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Identification of the internal ribosome entry sites
in the 5'-untranslated region of the c-fos gene
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Abstract. The Fos proto-oncogene, activator protein-1 (AP-1)
transcription factor subunit (c-fos) gene, a member of the
immediate early gene family, encodes c-Fos, which is a
subunit of the AP-1 transcription factor. The present study
aimed to investigate the mechanism by which the translation
efficiency of c-fos mRNA is upregulated when cellular protein
synthesis is shut off. The result of western blotting revealed
that the protein expression levels of c-Fos were increased in
rhabdomyosarcoma cells infected with enterovirus 71 (EV71)
compared with uninfected cells. PCR was used to get the
c-fos 5'-untranslated region (UTR). The luciferase assay of a
bicistronic vector containing the c-fos 5'UTR revealed that the
c-fos 5'UTR contains an internal ribosome entry site (IRES)
sequence and a 175 nucleotide sequence (between 31 and
205 nt) that is essential for IRES activity. Analysis of poten-
tial IRES trans-acting factors revealed that poly(C)-binding
protein 2 (PCBP2) negatively regulated the activity of the c-fos
IRES, whereas the La autoantigen (La) positively regulated
its activity. The results of RNA-protein immunoprecipitation
demonstrated that both PCBP2 and La bound to the c-fos
5'UTR. Furthermore, the IRES activity of in vitro-transcribed
c-fos mRNA was upregulated during EV71 infection. The
present study suggested a mechanism for the effect of viral
infection on host genes, and provided a novel target for gene
translation regulation.
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Introduction

The Fos proto-oncogene, activator protein-1 (AP-1) transcrip-
tion factor subunit (c-fos) gene is a proto-oncogene belonging
to the immediate early gene family (1). c-Fos and c-Jun (a
member of the Jun family of transcription factors) form a
heterodimer through their leucine zipper plus basic domain (2),
resulting in the formation of the AP-1 complex, which recog-
nizes and binds AP-1 response elements in the promoter and
enhancer regions of target genes, thus converting extracellular
signals into changes in gene expression (3). c-Fos is involved
in a number of important cellular events, including cell prolif-
eration, differentiation and survival (4), and is activated by
the MAPK-ERK1/2 signaling pathway, which also positively
regulates enterovirus 71 (EV71) replication (5-8).

EV71 is a member of the Picornaviridae family, which
are small non-enveloped, positive-strand RNA viruses with a
genome size of ~7,400 nt. EV71 is the major etiological agent
of hand, foot and mouth disease, which endangers global
public health security (8). Additionally, this virus causes
neurological disease and even death, particularly in young
children (9,10). Picornavirus infection profoundly affects host
cell mRNA translation (8). The 2A and 3C proteases of EV71
cleave eukaryotic translation initiation factor 4 (eIF4) G and
poly(A) binding protein (PABP), respectively (11). The elF4G
protein is a component of the elF4F cap-binding complex
that is crucial for cap-dependent translation (11). PABP is an
important factor for cellular mRNA translation that interacts
with several translation initiation factors (11,12). Cleavage of
elF4G and PABP is considered to contribute to the shutdown
of cellular protein synthesis (12).

Control of protein translation is crucial for cell prolif-
eration, differentiation, mitosis and programmed apoptosis.
Furthermore, abnormal regulation of translation initiation is
often an important cause of tumors and disease (13-16). The
translation initiation of most eukaryotic proteins relies on the
mRNA 5'-m’G cap structure (12). However, certain RNA viruses,
including EV71, can utilize internal ribosome entry site (IRES)
sequences, which are located in mRNA 5'-untranslated regions
(UTRs), to recruit the 40S ribosome directly to the vicinity of
the initiation codon, independently of the cap structure (17,18).

Previous studies have demonstrated that numerous cellular
genes also harbor IRES elements in the 5S'UTR of their
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mRNA (19,20). Cap-dependent initiation is compromised
during mitosis, viral infection, hypoxia or apoptosis (19). A
number of IRES-containing mRNAs use IRES-mediated
translation to protect cells from stress conditions or to induce
programmed cell death (19,21). Therefore, it was hypothesized
that cellular IRES-mediated translation serves an important
role in cellular processes under various conditions (22). For
example, the IRES of the oncogene c-myc (23), the tumor
suppressor gene p53 (24) and the cellular transcription factor
c-jun (25) can all contribute to the regulation of cellular activi-
ties. The latter pairs with c-Fos to form AP-1 (2).

The most obvious features of cellular IRES sequences
are their GC-rich nature and length (>150 bases) (26). IRES
sequences require IRES trans-acting factors (ITAFs) to recruit
the 40S ribosomal subunit, and cellular IRES sequences
promote the selective synthesis of certain proteins during situ-
ations when cap-dependent translation is compromised (27).

In our previous study, ribosome profiling revealed that the
translation efficiency of c-fos was upregulated when cellular
protein synthesis was stopped by EV71 infection, which may
be regulated by IRES-mediated translation (28). The transla-
tion efficiency was defined as the relative increase in mRNA
fragments protected by ribosomes (28). The present study
investigated the mechanism by which the translation efficiency
of c-fos mRNA is upregulated when cellular protein synthesis
is shut off, and demonstrated the presence of an IRES element
in the 5'UTR of the c-fos mRNA. Further analysis revealed
that nucleotides 31-205 nt of the c-fos S'UTR are essential for
IRES-mediated translation. Furthermore, two well-known
ITAFs, poly(C)-binding protein 2 (PCBP2) and La autoantigen
(La), were found to regulate the activity of the c-fos IRES and
to bind to the 5'UTR of the c-fos mRNA. In addition, EV71
infection activated the IRES in the c-fos 5'UTR and may
contribute to the increase in c-Fos levels.

