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ABSTRACT

Cells and viruses can utilize internal ribosome entry
sites (IRES) to drive translation when cap-dependent
translation is inhibited by stress or viral factors. IRES
trans-acting factors (ITAFs) are known to participate
in such cap-independent translation, but there are
gaps in the understanding as to how ITAFs, par-
ticularly negative ITAFs, regulate IRES-driven trans-
lation. This study found that Lys109, Lys121 and
Lys122 represent critical ubiquitination sites for far
upstream element-binding protein 2 (KHSRP, also
known as KH-type splicing regulatory protein or
FBP2), a negative ITAF. Mutations at these sites sub-
sequently reduced KHSRP ubiquitination and abol-
ished its inhibitory effect on IRES-driven transla-
tion. We further found that interaction between the
Kelch domain of Kelch-like protein 12 (KLHL12)
and the C-terminal domain of KHSRP contributed
to KHSRP ubiquitination, leading to downregulation
of enterovirus IRES-mediated translation in infected
cells and increased competition against other posi-
tive ITAFs. Together, these results show that ubiqui-
tination can exert control over IRES-driven transla-
tion via modification of ITAFs, and to the best of our
knowledge, this is the first description of such a reg-
ulatory mechanism for IRES-dependent translation.

INTRODUCTION

Most eukaryotic mRNAs undergo cap-dependent transla-
tion, but cap-independent translation processes exist as well
(1), and may be utilized during viral-host interactions to
hijack host translation machinery. Internal ribosome en-
try sites (IRES) in picornaviruses, including poliovirus (PV)
and encephalomycarditis virus (EMCV), were first discov-

ered in 1988 (2,3), and it was shown that the IRES in the
5" untranslated region (UTR) of the picornavirus RNA
genome can direct translation in a cap-independent man-
ner. In cells infected with certain picornaviruses, viral pro-
tease 2AP™ or LP™ can cleave the translation initiation fac-
tor elF4G, causing rapid termination of most host cap-
dependent translation processes (4). However, the cleav-
age product containing the C-terminal fragment of eIF4G
can still bind eIF3 and eIF4A and recruit other eukaryotic
translation initiation factors to form the 43S initiation com-
plex, which can then recognize a sequence or RNA structure
within the IRES to initiate translation at the authentic ini-
tiation codon (5).

Several cellular proteins that can bind and stabilize IRES
structures and regulate IRES-driven translation have been
reported, and these proteins are known as IRES rrans-
acting factors (ITAFs) (6). Polypyrimidine tract-binding
protein 1 (PTBP1), autoantigen La (LARP), poly(rC) bind-
ing protein 2 (PCBP2), upstream of N-ras protein (Unr),
serine/arginine-rich splicing factor 3 (SRSF3), nucleolin,
heterogeneous nuclear ribonucleoprotein A1 (HNRNPAT),
double-stranded RNA binding protein 76 (ILF3), glycyl-
tRNA synthetase (GARS), AU-rich element RNA binding
factor | (HNRNPD), far upstream element-binding pro-
tein 1 (FUBPI, also known as FBP1), and far upstream
element-binding protein 2 (KHSRP, also known as KH-
type splicing regulatory protein, KSRP, FUBP2, FBP2 or
P75) are known ITAFs that are functionally important to
picornavirus translation (7). Most of these ITAFs are pos-
itive regulators of viral translation, but ILF3, HNRNPD,
and KHSRP have been found to play negative roles. ILF3
is known to inhibit human rhinovirus type 2 (HRV2) IRES-
driven translation (8,9), while HNRNPD can bind to many
picornaviruses, such as PV, coxsackievirus B3 (CVB3),
HRV2 and enterovirus 71 (EV71) to negatively regulate vi-
ral translation (10-12). In a previous study, we also found
that KHSRP inhibits EV71 translation (13). However, the
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exact mechanisms by which ITAFs, particularly negative
ITAFs, act to regulate IRES-driven translation is worthy of
further investigation, and may yield new insight regarding
host-viral interactions and novel anti-viral strategies.

In this study, we used EV71 as a model to explore the
negative regulatory mechanism of KHSRP in detail. EV71
is a positive single-strand RNA virus in the Picornaviri-
dae family, and represents a potent emerging threat world-
wide (14). EV71 infections normally cause mild diseases,
such as hand-foot-and-mouth disease (HFMD) or herpang-
ina. However, children under five years of age are par-
ticularly susceptible to the most severe forms of EV71-
associated neurological complications, including aseptic
meningitis, brainstem and/or cerebellar encephalitis, acute
flaccid paralysis (AFP), myocarditis, and rapid fatal pul-
monary edema and hemorrhage (15). We previously found
that KHSRP is a negative regulator (13), while FUBPI
is a positive regulator of EV71 IRES-dependent transla-
tion (16). Moreover, the C-terminal of KHSRP is cleaved
upon EV71 infection, and the cleaved form of KHSRP
(KHSRP; 503) then becomes a positive regulator of EV71
IRES-driven translation (17). As an important adenosine—
uridine element-binding protein (ARE-BP) that can inter-
act with many AREs (18,19), KHSRP contains four K-
homologous domains in its central domain, of which KH3
and KH4 are essential to promote mRNA decay (20). In ad-
dition, KHSRP is also involved in diverse biological roles,
such as regulating the post-transcriptional modification of
type I interferon genes to render cells impervious to herpes
simplex virus type 1 (HSV1) and vesicular stomatitis virus
(VSV) infection (21), or participating in miRNA biogenesis
(22). Moreover, KHSRP is a component of both the Drosha
and Dicer complexes, and it can bind to the terminal loop
sequence of miRNA precursors to promote their matura-
tion (23).

Ubiquitin is a 76-amino acid polypeptide that can be
covalently attached to lysine residues in substrate pro-
teins. Ubiquitination involves three enzymes that respec-
tively govern the activation (E1), conjugation (E2) and
ligation (E3) of monoubiquitin or polyubiquitin to sub-
strate proteins, thereby altering protein function or acti-
vating ubiquitin proteasome pathways (24). An important
post-translational process that regulates protein degrada-
tion and signaling in gene transcription, nuclear transport,
cargo sorting, endocytosis, autophagy, DNA repair and the
immune response (25), ubiquitination is known to regu-
late cap-dependent translation as well (26-28), but the role
of ubiquitination in IRES-driven translation has not been
studied extensively as yet.

In this study, we sought to understand how KHSRP acts
as a negative regulator in EV71 IRES-driven translation,
particularly as a similar protein, FUBP1, which differs from
KHSRP in its C-terminal domain, is known to act as a posi-
tive ITAF. In virus-infected cells, KHSRP is cleaved and the
resulting cleavage product (with the C-terminal domain re-
moved) acts as a positive ITAF instead. We utilized iTRAQ-
LC-MS/MS analysis to compare the KHSRP-associated
proteins that differ from FUBPI and truncated KHSRP,
and thus identified Kelch-like protein 12 (KLHL12), which
serves as a substrate adaptor for the cullin 3 (CUL3)-based
ubiquitin—protein E3 ligase complex (29-31). Cullin-RING

E3 ubiquitin ligases (CRLs) are the largest family of E3
ligases, and seven cullin proteins (CUL1, CUL2, CULS3,
CUL4A/4B, CULS, CUL7 and CULY) are known to serve
as scaffold proteins in CRLs. The C-terminal domain of
cullin binds a RING finger protein (RBX1 or RNF7) that
can interact with E2 to mediate ubiquitin transfer to the
substrate. The N-terminal of cullin binds to different sub-
strate adaptors to recruit different proteins (32).

We found that KLHLI12 can differentially interact with
KHSRP and promote KHSRP ubiquitination. We then
sought to elucidate how KLHL12-mediated KHSRP ubiq-
uitination affects IRES-driven translation. This led us to
identify a hitherto undescribed regulatory mechanism of
IRES-driven translation involving ubiquitination—namely,
the regulation of IRES-dependent translation via ubiqui-
tin modulation of ITAFs. Our findings are expected to have
important implications for future research regarding viral-
host interactions, and may also help to identify novel drug
targets for anti-viral therapies.

MATERIALS AND METHODS
Plasmid construction

The pFLAG-CMV2-FUBP1, KHSRP and KHSRP; s
plasmids were constructed as follows: cDNA from FUBPI,
KHSRP and KHSRP; 53 was amplified by PCR from con-
structs described previously (16,17). The cDNA of FUBP1
was inserted into the Notl and EcoRV sites of pFLAG-
CMV?2 vector. The cDNA of KHSRP and KHSRP_503
were subcloned between the EcoRI and EcoRV sites of
pFLAG-CMV2 vector. The KHSRP mutants (residues
Lys71, Lys87, Lys109, Lys121, Lys122, Lys251, Lys628,
Lys646 and Lys654 were replaced by arginine) were gen-
erated by site-directed mutagenesis. KLHL12 was ampli-
fied by RT-PCR from the RNA of RD cells. Cloned hu-
man KLHL12 cDNA was verified by sequencing and con-
firmed to be the same as that deposited in GenBank
(NM_021633). The cDNA of KLHLI12, KLHL12ABTB
and KLHL12AKelch were subcloned to the EcoRI and
Kpnl sites of the pPCMV-HA or pcDNA3.1/myc-His (+) A
vector. pcDNA3-HA-Ub (WT) and Ub (KO) were provided
by Dr Rei-Lin Kuo and Dr. Chen Zhao. pcDNA3-Myc-
CUL3 and pcDNA3-Myc-CUL3ARBXI1 were gifts from
Dr Hsiu-Ming Shih. GST-CUL3 and pcDNA3-3xMyc-
RBX1 were gifts from Dr Ruey-Hwa Chen. pCRII-TOPO-
EV71 5 UTR and pGL3-EV71 5 UTR-FLuc were con-
structed as previously described (13,16). EV71 replicon
3DP330A was mutated from the EV71 replicon by site-
directed mutagenesis as previously described (17).

