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alpha 2) via chaperone-mediated autophagy
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Summary
KPNA2/importin-alpha1 (karyopherin subunit alpha 2) is the primary nucleocytoplasmic transporter for 
some transcription factors to activate cellular proliferation and differentiation. Aberrant increase of 
KPNA2 level is identified as a prognostic marker in a variety of cancers. Yet, the turnover mechanism 
of KPNA2 remains unknown. Here, we demonstrate that KPNA2 is degraded via the chaperone-mediated 
autophagy (CMA) and that Zika virus (ZIKV) enhances the KPNA2 degradation. KPNA2 contains a CMA 
motif, which possesses an indispensable residue Gln109 for the CMA-mediated degradation. RNAi- 
mediated knockdown of LAMP2A, a vital component of the CMA pathway, led to a higher level of 
KPNA2. Moreover, ZIKV reduced KPNA2 via the viral NS2A protein, which contains an essential residue 
Thr100 for inducing the CMA-mediated KPNA2 degradation. Notably, mutant ZIKV with T100A alteration 
in NS2A replicates much weaker than the wild-type virus. Also, knockdown of KPNA2 led to a higher 
ZIKV viral yield, which indicates that KPNA2 mediates certain antiviral effects. These data provide 
insights into the KPNA2 turnover and the ZIKV-cell interactions.
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Introduction

Karyopherins are a group of proteins mediating the nucleocyto
plasmic trafficking of numerous proteins, among which many are 
transcription factors that are involved in cellular proliferation and 
differentiation, and host immunity [1–4]. In the classical nuclear 
import pathway, cytoplasmic cargoes bearing a classical nuclear 
localization sequence (NLS) are first recognized by an importin 
alpha, which then associates with importin beta [2]. The ternary 
complex of importin beta/alpha/NLS-cargo translocates through 
the nuclear pore complex (NPC) to the nucleus.

Seven isoforms of importin alpha (KPNA1-KPNA7 [kar
yopherin subunit alpha]) are reported and grouped into three 
subfamilies [2,5,6]. KPNA2 and KPNA7 belong to the same 
subfamily of KPNA isoforms with 53% identical amino acids 
[6]. All KPNA isoforms are expressed in all adult cells to some 
extent with the exception of KPNA5, which is restricted to the 
testis [7], and KPNA7, which is limited to the ovaries and 
early-stage embryos [8,9]. The KPNAs are composed of 
a flexible N-terminal importin beta binding (IBB) domain, 
and a highly structured domain of ten tandem armadillo 
(ARM) repeats. The helical ARM repeats form a groove for 
NLS binding. The IBB domain interacts in trans with impor
tin beta and in cis with the NLS-binding groove. The compe
titive binding of the IBB domain regulates the binding of 
NLS-containing cargos [10]. Each isoform of KPNAs has its 

preference for cargos. KPNA2 transports the POU domain 
transcription factor POU5F1/OCT4 (POU class 5 homeo
box 1) 11], transcription factor MYC/c-Myc [12], E2F1 [13], 
the small GTPase RAC1 [14], the deoxynucleotide- 
triphosphate (dNTP) hydrolase SAMHD1 (sterile alpha 
motif and histidine/aspartic acid domain 1) [15], RELA/NF- 
κB p65 [16], NBN/NBS1 [17] and so on. However, KPNA2 
inhibits the nuclear translocation of POU transcription factor 
POU3F1/OCT6 and POU3F2/BRN2 [18].

Aberrant KPNA2 expression levels are found in a variety 
of cancers, including melanoma, brain, liver, lung, ovarian, 
and prostate cancers [19–22]. Increased KPNA2 protein 
level is considered as a prognostic marker for various 
human cancers, including colorectal cancer [23,24], bladder 
cancer [25], epithelial ovarian cancer [26], hepatocellular 
carcinoma [27], oral cancer [28], lung cancer [29], gastric 
adenocarcinoma [30], epithelial ovarian cancer [31], pros
tate cancer [20], and breast cancer [32].

KPNA2 is essential for the maintenance and differentiation 
of embryonic stem cells (ESCs). The knockdown of KPNA2 
expression in ESCs leads to a reduction of the transcription 
factors that maintain pluripotency (e.g. POU5F1, NANOG, 
and SOX2) and induces cell differentiation into several 
lineages [18]. KPNA2 plays a crucial role in the maintenance 
of undifferentiated ESCs through the inhibition of the nuclear 
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import of specific transcription factors like POU3F1/OCT6 
that induce cell differentiation [18]. Therefore, the intracellu
lar distribution of transcription factors is carefully controlled 
for the regulation of their activities. Yet, the turnover mechan
ism of KPNA2 is unknown.

ZIKV is a mosquito-borne RNA virus of the genus 
Flavivirus, the family Flaviviridae. ZIKV was first isolated 
from a monkey in the Zika forest of Uganda in 1947 [33,34]. 
The virus drew little attention until the first documented 
human outbreak occurred in the Pacific Islands and the 
recent epidemic in South America [35–37]. ZIKV has spread 
to over 60 countries [38–40]. The majority of the ZIKV- 
infected people are asymptomatic or have only mild symp
toms. ZIKV-infected pregnant women, however, can pass the 
virus to their fetuses, leading to severe congenital microce
phaly and neurological deficiency [41,42]. Also, ZIKV infec
tion is associated with Guillain-Barre syndrome (GBS), a rare 
but serious autoimmune disorder [43–46].

Phylogenetic studies group ZIKV strains into two distinct 
lineages: Asian and African [47]. ZIKV infects neural precur
sor cells derived from pluripotent stem cells and causes apop
totic cell death and cell-cycle dysregulation [48,49]. ZIKV also 
infects human neural stem cells, inhibits their differentiation 
into neuroprogenitor, and causes the death of early differen
tiating neuroprogenitor cells [50]. The Asian lineage ZIKV is 
shown to infect the brains of the embryonic mice and cause 
microcephaly [51–53].

ZIKV is enveloped with a single-stranded, positive-sense 
RNA genome of about 10.7 kb in length. It encodes a single 
polyprotein that is produced and cleaved co-translationally 
into three structural proteins (capsid [C], precursor mem
brane [prM], and envelope [E]) and seven non-structural 
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) 
[54]. Neither an effective treatment nor a vaccine is available 
for the control and prevention of ZIKV infection.

The recent outbreak in the central and south Americas has 
drawn wide public attention to ZIKV infection and led to the 
latest research on ZIKV. However, ZIKV-cell interactions are 
not well understood. Our earlier study demonstrated that 
ZIKV infection induces the elevation of KPNA6, another 
KPNA isoform, and that KPNA6 knockout dampens ZIKV 
replication [55]. During the study of KPNA6, we wondered if 
ZIKV had any effect on other KPNA isoforms. We conducted 
a preliminary test on KPNA1 and KPNA2 protein levels in 
ZIKV-infected cells and noticed the reduction of KPNA2. The 
objective of this study was to confirm the observation and 
determine the mechanism of ZIKV-induced reduction of 
KPNA2. We discovered that KPNA2 was degraded via the 
CMA pathway and that ZIKV infection enhanced the KPNA2 
turnover via the viral NS2A protein. Notably, KPNA2 knock
down led to elevation of ZIKV proliferation. ZIKV with NS2A 
mutation that failed to reduce KPNA2 had much weaker 
replication than the wild-type virus. These results indicate 
that ZIKV mediates the KPNA2 downregulation via NS2A, 
which interferes with the KPNA2 functions and potentially 
contributes to the ZIKV invasion and pathogenesis.

