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Zika virus infection phenotype
Nguyen Phuong Khanh Le1, Prince Pal Singh1,2, Ahmad Jawad Sabir3, Ivan Trus4 and Uladzimir Karniychuk1* 

Abstract 

The zinc finger antiviral protein 1 (ZAP) has broad antiviral activity. ZAP is an interferon (IFN)-stimulated gene, 
which itself may enhance type I IFN antiviral response. In a previous study, Zika virus was identified as ZAP-resistant 
and not sensitive to ZAP antiviral activity. Here, we found that ZAP was associated with the inhibition of Zika virus 
in Vero cells, in the absence of a robust type I IFN system because Vero cells are deficient for IFN-alpha and -beta. 
Also, quantitative RNA-seq data indicated that endogenous ZAP is associated with altered global gene expression 
both in the steady state and during Zika virus infection. Further studies are warranted to elucidate this IFN-alpha 
and -beta independent anti-Zika virus activity and involvement of ZAP.
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Introduction
The zinc finger CCCH-type antiviral protein 1 (ZAP) 
is a cellular protein with broad antiviral activity [1–5]. 
ZAP targets CpG-rich regions of RNA and ZAP binding 
to viral RNA mediates its degradation and translational 
inhibition [3, 6]. While ZAP lacks intrinsic RNase activ-
ity, it recruits the 5′ and 3′ RNA degradation machinery 
[7, 8]. Using a murine leukemia reporter virus, DDX17 
and DHX30 cellular RNA helicases were identified as 
ZAP co-factors [9, 10]. The E3 ubiquitin ligase TRIM25 
enhances ZAP activity against alphaviruses [11, 12]. ZAP 
also interacts with the cytoplasmic protein KHNYN to 
inhibit CpG-enriched human immunodeficiency virus 
1 (HIV-1) [13]. Recently, Riplet, a protein known for 

activating the retinoic acid-inducible gene I, was iden-
tified as a ZAP co-factor [14]. Initially characterized 
to inhibit murine leukemia virus [15], ZAP has shown 
efficacy against many viruses, including alphaviruses, 
filoviruses, influenza virus, porcine reproductive and 
respiratory syndrome virus, hepatitis B virus, human 
cytomegalovirus, human T-cell lymphotropic virus type 
1, and HIV-1 [1, 6, 16–24]. However, ZAP’s antiviral effi-
ciency is limited against certain RNA viruses, including 
vesicular stomatitis virus, poliovirus, enterovirus A71, 
herpes simplex virus type 1, and some flaviviruses [8, 
16, 25]. Emerging flaviviruses constantly threaten public 
health. A previous study showed the sensitivity of Japa-
nese encephalitis virus (JEV) to overexpressed ectopic 
and endogenous ZAP [8]. In contrast, yellow fever virus 
(YFV), dengue virus (DENV), and Zika virus were cat-
egorized as ZAP-resistant [8, 16]. These are interesting 
findings because all these flaviviruses have underrep-
resented CpG content (Fig S1) which may help to avoid 
ZAP recognition [3, 6]; however, JEV has the least under-
represented CpG content (Fig S1) which supports higher 
sensitivity to ZAP [8]. Here, we further extended studies 
on ZAP-flavivirus interactions and compared Zika virus 
infection and transcriptional responses in wild-type and 
ZAP knockout Vero cells.
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Materials and methods
Cells
We maintained wild-type Vero E6 cells (ATCC; Vero-
ZAP-WT) and ZAP knockout (ZAP-KO) derivatives 
(Vero-ZAP-KO) in DMEM (Fisher; # 11-965-118) 
supplemented with 10% heat-inactivated fetal bovine 
serum (FBS, Fisher; #A5256801), 1x Penicillin-Strep-
tomycin (Fisher; #15140122), and 2.67 mM sodium 
bicarbonate (Fisher; # 25080094) at + 37 °C in a 5%  CO2 
humidified incubator. To generate ZAP-KO cell line, we 
used the guide RNA (gRNA) GTC TCT GGC AGT ACT 
TGC GA which targets the first exon of Chlorocebus 
sabaeus (Gene ID: 103226990) ZC3HAV1 gene, which 
is required for the expression of all ZAP isoforms. We 
also used a non-targeting control gRNA ACG GAG 
GCT AAG CGT CGC AA for control cells. These gRNAs 
were transiently transfected into cells using GenCrispr 
NLS-Cas9-NLS Nuclease (GenScript). Subsequently, 
transfected cells were seeded in 96-well plates through 
limiting dilution to generate isogenic single clones. Fol-
lowing expansion, the clones were genotyped via Sanger 
sequencing, employing primers (ATC GCT GGG CTG 
GAC TAA CG, GCA GAG AAG GGA GTG GCT GAA) 
to identify indels (location of indels on Chlorocebus 
sabaeus genome: −2  bp deletion, NW_023666072.1: 
4677550–4677551). The knockout subclone verified by 

genotyping was further confirmed by western blot for 
ZAP expression (Fig.  1A, Fig S2) as described below. 
The negative control cells were validated by Sanger 
sequencing to confirm there were no indels. We con-
firmed the absence of mycoplasma contamination in 
cells using the LookOut Mycoplasma PCR Detection 
Kit (Millipore Sigma).