Antibodies

Anti-FLAG M2 (F3165), anti-Myc (M4439) and anti-HA
(H9658) antibodies were purchased from Sigma-Aldrich.
Anti-KLHL12 (GTX83228), anti-CUL3 (GTX62065),
anti-cyclin B1 (GTX100911), anti-B-catenin (GTX101435)
and anti-streptavidin HRP (GTX85912) antibodies were
obtained from GeneTex. Anti-actin (MAB1501) antibody
was purchased from Merck Millipore. Anti-KHSRP
(A302-021A) antibody was purchased from Bethyl Labora-
tories. Anti-PTBP1 (sc-16547) antibody was obtained from



Santa Cruz Biotechnology. Anti-His (OB05) antibody was
purchased from CalBioChem. Anti-PCBP2 antibody was a
gift from Dr Ian Goodfellow. Anti-EV71 2B antibody was
provided by Dr Jim-Tong Horng.

Cell culture and virus infection

Human muscle rhabdomyosarcoma (RD) and 293T cells
were cultured at 37°C in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco) containing 10% fetal bovine
serum (FBS; Gibco). RD cells with 80-90% confluency were
challenged with EV71 (strain Tainan/4643/98) at a mul-
tiplicity of infection (MOI) of 10 PFU per cell. After 1
h of adsorption at 37°C in serum-free DMEM, cells were
washed with PBS and incubated with DMEM containing
2% FBS. Stable RD cell lines were generated by lentivirus
transduction.

Lentiviral vector preparation

The two shRNA constructs used for knockdown of
KHSRP are described as follows: the sequence targeting
nt 813-837 of human KHSRP mRNA (shKHSRP #I,
5'-CACATTCGTATTCTGAGATCCGTCC-3") was con-
structed in the pLKO_TRCO005 vector, and shKHSRP #2
(TRCNO0000013253) was purchased from the Taiwan Na-
tional RNAIi Core Facility, Academia Sinica. The pLKO.1-
shLacZ control plasmid used was TRCNO0000072224
(shLacZ). For lentivirus preparation, X-treme GENE
transfection reagent (Roche) was used in 293T cells with
different shRNA constructs and two helper plasmids,
pMD.G and pCMVARS.91. The culture supernatants con-
taining the viral particles were harvested, and then the
RD cells were transduced with shKHSRP lentivirus for
24 h and selected with puromycin (5 wg/ml). The pro-
cedure was conducted in accordance with the recom-
mended protocol on the Taiwan National RNAi Core Facil-
ity website (http://rnai.genmed.sinica.edu.tw/webContent/
web/protocols/wicket:pageMapName/wicket-0).

Protein identification and iTRAQ LC/LC mass spectrometry
Details are described in the Supplementary Data.

Immunoprecipitation assay

RD or 293T cells were transfected with plasmids from
the X-treme GENE transfection reagent (Roche) accord-
ing to the manufacturer’s instructions. After 48 h post-
transfection, cells were harvested using lysis buffer (50 mM
Tris—HCI, pH 7.4, with 150 mM NaCl, 1 mM EDTA, and
1% Triton-X-100), placed for 30 min on ice, centrifuged at
12 000 x g for 10 min, and subsequently incubated with
Anti-FLAG M2 affinity gel (Sigma) for 16 h at 4°C. The
Anti-FLAG M2 affinity gel was washed five times with wash
buffer (50 mM Tris-HCI, pH 7.4, with 150 mM NaCl).
The immunoprecipitation complex was eluted by 2x sam-
ple buffer (125 mM Tris—HCI, pH 6.8, with 4% SDS, 20%
(v/v) glycerol, and 0.004% bromophenol blue) or in com-
petition with 3x FLAG peptides. Bound proteins were sub-
jected to SDS-PAGE and analyzed by western blotting us-
ing specific antibodies. For the in vivo ubiquitination assay,
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293T cells were co-transfected with ubiquitin fused with HA
tags (HA-Ub), and treated with 20 puM MG132 (Sigma) for
4 h before harvesting. Cells were lysed with lysis buffer con-
taining 5 mM of N-ethylmaleimide (Sigma), and immuno-
precipitated with Anti-FLAG M2 affinity gel. The ubiquiti-
nated proteins were detected by western blot using anti-HA
antibodies.

In vitro transcription

T7-EV71 5 UTR was excised from the pCRII-TOPO vec-
tor via cleavage with EcoRI. pGL3-EV71 5 UTR-FLuc was
linearized by Xbal as a template for generating EV71 5
UTR- FLuc RNA. The EV71 replicon, 3DP33%A | was lin-
earized by Sall. RNA transcript probes were synthesized
using a MEGAscript T7 kit (Thermo Fisher Scientific),
according to the protocol recommended by the manufac-
turer. Biotinylated EV71 5 UTR RNA probes were syn-
thesized with 1.25 w1l 10 mM Biotin-16-UTP (Roche) in a
MEGAscript reaction, according to instructions provided
by the manufacturer. RNA transcripts were purified using
an RNeasy Mini kit (Qiagen).

RNA-protein pull-down assay

RD cell extracts (200 pg), 12.5 pM of a biotinylated EV71
5" UTR RNA probe, and recombinant PTBP1, FUBP1 and
PCBP2 were mixed together, and the mixture (with a final
volume of 100 wl), which contained 5 mM HEPES pH 7.1,
40 mM KCI1, 0.1 mM EDTA, 2 mM MgCl,,2mM DTT and
0.25 mg/ml heparin (RNA mobility shift buffer), was incu-
bated for 15 min at 30°C, and then added to 400 wl of Strep-
tavidin MagneSphere Paramagnetic Particles (Promega) for
binding at room temperature for 10 min. The protein-RNA
complexes were washed five times with heparin-free RNA
mobility shift buffer, after which 30 pl of 2x sample buffer
was added to the beads and allowed to incubate for 10 min
at room temperature. The sample containing the eluted pro-
teins was incubated at 95°C for 5 min and resolved on a 12%
gel by SDS-PAGE. The interactions were detected by west-
ern blot using specific antibodies.

Fluorescence microscope analysis

Fluorescence microscope analysis was performed as previ-
ously described (16). RD cells were infected with EV71 at 10
MOI. After 6 h post-infection, cells were washed with PBS
and fixed with 3.7% formaldehyde for 20 min at room tem-
perature. Cells were permeabilized and immunostained with
anti-KHSRP, anti-KLHL12 and anti-EV71 2B antibodies,
and then stained with Alexa Fluor 488 goat anti-rabbit (In-
vitrogen, A11008), Alexa Fluor 647 goat anti-mouse (In-
vitrogen, A21235) or Alexa Fluor 568 goat anti-rat (In-
vitrogen, A11077) secondary antibodies. The nucleus was
stained with DAPI. The cells were examined under a confo-
cal laser-scanning microscope (Zeiss; LSM 510 NLO).

In vitro ubiquitination assay

In vitro ubiquitination assays were performed using an ubiq-
uitination kit (Enzo Life Science), according to the pro-
tocol provided by the manufacturer. FLAG-KHSRP WT
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and FLAG-KHSRP (K109, 121, 122R) proteins were pu-
rified by Anti-FLAG M2 affinity gel and eluted by 3x
FLAG peptides. GST-CUL3, 3xMyc-RBX1, and Myc-
KLHLI12 (or Myc-KLHL12AKelch) were co-transfected to
293T cells, and then purified with Glutathione Sepharose
4 Fast Flow beads (GE Healthcare Life Sciences). The
KLHL12-CUL3-RBX1 complex (or KLHLI12AKelch—
CUL3-RBXI1 complex) bound on the beads was incubated
with KHSRP, E1, E2 (UbcH5a), biotin—ubiquitin, Mg-ATP
and ubiquitination buffer at 37°C for 1 h. The beads were
resuspended in buffer containing 2% SDS, 10 mM Tris—
HCI (pH 8.0), 150 mM NaCl and | mM DTT at 95°C for
5 min. The supernatant was diluted 5-fold with buffer (10
mM Tris—HCI (pH 8.0), 150 mM NaCl and 1 mM DTT) be-
fore immunoprecipitation with anti-FLAG antibodies. The
immunoprecipitation samples were eluted by sample buffer
and subjected to western blotting, and ubiquitinated pro-
teins were analyzed using anti-streptavidin HRP.