Materials and methods

Plasmid construction. The bicistronic reporter vector pR-F and
phpR-F constructs were gifts from Professor Anne E. Willis
(MRC Toxicology Unit, University of Cambridge, Cambridge,
UK) (29). The EV71 infectious clone, pSVA-EV71, was a gift
from Professor Zhiyong Lou (Tsinghua University, Beijing,
China). The empty Flag-tagged plasmid pCE-puro-3xFlag was
a gift from Professor Akio Kihara (Faculty of Pharmaceutical
Sciences, Hokkaido University, Sapporo, Japan) (30). Plasmid
dl-mouse mammary tumour virus (MMTYV) IRES, which
contains the MMTYV IRES sequence, was a gift from Professor
Marcelo Loépez-Lastra (Escuela de Medicina, Pontificia
Universidad Catdlica de Chile, Santiago, Chile) (31). The
aforementioned individuals are the original producers of the
plasmids.

PCR was performed using DNA polymerase Ex Taq®
(Takara Biotechnology Co., Ltd.) according to the manufac-
turer's protocol. The thermocycling conditions were as follows:
95°C for 5 min; 95°C for 30 sec, the annealing temperature was
determined according to the primer Tm value and reacted for
30 sec, the extension time was determined according to the
length of the target fragment and the response was at 72°C;
95°C for 7 min; 4°C for preservation. A 2% agarose gel was
used for electrophoresis, and ethidium bromide staining was

used to detect the target fragments. HeLa cells were used to
create a cDNA library [for detailed methods, please refer to
reverse transcription-quantitative (RT-qPCR) analysis] as
the PCR template. The pSVA-EV71 plasmid was extracted
by alkaline lysis method and used as the PCR template. The
gapdh fragment and the coding regions of PTB, PCBP2, La,
hnRNP K and P97 were PCR amplified from a cDNA library.
The 5'UTR of c-fos was PCR amplified from cDNA library
and the S'UTR of EV71 was PCR amplified from pSVA-EV71.
The full-length 5S'UTR c¢DNA of the c-fos mRNA, the gapdh
cDNA fragment (951-1,250 bp), the EV71 5'UTR and serial
truncations of the c-fos 5S'UTR were produced using PCR
amplification with forward and reverse primers containing
EcoRI and Ncol endonuclease restriction sites, respectively.
All products were inserted separately into the dual luciferase
vector pR-F between the EcoRI and Ncol sites, and the c-fos
5'UTR was also inserted into phpR-F between the EcoRI
and Ncol sites. The c-fos S'UTR was inserted upstream of
the translation start codon of the firefly luciferase gene in
the promoter-less pGL3-basic vector between the MIul and
BglII sites. pGL3-basic, pGL3-SV40 and B-galactosidase
(B-gal) were purchased from Promega Corporation. The
coding regions of polypyrimidine tract-binding protein (PTB),
PCBP2 and La were produced by PCR amplification using
forward and reverse primers containing BamHI and Notl endo-
nuclease restriction sites, while primers for the heterogeneous
nuclear ribonucleoprotein (hnRNP) K and death-associated
protein 5 (P97) coding regions contained Sall and NotI sites.
These coding regions were separately inserted into the empty
Flag-tagged plasmid pCE-puro-3xFlag between the EcoRI and
Ncol sites or the Sall and NotI sites, respectively. All plasmids
were verified using DNA sequencing (Sanger sequencing;
performed by Sangon Biotech Co., Ltd.). The sequences of
all forward and reverse primers were as follows: c-fos SUTR
forward, 5-GCGGAATTCATTCATAAAACGCTTGTT
ATAAAAGCAGTGGCTGCGG-3' and reverse, 5'-AATTAT
CCATGGCGTGGCGGTTAGGCAAAGCCGGG-3'; gapdh
forward, 5'-CCGGAATTCTATGATGACATCAAGAAG
GTGGTGAAGC-3' and reverse, 5S-TATCCATGGTGAGGG
TCTCTCTCTTCCTCTTG-3; EV71 5'UTR forward, 5-CAA
GAATTCTTAAAACAGCCTGTGGGTTGCACCCACTC-3'
and reverse, 5'-GCCCCATGGTGTTTGACTGTATTGAGA
GTTAATATAAAGTTGAGGGTG-3'; c-fos 5S'UTR 1-30
forward, 5"AATTCATTCATAAAACGCTTGTTATAAAAG
CAGTGC-3' and reverse, 5'-CATGGCACTGCTTTTATA
ACAAGCGTTTTATGAATG-3'; c-fos S'UTR 31-113 forward,
5-ATAGAATTCGCTGCGGCGCCTCGTACTCCAAC-3' (also
used as the forward for c-fos S'UTR 31-137, c-fos 5'UTR
31-164 and c-fos 5'UTR 31-185) and reverse, S-TATCCATGG
GTTCGCTGCGCCGCGGCCGCCGGCTCAGTCTTG-3"
c-fos S'UTR 114-205 forward, 5-ATAGAATTCGAGCAG
TGACCGTGCTCCTACCCAGC-3' and reverse, 5'-ATACCA
TGGCGTGGCGGTTAGGCAAAGCCGGG-3' (also used as
the reverse for c-fos 5S'UTR 45-205, c-fos S'UTR 60-205, c-fos
5'UTR 75-205 and c-fos 5'UTR 93-205); c-fos 5S'UTR 31-137
reverse, 5'-AATACCATGGTGGGTAGGAGCACGGCCACT
G-3'; c-fos 5S'UTR 31-164 reverse, 5S"TATTCCATGGAGACA
GGTGGGCGCTGTGAAG-3'; c-fos S'UTR 31-185 reverse,
5'-TTATACCATGGGGGCGAGGGGCCGAGGGGCGGA
GAC-3"; c-fos S'UTR 45-205 forward, 5'-GTCGAATTCTAC
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TCCAACCGCATCTGCAGCGAGCAAC-3'; c-fos 5'UTR
60-205 forward, 5'-ATCGAATTCTGCAGCGAGCAACTG
AGAAGCCAAGAC-3"; c-fos 5'UTR 75-205 forward, 5'-TAT
GAATTCAGAAGCCAAGACTGAGCCGGCGGCCGCGGC
GCAGCGAAC-3; c-fos 5'UTR 93-205 forward, 5'-ATTAGA
ATTCGGCGGCCGCGGCGCAGCGAACGAGCAG-3; PTB
forward, 5" TATGGATCCATGGACGGCATTGTCCCAGAT
ATAGCC-3' and reverse, 5-TAATGCGGCCGCCTAGAT
GGTGGACTTGGAGAAGGAGAC-3'; PCBP2 forward,
5'-GAGGGATCCATGGACACCGGTGTGATTGAAGG-3'
and reverse, 5-ATTAGCGGCCGCCTAGCTGCTCCCCAT
GCCACCCGTCTC-3"; La forward, 5'-GCGGGATCCATG
GCTGAAAATGGTGATAATGAAAAGATGGC-3' and
reverse, 5'-ATTAGCGGCCGCCTACTGGTCTCCAGC
ACCATTTTCTGTTTTCTG-3"; hnRNP K forward, 5'-TCA
AGTCGACATGGAAACTGAACAGCCAG-3' and reverse,
5'-GCATGCGGCCGCTTAGAAAAACTTTCCAGAAT-3',
and P97 forward, 5~ AATAGTCGACATGGCTTCTGGAGC
CGATTC-3' and reverse, 5-TATTGCGGCCGCTTAGCC
ATACAGGTCATCAT-3".

