAAA-3’); B) mHsPUM1-HD was not Eluted in the Pull-Down Assay with the Control RNA Bait
(5’-ACAACAUA-3’)

3.3. mHsPUM1-HD Inhibition of HCV IRES-Dependent Transla-
tion

In order to test the selective inhibitory effect of
mHsPUM1-HD on HCV IRES-dependent translation, a bi-
cistronic dual-luciferase reporter construct was modified
from psiCHECK2 plasmid in which HCV IRES had been in-
serted between Renilla and Firefly luciferase genes. Upon
transcription, the Renilla luciferase was translated in the
cap-dependent system, whereas the Firefly luciferase trans-
lation was mediated by HCV IRES (Figure 2). To evaluate the
non-specific translational reduction, a pcDNA3.1 plasmid
expressing wHsPUM1-HD was used as the control.

We first examined the effect of different plasmid ra-
tios of pcDNA3.1-mHsPUM1-HD to psiCHECK2-IRES on trans-
lation inhibition. Our results showed a dose-dependent
decline in HCV IRES-dependent translation at 48 hours af-
ter transfection when the Firefly luciferase activity signif-
icantly dropped by increasing ratios (1:1, 5:1, and 10:1) of
mHsPUM1-HD-expressing pcDNA3.1(+) to psiCHECK2-IRES
reporter plasmid (Figure 8A). Therefore, the 10:1 ratio was
used in all translation assays in this study.

The relative ratio of Firefly to Renilla activity, 72 hours
post-transfection of mHsPUM1-HD (ratio 1:10), dropped
significantly by 40%, while the observed 7% decline for
wHsPUM1-HD was insignificant (Figure 8B). Moreover, the
expression of mHsPUM1-HD in HEK-293 cells showed no cy-
totoxicity in MTT viability assay. No significant difference
was found in the viability of cells at 72 hours after trans-
fection with DNA constructs (Figure 8C). The expression of

wHsPUM1-HD and mHsPUM1-HD in HEK-293 cells was con-
firmed by western blot analysis, as well (Figure 8D).

4. Discussion

In this study, we engineered a toolkit to target a spe-
cific sequence in HCV IRES in order to potentially inhibit
the virus polyprotein translation. The estimated sequence
specificity of mHsPUM1-HD to its cognate sequence was
confirmed by pull-down assay, in which mHsPUM1-HD was
captured by its cognate sequence, embedded in the loop
structure of a biotinylated RNA.

Since the present study mainly focused on verifying
the ability of mHsPUM1-HD to bind specifically to its tar-
get sequence, we did not apply any quantitative test, in this
regard. However, quantitative approaches are warranted
to provide an in-depth image of the binding affinity and
specificity of this engineered protein, which will be ana-
lyzed in our future studies.

Cotransfection of HEK-293 cells with plasmids express-
ing Firefly luciferase (under the control of HCV IRES) and
mHsPUM1-HD resulted in a 40% decline in Firefly transla-
tion. This decline showed that HCV IRES-dependent trans-
lation can be altered by this engineered HsPUM1-HD. In-
deed, mHsPUM1-HD was designed to bind to stem-loop III
of IRES, which has been shown to be responsible for inter-
action with eIF-3 (19). Although the detailed mechanism
is yet to be defined, binding of mHsPUM1-HD to its target
appears to interfere with eIF-3 binding and subsequent in-
teractions with 40S ribosomal subunit. While some cur-
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Figure 8. Effect of mHsPUM1-HD on HCV IRES-Dependent Translation in a Dual-Luciferase System. A) Dose-Dependent Inhibition of IRES-Dependent Translation by Increasing
Ratios of mHsPUM1-HD to psiCHECK2-IRES Plasmids. The Greatest Inhibitory Effect was Shown by the 10:1 Ratio. B) Inhibition of IRES-Dependent Translation by mHsPUM1-HD.
The Relative Ratio of Firefly to Renilla Luciferase Activity Dropped by 40% at 72 Hours After the Transfection of mHsPUM1-HD. All the Experiments were Performed in Triplicates
and the Results were Expressed As Mean ± SEM. C) MTT Viability Assay. The Expression of mHsPUM1-HD Showed No Cytotoxicity in HEK-293 Cells. D) Western Blot Analysis for
wHsPUM1-HD and mHsPUM1-HD Expression In HEK-293 Cells; Lane 1, mHsPUM1-HD; and Lane 2, wHsPUM1-HD

rent strategies, such as the use of RNAi or aptamers, can
reduce the translation level to some extent (13, 20-22), our
approach differs from these methods, as it can be effective
in organisms or cellular compartments where aptamers or
RNA interference machinery is not available (17).