(33S)-methionine labeling assay

shKHSRP knockdown cells were transfected with different
FLAG-KHSRP expression vectors. After 24 h, 2.5 x 10°
RD cells were seeded into each well of a 12-well plate and
incubated at 37°C for an additional 24 h before infection
with EV71 at a MOI of 10 PFU per cell. The medium was
replaced with methionine-free DMEM and incubation was
continued at 37°C for 1 h before labeling with (**S) methio-
nine, conducted by replacing the medium with methionine-
free DMEM containing (**S)-Met for labeling (50 p.Ci/ml).
The cells were washed with PBS and lysed with lysis buffer
after 1 h of labeling. The cell lysates were centrifuged at
10 000 x g for 10 min at 4°C, and then the supernatants
were subjected to SDS-PAGE, transferred to a PVDF mem-
brane, and detected by autoradiography. The same mem-
brane was also used for western blotting.

In vivo and in vitro IRES activity assay

For the in vivo IRES activity assay, pPFLAG-CMV2 vector,
pFLAG-CMV2-KHSRP or KHSRP (K109, 121, 122R)
plasmids were transfected to RD shKHSRP knockdown
cells. After 48 h post-transfection, cells were transfected
with 0.5 pg EV71 replicon 3DP33%A RNA, following which
cells were harvested using 5x cell culture lysis buffer
(Promega), and then assayed for Firefly luciferase (FLuc)
activity. The in vitro IRES activity assay was performed in
a final volume of 25 wl containing 0.25 wg RNA, 250 ng
KHSRP proteins, 60% volume of RD shKHSRP knock-
down cell translation extracts, translation mixture (10 mM
creatine phosphate, 50 wg/ml creatine phosphokinase, 79
mM KOAc, 0.5 mM Mg(OAc),, 2 mM DTT, 0.02 mM
hemin, 0.5 mM spermidine), 20 mM HEPES-KOH (pH
7.6), 20 pM amino acid mixture (Promega), 0.4 mM ATP
(Promega) and RNase inhibitor. The mixtures were incu-
bated at 30°C for 90 min and measured for FLuc activity
by the Luciferase Assay System (Promega).

Preparation of RD cell translation extracts

RD shLacZ and shKHSRP knockdown cells were grown
to 90% confluence. The cells were washed and scraped with

PBS, and then centrifuged at 300 x g for 10 min at 4°C. The
cell pellets were resuspended in 1.5x volume of hypotonic
lysis buffer containing 10 mM HEPES-KOH (pH 7.6), 10
mM KOAc, 0.5 mM Mg(OAc);, 2 mM DTT and Ix pro-
tease inhibitor cocktail (Roche), and the mixture was placed
on ice for 30 min, then homogenized with a 27-gauge 1/2-
in. needle. Cell extracts were centrifuged at 10 000 x g for
20 min at 4°C and stored at —80°C.

Quantitative RT-PCR

Total RNA from the indicated cells was purified using the
RNeasy mini Kit (QIAGEN). One ng of the RNA was
used as a template to synthesize cDNAs with ReverTra
Ace (TOYOBO). The Roche LightCycler® 480 System and
KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems)
were deployed for quantitative detection of nucleic acids. To
detect EV71 5 UTR by real-time PCR, a set of primers
was designed (forward 5-CCCTGAATGCGGCTAATC-
3’; reverse 5-ATTGTCACCATAAGCAGCCA-3), and
actin was used as an internal control (Primers: for-
ward 5-GCTCGTCGTCGACAACGGCTC-3; reverse 5'-
CAAACATGATCCTGGGTCATCTTCTC-3).

Expression and purification of PTBP1, FUBP1 and PCBP2

Experimental procedures were reported previously (13,16).

Statistical analysis

Experimental data were analyzed by Student’s two-tailed
unpaired z-test using GraphPad Prism 6 software. P-values
<0.05 were considered to be statistically significant.

RESULTS

Identification of KHSRP-associated proteins by iTRAQ-
LC-MS/MS analysis

Our previous studies demonstrated that KHSRP is a
negative regulator for viral IRES-dependent translation,
whereas a similar protein, FUBP1, which differs from
KHSRP in its C-terminal domain, is a positive regulator
of viral translation (13,16). Moreover, KHSRP is cleaved
in EV71-infected cells, and the truncated KHSRP without
its C-terminal then acts as a positive regulator (17). Figure
1A illustrates the differences between FUBP1, KHSRP and
the truncated form of KHSRP (KHSRP; 5p3). All of them
contain KH1 to KH4 domains in the central region that are
responsible for RNA binding. The central region of FUBP1
and KHSRP share approximately 80% sequence homology.
The N-terminal domain contains a nuclear localization sig-
nal (NLS) that is responsible for protein trafficking. The C-
terminal domains of FUBP1 and KHSRP respectively con-
tain three and four repeat tyrosine-rich motifs. Importantly,
the C-terminal domains of FUBP1 and KHSRP share only
60% sequence homology (33).

To understand why KHSRP plays a negative role in the
regulation of EV71 IRES-dependent translation, we at-
tempted to identify the KHSRP-associated proteins that
vary from FUBP1 and KHSRP; 50;. FLAG-fused FUBPI,
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MS/MS analysis. (A) Schematic illustration of FUBP1, KHSRP and
KHSRP| _503. (B) Flow chart for identification of KHSRP-associated pro-
teins by iTRAQ-based proteomics analysis.

KHSRP or KHSRPy_ 503 or a vector control, were re-
spectively transfected into human rhabdomyosarcoma (RD
cells). The cells were then challenged with EV71 (10 mul-
tiplicity of infection, MOI) and cell lysates were collected
at 6 hours post-infection. Following FLAG immunoprecip-
itation, the precipitants underwent digestion with trypsin,
and were subsequently labeled with iTRAQ reagent. After
liquid chromatography-mass spectrometry (LC-MS/MS)
analysis (Figure 1B), we compared the different associ-
ated proteins in these four groups. KHSRP/KHSRP) 53
and KHSRP/FUBP1 ratios were normalized to the me-
dian and expressed as log, values. Standard deviations (SD)
of log, ratios were calculated for each data set. Proteins
with log, ratios >2 standard deviations (2SD) from the
mean were considered to be upregulated candidates. In the
KHSRP/KHSRP; 503 and KHSRP/FUBPI1 data sets, 2-
fold and 4-fold increases were respectively used as cut-off
values for selecting upregulated candidates. Table 1 summa-
rizes the different associated proteins between KHSRP and
KHSRP, 503, and Table 2 outlines the differences in associ-
ated proteins between KHSRP and FUBP1. Among those
proteins, KLHL12 and heterogencous nuclear ribonucleo-
protein C-like 1 protein (HNRNPCL1) appear in both ta-
bles. We proceeded to select KLHL12 for further study, as it
had a higher ranking in terms of KHSRP/KHSRP, 53 (Ta-
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ble 1) and KHSRP/FUBPI1 (Table 2) ratios than the other
proteins identified.

Confirmation of the interaction between KHSRP and
KLHL12

To confirm the interaction between KHSRP and KLHL12,
we performed immunoprecipitation (IP) and western blot
analysis. FLAG-fused FUBP1, KHSRP, KHSRP; 503, ora
vector control, were respectively transfected into RD cells,
and then challenged with EV71 (10 MOI). Anti-FLAG M2
affinity gel was used to immunoprecipitate the associated
proteins. KLHL12 antibody was then applied in western
blot analysis. The results in Figure 2A demonstrate that
KLHL12 was present in KHSRP precipitant (lane 3), but
not in FUBPI precipitant (lane 2) or in FLAG precip-
itant (vector control) (lane 1). There is a weak band in
KHSRP; 503 precipitant (lane 4), indicating that trunca-
tion of the KHSRP C-terminal domain reduced the inter-
action with KLHL12. Since KHSRP is an RNA-binding
protein, we sought to examine whether the interaction be-
tween KHSRP and KLHLI12 is dependent on RNA. We
conducted a similar experiment as the one for Figure 2A,
but further added RNase A to each reaction. The appear-
ance of KLHL12 in KHSRP immunoprecipitant remains
quite clear (Figure 2B, lane 3), suggesting that the inter-
action between KHSRP and KLHL12 can occur without
RNA.

