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ABSTRACT Movement of macromolecules between the cytoplasm and the nucleus
occurs through the nuclear pore complex (NPC). Karyopherins comprise a family of
soluble transport factors facilitating the nucleocytoplasmic translocation of proteins
through the NPC. In this study, we found that karyopherin �6 (KPNA6; also known
as importin �7) was required for the optimal replication of porcine reproductive and
respiratory syndrome virus (PRRSV) and Zika virus (ZIKV), which are positive-sense,
single-stranded RNA viruses replicating in the cytoplasm. The KPNA6 protein level in
virus-infected cells was much higher than that in mock-infected controls, whereas
the KPNA6 transcript remains stable. Viral infection blocked the ubiquitin-
proteasomal degradation of KPNA6, which led to an extension of the KPNA6 half-life
and the elevation of the KPNA6 level in comparison to mock-infected cells. PRRSV
nsp12 protein induced KPNA6 stabilization. KPNA6 silencing was detrimental to the
replication of PRRSV, and KPNA6 knockout impaired ZIKV replication. Moreover,
KPNA6 knockout blocked the nuclear translocation of PRRSV nsp1� but had a mini-
mal effect on two other PRRSV proteins with nuclear localization. Exogenous restitu-
tion of KPNA6 expression in the KPNA6-knockout cells results in restoration of the
nuclear translocation of PRRSV nsp1� and the replication of ZIKV. These results indi-
cate that KPNA6 is an important cellular factor for the replication of PRRSV and ZIKV.

IMPORTANCE Positive-sense, single-stranded RNA (�ssRNA) viruses replicate in the cy-
toplasm of infected cells. The roles of transport factors in the nucleocytoplasmic traffick-
ing system for the replication of �ssRNA viruses are not known. In this study, we dis-
covered that PRRSV and ZIKV viruses needed karyopherin �6 (KPNA6), one of the
transport factors, to enhance the virus replication. Our data showed that viral infection
induced an elevation of the KPNA6 protein level due to an extension of the KPNA6 half-
life via viral interference of the ubiquitin-proteasomal degradation of KPNA6. Notably,
KPNA6 silencing or knockout dramatically reduced the replication of PRRSV and ZIKV.
PRRSV nsp1� depended on KPNA6 to translocate into the nucleus. In addition, exoge-
nous restitution of KPNA6 expression in KPNA6-knockout cells led to the restoration of
nsp1� nuclear translocation and ZIKV replication. These results reveal a new aspect in the
virus-cell interaction and may facilitate the development of novel antiviral therapeutics.

KEYWORDS PRRSV, ZIKV, virus replication, nucleocytoplasmic trafficking system,
karyopherin �6, KPNA6, KPNA6 turnover, porcine reproductive and respiratory
syndrome virus

Transport of macromolecules into and out of the nucleus must go through nuclear
pore complexes (NPCs), macromolecular structures (�60 MDa) consisting of ap-

proximately 30 proteins, on the nuclear envelope (1, 2). Molecules smaller than 40 kDa
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can passively diffuse through the NPCs. Transport of macromolecules across the NPCs
requires a regulated energy-dependent process, which needs either direct interaction
with the NPCs or association with different types of transport receptors. The largest
group of transport receptors have been designated karyopherins (3–6), which mediate
the nuclear import of many cytoplasmic proteins. In the classical nuclear import
pathway, cytoplasmic cargoes bearing a nuclear location sequence (NLS) are first
recognized by karyopherin � (KPNA), followed by association with karyopherin �1
(KPNB1) (4). The ternary importing complex karyopherin �/�/NLS-cargo translocates
through the NPCs to the nucleus.

There are seven isoforms of karyopherin � (KPNA1 to KPNA7) that have been found
so far (4, 7, 8). Due to their importance in nucleocytoplasmic trafficking, KPNAs play
indispensable roles in signal transduction, especially in the host immune response. For
instance, KPNA1 is responsible for the nuclear translocation of signal transducer and
activator of transcription protein 1 (STAT1) in interferon (IFN)-stimulated gene expres-
sion (9, 10); KPNA1 and KPNA6 transport STAT3 (11) to activate the interleukin-6
signaling pathway. Therefore, KPNAs are often targeted by viruses to interfere with the
immune response. For example, Ebola virus VP24 interacts with KPNA1 in the region
overlapping with phosphorylated STAT1 (pSTAT1), which blocks pSTAT1 nuclear trans-
location (12, 13). Hepatitis C virus (HCV) induces the cleavage of KPNB1 by NS3/4A to
disrupt the IRF3 and NF-�B translocation to inhibit IFN-� production (14). Hepatitis B
virus (HBV) polymerase interferes with the IFN-�-stimulated signaling by inhibiting the
nuclear transportation of STAT1/2 by binding to KPNA1 competitively (15). PRRSV
inhibits IFN-activated JAK/STAT signaling by blocking the nuclear translocation of the
STAT1/STAT2 complex by inducing KPNA1 degradation (16).