Our knowledge about gene therapy and expression
tools also enables us to stably express mHsPUM1-HD in
vivo, whereas the delivery and in vivo stability of antisense
oligonucleotides are still difficult to control (17). Moreover,
this RNA-binding module, which recognizes an 8-nt target
sequence (23), has target discrimination power; similar to
that of miRNAs, which recognize the targets mainly by a 7-
or 8-nt seed match (24), resulting in possible off-target ef-
fects. In case of mHsPUM1-HD, off-target effects can be min-
imized by using two tandem PUM-HDs (15, 16) or a PUM-
HD with more repeats (25), providing additional binding
specificity and selectivity, while this concern cannot be ad-
dressed for miRNAs (26).

Use of PUM-HD as a targeting element also provides ad-
ditional possibilities for the fusion of different functional
domains, while tissue-specific expression is maintained
with appropriate promoters (26). As such, this strategy can
be applied for engineering translational regulators (14),
RNA probes (15, 16), splicing factors (17, 27), and RNA en-
donucleases (28).

As indicated, a properly designed HsPUM1-HD can re-
press the translation of HCV with high selectivity. These po-
tentials and several other advantages can support this pro-
tein as a candidate for anti-viral therapy. They include af-

fordability for diverse applications such as therapy and the
possibility to modify mHsPUM1-HD to target a sequence
within the viral genome, which is highly conserved in all
virus strains (leading to the reduced emergence of resis-
tant viruses). Moreover, cellular tolerability of this natu-
ral protein is a further advantage. However, further studies
are required to determine whether expression for more ex-
tended periods with different levels will induce toxicity.

This study is the first description of a designed HsPUM1-
HD protein, aimed to test the repression of HCV IRES-
dependent translation. With regard to the results obtained
in this study, further investigation is being performed to
elucidate the ability of this protein in reducing HCV repli-
cation in Huh7.5 cells. Evaluation of mHsPUM1-HD antiviral
effects on other viral infections, along with the improve-
ment of mHsPUM1-HD potency and specificity through the
fusion of effector domains, remains to be addressed in fu-
ture studies.

Acknowledgments

The authors would like to thank Prof. Marvin Wickens
and Dr. André P. Gerber for several helpful discussions dur-
ing the course of this study. We also express our gratitude
to Dr. Shohreh Shahmahmoodi, Dr. Fazel Shokri, and their
colleagues for their great assistance regarding the study
materials and equipments. We acknowledge the members
of the Immunotherapy and Leishmania Vaccine Research

8 Hepat Mon. 2017; 17(2):e45022.

http://hepatmon.com/


Kiani SJ et al.

laboratory and General Virology laboratory of Pasteur In-
stitute of Iran. Also, we would like to thank Dr. Sayed Mahdi
Marashi for the final review of the manuscript.

Footnotes

Authors’ Contribution: Seyed Jalal Kiani and Katayoun
Samimi-Rad contributed to designing the project, per-
forming the experiments, analyzing the data, and writ-
ing the manuscript. Tahereh Taheri and Sima Rafati con-
tributed to performing the cloning steps and protein ex-
pression in the prokaryotic system. Kayhan Azadmanesh
and Ahmad Nejati contributed to HEK-293 cell culture and
performing the dual-luciferase reporter assay. Monireh
Maleki contributed to performing the pull-down assay.
Also, Seyed Moayed Alavian and Talat Mokhtari Azad con-
tributed to data analysis.

Conflicts of interest: The authors declare no conflicts of
interest.

Funding/Support: This study was part of a PhD disser-
tation, supported in part by Tehran University of Medical
Sciences (grant No: 22229) and Baqiyatallah University of
Medical Sciences (grant No: 1989).