As KHSRP is an ITAF for the EV71 IRES (13), we
wished to ascertain whether KLHL12 associates with the
KHSRP-IRES complex. Viral RNA containing the IRES
sequence was labeled with biotin, and streptavidin beads
were then used to pull down the biotinylated RNA and
its associated proteins. Western blot analysis using specific
antibodies revealed that KHSRP was present in the com-
plex bound by the EV71 IRES, but KLHL12 may not as-
sociate with the EV71 IRES directly (Figure 2C). We fur-
ther examined the localization of KHSRP and KLHL12
in EV7l1-infected cells, and found that in mock-infected
cells, KHSRP localized in the nucleus; whereas KLHL12
localized in the cytoplasm. However, upon virus infection,
KHSRP relocalized from the nucleus to the cytoplasm,
where it colocalized with KLHL12 (Figure 2D). KLHL12
is a substrate-specific adapter in the cullin 3 (CUL3)-based
ubiquitin—protein E3 ligase complex (29-31). It contains
BTB (Broad-Complex, Tramtrack and Bric a brac), BACK
(BTB and C-terminal Kelch) and Kelch domains, as illus-
trated in Figure 2E. It has been known that the BTB do-
main is required for interacting with CUL3, while the Kelch
domain is responsible for substrate binding (34). Therefore,
we introduced a deletion mutation into the Kelch domain,
and examined the binding ability of the derived mutant.
KLHLI12 lacking the BTB domain was used as a control.
As the results in Figure 2E demonstrate, KLHL12 wild-type
and ABTB mutant were pulled down by FLAG antibody
against FLAG-KHSRP, but not KLHL12AKelch, indicat-
ing that the Kelch domain is important for the interaction
between KHSRP and KLHL12 (Figure 2E).
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Figure 2. Interaction between KHSRP and KLHLI12. (A and B) RD cells were transfected with DNA constructs of FLAG only, FUBP1, KHSRP or
KHSRP, 503 fused with FLAG-tags, and cells were infected with 10 MOI EV71 after 48 h; cell extracts were harvested at 6 hours post-infection, and
total lysates (A) and RNase A treated lysates (B) were incubated with Anti-FLAG M2 affinity gel. FUBP1, KHSRP and KHSRP; 503 bound proteins
were analyzed by SDS-PAGE and western blot. The amount of input was 5% of total IP lysates. (C) EV71 5 UTR RNA was labeled with biotin and
transcribed in vitro. RD cell lysates were incubated with biotinylated RNA probes, increasing amounts of nonbiotinylated EV71 5 UTR RNA (lanes 2,
4-6) or yeast tRNA (lanes 8, 10-12). The RNA-protein complex was pulled down by streptavidin beads and resolved by SDS-PAGE. Antibodies against
KHSRP and KLHL12 were utilized in western blot analysis. (D) KHSRP was observed to co-localize with KLHL12 in EV71-infected cells. RD cells were
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and then examined by confocal microscopy. The arrow indicates the colocalization of KHSRP and KLHL12. Scale bar: 10 pwm. (E) Schematic diagram of
the wild type and truncated forms of KLHLI12 protein. RD cells were transfected with FLAG-KHSRP and truncated forms of KLHL12 with HA-tags.
Cell lysates were harvested after 48 h post-transfection and were immunoprecipitated with Anti-FLAG M2 affinity gel. The immunoprecipitates were
analyzed by western blot using anti-HA and anti-FLAG antibodies. IP, immunoprecipitation. IB, immunoblot.
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Table 1. Comparison of associated proteins between KHSRP and KHSRP; 503

Accession Unique KHSRP/KHSRP; 503
no. Gene symbol Description Coverage peptides (115/116)
Q96EP5 DAZAPI1 DAZ associated protein 1 38.82 15 15.540
Q16637 SMN1 Survival of motor neuron 1 23.81 4 4.907
Q53G59 KLHL12 Kelch-like protein 12 24.65 10 4.802
Q16630 CPSF6 Cleavage and polyadenylation specific factor 6 22.87 9 3.898
043809 NUDT21 Cleavage and polyadenylation specific factor 5 50.66 11 3.549
060812 HNRNPCLI1 Heterogeneous nuclear ribonucleoprotein C-like 1 37.88 2 2.919
P09234 SNRPC Small nuclear ribonucleoprotein polypeptide C 25.79 S 2.389
Q15637 SF1 Splicing factor 1 12.36 7 2.342
QI9Y3ES PTRH2 Peptidyl-tRNA hydrolase 2, mitochondrial 18.44 2 2.265
P61254 RPL26 60S ribosomal protein L26 52.41 3 2.232
Q8N684 CPSF7 Cleavage and polyadenylation specific factor 7 41.4 17 2.161
Q16718 NDUFAS NADH:ubiquinone oxidoreductase subunit AS 24.14 2 2.092
P49756 RBM25 RNA binding motif protein 25 6.17 3 2.025
Q13325 IFITS Interferon-induced protein with tetratricopeptide repeats 5 4.98 2 2.002
Table 2. Comparison of associated proteins between KHSRP and FUBP1

Accession Unique KHSRP/FUBP1
no. Gene symbol Description Coverage peptides (115/114)
P17096 HMGALI High mobility group AT-hook 1 36.45 3 17.499
Q9BRPS PYMI Partner of Y14 and Mago 28.92 5 11.828
QI9HC36 MRM3 Mitochondrial rRNA methyltransferase 3 16.67 5 6.716
Q92945 KHSRP Far upstream element-binding protein 2 80.73 55 6.464
Q53G59 KLHLI12 Kelch-like protein 12 24.65 10 6.406
P98179 RBM3 RNA binding motif (RNP1, RRM) protein 3 60.51 7 5.814
060812 HNRNPCLI Heterogeneous nuclear ribonucleoprotein C-like 1 37.88 2 5.541
075127 PTCDI Pentatricopeptide repeat domain 1, mitochondrial 23.29 10 5.312
QIULVO MYOS5B Myosin VB 1.14 2 4.995
Q9HIL3 ISG20L2 Interferon stimulated exonuclease gene 20 like 2 12.18 3 4.986
Q14011 CIRBP Cold-inducible RNA-binding protein 49.42 9 4.762
Q4U2R6 MRPLS51 Mitochondrial ribosomal protein L51 21.09 3 4.469
Q8IVS2 MCAT Malonyl-CoA-acyl carrier protein transacylase, mitochondrial 10 2 4.445
P25398 RPSI12 40S ribosomal protein S12 73.48 10 4.304
Q96151 RCCIL Williams-Beuren syndrome chromosome region 16 35.99 10 4.232
QI9BQ75 CMSS1 Cmsl ribosomal small subunit 5.73 2 4.219
095900 TRUB2 TruB pseudouridine synthase family member 2 65.26 16 4.216
Q7Z7TH8 MRPLI10 Mitochondrial ribosomal protein L10 27.2 3 4.072

KLHL12-based CUL3 complex promotes KHSRP ubiquiti-
nation

It has been known that KLHLI12 serves as a substrate-
specific adaptor for the CUL3-based ubiquitin E3 lig-
ase complex. Therefore, we co-transfected FLAG-KHSRP,
Myc-KLHLI12 and Myc-CUL3 into cells, and then exam-
ined the complex formation in the FLAG immunoprecip-
itant. The results in Figure 3A show that KHSRP associ-
ated with KLHL12 and the CUL3 complex. To ascertain
whether such interactions affected KHSRP ubiquitination,
we co-transfected FLAG-KHSRP and HA-ubiquitin (HA-
Ub) into cells, and treated them with MG132 for an ad-
ditional 4 h before harvesting. Cell lysates were subjected
to anti-FLAG IP and western blot, and then HA antibody
was used to monitor the ubiquitination of KHSRP (Fig-
ure 3B). Ubiquitinated KHSRP was clearly observed when
cells were transfected with FLAG-KHSRP, HA-Ub, Myc-
KLHL12 and Myc-CUL3 (lane 5). When CUL3 was re-
placed by CUL3ARBX1, a mutant CUL3 without the in-
teracting domain that binds with RBX1 (a component that
promotes binding to the E2 conjugating enzyme), ubiqui-
tination was reduced (lane 6). Incidentally, levels of ubiq-
uitinated KHSRP were low in the input, as it was not pos-
sible to directly detect the major modification of KHSRP
(indicative of ubiquitination) in immunoblots using anti-
FLAG antibody, despite increasing input levels to 10% of
IP lysates, the maximum loading volume (Supplementary
Figure S1).

To further confirm that the interaction between KHSRP
and KLHLI12 is important for the ubiquitination of
KHSRP, we examined cells overexpressing either KLHL12
or KLHL12AKelch, a mutant shown in Figure 2E to reduce
the interaction between KHSRP and KLHL12. The results
in Figure 3C reveal that KLHL12 promotes KHSRP ubig-
uitination (comparing lanes 4 and 5). Such an effect was
not observed in KLHL12AKelch overexpressed cells (lane
6). We also overexpressed either KHSRP or KHSRP; 503
with ubiquitin and KLHL12 (Figure 3D). The results show
that ubiquitination of KHSRP was reduced in the ab-
sence of the C-terminal domain (comparing lanes 2 and
4), and KLHL12 was unable to induce ubiquitination of
KHSRP 503 (comparing lanes 4 and 5). To understand
the topology of KHSRP ubiquitination, plasmids encod-
ing FLAG-KHSRP, HA-Ub wild type (WT) or lysine-free
(KO) were co-transfected into 293T cells, and cell lysates
were immunoprecipitated with anti-FLAG affinity gel. A
major modification of KHSRP was observed in cells co-
transfected with KHSRP and Ub WT (Supplementary Fig-
ure S2, lane 4), but not in cells co-transfected with the
Ub KO construct (lane 6). Based on molecular weight,
the major modification of KHSRP is speculated to be di-
ubiquitination. Taken together, the data demonstrates that
the KLHLI12-based CUL3 ubiquitin ligase complex pro-
motes KHSRP ubiquitination, in a manner that is depen-
dent on the existence of the Kelch domain of KLHL12 and
the C-terminal domain of KHSRP, regions that are also im-
portant for KHSRP-KLHL12 interaction.