On the other hand, many viruses, especially those with a DNA genome, have been
found to exploit the karyopherins for their own benefit. DNA viruses generally deliver
their genetic elements into the nucleus for propagation or integration into the host
genome for latent infections. Karyopherins play an essential role in this process and
thus are pivotal host dependency factors. For example, parvovirus delivers its DNA into
the nucleus through karyopherin � and karyopherin � (17). The replication of human
papillomavirus is inhibited by antibodies against KPNA2 and KPNB1 (18). Moreover,
herpesvirus and adenovirus rely on karyopherins for their nuclear entry (19). In addition,
among RNA viruses, human immunodeficiency virus (HIV) (20) and influenza A virus (21)
exploit karyopherins to translocate their proteins or genetic elements into the nucleus.
KPNA1 and KPNA6 were found to be positive cellular factors for the efficient replication
of influenza A virus (21–24).

However, most RNA viruses, including positive-sense, single-stranded RNA (�ssRNA)
viruses, replicate in the cytoplasm rather than in the nucleus. Therefore, the nucleocy-
toplasmic trafficking machinery has not been linked to replication of �ssRNA viruses.
In particular, it remains unknown whether KPNAs contribute to the replication of
�ssRNA viruses.

The �ssRNA viruses, including flavivirus, coronavirus, picornavirus, and arterivirus,
cause severe human or animal diseases. Porcine reproductive and respiratory syndrome
virus (PRRSV) is a small enveloped RNA virus belonging to the genus Rodartevirus of the
family Arteriviridae (25, 26). This virus causes a contagious disease that is characterized
by reproductive failure in sows and respiratory disease of variable severity in pigs of all
ages (27). PRRS causes substantial economic losses to the swine industry and remains
one of the top challenges since it was first reported in 1987. Zika virus (ZIKV) is a
mosquito-borne flavivirus that caused recent outbreaks accompanied by severe man-
ifestations, including fetal microcephaly and the Guillain-Barre syndrome (28–30). ZIKV
belongs to the same Flavivirus genus of the Flaviviridae family as several other global
human pathogens, including dengue virus, yellow fever virus, and West Nile virus (31).

In a previous study, we discovered that PRRSV-mediated KPNA1 degradation an-
tagonizes IFN-activated signaling (16). Unexpectedly, we noticed that the KPNA6
protein level was higher in PRRSV-infected cells than in a mock-infected control. The
objective of the present study was to examine the KPNA6 level in virus-infected cells,
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the mechanism of KPNA6 elevation, and its functions in viral replication. Here, we show
that KPNA6 is a common host proviral factor for PRRSV and ZIKV. Infections with these
viruses induce KPNA6 elevation by extending its half-life and abrogating its ubiquitin-
proteasomal degradation. KPNA6 knockdown in MARC-145 cells via RNA interference
(RNAi) silencing inhibits the replication of PRRSV. In addition, KPNA6 knockout in Vero
cells via the clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9
system suppresses ZIKV replication. The nuclear translocation of PRRSV nsp1� is
blocked in KPNA6-knockout cells. The exogenous restitution of KPNA6 expression in the
KPNA6-knockout cells leads to the restoration of ZIKV replication and the nuclear
translocation of PRRSV nsp1�. These results demonstrate that PRRSV and ZIKV harness
KPNA6 for their own proliferation.

RESULTS
PRRSV induces an increase in the KPNA6 protein level. In our study of the PRRSV

virus-host interaction, we discovered that PRRSV infection of MARC-145 cells led to a
higher expression level of KPNA6, whereas the KPNA2 level remained unchanged (Fig.
1A). To confirm the KPNA6 elevation, we infected MARC-145 cells with two PRRSV
strains, VR-2385 and VR-2332, at a multiplicity of infection (MOI) of 1 and then
harvested the cells at 24 h postinfection (hpi). We found that the virus-infected cells
exhibited a 2-fold increase in KPNA6 protein level compared to mock-infected cells (Fig.
1B). MARC-145 cells are derived from the kidney of an African Green monkey, which is
not the natural host of PRRSV (32). Pigs are the only host animals for PRRSV infection,
and the main target cells for PRRSV infection are pulmonary alveolar macrophages
(PAMs) (27). Thus, we examined KPNA6 level in PAMs after PRRSV infection. The result
showed that PRRSV VR-2385 infection also induced KPNA6 elevation (Fig. 1C).

To determine whether the virus-induced KPNA6 elevation is a dose-dependent
response, we infected MARC-145 cells with PRRSV VR-2385 at MOIs of 0.1, 1, and 10 and
assessed the KPNA6 level by Western blotting. The result showed that KPNA6 protein
levels increased in the PRRSV-infected cells in a dose-dependent manner (Fig. 1D).
Compared to the mock-infected cells, PRRSV infection increased KPNA6 levels by 1.7-,
2.2-, and 3.9-fold in cells inoculated with PRRSV at MOIs of 0.1, 1, and 10, respectively,
at 24 hpi. Immunofluorescence assay (IFA) results showed that almost all of the cells
inoculated at MOIs of 1 and 10 were infected, whereas most of the cells inoculated at
an MOI of 0.1 were positive (Fig. 1E). The increase in the PRRSV RNA level in infected
cells was positively correlated to the increase in the virus inoculum (Fig. 1F).