Results

ZIKV infection reduces the KPNA2 protein level

The effect of ZIKV infection on KPNA2 was determined in 
Vero cells, which were infected with the ZIKV PRVABC59 
strain (Asian lineage, GenBank Accession Number 
KX377337) [56] at a multiplicity of infection (MOI) of 10. 
Western blotting (WB) was performed to determine the 
KPNA2 protein level. The results showed that the ZIKV 
infection at 24 hours post-infection (hpi) reduced KPNA2 
by approximately 80% in comparison to the mock-infected 
cells, whereas the level of KPNA1, another isoform of KPNA, 
had minimal change (Figure 1A). To investigate how ZIKV 
infection induced the KPNA2 reduction, we first tested 
whether ZIKV had any effect on KPNA2 transcription. 
Reverse transcription and quantitative PCR (RT-qPCR) was 
conducted. The results showed that ZIKV infection had mini
mal effect on the KPNA2 mRNA level in comparison with the 
mock-infected cells (Figure 1B), which indicates that the 
reduction of KPNA2 protein level in ZIKV-infected cells is 
probably not due to interruption at the transcriptional level.

The results above showed KPNA2 reduction in ZIKV- 
infected Vero cells. We reasoned that ZIKV infection of 
other types of cells should have a similar effect on KPNA2. 
Indeed, ZIKV infection of HeLa and human neuroblastoma 
SK-N-SH cells led to lower KPNA2 but had minimal effect on 
KPNA1 level (Figure 1C,D).

As the ZIKV infection led to the KPNA2 reduction, we 
speculated that a higher rate of viral infection would induce 
a lower KPNA2 level. Indeed, Vero cells that were infected 
with ZIKV PR strain at the MOIs of 0.1, 1, 10, and 20 had 
KPNA2 protein level reduced further along with the incre
mental MOI (Figure 1E). ZIKV replication was confirmed by 
the ZIKV RNA level determined with RT-qPCR (Figure 1F). 
Moreover, the ZIKV-mediated reduction of KPNA2 level was 
verified at both 24 and 48 hpi (Figure 1G).

Lysosomal proteolysis accounts for ZIKV-mediated KPNA2 
degradation

Proteasomes and lysosomes are the primary sites for protein 
degradation in cells [57,58]. We then tested whether the 
KPNA2 reduction was due to degradation by the ubiquitin- 
proteasome pathway or the lysosomal proteolysis. MG132, 
a proteasome inhibitor, and NH4Cl, a lysosomotropic com
pound that raises the lysosomal pH to block proteolysis [59], 
were added to the cells at 24 hpi. The cells were harvested 6 h 
later for Western blotting. The treatment with both MG132 
and NH4Cl resulted in the restoration of the KPNA2 level in 
the ZIKV-infected Vero cells (Figure 2A). Compared with the 
DMSO solvent control, the 6-h treatment (from 24 to 30 hpi) 
with MG132 or NH4Cl had minimal effect on cell viability 
(Figure 2B) and ZIKV RNA level (Figure 2C). These results 
indicate that the restoration of the KPNA2 level by the two 
inhibitors was not due to their potential negative impacts on 
cell growth or virus replication. As MG132 also inhibits some 
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lysosomal hydrolases [59], these results suggest that ZIKV- 
mediated KPNA2 reduction is via the lysosomal proteolysis 
instead of the ubiquitin-proteasome pathway.

ZIKV shortens KPNA2 half-life

As ZIKV reduced the KPNA2 protein level, we reasoned that 
the KPNA2 half-life in the ZIKV-infected cells would be 
shortened. Vero cells were infected with ZIKV and, 24 
h later, treated with cycloheximide, an inhibitor of protein 
translation. WB results showed that KPNA2 level was reduced 
much faster in the infected than the control cells (Figure 2D). 
Densitometry analysis indicated that ZIKV infection shor
tened the KPNA2 half-life from 12 to 6 h.

The results above showed that ZIKV infection possibly 
reduced the KPNA2 level via the lysosomal proteolysis. We 
reasoned that the ZIKV infection would not induce KPNA2 
polyubiquitination, which is needed for ubiquitin-proteasome 
degradation. To test this, we conducted co- 
immunoprecipitation (co-IP) of KPNA2, followed by WB 
with antibodies against ubiquitin and KPNA2. Treatment of 
the cells with NH4Cl to restore the KPNA2 level was done for 
comparison of KPNA2 ubiquitination in the ZIKV-infected 
and the control cells. Results showed that ZIKV infection had 
minimal effect on the KPNA2 ubiquitination level (Figure 
2E). WB of input cell extract showed a similar total ubiquiti
nation level between the infected and mock-infected cells. 
These results indicate that ZIKV-induced KPNA2 reduction 
does not depend on KPNA2 ubiquitination.

ZIKV induces KPNA2 reduction via selective autophagy

Protein degradation by lysosomes is mediated by autophagy, 
which includes macroautophagy, microautophagy, and cha
peron-mediated autophagy (CMA) [60]. As ZIKV did not 

induce a change of KPNA1 level, we reasoned that the lyso
somal degradation of KPNA2 could be via the microauto
phagy or CMA as they are selective in cargos whereas 
macroautophagy is generally not. Both the microautophagy 
or CMA pathways need the interaction of cargo proteins with 
the cytoplasmic chaperone, HSPA8/HSC70 (heat shock pro
tein family A (Hsp70) member 8), which targets the cargos to 
the lysosome [60]. The CMA pathway depends on the lyso
somal membrane receptor, LAMP2A (lysosome membrane- 
associated protein type 2A), which is not required for endo
somal microautophagy [60]. We surmised that KPNA2 inter
acted with LAMP2A if ZIKV induced the KPNA2 reduction 
via the CMA pathway. Co-IP results showed that KPNA2 
precipitates contained LAMP2A, while isotype control IgG 
did not (Figure 3A). Similarly, the co-IP precipitates of 
LAMP2A contained KPNA2 (Figure 3B). These results indi
cate that KPNA2 interacted with LAMP2A in the CMA 
pathway.

The limiting factor in the CMA pathway is LAMP2A, as 
the knockdown of it blocks the CMA [61]. We speculated that 
LAMP2A knockdown would prevent KPNA2 degradation. To 
test this, we stably transduced Vero cells with recombinant 
retrovirus expressing shRNA against LAMP2A (shLAMP2A). 
An irrelevant shRNA (C-shRNA) was included as a control in 
the stable transduction. WB results showed that the KPNA2 
level in the cells with LAMP2A knockdown was 3.51-fold 
higher than the cells with control shRNA, while KPNA1 had 
a minimal change (Figure 3C). LAMP2A level in the cells 
treated with shLAMP2A was reduced to 13% in comparison 
to the cells with control shRNA. Cell viability assay showed 
that the LAMP2A knockdown had minimal effect on cell 
growth (Figure 3D). ZIKV infection of the cells with the 
LAMP2A knockdown had minimal effect on the KPNA2 
level while reducing the KPNA2 in the cells with the control 
shRNA (Figure 3E). These results demonstrate that the CMA 