278 Nucleic Acids Research, 2017, Vol. 45, No. 1

FLAG-KHSRP - + - + + +
A B HA-Ub - - + + + +
FLAG-KHSRP + + Myc-KLHL12 - - - - + +
Myc-KLHL12 - + Myc-CUL3 - - - - + =
Myc-CUL3 - + Myc-CUL3ARBX1 = = = = = +
(kDa) <cuL3 180-
75
1B:Myc 135~
IP: FLAG IB:HA
63- [eeRLEL1Z IP: FLAG 100-
1B:FLAG 75- [ < KHSRP : kL
75-L_©  WE
-cuLs IB:IFLAG 75-|  w @wMee|<FLAG-KHSRP
18:Myc IB:FLAG 75-] @ == ewem]<FLAG-KHSRP
<+ KLHL12 .
g 63- IB:KLHL12 ) §.|<-Myc-KLH|_12
1B:FLAG 75- < KHSRP Input -
1B:Mye : MG Arex
B:Actin [ Actin v
- IB:Actin [ Actin
1 23456
c D FLAG-KHSRP - + + - =
FLAGKHSRP - + - + + + FLAG-KHSI:I:: 'ﬁoﬁ e — - 4 s
HA-Ub - - + + + + Ub + + + + +
Myc-KLHL12 - - - - + - Myc-KLHL12 - - + - +
Myc-KLHL12AKelch = - - = + 180~
180 135-
135 IB:HA -
IB:HA 100
IP: FLAG 100

IP: FLAG 757

75

IB:FLAG 75-|E<-FLAG-KHSRP 63-

75- <+-FLAG-KHSRP

IB:FLAG 75+ <+-FLAG-KHSRP

<e-Myc-KLHL12

IB:FLAG

63- 63- |<«-FLAG-KHSRP

1-503

Input |IB:Myc  48-| 75- <+-FLAG-KHSRP
IB:FLAG
<Myc-KLHL12AKelch 63- <«-FLAG-KHSRP

i Input
<e-Actin

35-]

1-503
IB:Actin

IB:KLHL12 <+-Myc-KLHL12

63-
IB:Actin <e-Actin
12 3 45

2.0 @B without KLHL12
O KLHL12

]

KHSRP KHSRP1-503

1.5

0.5

0.0-

FLAG- KHSRP
HA-Ub

Myc- KLHL12

Myc- KLHL12AKelch

Fold-change in
major modification of KHSRP
2
11+ +
1+ + +
+ 1+ +
Fold-change in
major modification of KHSRP
o o -
e & °
[ B

Figure 3. KHSRP can be ubiquitinated by the KLHL12-based CUL3 complex. (A) KHSRP was found to form a complex with KLHL12 and CUL3.
FLAG-KHSRP, Myc-KLHL12 and Myc-CUL3 expression vectors were co-transfected to 293T cells. The cell lysates were immunoprecipitated with Anti-
FLAG M2 affinity gel, and then analyzed by western blot using anti-Myc and anti-FLAG antibodies. (B) 293T cells were co-transfected with FLAG-
KHSRP, HA-Ub, Myc-KLHL12, Myc-CUL3 or Myc-CUL3ARBXI1, and then treated with 20 uM MG132 for 4 h before harvesting. Cell lysates were
immunoprecipitated with Anti-FLAG M2 affinity gel and resolved by SDS-PAGE, and KHSRP ubiquitination was detected by anti-HA antibody. The
asterisk (*) represents the major modification of KHSRP. KHSRP, KLHL12, CUL3 and CUL3ARBXI1 were visualized by individual antibodies against
FLAG, KLHL12 and Myc. (C) Various constructs expressing KHSRP, Ub, KLHL12 or KLHLI12 truncated form (KLHL12AKelch) were co-transfected
to 293T cells. After 48 h, cells were treated with 20 wM M G132 for 4 h before harvesting, and lysates were then subjected to immunoprecipitation using Anti-
FLAG M2 affinity gel. KHSRP ubiqitination was assessed by western blot, and KHSRP, KLHL12 and KLHL12AKelch were visualized using anti-FLAG
and anti-Myc antibodies. (D) 293T cells were co-transfected with various indicated constructs and subsequently treated with 20 wM MG132 for 4 h before
harvesting. Western blots were utilized to analyze ubiquitinated proteins. The asterisk (*) represents the major modification of KHSRP. The circle represents
the major modification of KHSRPj.503. For both (C) and (D), levels of KHSRP or KHSRP 503 with major modification were respectively normalized
against levels of FLAG-KHSRP or FLAG-KHSRP|_s03, and fold-changes over control reactions without KLHL12 were calculated and plotted.



K109, K121, K122 are potential ubiquitination sites in
KHSRP

In order to identify the main sites of ubiquitination
on KHSRP, we mutated lysine residues to ascertain the
variants that could block KHSRP ubiquitination by the
KLHL12-based CUL3 ubiquitin ligase complex. Five lysine
residues (Lys109, Lys251, Lys628, Lys646 and Lys654) were
predicted as ubiquitination sites of KHSRP via proteomics
analysis (Figure 4A) (35). These lysine residues were re-
placed by arginine, and the respective variant constructs
were then co-transfected with HA-Ub to 293T cells. The
ubiquitination of KHSRP K109R was reduced in compar-
ison to wild type (WT) (Figure 4B, lanes 2 and 3), but this
was not seen for the KHSRP K251R, K628R, K646R, or
K654R variants (Figure 4B, lanes 4-7). In preparation for
the mutation of other lysine residues adjacent to Lys109,
five lysine residues were identified in the N-terminal re-
gion of KHSRP (Figure 4A). We replaced all five lysine
residues with arginine at positions 71, 87, 109, 121, 122
in the N-terminal region of KHSRP (N-ter. 5K5R) and
generated a triple mutation variant, KHSRP (K109, 121,
122R). The ubiquitination levels of KHSRP (N-ter. 5SK5R)
and KHSRP (K109, 121, 122R) were reduced in compar-
ison to KHSRP WT (Figure 4C). In addition, we gener-
ated a KHSRP (K121, 122R) variant to assess the contri-
bution of the Lys121 and Lys122 residues to KHSRP ubiq-
uitination (Supplementary Figure S3). The results indicate
that KHSRP (K121, 122R) has lower ubiquitination levels
as compared to KHSRP WT and KHSRP K109R; how-
ever, ubiquitination levels of KHSRP (K109, 121, 122R) re-
mained lower than KHSRP (K121, 122R), as can be com-
pared from immunoblotting results of the major modifica-
tion of KHSRP (indicated by an asterisk in Supplementary
Figure S3).

An in vitro ubiquitination assay was applied to fur-
ther confirm the ubiquitination status of KHSRP. FLAG-
KHSRP WT or FLAG-KHSRP (K109, 121, 122R) pro-
teins were incubated with KLHL12-CUL3-RBX1 complex
(or KLHL12AKelch—-CUL3-RBX1 complex), E1, E2, and
ubiquitin with biotin tags, and were then immunoprecipi-
tated with anti-FLAG antibody. Anti-streptavidin HRP an-
tibody was used to detect ubiquitination of KHSRP. The
KLHL12-CUL3-RBX1 complex promoted ubiquitination
of KHSRP WT, but not KHSRP (K109, 121, 122R) (Figure
4D, lanes 2 and 5). Ubiquitination of KHSRP was reduced
when KLHL12 without the Kelch domain was present in
the complex (Figure 4D, lane 3), indicating that KLHL12
is an important mediator between KHSRP and CULS3 for
KHSRP ubiquitination. The results in Figure 4 indicate
Lys109, Lys121, Lys122 to be likely sites for KLHL12-
mediated ubiquitination in KHSRP.