Multiple factors, such as enhanced mRNA transcription or translation or less protein
degradation, can contribute to elevated KPNA6 expression in virus-infected cells. First,
we detected the KPNA6 transcript level in PRRSV-infected cells. Reverse transcription
and real-time PCR (RT-qPCR) analysis suggested that the KPNA6 mRNA levels were
similar between PRRSV-infected and control cells (Fig. 1G). This result indicates that the
elevation of KPNA6 protein level was not due to alteration at the transcriptional level.

The KPNA6 half-life is extended, whereas its polyubiquitination level is re-
duced in the PRRSV-infected cells. Since the KPNA6 increase in PRRSV-infected cells
was not due to a change in its transcriptional level and PRRSV infection stabilized
KPNA6, we wondered whether the virus infection might extend the KPNA6 half-life. To
address this question, we infected MARC-145 cells with PRRSV and treated the cells with
cycloheximide, a protein translation inhibitor, at 24 hpi. The KPNA6 half-life in PRRSV-
infected cells was 32 h compared to 12 h in mock-infected cells (Fig. 2A). The results
suggest that an extended KPNA6 half-life may account for its higher levels in viral
infections.

Since the KPNA6 half-life was extended by viral infections, we speculated that there
might be a delay in the degradation of KPNA6. Since the ubiquitin-proteasome system
is involved in the turnover of most cellular proteins, we hypothesized that the treat-
ment of cells with proteasome inhibitors, such as MG132, would block KPNA6 degra-
dation. As expected, MG132-treated MARC-145 cells exhibited a higher level of KPNA6
than did mock-treated cells (Fig. 2B). PRRSV infection did not result in an additive effect
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to MG132 treatment in the elevation of KPNA6 or vice versa. Due to its short treatment
time (6 h), MG132 did not cause apparent cytotoxicity (Fig. 2C) and had a minimal effect
on PRRSV replication (Fig. 2D). These results indicated that the proteasome blocking
stabilized KPNA6 to a level similar to that of the PRRSV infection.

Based on these results, KPNA6 appeared to be degraded via the ubiquitin-
proteasomal pathway. The KPNA6 polyubiquitination level was expected to be down-
regulated in PRRSV-infected cells. To confirm this, we conducted an immunoprecipita-
tion (IP) assay of KPNA6 from MARC-145 cells in the presence or absence of PRRSV
infection, followed by immunoblotting with a ubiquitin antibody. The result showed
that the KPNA6 ubiquitination level in the PRRSV-infected cells was 10-fold lower than
that of the mock-infected control, whereas there was minimal difference in the total
ubiquitination level of whole-cell lysates between infected and control cells (Fig. 2E).
Collectively, the extension of KPNA6 half-life through reduction of its ubiquitination
may lead to virus-mediated KPNA6 upregulation.
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FIG 1 PRRSV infection induces elevation of the KPNA6 protein level but has a minimal effect on the
KPNA6 transcript level. (A) KPNA6 protein in PRRSV-infected MARC-145 cells is higher than in a
mock-infected control, whereas there is minimal change in the KPNA2 level. The cells were infected with
PRRSV strain VR-2385 at an MOI of 1 and harvested at 24 hpi. WB with antibodies against KPNA6, KPNA2,
PRRSV nsp2, and GAPDH was performed. The relative levels of KPNA6 after normalization with GAPDH
are shown below the images. (B) Elevation of KPNA6 level in MARC-145 cells infected with different
PRRSV strains. The cells were infected with VR-2385 and VR-2332 at an MOI of 1, incubated for 24 h, and
harvested for WB with antibodies against KPNA6 and GAPDH, and pig anti-PRRSV serum. (C) The KPNA6
level increased in primary PAM cells infected with PRRSV strain VR-2385 at an MOI of 1. (D) Dose-
dependent increase of KPNA6 protein level by PRRSV. MARC-145 cells were infected with the incremental
MOI of PRRSV VR-2385 and harvested at 24 hpi. The relative levels of KPNA6 are shown below the images.
(E) IFA of PRRSV-infected cells. The panel of overlay IFA images shows PRRSV-nsp2 in green and nuclear
DNA staining with DAPI in blue. The scale bars in the low right of the images denote 10 �m. (F) Relative
PRRSV RNA levels in MARC-145 cells infected with incremental MOIs. The cells were harvested at 24 hpi
for RNA isolation and RT-qPCR. Error bars represent the standard errors of three repeated experiments.
(G) The transcript level of KPNA6 remains stable in PRRSV-infected cells at 24 hpi as detected by RT-qPCR.
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PRRSV nsp12 protein upregulates the KPNA6 protein level in cells. We specu-
lated that some PRRSV proteins were responsible for the KPNA6 elevation in the
virus-infected cells. To identify the viral proteins, we transfected HEK293 cells with
plasmids encoding the PRRSV nonstructural proteins (nsp) and assessed their effects on
the KPNA6 level. Western blotting (WB) results showed that PRRSV nsp1�, nsp7�,
nsp7�, and nsp12 led to a higher KPNA6 level, compared to the empty vector, whereas
the other PRRSV proteins had less effect (Fig. 3A). Since nsp12 induced the highest
elevation of KPNA6, we selected it to further confirm its effect by using a stable HEK293
cell line expressing nsp12 that was established earlier in the laboratory. WB result
showed there was a 2.1-fold increase in KPNA6 protein level in the nsp12-stable cells
compared to the control HEK293 cells (Fig. 3B). In addition, an IP assay showed that
PRRSV nsp12 also reduced KPNA6 ubiquitination (Fig. 3C). This suggests that nsp12
interferes with KPNA6 turnover in cells. However, no physical interaction between
KPNA6 and nsp12 was detected in the IP (Fig. 3C), suggesting that mechanisms other
than direct protein binding might mediate the effect.