Figure 1. ZIKV infection reduces the KPNA2 protein level. (A) ZIKV infection of Vero cells leads to a lower KPNA2 protein level while having minimal effect on KPNA1. 
The cells were inoculated with ZIKV PRVABC59 strain at an MOI of 10 and harvested for western blotting (WB) at 24 h post-infection (hpi). Relative levels of KPNA2 
are shown below the images after normalization with house-keeping gene TUBB1/tubulin beta. (B) ZIKV infection has minimal effect of KPNA2 mRNA level detected 
by RT-qPCR. The relative KPNA2 mRNA level is shown in comparison to the mock-infected Vero cells after normalization with the house-keeping gene RPL32. The cells 
were infected with ZIKV PRVABC59 strain at an MOI of 10 and harvested at 24 hpi. Error bars represent the standard errors of the means of three repeated 
experiments. (C and D) ZIKV infection of HeLa and SK-N-SH cells reduces KPNA2 level while having minimal effect on KPNA1. The cells were inoculated with ZIKV 
PRVABC59 strain at an MOI of 10 and harvested at 48 hpi. (E) The infection of Vero cells with incremental ZIKV inoculum leads to a dose-dependent reduction of 
KPNA2. The cells were harvested for WB at 24 hpi. Relative levels of KPNA2 are shown below the images. (F) ZIKV RNA levels in the infected cells at 24 hpi detected 
by RT-qPCR. The relative RNA levels in comparison with the MOI of 0.1 are shown. Error bars represent the standard errors of the means of three repeated 
experiments. Significant differences in RNA level from the sample of MOI 0.1 are denoted by asterisks (**, P < 0.01; ***, P < 0.001). G. ZIKV reduces KPNA2 in Vero 
cells at both 24 and 48 hpi. 
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pathway is responsible for KPNA2 degradation and that ZIKV 
infection accelerates the KPNA2 turnover.

ZIKV NS2A induces KPNA2 reduction

ZIKV encodes a polyprotein that is cleaved into individual 
structural or non-structural proteins: C, prM, E, NS1, NS2A, 
NS2B, NS2B3, NS3, NS4A, NS4B, and NS5 [54]. To determine 
which of these ZIKV proteins induces the KPNA2 reduction, 
we cloned sequences encoding these individual proteins for 
transient expression. HEK293 cells were co-transfected with 
plasmids encoding KPNA2 and one of the ZIKV proteins. WB 
results showed that compared with the empty vector control, 
ZIKV NS2A induced a significant reduction of KPNA2 pro
tein level, whereas the other proteins had a minimal effect 
(Figure 4A,B).

To further confirm the effect of NS2A on KPNA2 reduc
tion, we transfected HEK293 cells with an incremental 
amount of NS2A plasmid DNA and determined the KPNA2 
level. WB result showed KPNA2 level was reduced in a dose- 
dependent manner along with the additional amount of NS2A 
plasmid (Figure 4C).

As NS2A induces the reduction of KPNA2, we speculated 
that the two proteins might interact. To test the speculation, 
we transfected HEK293 cells with the NS2A and KPNA2 
plasmids for co-IP and WB. The results showed that NS2A 
precipitates contained KPNA2 but not YFP alone (Figure 4D). 

Similarly, NS2A was present in the KPNA2 precipitates, 
whereas YFP from the EV control was not (Figure 4E). To 
determine if NS2A reduces KPNA2 via the CMA pathway, we 
co-transfected HEK293 cells with NS2A and KPNA2 plas
mids. WB results showed that NS2A reduced KPNA2 in the 
cells with control shRNA, whereas it had minimal effect on 
KPNA2 in the cells with the LAMP2A knockdown (Figure 
4F). These results indicate that NS2A interacts with KPNA2 
and induces its reduction via the CMA pathway. Cell viability 
assay excluded the possibility that NS2A might have cytotoxi
city in HEK293 cells (Figure 4G).

The amino acid residue Thr100 of NS2A is indispensable 
for the NS2A-mediated reduction of KPNA2

NS2A is predicted to be a transmembrane protein with 226 
amino acid residues. There are seven potential transmem
brane domains in NS2A protein based on the Phobius pre
diction of transmembrane domains (http://phobius.sbc.su.se/ 
poly.html). The analysis suggests there are four motifs 
oriented to expose to the cytoplasmic side: amino acids (aa) 
24–35, 95–103, 144–164, and 220–226. Based on the sequence 
analysis, we constructed three truncation mutants of NS2A to 
determine the motif that correlates with KPNA2 reduction: 
NS2A-D1 (aa 1–100); NS2A-D2 (aa 90–180), and NS2A-D3 
(aa 160–226) (Figure 5A).

Figure 2. ZIKV infection induces KPNA2 degradation via the lysosomal pathway. (A) MG132 and NH4Cl treatment restore the KPNA2 level in ZIKV-infected cells. Vero 
cells were infected with ZIKV and 24 hpi, treated with MG132 or NH4Cl. The cells were harvested 6 h after the treatment. DMSO was included as a solvent control in 
the first two lanes. (B) The treatment with MG132 and NH4Cl for 6 h has minimal effect on cell viability. DMSO was included as a solvent control in the first two bars. 
(C) The treatment with MG132 and NH4Cl for 6 h has minimal effect on the ZIKV RNA level. (D) KPNA2 half-life is shortened by ZIKV infection. Vero cells were infected 
with ZIKV at an MOI of 10 for 24 h before treated with cycloheximide. Mock-infected cells were included for control. (E) ZIKV infection has a minimal effect on KPNA2 
ubiquitination. Vero cells were infected with ZIKV, treated with NH4Cl for 6 h, and harvested for immunoprecipitation (IP) with KPNA2 antibody. The IP precipitate 
was subjected to WB with antibodies against ubiquitin (Ub) and KPNA2. The input of cell lysate was included as a control. 
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Transfection of HEK293 cells with the full-length and 
truncated NS2A plasmids, followed by WB with the antibody 
against KPNA2, was done. The results showed that NS2A-D3 
could not reduce KPNA2, while NS2A-D1 and NS2A-D2 
reduced KPNA2 similarly to the wild-type NS2A (Figure 
5B). The finding suggests that the residues aa 90–100 of 
NS2A contain the motif inducing KPNA2 reduction as both 
the NS2A D1 and D2 truncates were able to cause KPNA2 
reduction, and they overlap in the ten residues. Within the ten 
residues, aa 96–100 are predicted to orient toward the cyto
plasmic side and might have the potential to interact with 
KPNA2.

To identify the critical amino acid residues in the NS2A 
motif, we conducted site-directed mutagenesis of the resi
dues aa 96–100 and generated NS2A-M1 to NS2A-M4 
mutant plasmids (Figure 5C). Transfection of HEK293 
cells was done with wild-type NS2A and these mutant 
plasmids, separately. The WB results showed that NS2A- 
M4 had minimal effect on KPNA2, while NS2A-M1, NS2A- 
M2, NS2A-M3, and the wild-type NS2A reduced KPNA2 
similarly (Figure 5D).

Since the NS2A-M4 (T100A) lost the ability to reduce 
KPNA2, we reasoned that the mutation might affect the 
NS2A interaction with KPNA2. Indeed, NS2A-M4 had 
a minimal presence in the KPNA2 precipitates, while the 
wild-type NS2A was readily detected (Figure 5E). These 
results demonstrated that the residue Thr100 was critical for 
the NS2A-mediated reduction of KPNA2.