Cell culture and DNA transfection. Human rhabdomyosar-
coma (RD), HeLa and 293T cell lines (The Cell Bank of Type
Culture Collection of The Chinese Academy of Sciences) were
cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.)
with 10% (v/v) FBS (HyClone; Cytiva), penicillin (100 U/ml)
and streptomycin (100 pg/ml). All cells were cultured at 37°C
in a humidified atmosphere with 5% CO,.

For transient DNA transfection, cells (1.2x10° cells/well)
were seeded into 12-well plates at 24 h before transfection.
DNA was transfected into cells using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. Opti-MEM (Invitrogen; Thermo
Fisher Scientific, Inc.) mixed with Lipofectamine® 2000 was
used for the transfection of plasmids at room temperature for
20 min. Cell medium was replaced with complete culture
medium at 6 h post-transfection, and after 48 h, the cells were
rinsed twice with PBS, and cell extracts were prepared using
5X Passive Lysis Buffer (Promega Corporation).

The transfection amounts of plasmids were as
follows: 200 ng for pR-F, pR-gapdh-F, pR-c-fos 5'UTR-F,
pR-EV71 5'UTR-F, phpR-c-fos 5'UTR-F, pGL3-basic,
pGL3-c-fos 5S'UTR, pGL3-SV40, pR-c-fos S'UTR-F trun-
cations, and dI-MMTYV IRES; 50 ng for B-gal; and 250
or 500 ng for pCE-puro-3xFlag, pCE-puro-3xFlag-PTB,
pCE-puro-3xFlag-PCBP2, pCE-puro-3xFlag-La,
pCE-puro-3xFlag-hnRNP K and pCE-puro-3xFlag-P97.
Among them, pR-F, pR-gapdh-F, pGL3-basic and
pCE-puro-3xFlag were used as negative controls.

In vitro transcription. A MEGAscript T7 High Yield
Transcription Kit (Thermo Fisher Scientific, Inc.) was used
to perform in vitro transcription. The templates were first
linearized using BamHI and then reacted according to the
manufacturer's protocol. According to the supplier's instruc-
tions, ~80% of the product RNA had an m’G cap (New
England BioLabs, Inc.) at the 5'end. An RNeasy Mini Kit
(Qiagen GmbH) was used to purify the RNA. RNA quantified
by UV spectrophotometry was transfected into HeLa or RD
cells using Lipofectamine® 3000 (Invitrogen; Thermo Fisher

Scientific, Inc.) as aforementioned. Opti-MEM mixed with
Lipofectamine® 3000 was used for the transfection of 200 ng
RNA at room temperature for 20 min. The following plas-
mids were used for transcription in vitro: pR-F, pR-gapdh-F,
pR-c-fos S'UTR-F and pR-EV7] 5'UTR-F.