KPNA6 silencing impairs PRRSV replication. To determine whether KPNA6, sta-
bilized in the virus-infected cells, could play a positive role in viral replication, we
generated a KPNA6 shRNA construct for knockdown of KPNA6 expression in MARC-145
cells via RNAi silencing. A random shRNA was included as a negative control. Cells were
transfected with shRNA plasmids, and stable cell lines were generated under the
selection pressure of the antibiotic G418. WB results showed KPNA6 was reduced to less
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FIG 2 PRRSV extends KPNA6 half-life and reduces KPNA6 polyubiquitination. (A) PRRSV infection extends
KPNA6 half-life. MARC-145 cells were infected with VR-2385 at an MOI of 1. The cells were treated with
cycloheximide at 24 hpi and harvested at the indicated time (h) for WB. Mock-infected cells at the
corresponding time points were included as controls. The relative levels of KPNA6 are given below the
images. (B) MG132 treatment blocks KPNA6 turnover in MARC-145 cells. The cells were infected with
VR-2385 at an MOI of 1. At 18 hpi, the cells were treated with MG132 and, 6 h later, harvested for WB
with antibodies against KPNA6 and tubulin. The MG132-negative wells were treated with the solvent,
DMSO. Mock-infected cells were included as controls. The relative levels of KPNA6 are shown below the
images after normalization with tubulin. (C) Cell viability assay of MARC-145 cells treated with MG132 or
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PRRSV infection reduces KPNA6 polyubiquitination. MARC-145 cells were infected with PRRSV VR-2385 at
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Karyopherin �6 Required for PRRSV and ZIKV Journal of Virology

May 2018 Volume 92 Issue 9 e00072-18 jvi.asm.org 5

http://jvi.asm.org


than one third in the cells with stable expression of KPNA6 shRNA, whereas the KPNA1
level showed only a minimal change (Fig. 4A). The KPNA6 knockdown had no detect-
able effect on cell viability (Fig. 4B). To investigate the effect of KPNA6 knockdown on
PRRSV replication, we infected the KPNA6-silenced cells with VR-2385. A viral titration
assay showed that the KPNA6-silenced cells produced a significantly lower virus yield
(a fraction of 1/750) compared to control cells (Fig. 4C).

PRRSV nsp1� relies on KPNA6 to translocate into the nucleus. Although PRRSV
replicates in the cytoplasm, some viral proteins, including nsp1�, nsp1�, and nucleo-
capsid protein (N), translocate into the nucleus during infection. The nsp1� protein has
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been known to restrain host mRNA in the nucleus to inhibit host protein synthesis (33).
The nsp1� protein may inhibit IFN promoter activation in the nucleus (34). N protein
localizes in the nucleus and affects host nuclear processes (35).

To determine whether KPNA6 is responsible for the translocation of these viral
proteins with nuclear localization, we established KPNA6-knockout HeLa cells via the
CRISPR/Cas9 system. The empty vector containing Cas9, but no target guide RNA
(gRNA), was also used to establish stable HeLa cells as controls. We confirmed the
deletion of KPNA6 in the KPNA6�/� cells (Fig. 5A). The KPNA6 knockout had no
detectable effect on the cell viability (Fig. 5B). We then transfected the KPNA6�/� and
control HeLa cells with plasmids expressing PRRSV nsp1�, nsp1�, and N proteins for IFA
to determine their subcellular locations. Confocal microscopy results showed that
KPNA6 knockout blocked the nuclear translocation of PRRSV nsp1�, while there was
minimal change in subcellular location of the other two proteins tested (Fig. 5C). This
indicates that KPNA6 facilitates nsp1� nuclear translocation and may contribute to
optimal virus replication.

To exclude the possibility of an off-target effect by small guide RNA (sgRNA), we
transfected KPNA6 and nsp1� plasmids into KPNA6-knockout HeLa cells to determine
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whether the exogenous restitution of KPNA6 would restore the nuclear localization of
nsp1�. The results of confocal microscopy showed that restitution of KPNA6 restores
the nuclear translocation of nsp1� completely (Fig. 5D). This result confirms that KPNA6
is required for nsp1� nuclear translocation.

ZIKV infection induces KPNA6 elevation and requires KPNA6 for optimal rep-
lication. PRRSV, a member of the �ssRNA virus, replicates in the cytoplasm of infected
cells. Nevertheless, KPNA6, a karyopherin, is responsible for the nucleocytoplasmic
transportation of cellular proteins. To further test whether KPNA6 elevation is specific
for PRRSV infection, we used another �ssRNA virus, ZIKV, and determined the KPNA6
protein level. ZIKV also induced an elevation in the KPNA6 protein level compared to
mock-infected cells (Fig. 6A). ZIKV infection was confirmed by IFA detection of E protein
using antibody against the flavivirus envelope protein (E) (Fig. 6A). Thus, KPNA6
increase seems to be a common feature of the two �ssRNA viruses tested.