To verify the effect of this critical residue Thr100 in whole 
virus infection, we conducted site-directed mutagenesis for 
T100A in NS2A of ZIKV ICD cDNA infectious clone 

plasmid [62]. Recovery of the mutant virus in Vero cells 
was conducted. Virus recovery with the wild-type ICD plas
mid was also done. The recovered virus was passaged three 
times. Sanger DNA sequencing of the cDNA of the recovered 
virus was done and confirmed the presence of the T100A 
mutation in NS2A of the mutant virus (Figure 5F). The virus 
yield titration showed that the mutant virus had much lower 
titer than the wild-type virus by 1.33 log10/ml, or 22-fold 
(Figure 5G). To test whether the mutant virus was unable to 
reduce KPNA2, we inoculated the Vero cells with the 
mNS2A virus at an MOI of 10 or with the wild-type virus 
at an MOI of 1 to ensure they have a similar replication level. 
The mutant virus, as expected, lost its ability to reduce 
KPNA2 (Figure 5H). These results indicate that the Thr100 
residue of NS2A is critical for the ZIKV-mediated KPNA2 
reduction and the virus replication.

KPNA2 contains a CMA motif, and the mutation of 
Gln109 residue abolishes NS2A-mediated KPNA2 
reduction

The above results show that ZIKV induced KPNA2 degra
dation via the CMA pathway. For proteins that are 
degraded by the CMA, they have a characteristic motif 
with the consensus sequence KFERQ (Lys-Phe-Glu-Arg- 
Gln) to interact with HSPA8 [58]. The substrate protein is 
then unfolded by HSPA8 and translocated across the lyso
some membrane through the action of HSPA8 and the 
lysosome membrane protein LAMP2A. The CMA motif is 
often referred to as the KFERQ-like motif, which contains 
up to two hydrophobic residues, two positively charged 

Figure 3. ZIKV-induced KPNA2 reduction is via the chaperon-mediated autophagy (CMA). (A) Co-immunoprecipitation (co-IP) of KPNA2 precipitates LAMP2A. Lysate 
of Vero cells was used for co-IP with KPNA2 antibody (anti-KPNA2) or an isotype control IgG (C-IgG). The input of the cell lysate was included in WB for control. (B) 
Co-IP of LAMP2A precipitates KPNA2. Lysate of Vero cells was used for co-IP with the LAMP2A antibody (anti-LAMP2A) or an isotype control IgG (C-IgG). (C) LAMP2A 
knockdown in Vero cells leads to the elevation of the KPNA2 level while having minimal effect on KPNA1. Vero cells stably transduced with recombinant retrovirus 
expressing control shRNA (C-shRNA) or shRNA against LAMP2A (shLAMP2A) were harvested for WB. Relative levels of LAMP2A, KPNA1, and KPNA2 are shown below 
the images. (D) LAMP2A knockdown in Vero cells has minimal effect on cell viability. NS: no significant difference. (E) ZIKV infection of Vero cells with LAMP2A 
knockdown has minimal effect on KPNA2. Vero cells stably transduced with retroviral shLAMP2A or C-shRNA were infected with ZIKV and harvested at 48 hpi for WB. 
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residues, a single negatively charged residue, and one glu
tamine at N- or C-terminus [58]. The KPNA2 amino acid 
sequence has the peptide LSREKQ (aa104-109), which 
might be a CMA motif. Site-directed mutagenesis of the 
potential CMA motif in KPNA2 was conducted to generate 
four KPNA2 mutants: M1 (L104A-S105A), M2 (R106A- 
K108A), M3 (E107A), and M4 (Q109A) (Figure 6A).

HEK293 cells were co-transfected with plasmids of NS2A 
and one of the four KPNA2 mutants. Compared to the empty 
vector control, the KPNA2-M4 level was stable, while 
KPNA2-M1, KPNA2-M2, and KPNA2-M3, as well as the 
wild-type KPNA2, were lower (Figure 6B). This finding indi
cates that the Q109A mutation in KPNA2-M4 abolishes the 
NS2A-mediated reduction of KPNA2. We speculated that 
KPNA2-M4 should have much less interaction with 
LAMP2A than the wild-type KPNA2. Indeed, the co-IP result 

showed that the KPNA2-M4 precipitate contained much less 
LAMP2A and HSPA8/HSC70 than the precipitate of wild- 
type KPNA2 (Figure 6 C). We also speculated that KPNA2- 
M4 would have less interaction with NS2A. Indeed, NS2A in 
the KPNA2-M4 precipitate was much less than in the pre
cipitate of wild-type KPNA2 (Figure 6D). These results 
demonstrate that KPNA2 has a CMA motif, in which the 
residue Gln109 is critical to the CMA-mediated KPNA2 
degradation.

KPNA2 knockdown leads to an elevation of ZIKV 
proliferation

To assess the role of KPNA2 in ZIKV replication, we con
ducted an RNAi-mediated knockdown of KPNA2 in Vero 
cells. The cells were stably transduced with recombinant 

Figure 4. ZIKV NS2A protein induces KPNA2 reduction. (A and B). Identification of the ZIKV protein that causes KPNA2 reduction. HEK293 cells were co-transfected 
with the plasmids encoding the individual ZIKV proteins and HA-KPNA2. The cells were harvested for WB at 48 h post-transfection. Molecular weight markers are 
indicated on the left. Relative KPNA2 levels are shown below the images. EV: empty vector. (C) Dose-dependent reduction of KPNA2 by NS2A. HEK293 cells were co- 
transfected with HA-KPNA2 and NS2A plasmids. (D) KPNA2 is present in NS2A co-IP precipitates while YFP from the empty vector (EV) control is absent. HEK293 cells 
were co-transfected with HA-NS2A and YFP-KPNA2 plasmids. The input of cell lysate is included for control. (E) NS2A is present in KPNA2 co-IP precipitates. HEK293 
cells were co-transfected with YFP-NS2A and HA-KPNA2 plasmids. (F) NS2A has minimal effect on the KPNA2 level in HEK293 cells with LAMP2A knockdown. HEK293 
cells were transfected with control shRNA (C-shRNA) or shLAMP2A plasmids for 48 h and passaged. The transfection and passaging were repeated for three times 
before the cells were used for co-transfection with NS2A and KPNA2 plasmids. EV was included as a control. (G) NS2A expression in HEK293 cells has minimal effect 
on cell viability. 
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retrovirus expressing shRNA against KPNA2. KPNA2 in the 
cells with shKPNA2 was significantly reduced in comparison 
to the cells with C-shRNA (Figure 6E). ZIKV replication in 
the cells with KPNA2 knockdown was higher than the cells 
with C-shRNA, shown by the level of NS2B (Figure 6E). Virus 
yield titration result showed that the Vero cells with KPNA2 

knockdown had over 4-fold higher virus than the control cells 
(Figure 6F). The KPNA2 knockdown had minimal effect on 
the cell viability (Figure 6G).