EV71 infection. pSVA-EV71 was linearized using Sall, tran-
scribed into RNA in vitro, and then transfected into RD cells
using Lipofectamine® 3000 as mentioned in the in vifro tran-
scription subsection. After cell death, the culture supernatant
was harvested and centrifuged at 13,000 x g for 1 min at room
temperature to obtain EV71 particles. EV71 was expanded
in RD cells for three generations. The titers of viruses were
measured using a 50% tissue culture infective dose assay.
Transfected or untransfected cells were infected with EV71
at an MOI of 5 with maintenance medium containing 2% (v/v)
FBS.

Luciferase assay. Renilla luciferase (RL) and firefly
luciferase (FL) dual-luciferase activities were measured
using a Dual-Luciferase Reporter Assay System (Promega
Corporation) and FL single-luciferase activity was measured
using a Luciferase Assay System (Promega Corporation)
according to the manufacturer's protocol, with the exception
that only 100 pl of each reagent was used. For the pR-F series,
FL activity was normalized to Renilla activity. For the pGL3
series, FL activity was normalized to -gal activity. Signals
were measured using a luminometer.

The plasmids used to measure dual luciferase activity were
as follows: pR-F, pR-gapdh-F, pR-c-fos 5S'UTR-F, pR-EV7]
5'UTR-F, phpR-c-fos S'UTR-F, dI-MMTYV IRES and pR-c-fos
5'UTR-F truncations. The plasmids for transcription in vitro
used to measure dual luciferase activity were as follows: pR-F,
pR-gapdh-F, pR-c-fos S'UTR-F and pR-EV71 S'UTR-F. The
plasmids used to measure FL single-luciferase activity were
as follows: pGL3-basic, pGL3-c-fos 5'UTR, pGL3-SV40
and B-gal. Lipofectamine® 2000 or Lipofectamine® 3000
(Invitrogen; Thermo Fisher Scientific, Inc.) was used for
transfection as mentioned in the in vitro transcription and cell
culture and DNA transfection subsections. At 48 h after trans-
fection, the cell extracts were prepared using 5X Passive Lysis
Buffer (Promega Corporation). For infection experiments,
in vitro-transcribed pR-F, pR-gapdh-F, pR-c-fos 5S'UTR-F
and pR-EV7I 5'UTR-F mRNA was transfected into RD cells.
After 1 h, RD cells were infected EV71 for 6, 8 and 10 h, and
then harvested for FL and RL activity measurements.

Protein analysis. Cells were washed once with ice-cold 1X
PBS and lysed in buffer containing 50 mM TRIS (pH 7.4),
150 mM NaCl, 2 mM EDTA, 3% glycerol, 1% NP-40 and
protease inhibitor cocktail (complete, EDTA-free; Roche
Diagnostics) for 30 min on ice. Following centrifugation
at 13,000 x g for 10 min at 4°C, the supernatant was mixed
with 5X SDS loading buffer containing 250 mM TRIS
(pH 6.8), 10% SDS (w/v), 50% glycerol (v/v), 5% 2-mercap-
toethanol (v/v) and 0.5% Bromophenol Blue (w/v), and boiled
for 10 min at 100°C. The concentration of the protein samples
was determined using the BCA protein quantification kit
(Beijing Dingguo Changsheng Biotechnology Co., Ltd.), and
the loading amount was 20 ug per lane. Samples were resolved
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using 10% SDS-PAGE and transferred onto a PVDF membrane
(GE Healthcare). Membranes were blocked with 5% non-fat
milk (in 1X PBS) for 45 min at room temperature, and then
probed with the primary antibodies for 90 min at room temper-
ature. The primary antibodies against c-Fos (cat. no. YM3469;
1:1,000) and Flag-tag (cat. no. YM3025; 1:5,000) were
purchased from ImmunoWay Biotechnology Company. The
primary antibody against Tubulin (cat. no. ab44928; 1:10,000)
and the secondary goat anti-mouse IgG H&L (HRP) antibody
(cat. no. ab6789; 1:10,000) were purchased from Abcam.
Following incubation with the secondary antibody for 45 min
at room temperature, the membranes were treated with
Immobilon Western Chemiluminescent HRP Substrate (EMD
Millipore) and protein signals were detected using X-ray film.

RNA-protein immunoprecipitation (RIP). Cells were
co-transfected with 1 ug pR-c-fos 5'UTR-F and 6 ug of
various ITAFs, as mentioned in the Cell culture and DNA
transfection subsection. Lysates (900 pl per IP reaction) were
centrifuged at 1,000 x g at 4°C for 15 min and supernatants
were aliquoted corresponding to 3x10° cells. A 6-mg anti-Flag
antibodies (cat. no. YM3025; ImmunoWay Biotechnology
Company) was crosslinked with 40 xl magnetic Protein G
Dynabeads (EMD Millipore). The crosslinked beads were
incubated with aliquots of pre-cleared cell lysates at 4°C.
After washing, immunoprecipitated RNA-protein complexes
were eluted at 95°C. Eluates were treated for 10 min at room
temperature with proteinase K (Beijing Dingguo Changsheng
Biotechnology Co., Ltd.) and RNA was extracted using an
RNeasy Mini Kit (Qiagen GmbH) and treated with DNasel
(Takara Biotechnology Co., Ltd.). cDNA synthesis and subse-
quent RT-PCR were performed as described subsequently.
Western blotting was performed as aforementioned to detect
protein expression. The buffer for cell lysis and immunopre-
cipitation consisted of 30 mM HEPES pH 7.3, 160 mM KClI,
2.5 mM MgCl,, 1 mM dithiothreitol (DTT), 0.1% NP-40,
0.5% Triton X-100 and 10% glycerol. The washing buffer
contained PBS pH 7.4 and 0.02% Tween, and the elution
buffer contained 100 mM TRIS-HCI pH 7.4, 5% SDS, 70 mM
[-mercaptoethanol and 5 mM DTT.