To further confirm the role of KPNA6 in ZIKV replication, we established KPNA6-
knockout Vero cells via the CRISPR/Cas9 system. The empty vector containing Cas9, but
no target guide RNA (gRNA), was also used to establish stable Vero cells as controls. WB
result showed significant reduction of KPNA6 in the stable KPNA6�/� Vero cells
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FIG 6 ZIKV infection also increases KPNA6 protein level and requires KPNA6 for efficient replication. (A)
KPNA6 increase in ZIKV-infected Vero cells. The cells were infected with ZIKV PRVABC59 strain at an MOI
of 10 and harvested at 24 hpi. WB with antibodies against KPNA6, ZIKV E protein, and GAPDH was
conducted. The relative levels of KPNA6 are shown below the images. IFA with antibody against E protein
was conducted. The image on the right shows an overlay of E protein in green and nuclear DNA staining
with DAPI in blue. The scale bar in the lower right portion of the image denotes 10 �m. (B) KPNA6 protein
level in KPNA6-knockout Vero cells. CTRL, control cells stably transfected with the empty vector;
KPNA6�/�, KPNA6-knockout Vero cells via the CRISPR/Cas9 system. WB of KPNA6, KPNA2, and GAPDH
was done. (C) Relative cell viabilities of CTRL and KPNA6�/� Vero cells. (D) ZIKV replication in KPNA6�/�

Vero cells is significantly lower than that in CTRL cells as detected by RT-qPCR (***, P � 0.001). CTRL and
KPNA6�/� Vero cells were infected with ZIKV PRVABC59 strain at an MOI of 0.1. RNA was isolated at 24
hpi, and RT-qPCR was conducted to detect the ZIKV RNA level. (E) Stable expression of exogenous KPNA6
in KPNA6�/� Vero cells restores the KPNA6 protein level. (F) Stable expression of exogenous KPNA6 in
KPNA6�/� Vero cells restores the ZIKV replication level. The Vero cells were infected with ZIKV PRVABC59
strain at an MOI of 0.1. RNA was isolated at 24 hpi, and RT-qPCR was conducted.
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(Fig. 6B). The KPNA6 knockout had no detectable negative effect on cell viability (Fig.
6C). To test the effect of the KPNA6 knockout on virus replication, we infected the
KPNA6�/� Vero and control Vero cells with ZIKV PRVABC59 strain. The KPNA6�/� Vero
produced significantly lower ZIKV replication than control cells (Fig. 6D). These results
demonstrate that KPNA6 is needed for ZIKV replication.

Furthermore, we transfected KPNA6�/� Vero cells with KPNA6 plasmid and estab-
lished stable cells for exogenous restitution of KPNA6 expression to exclude the
off-target effect of CRISPR/Cas9 system on ZIKV replication. The WB result showed the
successful restitution of KPNA6 in the KPNA6�/� Vero cells (Fig. 6E). To determine
whether the exogenous KPNA6 restitution could restore ZIKV replication in the
KPNA6�/� Vero cells, we infected the cells with ZIKV PRVABC59 strain and harvested
the cells at 24 hpi. The parental KPNA6�/� Vero and control cells were included as
controls. The result of the RT-qPCR analysis showed that the expression of exogenous
KPNA6 in KPNA6�/� Vero cells could restore ZIKV replication (Fig. 6F). This result
substantiates that KPNA6 is required for ZIKV replication.

DISCUSSION

Karyopherins are critical transport factors in the canonical nucleocytoplasmic traf-
ficking system, which is essential for the signal transduction of the host immune
response. Accordingly, karyopherins have been found to be targeted by many viruses
for an evasion of the host antiviral response, including Ebola virus (12, 13), HCV (14),
HBV (15), poliovirus (36), and PRRSV (16). On the other hand, viruses, including DNA
viruses (17), HIV (20), and influenza A virus (21), that replicate in the nucleus exploit
karyopherins to translocate their proteins or genetic elements into the nucleus.

In this study, we discovered that KPNA6 is required by two cytoplasmic �ssRNA
viruses, PRRSV and ZIKV, to facilitate their replication. The viruses protected KPNA6
from the ubiquitin-proteasome degradation. In addition, KPNA6 knockdown or knock-
out impairs viral replication. KPNA6 is involved in the nuclear translocation of PRRSV
nsp1�. Notably, exogenous restitution of KPNA6 expression in KPNA6-knockout cells
restores the nuclear translocation of PRRSV nsp1� and ZIKV replication. These data
indicate that KPNA6 is a positive cellular factor for both PRRSV and ZIKV.