As Vero cells are deficient in type-I interferon produc
tion, we verified the effect of KPNA2 knockdown in inter
feron-competent MARC-145 cells. MARC-145 cells were 

Figure 5. The amino acid residue T100 of NS2A is indispensable for the NS2A-mediated reduction of KPNA2. (A) Schematic illustration of the NS2A truncation 
constructs. The numbers above the lines indicate NS2A amino acid residues. (B) WB of KPNA2 in HEK293 cells co-transfected with plasmids of NS2A truncation 
constructs and HA-KPNA2. Wild-type (WT) NS2A and EV were included as controls. (C) Schematic illustration of mutant NS2A with point mutations. The amino acid 
residues of 96–100 are shown below the top line. Underlined residues indicate point mutations. M1: R96A, M2: N98A, M3: W99A, and M4: T100A. (D) WB of KPNA2 in 
HEK293 cells co-transfected with plasmids of mutant NS2A with point mutations and HA-KPNA2. WT NS2A and EV were included as controls. (E) Mutant NS2A-M4 
(T100A) has minimal interaction with KPNA2. HEK293 cells were co-transfected with plasmids of HA-KPNA2 and WT NS2A or NS2A-M4. The input of cell lysate was 
included in WB. (F) Sequencing of the cDNA of the mutant ZIKV with NS2AT100A confirms the presence of codon mutation in its genome. The numbers above the 
sequence indicate nucleotide positions in cDNA of the ZIKV genome. The bar below the chromatogram indicates the codon change of T100A in NS2A. (G) Mutant 
ZIKV ICD (mNS2A) has a much lower proliferation than the WT virus. Vero cells were inoculated with an MOI of 0.01 for ZIKV proliferation and harvested for virus 
titration at 72 hpi. A significant difference is denoted by *** for P< 0.001. (H) Mutant ZIKV has minimal effect on the KPNA2 level. Vero cells were inoculated with an 
MOI of 10 for the mutant mNS2A virus or with an MOI of 1 for the WT virus to ensure both mutant and WT viruses had a similar level of replication and harvested at 
48 hpi for immunoblotting. 
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stably transduced with shKPNA2. KPNA2 knockdown was 
confirmed with WB in comparison with the cells of control 
shRNA (Figure 6H). ZIKV yield in the cells with KPNA2 
knockdown was much higher than that in the control cells 
by ten-fold (Figure 6I). Cell viability assay showed the 
knockdown had little effect on cell growth (Figure 6J). 
These results indicate that KPNA2 plays a role in dampen
ing ZIKV replication and that, conversely, ZIKV downre
gulates KPNA2 via the CMA pathway to maintain 
a conducive environment in the infected cells.

Discussion

KPNA2 is an essential nucleocytoplasmic transporter and has 
been identified as a prognostic indicator in multiple types of 
human cancers. Its turnover pathway and its role in ZIKV 
replication remain unknown. In this study, we discovered that 
KPNA2 is degraded via the CMA pathway and that ZIKV 
infection enhanced KPNA2 degradation. ZIKV NS2A protein 
was shown to be responsible for inducing the KPNA2 

Figure 6. The residue Gln109 in the KPNA2 CMA motif is indispensable for NS2A-mediated reduction and ZIKV replication increases in the cells with KPNA2 
knockdown. (A) Schematic illustration of KPNA2 mutation at the potential CMA motif. The numbers above the lines indicate KPNA2 amino acid residues. The 
underlined amino acid residues indicate point mutations. M1: mutation 1 (L104A and S105A), M2: R106A and K108A; M3: E107A, and M4: Q109A. (B) Effect of the 
point mutations in KPNA2 on NS2A-mediated KPNA2 reduction. WT KPNA2 and EV were included as controls. (C) Mutant KPNA2Q109A has much less interaction with 
LAMP2A than WT KPNA2. HEK293 cells were transfected with KPNA2-M4 or WT KPNA2 plasmids. The cells were treated with NH4CL for 6 h before harvested for co-IP. 
(D) The co-IP precipitate of mutant KPNA2Q109A contains much less NS2A than the precipitate of WT KPNA2. HEK293 cells were transfected with NS2A-YFP and 
KPNA2-M4 or WT KPNA2 plasmids. The cells were treated with NH4CL for 6 h before harvested for co-IP. (E and F). KPNA2 knockdown in Vero cells leads to higher 
ZIKV replication than control shRNA. Vero cells stably transduced with recombinant retrovirus expressing control shRNA (C-shRNA) or shRNA against KPNA2 (shKPNA2) 
were infected with ZIKV and harvested 48 hpi. ZIKV titers are shown as Log10/ml on Y-axis. A significant difference from cells with C-shRNA is denoted with *** for 
P< 0.001. (G) KPNA2 knockdown has minimal effect on Vero cell viability. NS: no significant difference. (H, I and J). KPNA2 knockdown in MARC-145 cells leads to 
significantly higher ZIKV replication than control shRNA in MARC-145 cells, whereas the cell viability remains stable. 
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reduction. Verification of the ZIKV enhancement of KPNA2 
degradation via the CMA was conducted in several aspects.

First, ZIKV infection leads to a reduction of KPNA2 pro
tein level while having a minimal effect on KPNA1. ZIKV 
infection of several cell lines, including Vero, HeLa, and SK- 
N-SH, had a similar impact on KPNA2 reduction. The virus- 
induced KPNA2 reduction in SK-N-SH cells is more physio
logically relevant to ZIKV-induced neurological disorders. 
The KPNA2 reduction, however, was not due to a change in 
the KPNA2 transcript level. The data shows that ZIKV speci
fically reduces KPNA2 but not KPNA1. In contrast, ZIKV 
induces elevation of KPNA6 protein level, and KPNA6 knock
out impairs ZIKV replication [55]. This suggests that ZIKV 
perturbs certain karyopherins to generate a conducive milieu 
for its own replication.

Second, the ZIKV-induced KPNA2 reduction is due to the 
lysosomal proteolysis as treatment with both MG132 and NH4 
Cl restores the KPNA2 level in ZIKV-infected cells. Though 
MG132 is frequently used as a proteasome inhibitor, it also 
inhibits lysosomal proteases [59]. Therefore, the lysosomal 
inhibition by either MG132 or NH4Cl led to the blockage of 
KPNA2 protein degradation. The treatment with the two 
chemicals lasted for 6 h, which did not lead to a detectable 
negative impact on cell growth and viral replication. Further 
evidence is that ZIKV infection shortened KPNA2 half-life 
from 12 to 6 h but not alter the KPNA2 ubiquitination level. 
Polyubiquitination of a substrate protein occurs in the ubi
quitin-proteasomal pathway. This further excludes the possi
bility of this pathway in the ZIKV-induced KPNA2 
degradation. This is different from KPNA1 or KPNA6, both 
of which are degraded via the ubiquitin-proteasomal pathway 
[55,63]. Our data, however, does not completely exclude the 
possibility of the ubiquitin-proteasomal pathway in the degra
dation of KPNA2. We focused on the lysosomal proteolysis of 
KPNA2 in this study, as its inhibition minimized the ZIKV- 
mediated reduction of KPNA2.

Third, KPNA2 is degraded via the CMA pathway. The 
HSPA8 interaction with cargo proteins and LAMP2A are 
critical components of the CMA pathway [60]. However, 
HSPA8 has been discovered to involve in the microautophagy 
pathway too. To confirm the CMA pathway is responsible for 
the KPNA2 reduction, we conducted co-IP, which indicated 
that KPNA2 interacted with LAMP2A. RNAi-mediated 
knockdown of LAMP2A led to a much higher level of 
KPNA2 and abolished ZIKV-induced KPNA2 reduction, 
which demonstrates that the CMA pathway is responsible 
for KPNA2 degradation. The knockdown of LAMP2A did 
not affect the cell viability, which is consistent with the pub
lished finding that LAMP2A reduction has no effect on lyso
somal stability and functions beyond the CMA [61].