Viruses
We utilized the Asian lineage Zika virus H/PF/2013 
strain [GenBank: KJ776791.2]. Zika virus was rescued 
using reverse genetics [26]. Subsequently, the virus was 
propagated in Vero cells cultured in DMEM supple-
mented with 2% FBS and 1% penicillin/streptomycin. 
Supernatants were harvested, centrifuged (12,000  g, 
20 min, + 4 °C), aliquoted, and frozen (− 80 °C). Infec-
tious virus titers were quantified using Vero cells via an 
endpoint dilution assay. The 50% tissue culture infec-
tive dose  (TCID50) endpoint titers were calculated as 
previously described [26–29]. Media from virus-neg-
ative Vero cells were processed in the same manner 
as the virus stocks and used as control. The absence 
of mycoplasma contamination in the virus stocks was 
confirmed using the LookOut Mycoplasma PCR Detec-
tion Kit (Millipore Sigma; #MP0035).

Fig. 1 Infection phenotypes of Zika virus in wild-type (Vero-ZAP-WT) and ZAP knockout (Vero-ZAP-KO) cells. (A) ZAP Western blot. KO status 
was also confirmed by Sanger sequencing. Rabbit anti-ZAP IgG Abs (1:1,000 dilution; ANTI-ZC3HAV1; #HPA059096-100UL, Sigma-Aldrich), 
with the specific ZAP band appearing at 110 kDa, were used. Beta-actin was used as a western blot loading control (42 kDa). A normalized 
50 µg of protein was used for all samples. Three replicates. Multiple bands may represent isoforms described for human ZAP [3] and still 
not experimentally characterized for monkeys. The full blot image is in Figure S2. (B) Zika virus NS5 protein Western blot. Reduced Zika virus NS5 
protein loads in Vero-ZAP-WT cells as compared to Vero-ZAP-KO cells at 24 h and 72 h after inoculation, MOI 1. Rabbit anti-Zika virus NS5 IgG Abs 
(1:1,000 dilution; GTX133312, GeneTex), with the specific NS5 band appearing at 103 kDa, were used. Beta-actin was used as a western blot loading 
control (42 kDa). A normalized 50 µg of protein was used for all samples. Two biological replicates for each condition are shown. The full blot 
image is in Figure S3. (C) Zika virus infectious titers in supernatants of Vero-ZAP-WT and Vero-ZAP-KO cells at different times after inoculation, MOI 
1. The experiment was done in four replicates for each cell line and sampling time. Supernatants from all mock-infected samples were negative. 
Statistics—an unpaired t-test. *A P-value of < 0.05 was considered statistically significant
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Zika virus infection kinetics
Vero-ZAP-WT and Vero-ZAP-KO cells were seeded in 
6-well plates in DMEM supplemented with 10% inacti-
vated fetal bovine serum for 24 h. Four wells for each cell 
line, representing four biological replicates (cells from 
different passages and flasks in each of 4 wells), were 
inoculated with Zika virus at a multiplicity of infection 
(MOI) of 1. After 2 h at 37 °C, the inoculum was removed, 
the cells were washed three times, covered with 3 ml of 
DMEM supplemented with 2% FBS, and maintained at 
37 °C. At 2, 24, 48, 72, 96, and 120  h post-inoculation, 
150 µl of media supernatants were collected, cleared by 
centrifugation (2,000 g, 10 min), and frozen at − 80 °C for 
the end-point dilution  TCID50 assay [26, 29–33].