References

1. Mohd Hanafiah K, Groeger J, Flaxman AD, Wiersma ST. Global epi-
demiology of hepatitis C virus infection: new estimates of age-
specific antibody to HCV seroprevalence. Hepatology. 2013;57(4):1333–
42. doi: 10.1002/hep.26141. [PubMed: 23172780].

2. Roingeard P. Is hepatitis C virus eradication a realistic objective in
the absence of a prophylactic vaccine?. Liver Int. 2016;36(7):1076. doi:
10.1111/liv.13077. [PubMed: 26836756].

3. Cox AL. MEDICINE. Global control of hepatitis C virus. Science.
2015;349(6250):790–1. doi: 10.1126/science.aad1302. [PubMed:
26293940].

4. AASLD-IDSA. . Recommendations for testing, managing, and treating
hepatitis C Available from: http://www.hcvguidelines.org.

5. Schneider MD, Sarrazin C. Antiviral therapy of hepatitis C in 2014:
do we need resistance testing?. Antiviral Res. 2014;105:64–71. doi:
10.1016/j.antiviral.2014.02.011. [PubMed: 24583028].

6. Pawlotsky JM. Hepatitis C Virus Resistance to Direct-Acting Antiviral
Drugs in Interferon-Free Regimens. Gastroenterology. 2016;151(1):70–
86. doi: 10.1053/j.gastro.2016.04.003. [PubMed: 27080301].

7. Tang H, Grise H. Cellular and molecular biology of HCV infection and
hepatitis. Clin Sci (Lond). 2009;117(2):49–65. doi: 10.1042/CS20080631.
[PubMed: 19515018].

8. Friebe P, Lohmann V, Krieger N, Bartenschlager R. Sequences in
the 5’ nontranslated region of hepatitis C virus required for RNA
replication. J Virol. 2001;75(24):12047–57. doi: 10.1128/JVI.75.24.12047-
12057.2001. [PubMed: 11711595].

9. Suzuki T, Aizaki H, Murakami K, Shoji I, Wakita T. Molecular bi-
ology of hepatitis C virus. J Gastroenterol. 2007;42(6):411–23. doi:
10.1007/s00535-007-2030-3. [PubMed: 17671755].

10. Reynolds JE, Kaminski A, Kettinen HJ, Grace K, Clarke BE, Carroll AR,
et al. Unique features of internal initiation of hepatitis C virus RNA
translation. EMBO J. 1995;14(23):6010–20. [PubMed: 8846793].

11. Khaliq S, Khaliq SA, Zahur M, Ijaz B, Jahan S, Ansar M, et al. RNAi as a
new therapeutic strategy against HCV. Biotechnol Adv. 2010;28(1):27–
34. doi: 10.1016/j.biotechadv.2009.08.004. [PubMed: 19729057].

12. Shum KT, Zhou J, Rossi JJ. Aptamer-based therapeutics: new ap-
proaches to combat human viral diseases. Pharmaceuticals (Basel).
2013;6(12):1507–42. doi: 10.3390/ph6121507. [PubMed: 24287493].

13. Levesque MV, Levesque D, Briere FP, Perreault JP. Investigating
a new generation of ribozymes in order to target HCV. PLoS
One. 2010;5(3):9627. doi: 10.1371/journal.pone.0009627. [PubMed:
20224783].

14. Cooke A, Prigge A, Opperman L, Wickens M. Targeted translational
regulation using the PUF protein family scaffold. Proc Natl Acad Sci
U S A. 2011;108(38):15870–5. doi: 10.1073/pnas.1105151108. [PubMed:
21911377].

15. Ozawa T, Natori Y, Sato M, Umezawa Y. Imaging dynamics of en-
dogenous mitochondrial RNA in single living cells. Nature Methods.
2007;4(5):413–9. doi: 10.1038/nmeth1030.

16. Tilsner J, Linnik O, Christensen NM, Bell K, Roberts IM, Lacomme C, et
al. Live-cell imaging of viral RNA genomes using a Pumilio-based re-
porter. Plant J. 2009;57(4):758–70. doi: 10.1111/j.1365-313X.2008.03720.x.
[PubMed: 18980643].