Fourth, ZIKV protein NS2A mediates the KPNA2 reduc
tion. Among all the ZIKV proteins, NS2A was found to 
reduce the KPNA2 protein level. The reduction was con
firmed to be dose-dependent. NS2A enhances the KPNA2 
turnover via the CMA as LAMP2A knockdown abolished 
NS2A-mediated KPNA2 reduction. NS2A is a small trans
membrane protein with three loops that are potentially 
oriented in the cytosolic side. With the constructs of trun
cated NS2A, we identified the motif in NS2A that correlates 

with KPNA2 reduction. Further studies on site-directed muta
genesis led to the identification of the critical residue Thr100 
in NS2A in the reduction of KPNA2. The mutant NS2A with 
T100A alteration failed to reduce KPNA2 and had minimal 
interaction with the later. The Thr100 residue is critical for 
the ZIKV-mediated KPNA2 reduction, and ZIKV replication 
as the mutant ZIKV with T100A alteration in NS2A had 
minimal effect on KPNA2 and produced much lower viral 
yield than the wild-type virus. These results suggest that NS2A 
enhances KPNA2 degradation via the CMA pathway.

Fifth, KPNA2 contains a CMA motif. Mutagenesis of the 
residues in the motif demonstrates that the residue Gln109 is 
indispensable for the KPNA2 degradation via the CMA. 
Mutations of the two basic and one acidic residue also mini
mized KPNA2 degradation, albeit at a much less scale than 
the mutation Q109A. Notably, the mutant KPNA2 with 
Q109A mutation had minimal interaction with LAMP2A 
and NS2A, shown by co-IP. KPNA2 knockdown led to 
a significant increase of ZIKV proliferation in both Vero 
and MARC-145 cells, which suggests that KPNA2 could med
iate an antiviral effect and that ZIKV reduces KPNA2 for 
a conducive environment in the infected cells. It is known 
that KPNA2 transports NFKB into the nucleus to activate 
myriad genes, including antiviral factors [64,65]. Indeed, our 
NFKB luciferase reporter assay showed significantly lower 
reporter expression in KPNA2 knockdown cells than in the 
wild-type cells (data not shown). This might be one of the 
reasons for the KPNA2-mediated antiviral effect against ZIKV 
infection.

ZIKV NS2A is recently shown to have a single segment 
traversing the ER and six segments associating peripherally 
with the ER membrane [66]. NS2A plays a central role in the 
viral assembly. Our data is consistent with the proposed 
topological model of NS2A that the loop of aa 97–104 is 
oriented on the cytoplasmic side [66]. The residue Thr100 of 
NS2A is indispensable for the ZIKV-mediated KPNA2 degra
dation. Our data indicate that NS2A interacts with KPNA2 
shown by co-IP, which suggests that NS2A probably increases 
the KPNA2 interaction with HSPA8 and transportation to the 
lysosome to enhance the CMA-mediated degradation of 
KPNA2. The NS2A interaction with KPNA2, however, possi
bly enhances HSPA8 binding as mutant Q109A KPNA2 had 
much less interaction with both HSPA8 and NS2A. It is 
known that HSPA8 binds cargo proteins via the CMA motif 
[60]. Mutation Q109A in KPNA2 led to minimal interaction 
with LAMP2A, which suggests that the CMA motif is essential 
for the NS2A-enhanced KPNA2 degradation.

KPNA2 plays a crucial role in ESC proliferation and differ
entiation by controlling the intracellular distribution of tran
scription factors that are essential for these activities [18]. 
ZIKV infection interferes with human neural stem cell growth 
and differentiation into neuroprogenitor cells [50,51]. 
Therefore, ZIKV-mediated KPNA2 degradation may contri
bute to the dysregulation of the growth and differentiation of 
neural stem cells.

Due to the importance of KPNA2 in cell signaling, some 
viruses target KPNA2. For example, vaccinia virus dysregu
lates NFKB signaling via A55 protein interrupting the inter
action of RELA and KPNA2 [67]. Enterovirus 71 (EV71) 
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infection upregulates KPNA2 expression by reducing 
MIR302 C (microRNA 302 c) [68]. Severe acute respiratory 
syndrome coronavirus (SARS-CoV) ORF6 protein, localized 
to the ER/Golgi membrane in infected cells, tethers KPNA2 
and KPNB1 to the membrane to block the nuclear transloca
tion of STAT1 [69].

In conclusion, our results demonstrate that KPNA2 is 
degraded via the CMA pathway and that ZIKV infection 
enhances KPNA2 degradation. Mechanistically, ZIKV NS2A 
interacts with KPNA2 and leads to the reduction of the 
KPNA2 protein level. The amino acid residue Thr100 of 
NS2A is indispensable for the ZIKV-mediated KPNA2 reduc
tion. The residue Gln109 of KPNA2 is essential for CMA- 
mediated degradation. KPNA2 could involve in an antiviral 
role against ZIKV. Conversely, ZIKV induces the KPNA2 
degradation to maintain efficient replication in the infected 
cells. Interestingly, ZIKV has been found to have oncolytic 
activity against human glioblastoma [70,71]. Our data of this 
study also suggest that ZIKV NS2A has translational potential 
as KPNA2 is upregulated in multiple cancers.

Materials and methods

Cells, virus, and chemicals

Vero (ATCC CCL-81), HEK293 (ATCC CRL-1573), HeLa 
(ATCC CCL-2), SK-N-SH (ATCC HTB-11) and MARC-145 
[72] cells were cultured in Dulbecco Modified Eagle Medium 
(DMEM; Corning Life Sciences, 10–013-CV) supplemented 
with 10% fetal bovine serum (FBS) (Tissue Culture 
Biologicals, 101) at 37°C and 5% CO2. C6/36 (ATCC, CRL- 
1660), an Aedes albopictus cell line, was maintained using 
DMEM supplemented with 10% FBS at 28°C.

ZIKV strain PRVABC59 (ATCC, VR-1843) was used to 
inoculate Vero cells at the multiplicity of infection indicated 
in figure legends or results. Virus titers were determined in 
Vero cells by 10-fold serial dilutions and shown as the median 
tissue culture infectious dose (TCID50) as Log10/ml [73].

Proteasome inhibitor MG132 (Enzo Life Sciences, BML- 
PI102-0025) was used to treat cells at a final concentration of 
10 µM for 6 h prior to harvesting. NH4Cl, a lysosome inhi
bitor, was used to treat cells at a final concentration of 10 mM 
for 6 h prior to harvesting. Cycloheximide (Fisher Scientific, 
AC357420010), a protein translation inhibitor, was added to 
ZIKV-infected and mock-infected cells at a final concentra
tion of 50 μg/ml to determine the half-life of KPNA2.

Cell viability was determined with the CellTiter-Glo® 
Luminescent Cell Viability Assay Kit according to the manu
facturer’s instruction (Promega, G7570).