RT-gPCR analysis. RD cells were lysed using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA was
extracted using an RNeasy Mini Kit (Qiagen GmbH). Reverse
transcription was performed with the oligoT primer (Shanghai
Sangon Biotech Co., Ltd.), dNTPs (Takara Biotechnology
Co., Ltd.) and M-MLV Reverse Transcriptase with 5X buffer
(Promega Corporation). cDNA was synthesized at 42°C
for 60 min. Thereafter, qPCR was carried out using 2X
SYBR Green Mix (Roche Diagnostics). The sequences of
the primers used were as follows: GAPDH (reference gene)
forward, 5'-AACAGCGACACCCACTCCTC-3' and reverse,
5'-CATACCAGGAAATGAGCTTGACAA-3"; cFOS forward,
5-GGGGCAAGGTGGAACAGTTAT-3' and reverse, 5'-CCG
CTTGGAGTGTATCAGTCA-3'. The following thermocycling
conditions were used: Initial denaturation at 95°C for 5 min,
denaturing at 95°C for 15 sec and annealing and extension
together at 60°C for 60 sec for 35 cycles. All oligoT primers
and RT-PCR primers were synthesized by Sangon Biotech Co.,
Ltd. The final data were analyzed using the 224 method (32).

RNA structure analysis. The secondary structure of the c-fos
5'UTR was predicted by version 7.1 of the Geneious software
(https://www.geneious.com/).

Statistical analysis. All experimental data were analyzed using
GraphPad Prism 5.0 (GraphPad Software, Inc.) and presented
as the mean + standard error of the mean. Each independent
experiment was repeated at least twice. One-way ANOVA
with Dunnett's multiple comparison test was used to analyze
the statistical differences. P<0.05 was considered to indicate a
statistically significant difference.

Results

c-Fos expression is upregulated in EV7I1-infected RD cells.
Previously, ribosome profiling technology was used to analyze
host gene expression in EV71-infected RD cells and it was
demonstrated that the mRNA and translation efficiency of
c-Fos were upregulated (28). c-fos mRNA expression was
assessed using RT-qPCR, and 3.65-fold upregulation was
observed at 6.25 h post infection, while the expression levels of
the negative control (N-Myc interactor) remained unchanged,
as expected (28) (Fig. 1A). c-Fos protein expression was also
measured, and a marked increase in c-Fos expression was
observed in EV71-infected RD cells at 6.25 h compared with
mock cells (Fig. 1B).

Identification and verification of an IRES element in the
5'UTR of c-fos mRNA. To examine whether the high expres-
sion levels of c-Fos were regulated by an IRES-mediated
mechanism, the c-fos S'UTR was inserted into a bicistronic
vector (pR-F), which contained RL and FL in the first and
second cistrons, respectively. RL and FL were on the same
mRNA, so RL was suitable for system calibration. FL/RL is
usually used to show IRES activity (33,34). Additionally, two
negative controls were included, comprising an empty vector
containing the multiple cloning site in the intercistronic region
(pR-F) and a vector containing a segment from the coding
region of human gapdh (pR-gapdh-F). A plasmid containing
the EV71 virus IRES (pR-EV71 5'UTR-F) was used as a posi-
tive control (Fig. 2A). The constructs were transfected into
HeLa cells, and the luciferase activity was measured. The
results suggested that the c-fos 5S'UTR contained a potent
IRES element that could direct a marked increase in the
expression of the downstream cistron (Fig. 2B). However,
other non-IRES-dependent causes, such as activation of a
splicing event, readthrough or cryptic promoter activity, had
to be eliminated.

To rule out an aberrant splicing event and ribosome
readthrough, a hairpin structure was introduced at the tran-
scription start site of the bicistronic reporter (Fig. 2C). The
values of FL and RL were displayed separately, compared with
bicistronics without hairpin, the hairpin only inhibited the
expression of the upstream RL cistron, and in the presence of
c-fos S'UTR fragments, the expression of FL did not decrease
but increased (Fig. 2D). This result suggested that an aberrant
splicing event or ribosome readthrough could be eliminated as
possible mechanisms (35).

To rule out cryptic promoter activities exerting an effect
on the c-fos 5’UTR (36), the c-fos S'UTR was inserted into the
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Figure 1. c-Fos expression is upregulated in RD cells infected with EV71.
Infected RD cells were collected for (A) reverse transcription-quantitative
PCR and (B) western blotting. The mock group was the uninfected control.
Each experiment was independently repeated three times. “"P<0.0001.
c-fos, Fos proto-oncogene, AP-1 transcription factor subunit; EV71, entero-
virus 71; hpi, h post infection; nmi, N-Myc interactor; ns, not significant;
RD, rhabdomyosarcoma.

pGL3-basic vector without a promoter (Fig. 2E). Compared
with the pGL3-SV40 positive control, which contained
an SV40-promoter, pGL3-c-fos did not exhibit significant
promoter activity (Fig. 2F). Therefore, it was unlikely that the
c-fos S'UTR had cryptic promoter activity.