KLHL12 does not affect KHSRP stability

A ubiquitinated protein may undergo protecosome degra-
dation following ubiquitination, and therefore we assessed
the half-lives of KHSRP WT and the reduced ubiquitina-
tion variant KHSRP (K109, 121, 122R), using the cyclohex-
imide (CHX) chase assay. KHSRP WT or KHSRP (K109,
121, 122R) constructs with FLAG tags were transfected to
RD cells, and then treated with CHX for 0, 3, 6, 9 or 12
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h before harvesting to derive cell lysates for monitoring of
protein levels. Results showed that the half-lives of KHSRP
WT and KHSRP (K109, 121, 122R) were not affected (Fig-
ure 5A), and we moved on to examine whether KLHL12
affected KHSRP stability. When cells were co-transfected
with a fixed amount of KHSRP plasmid (FLAG-KHSRP,
1 wg) and increasing amounts of KLHL12 plasmid (HA-
KLHL12, 0-10 pg), expression levels of KHSRP detected
by western blot remained the same despite increasing levels
of KLHL12 (Figure 5B, lane 2 and lanes 4-9). To further
confirm that the interaction between KHSRP and KLHL12
is not related to proteasome degradation, we co-transfected
cells with KLHL12 alone, KLHLI2AKelch alone (Fig-
ure 5C), or both of these constructs with KHSRP (Figure
5D), and inhibited proteasome activity with MG132. En-
dogenous or overexpressed KHSRP protein levels remained
the same (Figure 5C and D) regardless of treatment with
MGI132 or not (comparing lanes 1-3 to 4-6). Taken to-
gether, the results in Figure 5 indicate that KLHL12 does
not affect KHSRP stability.

Ubiquitination is crucial for KHSRP downregulation of
IRES-driven translation

To investigate the functional impact of KHSRP ubiquitina-
tion, we constructed KHSRP knockdown (KD) cells. Both
KHSRP shRNA clones 1 and 2 reduced KHSRP protein
levels efficiently in comparison to the shLacZ control (Fig-
ure 6A). We performed an initial in vitro translation assay to
measure EV71 IRES activity in shLacZ cells and KHSRP
shRNA clones 1 and 2. The results indicated that EV71
IRES activity increased to 298% in KHSRP shRNA clone
1 cells, as compared to shLacZ cells. However, EV71 IRES
activity in KHSRP shRNA clone 2 cells only increased to
131%. As KHSRP shRNA clone 1 demonstrated better
knockdown efficiency and induced higher EV71 IRES ac-
tivity compared to clone 2, we opted to use clone 1 for fur-
ther studies. To assess the impact of ubiquitinated KHSRP
on EV71-driven translation, an in vitro translation assay
was applied to measure IRES activity (Figure 6B). KHSRP
WT or KHSRP (K109, 121, 122R) were co-transfected
with HA-UD to 293T cells, immunoprecipitated by FLAG
antibody, and subsequently eluted using 3x FLAG pep-
tides. Ubiquitination levels of KHSRP WT and KHSRP
(K109, 121, 122R) were confirmed by western blot (Fig-
ure 6B, left panel). Subsequently, cell translation extracts of
shKHSRP clone 1 were used to support the translation of
EV71 ¥ UTR-FLuc RNA, either in the presence of ubiqui-
tinated KHSRP WT or the reduced ubiquitination variant
(KHSRP (K109, 121, 122R)). Ubiquitinated KHSRP WT
decreased IRES activity to 74%, whereas the reduced ubiq-
uitination variant (KHSRP (K109, 121, 122R)) demon-
strated no significant differences from buffer control (Fig-
ure 6B, right panel). We also used shLacZ cells as a con-
trol, and EV71 IRES activity showed no significant dif-
ference among buffer controls or cells presenting ubiquiti-
nated KHSRP WT or the reduced ubiquitination variant
(Supplementary Figure S4). To further confirm the results
of this in vitro translation assay, an EV71 replicon bearing
a replication-defective 3D polymerase (3DP3304) was used
to monitor the impact of ubiquitinated KHSRP on EV71



280 Nucleic Acids Research, 2017, Vol. 45, No. 1

A
K109 k121 K646
1K71 K87 K122 K251 K628 K654
KHSRP I|KH1||KH2||KH3|| KHa r52§532§§221
B
reeeewno
N — 0 W T
o OV AN T
FLAGKHSRP - S T J 8 & ¢
HA-Ub + + + + + + +
(kDa)
245-
180-
IB:HA 135-
IP: FLAG
100- *
75-
IB:FLAG 75—_<-FLAG-KHSRP
IB:FLAG 75-_<-FLAG-KHSRP
Input
12 34567
D E1 + E2 + Biotin-Ub
K109,
FLAG-KHSRP WT 121,122R -
GST-CUL3 - + + = + + +
Myc-KLHL12 - + = - + - +
Myc-KLHL12AKelch - - + - - + =
3XMyc-RBX1
o
[14
I
£
=]
>
IP:FLAG | &
o
n
o
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Figure 5. KLHL12 does not affect KHSRP stability. (A) KHSRP WT or KHSRP (K109, 121, 122R) with FLAG tags were transfected to RD cells,
and then treated with 100 pg/ml cycloheximide (CHX) for the indicated times. Cyclin B1 was used as a positive control. Cells were lysed and analyzed
by western blotting, using antibodies against FLAG, cyclin Bl and actin. (B) RD cells were co-transfected with 1 pg of FLAG-KHSRP and increasing
amounts of HA-KLHL12 (0-10 pg). After 48 hours post-transfection, cell lysates were collected, resolved by SDS-PAGE and analyzed by western blot
using anti-FLAG and anti-KLHL12 antibodies. (C, D) 293T cells were transfected with the indicated constructs, and then treated with 20 .M MG132 or
DMSO for 4 h before cell lysis. 3-catenin was used as a positive control. Cell lysates were analyzed by western blotting, using anti-FLAG, anti-Myc and

anti-B-catenin antibodies.

translation (Figure 6C). We first transfected vector controls
or vectors expressing KHSRP WT or KHSRP (K109, 121,
122R) to KHSRP knockdown cells, and then transfected
EV71 replicon 3DP33%A RNA encoding the firefly luciferase
gene. With the equivalent amounts of replicon RNA in all
three samples (Figure 6C, right panel), FLuc activity was
reduced to 78% in KHSRP WT-expressing cells; however,
the reduced ubiquitination variant (KHSRP (K109, 121,
122R)) was not able to diminish IRES activity compared
to the FLAG control (Figure 6C, left panel).

In order to investigate how KHSRP ubiquitination af-
fects viral protein synthesis, a (**S)-methionine labeling as-
say was performed in EV71-infected cells. KHSRP knock-
down cells were expressed with FLAG vector, KHSRP WT,

or KHSRP (K109, 121, 122R), and then infected with EV71
at a MOI of 10. Newly synthesized viral proteins were di-
minished in KHSRP WT-expressing cells at 5-6 h post-
infection (Figure 6D, lane 5). The reduced ubiquitination
variant (KHSRP (K109, 121, 122R)) had comparable vi-
ral protein expression to FLAG vector control (Figure 6D,
lanes 4 and 6). The quantified results of viral protein VP1
and 3CP™ shown in Figure 6D indicate that VP1 and 3CP™
expression was lower in KHSRP WT-expressing cells as
compared to cells expressing FLAG vector and the reduced
ubiquitination variant. These results indicate that the ubiq-
uitination of KHSRP is essential for its downregulatory ef-
fect on EV71 IRES-driven translation.



282 Nucleic Acids Research, 2017, Vol. 45, No. 1

N P
A ¥ B E n.s
& & o 2500000 x |
2 2 = 2 100% | 99%
FLAG-KHSRP - = ¥ 2 2000000
<+ KHSRP HAUb + + + 5 74%
£ 1500000 o
; 2451 ®
[ actin % o000
180- 5
1.2 3 IB:HA  135-] a
IP: FLAG 500000
Sk 100+ * 0
kK v
= ¢ &
2z 298% B:FLAG 75-]L M@~ FLAG-KHSRP @3{\ &2 q>'§”
s
3 IB:FLAG 75-] |- FLAG-KHSRP & 'sq.f‘
o Input| "
E] 100% 131% 1B:Actin e~ Actin Q’l‘
T 1.0x107 1 2 3 {"Q.
&
L N &
< X ¥
& & &
o o
° ° mock _ EV71
'3 D 14 14
c 9 N N
o ~ ~
= - -
e S S
g - -
p33oa FLAGKHSRP - S ¥ FLAG- E g E g
X - -
vﬂ.:bq Firefly Luciferase [2ao8] 2c Is»ﬂsc[ o | IB:FLAG ‘FMG'KHSRP KHSRP x X

IB:KHSRP|__ e | e KHSRP

Actin

EV715' UTR 3B

IB:Actin

Q
e _3cD
1 2 3 £ ez
:g -2BC
100000 _ 5 =2
[ = Ra
'g 80000 ﬁ I;a‘ —VP2/VP3
= 2.
+ 60000 4
® 3
g 40000 2
] & — —
T 20000 3 [ S ss]<FLAGKHSRP
0 [ == ssw]ekusrp

Western blot

-
a
o

*

*

-
o
=
-
o
=

50 50

VP1/Actin (%)
3C/ Actin (%)