17. Wang Y, Cheong CG, Hall TM, Wang Z. Engineering splicing fac-
tors with designed specificities. Nat Methods. 2009;6(11):825–30. doi:
10.1038/nmeth.1379. [PubMed: 19801992].

18. Huang JY, Su WC, Jeng KS, Chang TH, Lai MM. Attenuation of 40S ribo-
somal subunit abundance differentially affects host and HCV transla-
tion and suppresses HCV replication. PLoS Pathog. 2012;8(6):1002766.
doi: 10.1371/journal.ppat.1002766. [PubMed: 22792060].

19. Kieft JS, Zhou K, Jubin R, Doudna JA. Mechanism of ribosome re-
cruitment by hepatitis C IRES RNA. RNA. 2001;7(2):194–206. [PubMed:
11233977].

20. Chevalier C, Saulnier A, Benureau Y, Flechet D, Delgrange D, Colbere-
Garapin F, et al. Inhibition of hepatitis C virus infection in cell cul-
ture by small interfering RNAs. Mol Ther. 2007;15(8):1452–62. doi:
10.1038/sj.mt.6300186. [PubMed: 17505476].

21. Korf M, Jarczak D, Beger C, Manns MP, Kruger M. Inhibition of hepati-
tis C virus translation and subgenomic replication by siRNAs directed
against highly conserved HCV sequence and cellular HCV cofactors. J
Hepatol. 2005;43(2):225–34. doi: 10.1016/j.jhep.2005.02.046. [PubMed:
15964661].

22. Kikuchi K, Umehara T, Fukuda K, Hwang J, Kuno A, Hasegawa T, et
al. RNA aptamers targeted to domain II of hepatitis C virus IRES that
bind to its apical loop region. J Biochem. 2003;133(3):263–70. [PubMed:
12761160].

23. Wickens M, Bernstein DS, Kimble J, Parker R. A PUF family portrait:
3′UTR regulation as a way of life. Trends Genet. 2002;18(3):150–7. doi:
10.1016/s0168-9525(01)02616-6.

24. Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked
by adenosines, indicates that thousands of human genes are mi-
croRNA targets. Cell. 2005;120(1):15–20. doi: 10.1016/j.cell.2004.12.035.
[PubMed: 15652477].

25. Filipovska A, Razif MF, Nygard KK, Rackham O. A universal code for
RNA recognition by PUF proteins. Nat Chem Biol. 2011;7(7):425–7. doi:
10.1038/nchembio.577. [PubMed: 21572425].

26. Cheong CG, Hall TM. Engineering RNA sequence specificity of
Pumilio repeats. Proc Natl Acad Sci U S A. 2006;103(37):13635–9. doi:
10.1073/pnas.0606294103. [PubMed: 16954190].

27. Dong S, Wang Y, Cassidy-Amstutz C, Lu G, Bigler R, Jezyk MR, et
al. Specific and modular binding code for cytosine recogni-
tion in Pumilio/FBF (PUF) RNA-binding domains. J Biol Chem.
2011;286(30):26732–42. doi: 10.1074/jbc.M111.244889. [PubMed:
21653694].

28. Choudhury R, Tsai YS, Dominguez D, Wang Y, Wang Z. Engineering
RNA endonucleases with customized sequence specificities. Nat Com-
mun. 2012;3:1147. doi: 10.1038/ncomms2154. [PubMed: 23093184].