The activity of an IRES sequences may vary in different
cell lines, and thus, it was examined whether the c-fos IRES
activity would be different in 293T cells. Therefore, the pR-F
series constructs were transfected into 293T cells. Compared
with that in HeLa cells (Fig. 2B), the results revealed that the
IRES activity of c-fos in 293T cells was reduced to 60% of
that in HeLa cells; however, the IRES activity of EV71 in 293T
cells was increased by 1.6-fold (Fig. 2G). This suggested that
c-fos and EV71 had different IRES activities in different cell
lines.

To confirm that c-fos IRES regulated translation but not
transcription, and to exclude the effects of transcription and
cryptic promoters, the pR-F series plasmids were transcribed
in vitro, and the purified mRNA was subsequently transfected
into HeLa cells. The cells were harvested at 8 h after trans-
fection. Compared with the results of direct transfection of
plasmids (Fig. 2B), the luciferase activity of the transfected
mRNA was similar (Fig. 2H). This further demonstrated that
there was an IRES element in the 5’UTR of the c-fos mRNA
that regulated translation.

Mapping the c-fos IRES element. To further identify the core
regions that promote the internal initiation of translation,
serial truncations of the c-fos 5S'UTR were created based on
the secondary structure predicted by the Geneious software
(Fig. 3A). Subsequently, different truncations were inserted
into pR-F, and FL/RL was measured. The results revealed
that the construct comprising nucleotides 31-205 maintained
most of the IRES activity (Fig. 3B). Therefore, truncations
of the 31-205 nt region from the 3'-terminus were created;
however, it was observed that all truncations reduced the
IRES activity (Fig. 3C). Subsequently, truncations of the c-fos
5'UTR 31-205 nt from the 5'-terminus were created, and as the
fragments got shorter, the IRES activity gradually decreased
(Fig. 3D). These results demonstrated that nucleotides 31-205
of the c-fos 5'UTR contributed to the maximal IRES activity,
and further truncations would have a deleterious effect on the
IRES activity.

PCBP2 and La affect c-fos IRES activity by binding to
the c-fos 5'UTR. PTB, PCBP2, La, hnRNP K and P97 are
well-characterized ITAFs that bind to the IRES region of
mRNA and induce conformational changes to facilitate
recruitment of the ribosome (31,37-40). Therefore, the present
study aimed to evaluate the effect of overexpressing each of
these five proteins on translation driven by the c-fos 5'UTR.
Therefore, the pR-c-fos 5'UTR-F plasmid was co-transfected
with different concentrations of plasmids expressing a
Flag-tagged version of PTB, PCBP2, La, hnRNP K or P97
in 293T cells. PTB has been reported to be an ITAF of the
MMTYV IRES (31). Therefore, the dI-MMTYV IRES and
Flag-tagged PTB were co-transfected as a positive control.
The results revealed that overexpression of PTB upregulated
the IRES activity of MMTYV (Fig. 4A), whereas PTB had little
effect on c-fos-IRES activity (Fig. 4B). PCBP2 decreased
c-fos-IRES activity (Fig. 4C), and the other three proteins
enhanced c-fos-IRES activity (Fig. 4D-F). PCBP2,La and P97
were selected for further study to assess whether binding to the
c-fos S'UTR influenced the activity of the c-fos IRES.

Therefore, anti-Flag RIP was performed in 293T cells
(Fig. 4G). Lysates were generated from 293T cells after
co-transfection for 48 h. The hnRNP K [reported to interact
with EV71 IRES (37)] and EV71 5'UTR were used as a posi-
tive control, and the 3xFlag vector served as a negative control.
The results demonstrated that detectable products could be
amplified from PCBP2 and La, but not P97, immunopre-
cipitated mRNA, indicating the physical interaction of PCBP2
and La with the c-fos 5'UTR. Overall, these results suggested
that PCBP2 and La influenced the IRES activity of c-fos by
binding to the c-fos SUTR.

c-fos 5'UTR-mediated translation is activated during EV71
infection of RD cells. To investigate whether the upregulation
of c-Fos in EV71-infected RD cells was caused by translation
initiated by the c-fos 5'UTR, an infection confirmation experi-
ment was performed. The pR-F series plasmids in Fig. 2A,
which also contained a T7 promoter, were transcribed in vitro
and an m’G cap was added. In the same mRNA, the expres-
sion of RL depended on the cap, while the expression of FL.
depended on the inserted fragments (Fig. 5SA). The mRNA was
transfected into RD cells, and cells were infected with 5 MOI
of EV71 for 6, 8 and 10 h at 1 h after transfection. Finally,
the luciferase activity was detected. The results demonstrated
that the IRES activities of ¢-fos 5UTR and EV71 were both
significantly upregulated upon EV71 infection at 8 and 10 h
(Fig. 5B). The IRES activity of the c-fos S'UTR was activated
during EV71 infection and the IRES of the c-fos 5’UTR, as a
translational regulatory element on mRNA, at least partially
contributed to the expression of c-Fos protein during infection.
This provided an explanation for the mechanism by which
EV71 infection upregulated c-Fos expression at the translation
level.