Figure 6. Ubiquitination is crucial for KHSRP downregulation of IRES-driven translation. (A) Cell lysates from KHSRP shRNA knockdown (KD) RD
cells were resolved by SDS-PAGE, and then examined using anti-KHSRP and anti-actin antibodies. The cell translation extracts of shLacZ, shKHSRP
clone 1, or shKHSRP clone 2 were incubated with EV71 5 UTR-FLuc RNA, and then the reactions were applied to the Firefly luciferase (FLuc) assay.
Experiments were conducted in triplicate, and results were subjected to statistical analysis. Error bars, mean £+ SD. ***P < 0.001. (B) KHSRP WT or
KHSRP (K109, 121, 122R) vectors were co-transfected with HA-Ub, and then subjected to FLAG immunoprecipitation. The KHSRP WT or KHSRP
(K109, 121, 122R) proteins were eluted by 3x FLAG peptides, and then incubated with shKHSRP knockdown RD cell translation extracts and EV71 5
UTR-FLuc RNA. After 90 minutes, the reactions were assayed with the FLuc assay. Experiments were conducted in triplicate, and results were subjected to
statistical analysis. Error bars, mean + SD. P values were calculated on the basis of luciferase activity. ** P < 0.01, Student’s two-tailed unpaired ¢-test. (C)
shKHSRP knockdown RD cells expressing FLAG vector, KHSRP WT, or KHSRP (K109, 121, 122R) were grown for 2 days, and then transfected with
EV71 replicon 3DP330A RNA. After 6 h post-transfection, cells were lysed or underwent RNA extraction, and lysates were then assayed with FLuc assay,
western blotting, and real-time PCR. Experiments were conducted in triplicate, and results were subjected to statistical analysis. Error bars, mean + SD.
**%P < 0.001, Student’s two-tailed unpaired t-test. (D) The effect of KHSRP WT and KHSRP (K109, 121, 122R) on viral protein synthesis. si K HSRP
knockdown RD cells expressing FLAG vector, KHSRP WT or KHSRP (K109, 121, 122R) were grown for 2 days, and then challenged with EV71 at
10 MOI. Synthesized proteins were labeled with (3*S) methionine at 5-6 h post-infection. The lysates from mock-infected and EV71-infected cells were
subjected to SDS-PAGE, and then examined by autoradiography (upper panel) and western blot (lower panel). The indicated viral proteins were identified
according to protein size. The levels of (**S) methionine-labeled VP1 and 3CP™ were quantified and normalized against actin levels, based on two repeated
experiments. Error bars, mean + SD. **P < 0.01.



Ubiquitination status affects the capability of KHSRP to
compete against FUBP1

To confirm whether ubiquitination affects KHSRP binding
to EV71 IRES, lysates from cells overexpressing KHSRP
WT or KHSRP (K109, 121, 122R) were incubated with bi-
otinylated EV71 IRES RNA. Increasing amounts of nonbi-
otinylated EV71 5 UTR or yeast tRNA probe were added
as competitors. Streptavidin beads were used to pull down
biotinylated RNA, and it was found that the interaction be-
tween KHSRP WT or the KHSRP (K109, 121, 122R) vari-
ant with EV71 ¥ UTR RNA could be competed by non-
biotinylated EV71 5 UTR, but not nonbiotinylated yeast
tRNA, demonstrating that KHSRP WT and the KHSRP
(K109, 121, 122R) variant bind to the EV71 5 UTR re-
gion specifically (Figure 7A). We speculated that although
both KHSRP WT and the reduced ubiquitination vari-
ant can still associate with the EV71 IRES, the compet-
itive capability of KHSRP against other positive ITAFs
may possibly be affected by ubiquitination. To address this
question, a competition assay was performed (Figure 7B-
D and Supplementary Figure S5). PTBP1, FUBP1 and
PCBP2 are known to be positive regulators of picornavirus
IRES. Lysates from cells overexpressing KHSRP WT or
KHSRP (K109, 121, 122R) were incubated with biotiny-
lated EV71 IRES RNA and increasing amounts of recom-
binant PTBP1, FUBP1 or PCBP2 proteins, to evaluate the
EV71 IRES RNA competition dynamics for KHSRP, re-
duced ubiquitination variant KHSRP, and these positive
ITAFs. The results indicated that increasing amounts of
PTBPI (Figure 7B) and FUBPI (Figure 7C) weakly com-
pete with both KHSRP WT and the reduced ubiquitination
variant for binding to EV71 5 UTR RNA, while PCBP2
was unable to compete against both forms of KHSRP (Fig-
ure 7D). We noted that PTBP1 competed slightly more ef-
fectively against reduced ubiquitination variant KHSRP as
compared to KHSRP WT, with the differences being sta-
tistically significant (Figure 7C, lanes 3-5). In addition,
FUBPI also outcompeted KHSRP (K109, 121, 122R) more
readily than KHSRP WT (Figure 7C, lanes 4 and 5). We
further used KHSRP WT or KHSRP (K109, 121, 122R)
to conduct a reverse competition assay against PTBPI1,
FUBPI and PCBP2 (Supplementary Figure S5). Interest-
ingly, increasing levels of KHSRP and KHSRP (K109, 121,
122R) outcompeted FUBPI1 for binding to EV71 5" UTR
RNA, but were unable to affect PTBP1 and PCBP2 bind-
ing (Supplementary Figure S5B and S5C). However, al-
though 0.5 puM of KHSRP (K109, 121, 122R) led to clearly
enhanced competitive capability against FUBP1, competi-
tion results remained static despite an increase in KHSRP
(K109, 121, 122R) to 2 wM (Supplementary Figure S5C).
By contrast, increasing KHSRP WT levels appeared to en-
hance competitive capability against FUBP1 (Supplemen-
tary Figure S5B, lanes 3-5). The ubiquitination status of
KHSRP WT and KHSRP (K109, 121, 122R) were as-
sessed by western blot (Supplementary Figure S5A). The
results suggest that KHSRP WT can better compete against
FUBPI for binding to EV71 5 UTR RNA, as compared to
KHSRP (K109, 121, 122R), and demonstrate that ubiqui-
tination status may affect the ability of KHSRP to compete
against FUBPI for binding to EV71 IRES RNA.
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DISCUSSION

Translation initiation in eukaryotic mRNA can be triggered
by two different mechanisms, cap-dependent translation
and IRES-dependent translation. Picornaviruses are known
to utilize IRES for translation initiation, and this process is
regulated by several cellular proteins, termed ITAFs. Most
known ITAFs are positive regulators of picornavirus IRES,
but this may be because there is less literature available re-
garding negative ITAF regulators. Here, we use EV71 as a
model to illustrate how KHSRP, a negative ITAF, down-
regulates EV71 IRES-driven translation. In this study, we
utilized iTRAQ-LC-MS/MS analysis to identify KHSRP-
associated proteins. We found that KHSRP associates with
KLHL12, and stable isotope labeling by amino acids in cell
culture (SILAC) confirmed that KLHL12 associates with
KHSRP upon EV71 infection (Supplementary Table S1).
KLHLI12, a BTB-domain containing protein, is a mem-
ber of the KLHL (Kelch-like) family (34). Several studies
have reported that KLHLI2 is a substrate adaptor of the
CUL3 ubiquitin ligase complex, which can promote Di-
shevelled (Dsh) ubiquitination and degradation to nega-
tively regulate the Wnt—p-catenin pathway (29). Moreover,
the CUL3-KLHL12 ubiquitin ligase complex is known to
monoubiquitinate SEC31 to regulate COPII vesicle coat
formation (31), and can also promote polyubiquitination
of the dopamine D4 receptor, but without causing degrada-
tion (30,36). Our results show that KHSRP, KLHL12 and
CULS3 can form a complex to promote KHSRP ubiquitina-
tion (Figure 3), and this subsequently alters KHSRP regu-
lation of EV71 IRES-driven translation.

Many ITAFs are nuclear-resident proteins, but in the
event of picornavirus infection, nuclear pore complexes
(NPC) are disrupted to induce redistribution of these fac-
tors (7). In previous research, we found that KHSRP, a nu-
clear protein, redistributed to the cytoplasm upon EV71
infection (13). In this study, we found that KHSRP colo-
calized in the cytoplasm with KLHL12 in EV71-infected
cells (Figure 2D). We also noted that both KLHL12 and
viral protein 2B accumulated in specific cellular compart-
ments around the nucleus: KLHLI12 is involved in ER-
Golgi transport and localizes to the endoplasmic reticulum
(ER) (31), while the picornavirus 2B protein also localizes
in the ER and Golgi complex (37,38). These findings sug-
gest that KLHL12 and viral protein 2B may colocalize in
the ER, and this could be related to formation of the viral
replication complex.