Hepat Mon. 2017; 17(2):e45022. 9

http://dx.doi.org/10.1002/hep.26141
http://www.ncbi.nlm.nih.gov/pubmed/23172780
http://dx.doi.org/10.1111/liv.13077
http://www.ncbi.nlm.nih.gov/pubmed/26836756
http://dx.doi.org/10.1126/science.aad1302
http://www.ncbi.nlm.nih.gov/pubmed/26293940
http://www.hcvguidelines.org
http://dx.doi.org/10.1016/j.antiviral.2014.02.011
http://www.ncbi.nlm.nih.gov/pubmed/24583028
http://dx.doi.org/10.1053/j.gastro.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27080301
http://dx.doi.org/10.1042/CS20080631
http://www.ncbi.nlm.nih.gov/pubmed/19515018
http://dx.doi.org/10.1128/JVI.75.24.12047-12057.2001
http://dx.doi.org/10.1128/JVI.75.24.12047-12057.2001
http://www.ncbi.nlm.nih.gov/pubmed/11711595
http://dx.doi.org/10.1007/s00535-007-2030-3
http://www.ncbi.nlm.nih.gov/pubmed/17671755
http://www.ncbi.nlm.nih.gov/pubmed/8846793
http://dx.doi.org/10.1016/j.biotechadv.2009.08.004
http://www.ncbi.nlm.nih.gov/pubmed/19729057
http://dx.doi.org/10.3390/ph6121507
http://www.ncbi.nlm.nih.gov/pubmed/24287493
http://dx.doi.org/10.1371/journal.pone.0009627
http://www.ncbi.nlm.nih.gov/pubmed/20224783
http://dx.doi.org/10.1073/pnas.1105151108
http://www.ncbi.nlm.nih.gov/pubmed/21911377
http://dx.doi.org/10.1038/nmeth1030
http://dx.doi.org/10.1111/j.1365-313X.2008.03720.x
http://www.ncbi.nlm.nih.gov/pubmed/18980643
http://dx.doi.org/10.1038/nmeth.1379
http://www.ncbi.nlm.nih.gov/pubmed/19801992
http://dx.doi.org/10.1371/journal.ppat.1002766
http://www.ncbi.nlm.nih.gov/pubmed/22792060
http://www.ncbi.nlm.nih.gov/pubmed/11233977
http://dx.doi.org/10.1038/sj.mt.6300186
http://www.ncbi.nlm.nih.gov/pubmed/17505476
http://dx.doi.org/10.1016/j.jhep.2005.02.046
http://www.ncbi.nlm.nih.gov/pubmed/15964661
http://www.ncbi.nlm.nih.gov/pubmed/12761160
http://dx.doi.org/10.1016/s0168-9525(01)02616-6
http://dx.doi.org/10.1016/j.cell.2004.12.035
http://www.ncbi.nlm.nih.gov/pubmed/15652477
http://dx.doi.org/10.1038/nchembio.577
http://www.ncbi.nlm.nih.gov/pubmed/21572425
http://dx.doi.org/10.1073/pnas.0606294103
http://www.ncbi.nlm.nih.gov/pubmed/16954190
http://dx.doi.org/10.1074/jbc.M111.244889
http://www.ncbi.nlm.nih.gov/pubmed/21653694
http://dx.doi.org/10.1038/ncomms2154
http://www.ncbi.nlm.nih.gov/pubmed/23093184
http://hepatmon.com/

	Abstract
	1. Background
	Figure 1

	2. Methods
	2.1. DNA Constructs
	2.1.1. Wild-Type HsPUM1-HD (wHsPUM1-HD) and Modified HsPUM1-HD (mHsPUM1-HD)
	2.1.2. Bicistronic Dual Luciferase Reporter (psiCHECK2-IRES)
	Figure 2


	2.2. Protein Expression in Prokaryotic Cells
	2.3. Pull-Down Assay
	Figure 3

	2.4. Western Blot
	2.5. Expression in Eukaryotic Cells
	2.6. Dual-Luciferase Reporter Assay
	Figure 4

	2.7. Cytotoxicity Assay in HEK-293 Cells
	2.8. Statistical Analysis

	3. Results
	3.1. HsPUM1-HD Expression in BL21 (DE3) Cells
	Figure 5

	3.2. Sequence-Specific Binding of mHsPUM1-HD to its Cognate Sequence
	3.2.1. Design of Bait RNAs
	Figure 6

	3.2.2. RNA-Binding Protein Capture with Bait RNA
	Figure 7


	3.3. mHsPUM1-HD Inhibition of HCV IRES-Dependent Translation
	Figure 8


	4. Discussion
	Acknowledgments
	Footnotes
	Authors' Contribution
	Conflicts of interest
	Funding/Support

	References