A model was provided to summarize the present findings
(Fig.5C). After EV71 infects the host cell, the viral protease 2A
cleaves elF4G, shutting down cap-dependent translation of
general host genes, resulting in stagnating of expression (12).
At this time, the IRES activity of c-fos 5'UTR is activated by
EV71 infection. The image of EV71 was taken from the study
by Plevka et al (41).
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Figure 2. Identification of IRES activity in the c-fos 5'UTR. (A) Schematic representation of the expression cassette in the dual-luciferase bicistronic constructs
pR-F, pR-gapdh-F, pR-c-fos S'UTR-F and pR-EV71 5'UTR-F. EV71 5'UTR was used as the positive control. (B) Plasmids pR-F, pR-gapdh-F, pR-c-fos S'UTR-F
and pR-EV71 5'UTR-F were transfected into HeLa cells. IRES activity was expressed as the ratio of downstream cistron expression to upstream cistron
expression (FL/RL). pR-F was the control group. (C) Schematic representation of constructs phpR-F and phpR-c-fos 5'UTR-F, showing the introduction of a
hairpin structure at the transcription start site of pR-F to rule out aberrant splicing events and ribosome readthrough. (D) pR-c-fos S'UTR-F and phpR-c-fos
5'UTR-F were transfected into HeLa cells, and the RL and FL activities were measured. RL and FL of pR-c-fos 5'UTR-F were the control group. (E) To
examine the cryptic promoter activity of the c-fos S'UTR, the sequence was cloned into the promoterless pGL3-basic vector. The pGL3-SV40 was a positive
control containing a promoter. (F) pGL3-basic, pGL3-c-fos 5'UTR and pGL3-SV40 were co-transfected with the $-gal plasmid into 293T cells. FL activity
was measured and normalized against 3-gal activity. pGL3-basic was the control group. (G) The same method as in (B) was performed in 293T cells. pR-F
was the control group. (H) To exclude the influence of transcription levels and cryptic promoter, plasmids pR-F, pR-gapdh-F, pR-c-fos S'UTR-F and pR-EV71
5S'UTR-F were transcribed in vitro. The purified mRNA was transfected into HeLa cells to directly express luciferase. pR-F was the control group. Each
experiment was independently repeated at least two times. "P<0.05, “P<0.01, “"P<0.001 and **"P<0.0001 vs. the respective control. $-gal, -galactosidase;
c-fos, Fos proto-oncogene, AP-1 transcription factor subunit; EV71, enterovirus 71; FL, firefly luciferase; IRES, internal ribosome entry site; ns, not significant;
RL, Renilla luciferase; UTR, untranslated region; phpR-F, bicistronic reporter vector containing hairpin; pR-F, bicistronic reporter vector; pGL3, reporter
vector without promoter; SV40, simian virus 40 promoter.

Discussion

When cells are under stress, such as starvation, hypoxia or
apoptosis, overall cellular cap-dependent translation tends to
be turned off (19,22). However, under external stress, certain
key mRNAs in cells initiate translation in an IRES-dependent
manner (19,20). A variety of cellular genes have been reported
to contain IRES elements, including p53, c-myc and c-jun,
which forms a heterodimer with c-fos (24,25,42). A number
of viruses can shut off the host cell gene expression system to
gain a competitive advantage or for immune evasion (43-47).
Therefore, studying the mechanisms by which certain genes are
upregulated during infection will help understand the crucial
proteins and signaling pathways that are active in host-virus

interactions. The present study identified an IRES element in
the c-fos 5S'UTR, determined its core region and identified two
ITAFs of the IRES. Furthermore, it was observed that EV71
infection upregulated the IRES activity of c-fos. To the best
of our knowledge, the present study was the first to report the
identification of the IRES activity in the 5S'UTR of the c-fos
mRNA.

EV71 can induce host cap-dependent translation
shutoff (48,49). The expression levels of numerous genes of
the MAPK signaling pathway, including c-fos, are upregu-
lated in EV71-infected RD cells (50). In our previous study,
RNA-sequencing and ribosome profiling, two high-throughput
techniques, were used to analyze gene expression in RD cells.
When the general cap-dependent translation of host cell was
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Figure 3. Mapping of the c-fos internal ribosome entry site. (A) Prediction of the secondary structure of the c-fos 5'UTR based on Geneious software analysis.
(B) Bicistronic constructs containing a series of truncations of c-fos 5'UTR fragments were transfected into HeLa cells. (C) IRES activities of the trunca-
tions of the 31-205 nt region from the 3'-terminus. (D) IRES activities of the truncations of the 31-205 nt region from the 5'-terminus. Each experiment was

independently repeated two times.

“P<0.0001 vs. full-length c-fos 5'UTR. c-fos, Fos proto-oncogene, AP-1 transcription factor subunit; FL, firefly luciferase;

IRES, internal ribosome entry site; ns, not significant; RL, Renilla luciferase; UTR, untranslated region; pR-F, bicistronic reporter vector.

turned off by EV71, c-fos translation efficiency was markedly
upregulated (28). In the present study, the sequencing results
were first verified and it was revealed that both the mRNA and
protein levels of c-fos were increased during EV71 infection.
Considering that the c-fos promoter was not markedly affected
by EV71 (data not shown), it is possible that c-fos mRNA
continues to be translated in a cap-independent manner, such
as via an IRES.