Plasmids

The NS2B, NS2B3, NS3, NA4A, and NS5 of ZIKV 
PRVABC59 were cloned into the pCDNA3-VenusC1 vector 
[74] using the following primers: NS2B-F1, NS2B-R1, NS3-F1, 
NS3-R1, NS4A-F1, NS4A-R1, NS5-F1, and NS5-R1 (Table 1). 
NS2A was cloned into the pCAGEN-HA vector [74]. The C, 
prM, E, NS1, NS2A, NS4B with leader sequences [75] were 

cloned into the pCDNA3-VenusN1 vector (modified from 
pCDNA3 (a vector from Invitrogen, discontinued) by insert
ing YFP gene as a tag) using the following primers: C-F1, 
C-R2, PrM-F2, PrM-R2, E-F2, E-R2, NS1-F2, NS1-R2, SPG- 
C16-NS2A-F1, NS2A-R2, NS4B-F2, NS4B-R2. The NS2A 
truncation fragments NS2A-D1, NS2A-D2 and NS2A-D3 
were cloned into the pCDNA3-VenusN1 vector using the 
following primers: NS2A-F2 and PR-NS2A-R3 for NS2A-D1, 
PR-NS2A-F3, and PR-NS2A-R4 for NS2A-D2, PR-NS2A-F4, 
and NS2A-R2 for NS2A-D3 (Table 1). NS2A mutants 
NS2AR96A, NS2AN98A, NS2AN98A, NS2AW99A, NS2AW99A, 
NS2AT100A were cloned into pCDNA3-VenusC1 vector 
using the following primers: NS2A-F2, NS2A-R96A-F, NS2A- 
R96A-R and NS2A-R2 for NS2A-R96A; NS2A-F2, NS2A- 
N98A-F, NS2A-N98A-R and NS2A-R2 for NS2A-N98A; 
NS2A-F2, NS2A-W99A-F, NS2A-W99A-R and NS2A-R2 for 
NS2A-W99A; NS2A-F2, NS2A-T100A-F, NS2A-T100A-R and 
NS2A-R2 for NS2A-T100A (Table 1).

KPNA2 and KPNA2 mutants were cloned into the 
pCAGEN-HA vector with the following primers: KPNA2-F1 
and KPNA2-R1 for KPNA2; KPNA2-F1, K2-LS-M-F1, K2-LS 
-M-R1 and KPNA2-R1 for KPNA2-M1; KPNA2-F1, K2-RK 
-M-F1, K2-RK-M-R1 and KPNA2-R1 for KPNA2-M2; 
KPNA2-F1, K2-E-M-F1, K2-E-M-R1 and KPNA2-R1 for 
KPNA2-M3; KPNA2-F1, K2-Q-M-F1, K2-Q-M-R1 and 
KPNA2-R1 for KPNA2-M4 (Table 1) [55]. KPNA2 was also 
cloned into the pCDNA3-VenusC1 vector. The resulting 
recombinant plasmids were confirmed by Sanger DNA 
sequencing.

For shRNA against KPNA2 and LAMP2A, the oligos for 
the shRNA were cloned into the pSIREN-RetroQ-ZsGreen 
vector (Clontech, 632,455) according to the manufacturer’s 
instruction. The resulting recombinant plasmids were co- 
transfected into GP2-293 cells (Clontech, 631,458) with 
VSV-G vector (Addgene, 138,479; depositing lab Akitsu 
Hotta) for retrovirus packaging. The culture supernatant con
taining the recombinant retrovirus was used to transduce 
Vero or MARC-145 cells.

The construction of mutant ZIKV infectious clone with 
T100A of NS2A was done with overlapping PCR as described 
[76]. The round one PCR was done with primers ICD-NS2A 
-M-F1 and NS2A-T100A-R for fragment 1, and with NS2A- 
T100A-F and ICD-NS2A-M-R1 for fragment 2. The round 
two PCR was done with both fragment 1 and 2 as a template 
and with primers ICD-NS2A-M-F1 and ICD-NS2A-M-R1. 
The overlapping PCR product was ligated into the ZIKV- 
ICD plasmid [62] that was digested with PmlI and EcoNI. 
The resulting plasmid of the mutant ZIKV cDNA clone was 
confirmed by Sanger DNA sequencing. For virus recovery, the 
mutant plasmid was transfected into Vero cells, with the wild- 
type ZIKV-ICD plasmid included as a control. The cell cul
ture supernatant at 48 h post-transfection was collected and 
used to inoculate fresh Vero cells. The virus passaging was 
repeated for three times. For passaging the mutant virus, Vero 
cells with KPNA2 knockdown were used. RNA was isolated 
from the recovered mutant virus for cDNA synthesis and 
DNA sequencing to confirm the presence of the mutant 
nucleotide.
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Table 1. List of primers used in this study.