Our data showed that both PRRSV and ZIKV led to the elevation of the KPNA6
protein level. The KPNA6 transcript level underwent minimal change in the PRRSV-
infected cells. The KPNA6 elevation was dose dependent on the PRRSV inoculum
amount. The half-life of KPNA6 was extended from 12 h in the mock-infected cells to
32 h in the PRRSV-infected cells, a finding that is consistent with the time kinetics of
KPNA6 in infected cells. These results suggest that the virus infection stabilizes the
KPNA6 protein by protecting it from the ubiquitin-proteasome degradation. Consistent
with this postulation, the MG132 treatment increased the KPNA6 level. The KPNA6
polyubiquitination level in the virus-infected cells was significantly lower than in
mock-infected cells. The MG132 treatment lasted 6 h in this experiment and did not
affect the PRRSV replication. However, ubiquitin-proteasome system plays a critical role
in flavivirus replication, and MG132, added before or soon after virus inoculation, was
shown to strongly repress flavivirus RNA translation and replication (37).

Among the PRRSV nsp tested, nsp1�, nsp7�, nsp7�, and nsp12 were found to
induce the KPNA6 elevation when individually overexpressed. It is not known whether
they work synergistically in PRRSV-infected cells to exert the effect on KPNA6 elevation.
However, none of them is known to have a direct effect on the ubiquitin-proteasome
pathway. The nsp1� protein antagonizes the host IFN induction and downstream
JAK/STAT signaling (38). The nsp1� protein induces the degradation of KPNA1 to block
STAT1 nuclear translocation. Interestingly, nsp1� can induce the elevation of KPNA6, a
member of the same subfamily as KPNA1. The nsp1� dependence on KPNA6 for its
nuclear translocation may account for the KPNA6 stabilization. nsp7 is highly conserved
and further cleaved into nsp7� and nsp7�, which are known to induce a strong
humoral immune response in PRRSV-infected pigs (39). nsp12 has been reported to
interact with many cellular proteins with high probability in a proteomic study (40).
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Among the cellular proteins, chaperone HSP70 has been verified to interact with nsp12,
and inhibition of HSP70 negatively affects PRRSV replication. nsp12 induces serine 727
phosphorylation of STAT1 to activate expression of inflammatory cytokines while
having no effect on tyrosine 701 phosphorylation that is activated by IFNs (41). The
induction of S727 phosphorylation depends on the p38 mitogen-activated protein
kinase pathway. Our results confirmed that nsp12 induced the KPNA6 elevation in
nsp12-stable HEK293 cells. nsp12 might indirectly exert the effect, since no direct
interaction between nsp12 and KPNA6 was detected using co-IP. Further study is
needed to delineate detail mechanisms on the viral interference with the KPNA6
turnover.

KPNA6 silencing or knockout dramatically inhibits PRRSV and ZIKV replication,
demonstrating that KPNA6 is required for the viral replication. The expression of
exogenous KPNA6 in KPNA6-knockout cells restores ZIKV replication, which substanti-
ates the requirement of KPNA6 in the optimal viral proliferation. Since we did not
restore KPNA6 in KPNA6-silenced MARC-145 cells, we cannot completely exclude the
possibility that the reduced PRRSV replication in KPNA6 knockdown cells could be in
part due to off-target effects. Nevertheless, the restoration of ZIKV replication in
KPNA6-knockout cells with the expression of exogenous KPNA6 clearly demonstrates
that KPNA6 is required for the viral replication. PRRSV infection leads to heavy eco-
nomic losses to the swine industry. ZIKV is a significant global public health problem.
However, prevention and therapeutic strategies against these viral pathogens are
either limited or unavailable. Our finding may facilitate the development of antiviral
strategies by modulating KPNA6 or blocking the interaction of KPNA6 with the viral
proteins.

Even though �ssRNA viruses replicate in the cytoplasm, some viral proteins localize
to the nucleus. Therefore, we speculated that KPNA6 might take charge of the nuclear
transport of some of the viral proteins. Indeed, PRRSV nsp1� was found to depend on
KPNA6 for the nuclear translocation. This result was substantiated by the restoration of
nsp1� nuclear translocation in KPNA6-knockout HeLa cells with expression of exoge-
nous KPNA6. Our data suggest that nsp1� nuclear localization is important for PRRSV
replication. Yet, we did not determine the nsp1� subcellular location in PRRSV-infected
MARC-145 cells with KPNA6 silencing because we lacked antibody that detects nsp1�

of VR-2385. On the other hand, our result does not exclude other potential mechanisms
of KPNA6 to enhance viral replication, since with ZIKV infection, the nuclear transloca-
tion of ZIKV proteins, including C and NS5, was not affected by KPNA6 knockout (data
not shown). Further studies to examine the mechanisms of KPNA6 in enhancing the
replication of these �ssRNA viruses are warranted.

In addition, elevation of KPNA6 protein level was also found in cells infected by other
�ssRNA viruses, such as HCV and porcine epidemic diarrhea virus (PEDV) (data not shown).
HCV, a member of the Hepacivirus genus of the Flaviviridae family (42), can cause liver
disease upon infection, which could lead to cirrhosis and hepatocellular carcinoma. PEDV,
a member of the genus Alphacoronavirus of the family Coronaviridae (43), causes an acute
and highly contagious enteric disease in nursery piglets with a high mortality rate, which
has led to tremendous economic losses in swine industry (44). Our data suggest that that
KPNA6 might be a potential broad proviral protein for �ssRNA viruses.