In contrast to regular viral IRESs, cellular IRESs cannot be
classified because they do not exhibit sequence or secondary
structure similarities (20). Researchers have tried to use data-
base analysis to predict cellular IRESs, such as analyses using
IRSS, IRESfinder, IRESpy and IRESPred (51-54). However,
the bicistronic test for IRES element verification remains the
gold standard (51). The present study used the classic bicis-
tronic reporter system to identify that the c-fos S'UTR had
strong IRES activity, comparable to that of the EV71 5'UTR,
and ruled out non-IRES-mediated causes. Subsequently, two
databases, IRESpy (53) and IRESPred (54), were used to make
predictions. The results revealed that the c-fos 5S'UTR had no
typical IRES structures (data not shown). On the one hand,
this further demonstrated that the true general characteristics
of cellular IRESs have not yet been identified. On the other
hand, it suggested that the c-fos IRES has a relatively special
IRES structure, which is difficult to predict using the current
IRES library. It was considered that the identification of the
c-fos IRES adds novel information regarding the cellular
IRES library.

The activity and function of an IRES is linked to its struc-
ture (55). Traditionally, 5'UTRs with high GC content may have
IRES activity (26). The GC percentage of c-fos 5’UTR frag-
ments was counted. The full-length c-fos S'UTR GC content
is 64%. The GC content of nucleotides 31-205, which retained
the maximum IRES activity was 70%, corresponding to the
middle large stem loop and a series of small hairpins at the
3'end. These analyses indicated that the GC-rich regions were
favorable factors for the activity of the c-fos 5'UTR, and that the
IRES activity was dependent on certain secondary structures,
such as a complete stem-loop or hairpin combination. Further
studies are required to determine the tertiary and 3D-folded
structures of the c-fos 5'UTR. Thus, the present study provided
a foundation for structural research in the future.

The majority of IRESs, particularly cellular IRESs, require
ITAFs for their function (20). It has been reported that ~50
proteins have the ability to specifically regulate cellular
IRESs (20). In the present study, PCBP2 downregulated
and La upregulated the IRES activity of the c-fos 5S'UTR
dose-dependently and both of them interacted with c-fos
5'UTR mRNA. PCBP2 is involved in post-transcriptional and
translational regulation by interacting with single-stranded
poly(C) motifs in target mRNAs (38). Two adjacent CCCC
sites in the c-fos S'UTR that may interact with PCBP2 were
observed. The La protein has been demonstrated to interact
with a variety of cellular and viral RNAs and is involved in
numerous cellular processes. Kumar et al (39) revealed that La
interacts with the GCAC motif of the hepatitis C virus IRES
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pCE-puro-3xFlag-PTB were co-transfected into 293T cells, as in (A), to detect luciferase activity, followed by western blotting. (C) Plasmid pR-c-fos 5'UTR-F
and 250 or 500 ng pCE-puro-3xFlag-PCBP2 were co-transfected. (D) Plasmid pR-c-fos S'UTR-F and 250 or 500 ng pCE-puro-3xFlag-La were co-trans-
fected. (E) Plasmid pR-c-fos 5'UTR-F and 250 or 500 ng pCE-puro-3xFlag-hnRNP K were co-transfected. (F) Plasmid pR-c-fos S'UTR-F and 250 or 500 ng
pCE-puro-3xFlag-P97 were co-transfected. (G) Identification of ITAFs interacting with the c-fos 5'UTR. There was a non-specific amplification band <100 bp
at the bottom of the figure. Each experiment was independently repeated two times. "P<0.05, “P<0.01, ““P<0.001 and ***P<0.0001 vs. not transfected with
ITAFs. c-fos, Fos proto-oncogene, AP-1 transcription factor subunit; EV71, enterovirus 71; FL, firefly luciferase; hnRNP K, heterogeneous nuclear ribonu-
cleoprotein k; IRES, internal ribosome entry site; ITAFs, IRES trans-acting factors; La, La autoantigen; ns, not significant; P97, death-associated protein 5;
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to enhance viral RNA replication. There are six GCA sites in
the c-fos 5'UTR representing candidate La interaction motifs.
The specific interaction mechanisms require further experi-
mental verification. It was attempted to knock down PCBP2
and La; however, no obvious impact on c-fos IRES activity
was observed (data not shown), suggesting that there may be

Coxsackievirus B3 (CVB3) infection, and the IRES element
in the psf 5'UTR is activated during CVB3 infection (40). The
EV71 3C protease cleaves the inhibitor protein hnRNP Al
of the apoptotic peptidase activating factor 1 (apaf-1) IRES,
enabling IRES-dependent APAF-1 synthesis (56). The present
study demonstrated experimentally that the IRES activity of

other functionally redundant ITAFs involved in c-fos IRES
regulation. Overall, the present study identified PCBP2 and La
as ITAFs for the c-fos IRES.

Picornavirus exerts complex regulatory effects of cellular
IRESs (40,56). Polypyrimidine tract binding protein-associ-
ated splicing factor (PSF) protein levels are upregulated in

pR-c-fos 5'UTR-F mRNA transcribed in vitro exhibited a trend
of gradual upregulation during EV71 infection, providing
a mechanism that explains how the virus upregulates c-Fos
expression at the protein level. However, the molecular details
of how EV71 activates the c-fos IRES, and the effects of c-Fos
on EV71, require further exploration.
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In summary, previously, the regulation of c-Fos at the
translational level was poorly understood; however, the
present results demonstrated that EV71 upregulated c-fos
IRES activity and c-Fos protein expression. The present
results demonstrated the presence of IRES activity in the c-fos
5'UTR, which is likely to be a special cellular IRES structure.
The present study provided a novel target that enriches the
cellular IRES library.
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