Primera Sequences (5ʹ to 3ʹ)b Target gene/vector

C-F1 CGAATTCATGAAAAACCCAAAAAAGAAATC C
C-R2 GCTCGAGTGCCATGGCTGTGGTCAGCAG C
PRM-F2 TGAATTCGCCACCATGGGCACAGATACTAGTGTCGGAAT prM
PRM-R2 GCTCGAGGCTGTATGCCGGGGCAATCAG prM
E-F2 TGAATTCGCCACCATGCAAAAAGTCATATACTTGGTC E
E-R2 GCTCGAGAGCAGAGACGGCTGTGGATAAG E
NS2A-F2 TGAATTCCACCATGGGATCAACTGATCACATGGAC NS2A
SPG-C16-NS2A-F1 CGAATTCGCCACCATGGGAGTCAAAGTTCTGTTTGCCCTGATCTGCATCGCTGTGGCCGAGCCCAGGAAAGAACCAGAAAG NS2A
NS2A-R2 TCTCGAGCCGCTTCCCACTCCTTGTGAG NS2A
NS2B-F1 TGAATTCAGCTGGCCCCCTAGCGAAGTAC NS2B
NS2B-R1 GCTCGAGTCACCTTTTTCCAGTCTTCACG NS2B
NS3-F1 TGAATTCAGTGGTGCTCTATGGGATGTG NS3
NS3-R1 TCTCGAGTCATCTTTTCCCAGCGGCAAACTC NS3
NS4A-F1 TGAATTCGGAGCGGCTTTTGGAGTGATG NS4A
NS4A-R1 TCTCGAGTCATCTTTGCTTTTCTGGCTCAGG NS4A
NS4B-F2 TGAATTCGCCACCATGTCTCCCCAGGACAACCAAATG NS4B
NS4B-R2 GCTCGAGACGTCTCTTGACCAAGCCAGC NS4B
NS5-F1 TGAATTCGGGGGTGGAACAGGAGAGA NS5
NS5-R1 TCTCGAGTCACAGCACTCCAGGTGTAGAC NS5
ZIKV-RR-F AARTACACATACCARAACAAAGTGGT NS5
ZIKV-RR-R TCCRCTCCCYCTYTGGTCTTG NS5
KPNA2-RR-F1 TGCTGGGCTATTTCCTACCT KPNA2
KPNA2-RR-R1 GCTCTTAGGGCAGGAGTCAC KPNA2
PR-NS2A-R3 ACTCGAGTGTCCAATTAGCTCTGAAGATGAAAG NS2A
PR-NS2A-R4 ACTCGAGAAACCCCCCGCAAGTAGCAAG NS2A
PR-NS2A-F3 TGAATTCGCCATGCTGGTATCTTTCATCTTCAGAG NS2A
PR-NS2A-F4 TGAATTCGCCATGCCACTGGCCCGGGGCACACTG NS2A
NS2A-R96A-F TTCATCTTCGCAGCTAATTGGACACCCCGTGAAAGC NS2A-M1
NS2A-R96A-R TGTCCAATTAGCTGCGAAGATGAAAGATACCAGCAACG NS2A-M1
NS2A-N98A-F TCTTCAGAGCTGCTTGGACACCCCGTGAAAGCATGC NS2A-M2
NS2A-N98A-R CGGGGTGTCCAAGCAGCTCTGAAGATGAAAGATACCAG NS2A-M2
NS2A-W99A-F TCAGAGCTAATGCGACACCCCGTGAAAGCATGCTGC NS2A-M3
NS2A-W99A-R TCACGGGGTGTCGCATTAGCTCTGAAGATGAAAGATAC NS2A-M3
NS2A-T100A-F AGCTAATTGGGCACCCCGTGAAAGCATGCTGCTGGC NS2A-M4
NS2A-T100A-R GCTTTCACGGGGTGCCCAATTAGCTCTGAAGATGAAAG NS2A-M4
KPNA2-F1 CGAATTCGCCATGTCCACCAACGAGAATGCTAATA KPNA2
KPNA2-R1 GCTCGAGCTAAAAGTTAAAGGTCCCAGGAGCC KPNA2
K2-LS-M-F1 TACTCAAGCTGCCAGGAAACTAGCAGCAAGAGAAAAACAGCCCCCCATAG KPNA2-M1
K2-LS-M-R1 CTATGGGGGGCTGTTTTTCTCTTGCTGCTAGTTTCCTGGCAGCTTGAGTA KPNA2-M1
K2-RK-M-F1 AGCTGCCAGGAAACTACTTTCCGCAGAAGCACAGCCCCCCATAGACAACATAA KPNA2-M2
K2-RK-M-R1 TTATGTTGTCTATGGGGGGCTGTGCTTCTGCGGAAAGTAGTTTCCTGGCAGCT KPNA2-M2
K2-E-M-F1 TGCCAGGAAACTACTTTCCAGAGCAAAACAGCCCCCCATAGACAACA KPNA2-M3
K2-E-M-R1 TGTTGTCTATGGGGGGCTGTTTTGCTCTGGAAAGTAGTTTCCTGGCA KPNA2-M3
K2-Q-M-F1 GAAACTACTTTCCAGAGAAAAAGCGCCCCCCATAGACAACATAATCC KPNA2-M4
K2-Q-M-R1 GGATTATGTTGTCTATGGGGGGCGCTTTTTCTCTGGAAAGTAGTTTC KPNA2-M4
LAMP2A-ShRNA1F GATCCGCACCATCATGCTGGATATTTCAAGAGAATATCCAGCATGATGGTGCTTTTTTACGCGTG shLAMP2A
LAMP2A-ShRNA1R AATTCACGCGTAAAAAAGCACCATCATGCTGGATATTCTCTTGAAATATCCAGCATGATGGTGCG shLAMP2A
LAMP2A-ShRNA2F GATCCGCAGGAGTACTTATTCTAGTTCAAGAGACTAGAATAAGTACTCCTGCTTTTTTACGCGTG shLAMP2A
LAMP2A-ShRNA2R AATTCACGCGTAAAAAAGCAGGAGTACTTATTCTAGTCTCTTGAACTAGAATAAGTACTCCTGCG shLAMP2A
KPNA2-shRNA1F GATCCGCTTAATTGAGAAGTATTATCAAGAGATAATACTTCTCAATTAAGCTTTTTTACGCGTG shKPNA2
KPNA2-shRNA1R AATTCACGCGTAAAAAAGCTTAATTGAGAAGTATTATCTCTTGATAATACTTCTCAATTAAGCG shKPNA2
KPNA2-shRNA2F GATCCGTGTCAAAGGCATAAATAATCAAGAGATTATTTATGCCTTTGACACTTTTTTACGCGTG shKPNA2
KPNA2-shRNA2R AATTCACGCGTAAAAAAGTGTCAAAGGCATAAATAATCTCTTGATTATTTATGCCTTTGACACG shKPNA2
ICD-NS2A-M-F1 CACGTGGAGGAAACATGTGGAACAAGAGGA NS2A
ICD-NS2A-M-R1 CCTCCACCAGGGAGAAATCACCACTCTCATCT NS2A
NS2A-ICD-SEQ-R CATCAGGTCGCCTTCCAAGGCGGAGATCGC NS2A

aF: forward primer, R: reverse primer. 
bThe italicized alphabets indicate restriction enzyme cleavage sites for cloning. 
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RNA isolation and real-time PCR

Total RNA was isolated from Vero cells with TRIzol reagent 
(Thermo Fisher Scientific, 15,596,026) in accordance with the 
manufacturer’s instructions. Reverse transcription and real- 
time PCR (RT-qPCR) with SYBR Green detection (Thermo 
Fisher Scientific, 4,334,973) were performed as described pre
viously [55,74,77]. The transcripts of RPL32 (ribosomal pro
tein L32), a house-keeping gene, were also determined. The 
relative transcript levels were shown as folds in comparison to 
the control cells after RPL32 normalization. The real-time 
PCR primers used for KPNA2 and ZIKV were KPNA2-RR- 
F1, KPNA2-RR-R1, ZIKV-RR-F, and ZIKV-RR-R (Table 1). 
All experiments were repeated at least three times, with each 
conducted in triplicate.

Western blot (WB) analysis

Whole-cell lysates in Laemmli sample buffer were subjected to 
SDS-PAGE and WB as described previously [55,78]. The 
primary mouse monoclonal antibodies against KPNA1 
(Santa Cruz Biotechnology, sc-101,292), KPNA2 (Santa Cruz 
Biotechnology, sc-55,537), hemagglutinin (HA) tag 
(ThermoFisher Scientific, 26,183), GFP (Biolegend, 75,818–
584), HSPA8/HSC70 (Santa Cruz Biotechnology, sc-7298), 
ubiquitin (Santa Cruz Biotechnology, sc-8017), GAPDH 
(Santa Cruz Biotechnology, sc-365,062), and TUBB1/β- 
tubulin (Sigma, T7816), and rabbit polyclonal antibodies 
against ZIKV NS4B (GeneTex, GTX133311), ZIKV 
E (GeneTex, GTX133314), NS2B (GeneTex, GTX133318), 
NS5 (GeneTex, GTX133329) and LAMP2A (Boster, 
M01573) were used in this study. The secondary antibodies 
used in this study were goat anti-mouse or anti-rabbit IgG 
conjugated with horseradish peroxidase (Bio-Rad, 170–5046 
and 170–5047). The chemiluminescence substrate was used to 
reveal the specific reactions, and the signal was recorded 
digitally using a ChemiDoc XRS imaging system using the 
QuantityOne Program, version 4.6 (Bio-Rad Laboratories, 
Hercules, CA). Densitometry analysis of the WB images was 
done with the QuantityOne Program, version 4.6 (Bio-Rad). 
All WB images were acquired in the linear range of digital 
intensity without saturated pixels.

Immunoprecipitation (IP)

IP was done as described previously [55,74]. Cell lysates were 
clarified and incubated with specific antibodies indicated in 
results or figure legends, followed by incubation with protein 
A/G-magnetic beads (Bimake.com, B23202). The IP com
plexes were subjected to WB for the detection of target pro
teins indicated in results or figure legends.

Statistical analysis

Differences in gene expression between the treatment group 
and control were assessed by using the Student t-test. A two- 
tailed P value of 0.05 was considered significant.
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