In conclusion, KPNA6 plays an important role in the replication of PRRSV and ZIKV.
The virus infection protects KPNA6 from degradation via inhibition of KPNA6 polyu-
biquitination. RNAi-mediated KPNA6 silencing or CRISPR/Cas9 knockout of KPNA6 leads
to a significant reduction in PRRSV and ZIKV replication. KPNA6 is required for the
nuclear translocation of PRRSV nsp1�. Notably, the expression of exogenous KPNA6 in
the KPNA6-knockout cells restores nsp1� nuclear translocation and ZIKV replication.
These results suggest that KPNA6 is required for PRRSV and ZIKV, which modulate the
KPNA6 turnover to facilitate virus replication. This finding provides new insights on
virus-cell interactions and may facilitate the development of antiviral therapeutics by
blocking the viral manipulation of the cellular transport factor.
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MATERIALS AND METHODS
Cells, viruses, and chemicals. HEK293 (ATCC CRL-1573), MARC-145 (ATCC CRL12231) (32), HeLa

(ATCC CCL-2), and Vero (ATCC CCL81) cells were maintained in Dulbecco modified Eagle medium
supplemented with 10% fetal bovine serum (FBS) at 37°C. Aedes albopictus clone C6/36 (ATCC CRL-1660)
cells were cultured in minimum essential medium with 10% FBS at 28°C.

Primary PAMs were revived from frozen stock that was previously collected from bronchoalveolar
lavage fluid of 4- to 5-week-old PRRSV-negative piglets (45) and maintained in RPMI 1640 medium
supplemented with 10% FBS at 37°C as previously described (45).

The PRRSV VR-2385 (46) and VR-2332 (47) strains used in this study were propagated in MARC-145
cells. ZIKV PRVABC59 strain (48) was reproduced in C6/36 cells. Virus titers were determined in cultured
cells by 10-fold serial dilutions and shown as the median tissue culture infectious dose (49).

FuGeneHD (Promega, Madison, WI) was used to transfect plasmid DNA into the cells according to the
manufacturer’s instructions. Cycloheximide (Sigma-Aldrich, St. Louis, MO), an inhibitor of protein syn-
thesis, was used to treat cells at a final concentration of 50 �M to test the half-life of KPNA6 (16, 50).
MG132 (Sigma-Aldrich), a proteasome inhibitor, was used at a final concentration of 10 �M to treat cells
for 6 h prior to harvesting cells (16, 50).

MARC-145 cells stably expressing KPNA6 shRNA were established by the transfection of cells with
pSIREN-RetroQ-ZsGreen-KPNA6-shRNA and pTK-Hyg plasmids. The cells were then cultured under anti-
biotic hygromycin at a concentration of 50 �g/ml. The surviving cells were subjected to single-cell
cloning by limited dilution. KPNA6-knockout Vero and HeLa cells by the CRISPR/Cas9 system (51, 52)
were established by flow cytometry sorting of green fluorescent protein (GFP)-positive cells that were
transfected with the CRISPR plasmid PX461-sgKPNA6 containing a gRNA and a CRISPR-associated
endonuclease (Cas9). The empty vector containing Cas9, but no target gRNA, was also used to establish
stable Vero and HeLa cells as controls. Restitution of KPNA6 expression in KPNA6-knockout Vero cells was
established by the transfection of KPNA6�/� Vero cells with pCAGEN-KPNA6 and pTK-Hyg plasmids,
followed by selection under the pressure of hygromycin.

Plasmids. KPNA6 (GenBank accession number NM_012316) was cloned into pCAGEN (Addgene,
plasmid 11160) (53) with a Myc tag at the N terminus as previously reported (16). Plasmids of PRRSV nsp
from strain VR-2385 (GenBank accession number JX044140) were as described previously (16, 50). KPNA6
shRNAs were designed and cloned into plasmid pSIREN-RetroQ-ZsGreen according to the instructions of
the manufacturer (TaKaRa Bio USA, Inc., Mountain View, CA). Plasmid pTK-Hyg (GenBank accession
number U40398) was purchased from TaKaRa Bio USA. To establish KPNA6-knockout Vero cells by
CRISPR/Cas9 system, a gRNA was designed and cloned into the vector pSpCas9n(BB)-2A-GFP (PX461) (a
gift from Feng Zhang (Addgene plasmid # 48140)) (51). All primers used for the plasmid construction are
listed (Table 1). All plasmids constructed in-house were subjected to DNA sequencing to verify the
inserts.

Western blot analysis. Whole-cell lysate in Laemmli sample buffer was subjected to SDS-PAGE and
Western blotting as previously described (54, 55). Antibodies against KPNA6 (Santa Cruz Biotechnology,
Inc., Dallas, TX), KPNA1 (Santa Cruz), KPNA2 (Proscim, Inc., Poway, CA), PRRSV nsp2 protein (56, 57),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Santa Cruz), flavivirus E protein (58), hemaggluti-
nin (HA) tag (Thermo Fisher Scientific, Waltham, MA), cMyc tag (Thermo Fisher Scientific), ubiquitin (Santa
Cruz), �-tubulin (Sigma-Aldrich), and FLAG tag (Sigma-Aldrich) were used in the blotting. Pig anti-PRRSV
serum (59) was used to detect nsp2 of PRRSV strain VR-2332 since the monoclonal antibody against nsp2
(56, 57) did not work with this strain. The secondary antibodies used in this study were horseradish
peroxidase-conjugated rabbit anti-goat IgG (Rockland Immunochemicals, Inc., Gilbertsville, PA), goat
anti-mouse IgG (Rockland), and goat anti-swine IgG (SeraCare Life Sciences, Gaithersburg, MD). The
specific reactions were detected with chemiluminescence substrate, and the signal was recorded digitally
using a ChemiDoc XRS imaging system using the QuantityOne Program, version 4.6 (Bio-Rad Laborato-
ries, Hercules, CA). All experiments were repeated at least three times to ensure reproducibility.