Although several ITAFs, such as HNRNPAI1 and tu-
mor suppressor programmed cell death 4 (PDCD4), have
been reported to act as negative regulators of cellular IRES
(39,40), to the best of our knowledge, the question of
whether ubiquitination modulates ITAF function with re-
gard to IRES-mediated translation has not been previ-
ously addressed. To determine the effects of ubiquitinated
KHSRP on EV71 IRES-driven translation, we first sought
to identify the ubiquitination sites of KHSRP. Lys109,
Lys121 and Lys122 residues, located in the nuclear localiza-
tion signal (NLS) of KHSRP, represent potential ubiquiti-
nation sites. When we replaced all three lysine residues to
arginine (K109R, K121R and K122R), we found that the
resulting KHSRP variant (K109, 121, 122R) remained in



284 Nucleic Acids Research, 2017, Vol. 45, No. 1

Nonbiotinylated
Yeast tRNA

0X 1X 5X 10X

A Nonbiotinylated
EV71 5' UTR

0X 1X 5X 10X

-+

2 3 4 5 6 7 8 9 10 11 12
RNA probe: EV71 5' UTR

B 3
©
>
£
°
o)
PTBP1 5
competitor: 2 0 05 1 2 (uM)
IB:FLAG < FLAG-KHSRP WT
IB:PTBP1 _4- recombinant PTBP1
. <_FLAG-KHSRP
IB:FLAG K109,121,122R
IB:PTBP1 _4— recombinant PTBP1

12 3 45
RNA probe: EV71 5' UTR

PTBP1 competitior

=
N 12 - wT
s 10 0 K109,121,122R
*
T 0.8 (!
o2
g g 0.6 *
%E 0.4 H II.Y.I M
X o
o 0.2
g %0 0.5 1 2 (WM
D
K]
<
=52
o
2
PCBP2 5 -
competitor: 2 0 0.5 1 2 (uM)
IB:FLAG —<-FLAG-KHSRP WT
IB:PCBP2 _<-recombinant PCBP2
. FLAG-KHSRP
IB:FLAG _"K109,121,122R
IB:PCBP2 _<-recombinant PCBP2

12 3 45
RNA probe: EV71 5' UTR

<+ FLAG-KHSRP WT

FLAG-KHSRP
K109,121,122R

T
[]
K
<
=14
o
FUBP1 2 |
competitor: 2 0 05 1 2 (uM)
IB:FLAG _<-FLAG-KHSRPWT
IB:His _<-recombinantFUBP1
FLAG-KHSRP
B:FLAG _"K109,121,122R
IB:His _<-recombinantFUBP1

Relative level of

Relative level of

12 3 4 5
RNA probe: EV71 5' UTR

FUBP1 competitor

K
1.2
a:: - WT
< 1.01 0 K109,121,122R
@ 0.8
° *
o 0.6 M
£ . *
2 0.4 ™
N
g |1| ' L
7 M
0.0 1, . '
< 0.5 1 2 W
PCBP2 competitor
['4
=
1.2
o - WT
< 1.04 0 K109,121,122R
@ 0.8
]
= 0.6
£
T 0.4
£
o 0.24
&
T 0.0-
< 0 0.5 1 2 W

Figure 7. Reduction of KHSRP ubiquitination diminishes the competitive capability of KHSRP against FUBP1. (A) RD cells overexpressing KHSRP WT
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the cytoplasm, but the wild-type form of KHSRP was im-
ported into the nucleus (Supplementary Figure S6). In or-
der to maintain KHSRP WT in the cytoplasm to observe its
effect on EV71 IRES-driven translation, we transfected the
EV71 replicon into cells, and then forced wild-type KHSRP
to relocalize to the cytoplasm (Supplementary Figure S6).
The in vitro translation assay and (*>S)-methionine labeling
assay were also applied to determine the effects of ubiqui-
tinated KHSRP WT and the reduced ubiquitination vari-
ant on EV71 IRES-driven translation. The results indi-
cate that ubiquitinated KHSRP serves as a negative regu-
lator in EV71 IRES translation (Figure 6B-D); moreover,
the reduced ubiquitination variant could not downregulate
EV71 IRES-driven translation despite remaining in the cy-
toplasm, and this excludes the possibility of cellular local-
ization acting as a differentiating factor. Combined with
our results in Figure 2A, we found that the C-terminal do-
main of KHSRP interacts with KLHL12, leading to ubig-
uitination of KHSRP at the N-terminal domain. In a pre-
vious study, we found that the C-terminal domain is impor-
tant for KHSRP to play a negative role in EV71 translation
(17), and this study further confirms that the C-terminal do-
main of KHSRP is critical to KHSRP-KLHLI12 interac-
tion; without the C-terminal domain (KHSRP; 5¢3), ubiq-
uitination of KHSRP,_sy3 cannot be enhanced by KLHL12
(Figure 3D). Together, this shows that KHSRP likely inter-
acts with KLHL12 to result in KHSRP ubiquitination and
negative regulation of EV71 translation.

Ubiquitination can cause protein degradation in a
proteasome-dependent manner, or otherwise alter protein
function by changing topology (41). We sought to elucidate
whether ubiquitination of KHSRP through the KLHL12-
based CUL3 E3 ligase complex leads to degradation or not.
Protein expression levels of KHSRP were not significantly
affected by increasing levels of KLHL12 or by treatment
with the proteasome inhibitor MG132 (Figure 5). However,
the observed major modification of KHSRP may alter pro-
tein function, and from the results in Supplementary Figure
S2, we speculated that this major modification may be di-
ubiquitination of KHSRP. We have found that KHSRP is
cleaved by caspase activation, proteasome activity, and au-
tophagy at a late point of EV71 infection (10 h.p.i). More-
over, ubiquitination of KHSRP was previously found to be
enhanced in RD cells treated with MG132 (17). A different
cell line (293T cells) was used to observe ubiquitination of
KHSRP in this study, and major modification of KHSRP
was seen in 293T cells, but not in RD cells. This suggests that
the presence of other ubiquitination sites or different modes
of ubiquitination or modification (such as sumoylation)
cannot be ruled out for KHSRP. Still, Lys109, Lys121 and
Lys122 represent critical sites for KHSRP ubiquitination
and regulation of IRES-driven translation. Moreover, we
observed KHSRP-KLHLI12 interactions at 6 hours post-
infection with EV71 (Figure 2), but KHSRP was shown to
be cleaved at 10 hours post-infection (17), suggesting that
host cells may modulate KHSRP to serve as a negative reg-
ulator that suppresses EV71 IRES-driven translation ini-
tially. However, EV71 eventually triggers several pathways
that result in KHSRP cleavage at a later point after infec-
tion.
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We hypothesized that ubiquitination may alter the capa-
bility of KHSRP to compete against other positive ITAF
regulators for binding to the EV71 IRES, and therefore we
selected the positive ITAFs, PTBP1, FUBPI and PCBP2,
to conduct a competition assay for binding to EV71 5
UTR RNA (Figure 7B-D and Supplementary Figure S9).
The results showed that PTBP1 and FUBPI can outcom-
pete KHSRP WT and KHSRP (K109, 121, 122R) (Figure
7B and C), while KHSRP WT and KHSRP (K109, 121,
122R) can outcompete FUBP1 (Supplementary Figure S5B
and S5C); however, no competition was observed between
PCBP2 and KHSRP WT or KHSRP (K109, 121, 122R)
(Figure 7D and Supplementary Figure S5B and S5C), and
neither KHSRP WT nor KHSRP (K109, 121, 122R) were
able to outcompete PTBP1 (Supplementary Figure S5B and
S5C). In a previous study, we found that KHSRP inter-
acts with nt 1-167 (stem loop I-11), 91-228 (stem loop II-
I1T), and 566-745 (stem loop VI to linker region) in the
EV71 IRES (13). The binding region of FUBP1 is located
at nt 636-745 (linker region) in the EV71 IRES (16), while
PTBPI is thought to interact with stem loop V and its
flanking regions in the poliovirus IRES (42), and PCBP2
is known to bind with stem loop IV of the poliovirus and
EV71 IRES (5,43,44). It is possible that the KHSRP pro-
teins could not outcompete PTBP1 and PCBP2 because the
respective binding regions on the EV71 5 UTR of these
three proteins are all different; however, as both KHSRP
and FUBP1 bind to the linker region, competitive activ-
ity was observed. FUBP1 weakly competes with KHSRP
WT and KHSRP (K109, 121, 122R) (Figure 7C), but
KHSRP proteins appear to compete more strongly against
FUBPI1 (Supplementary Figure S5B and S5C), suggesting
that KHSR P may have stronger binding affinity to the EV71
5" UTR than FUBPI. These results lend support to our
hypothesis that ubiquitination primarily serves to improve
the competitive binding ability of KHSRP against FUBP1
and possibly other positive ITAFs at the EV71 IRES, rather
than altering the binding site of KHSRP on the EV71 IRES.

In summary, we demonstrate that KHSRP acts as a nega-
tive regulator in EV71 IRES-mediated translation via ubiq-
uitination by the KLHL12-based CUL3 E3 ubiquitin lig-
ase complex. Although ubiquitination is known to regu-
late cap-dependent translation, our results elucidate a new
regulatory mechanism by which ubiquitination regulates
cap-independent IRES-driven translation by modulating
ITAFs. Specifically, we found that KHSRP serves as a nega-
tive regulator in EV71 translation, and ubiquitination at the
Lys109, Lys121 and Lys122 residues enhances the ability of
KHSRP to compete against other positive ITAF regulators
at the EV71 IRES. This represents a novel mechanism by
which viral IRES-driven translation is mediated by ubiqui-
tination of host ITAFs, and may have important implica-
tions for the future study of viral-host interactions and the
development of anti-viral drug targets.
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