Reverse transcription and real-time PCR. Total RNA was isolated from cells with the TRIzol reagent
(Thermo Fisher Scientific) in accordance with the manufacturer’s instructions. Reverse transcription and

TABLE 1 Primers used in this study

Primera Sequence (5=–3=)b Target gene/use

KPNA6F1 CCGAATTCGAGACCATGGCGAGCCCAGGG KPNA6 cloning
KPNA6R1 GCCTCGAGTTATAGCTGGAAGCCCTCC KPNA6 cloning
R-KPNA6-F1 GGAAGCCTATGGCTTGGATA KPNA6 real-time
R-KPNA6-R1 CTGTTGCGTTTCATCGACTT KPNA6 real-time
P7RF1 ATCGCTCACCAAAACCAGTCC PRRSV real-time
P7RR1 CTTCAGTCGCTAGAGGGAAATGG PRRSV real-time
KPNA6_S1F GATCCAGCCTATGGCTTGGATAAATTCAAGAGATTTATCCAAGCCATAGGCTTTTTTTACGCGTG KPNA6 shRNA
KPNA6_S1R AATTCACGCGTAAAAAAAGCCTATGGCTTGGATAAATCTCTTGAATTTATCCAAGCCATAGGCTG KPNA6 shRNA
KPNA6-gRNA-p2tF CACCGAAGAGTGGTGGATCGGTTCG KPNA6 sgRNA
KPNA6-gRNA-p2tR AAACCGAACCGATCCACCACTCTTC KPNA6 sgRNA
KPNA6-gRNA-p2bF CACCGTGTTGATAACTTCATCTAT KPNA6 sgRNA
KPNA6-gRNA-p2bR AAACATAGATGAAGTTATCAACAC KPNA6 sgRNA
aF, forward primer; R, reverse primer.
bItalicized letters indicate restriction enzyme cleavage sites for cloning.
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real-time PCR with SYBR green detection (Thermo Fisher Scientific) were performed as described
previously (50, 60). Transcript of RPL32 (ribosomal protein L32) from the same samples was detected as
an internal control (61). Real-time PCR primers for KPNA6 and PRRSV are listed in Table 1. The primers
for ZIKV were described previously (62). All experiments were repeated at least three times, with each
experiment performed in triplicate.

IFA. Immunofluorescence assay (IFA) was carried out as reported (63) with antibodies against HA tag
(Thermo Fisher Scientific), cMyc tag (Thermo Fisher Scientific), KPNA6 (Santa Cruz Biotechnology), PRRSV
nsp2 protein (56, 57), and flavivirus E protein (58). The specific reactions were detected by the following
conjugated secondary antibodies: goat anti-mouse IgG(H&L) Dylight 549, goat anti-mouse IgG(H&L)
Dylight 488, and goat anti-rabbit IgG(H&L) Dylight 488 (Rockland Immunologicals). The cover glasses
were mounted onto slides using SlowFade Gold antifade reagent containing DAPI (4=,6=-diamidino-2-
phenylindole; Thermo Fisher) and observed using fluorescence microscopy.

Cell viability assay. To test the cytotoxicity of MG132, MARC-145 cells infected with PRRSV for 24 h
were treated with MG132. Dimethyl sulfoxide (DMSO)-treated and noninfected cells were included as
controls. After 6 h, cell viability was detected with CellTiter-Glo (Promega, Madison, WI) according to the
manufacturer’s instructions. To compare the cell viability of KPNA6-knockdown and KPNA6-knockout
cells to that of control cells, the same numbers of cells were plated in different wells. After 24 h, cell
viability was determined with CellTiter-Glo. All experiments were repeated at least three times, with each
experiment performed in triplicate.

IP. Immunoprecipitation (IP) was conducted as described previously (50). The cell lysate was clarified
and incubated with the specific antibody indicated in Results, followed by incubation with protein
G-agarose (SeraCare Life Sciences). The IP complexes were subjected to Western blotting. To determine
the polyubiquitination of KPNA6, we added ubiquitin aldehyde (Boston Biochem, Inc., Cambridge, MA),
a specific inhibitor of ubiquitin hydrolases, to the lysis buffer at a final concentration of 2.53 �M. The IP
complexes were subjected to immunoblot analysis with the antibodies against ubiquitin and KPNA6.

Statistical analysis. Differences in indicators between treatment samples, such as the KPNA6 mRNA
level between the groups in the presence of PRRSV infection and the mock-infected control, were
assessed by a Student t test. A two-tailed P value of �0.05 was considered significant.
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