Western blot
Untreated, mock-infected, or Zika-infected (MOI 1) 
Vero-ZAP-WT and Vero-ZAP-KO cells were washed, 
pelletized, and lysed in 100 µL of RIPA buffer (Fisher; # 
PI89900) supplemented with 1× Halt protease inhibi-
tor cocktail (Fisher; #PI87786) and 1× EDTA (Fisher; 
#BP2473100). The lysates were then incubated on 
wet ice for 10  min, gently vortexed, and centrifuged 
(12,000  g, 10  min, + 4  °C). Supernatants were ali-
quoted into prechilled low protein-binding (Sarstedt; 
#72.706.600) and stored at − 80  °C. After quantify-
ing protein concentration with the Pierce BCA Protein 
Assay Kit (Fisher; # PI23227), 50  µg of protein extract 
was diluted in 4× reducing Laemmli SDS sample buffer 
(Fisher; #AAJ60015AC), heated at 95 °C for 10 min, and 
resolved on 10% Mini-PROTEAN TGX precast protein 
gels (Bio-Rad; # 4561035) in 1× Tris/Glycine/SDS run-
ning buffer (Bio-Rad; #1610732) at a voltage of 125 V for 
70 min. Proteins were transferred on methanol-activated 
0.45  μm Immun-Blot Low Fluorescence polyvinylidene 
fluoride (PVDF) membranes using the Trans-Blot Turbo 
RTA Mini 0.45  μm LF PVDF Transfer Kit (Bio-Rad; 
#1704274). The PVDF membranes were blocked with 1× 
VWR Life Science Rapidblock Blocking Solution (VWR; 
#97064-124) for 1 h at room temperature. Subsequently, 
the membranes were incubated overnight at + 4 °C with 
primary antibody diluted in blocking solution. The mem-
branes were washed four times with TBST (1× Bio-Rad 
Tris Buffered Saline containing 0.1% Tween-20) and then 
incubated with secondary antibody, along with hFAB 
Rhodamine Anti-Actin Primary Antibody (Recombinant 
human β-actin), diluted in blocking solution for 1  h at 
room temperature, and washed four times with TBST. 
Fluorescent blots were imaged on the ChemiDoc MP 
Imaging system using an appropriate detection channel 
with Image Lab Touch Software (Bio-Rad).

We used antibodies (Abs): Rabbit anti-ZAP IgG Abs 
(1:1,000 dilution; ANTI-ZC3HAV1; #HPA059096-100UL, 

Sigma-Aldrich), Rabbit anti-Zika virus NS5 IgG Abs 
(1:1,000 dilution; #GTX133312, GeneTex), hFAB Rhoda-
mine Anti-Actin Primary Abs (1:3,000; #12004164, Bio-
Rad), and IRDye 680RD Goat anti-Rabbit IgG secondary 
Abs (1:10,000; #926-68071; LI-COR).

Comparative RNA‑seq analysis in wild‑type 
and ZAP‑KO cells
Vero-ZAP-WT and Vero-ZAP-KO cells were seeded at 
6 ×  105 cells per well in 6-well plates, with 4 plates per 
cell line, in DMEM supplemented with 10% FBS for 24 h. 
Wells in two plates from each cell line were either mock-
inoculated with media from virus-negative cells (4–6 
well replicates for Vero-ZAP-WT and Vero-ZAP-KO) 
or inoculated with MOI 1 of Zika virus (6 well replicates 
for Vero-ZAP-WT and Vero-ZAP-KO). After 2  h at 37 
°C, the inoculum was removed, cells were washed, and 
covered with DMEM supplemented with 2% FBS, then 
maintained at 37 °C. At 24 h and 72 h post-inoculation, 
media was removed, cells were washed with commercial 
1× PBS, homogenized in 1 mL of TRI Reagent Solution 
(Fisher; # AM9738), and RNA was extracted according 
to the manufacturer’s protocol using the PureLink RNA 
Mini Kit (Fisher; 12-183-018 A). A total of 4–6 replicate 
samples were obtained for mock-inoculated Vero-ZAP-
WT, mock-inoculated Vero-ZAP-KO, Zika-infected 
Vero-ZAP-WT, and Zika-infected Vero-ZAP-KO cells, 
at both 24 and 72  h. Zika infection was confirmed by 
virus-specific RT-qPCR with a previously validated SYBR 
one-step RT-qPCR assay [26, 28, 34]. RNA quantification 
was performed using the Qubit RNA High Sensitivity kit 
(Fisher; # Q32855) and Qubit 2.0 Fluorometer (Fisher). 
RNA quality was assessed using a bioanalyzer (Agilent 
Technologies 2100) to ensure all samples had RNA Integ-
rity Number (RIN) values above 9.0. DNA contamination 
was removed using the TURBO DNA-free Kit (Fisher; # 
AM1907). mRNA with intact poly(A) tails was enriched 
using the NEBNext Poly(A) mRNA Magnetic Isolation 
Module (NEB; # E7490L) and utilized for library con-
structions with the NEBNext Ultra II Directional RNA 
Library Prep Kit for Illumina along with NEBNext Mul-
tiplex Oligos for Illumina (96 Unique Dual Index Primer 
Pairs; NEB; # E7760L). The libraries were sequenced on 
the NovaSeq platform as paired-end reads using the S1 
v1.5 kit with 300 cycles (Illumina). Raw sequencing data 
were deposited to NCBI BioProject (PRJNA1101086).

FASTQ files were trimmed for adaptor sequences and 
filtered for low-quality reads using Trimmomatic. RNA-
seq analysis was conducted as previously described [29, 
30, 33, 35] with modifications. Briefly, paired-end reads 
were processed using the Kallisto pseudo-alignment 
method [36] and quantified by mapping to a transcripts 
database generated from the African Green Monkey 
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(vervet) reference genome assembly (ENSEMBL Chlo-
rocebus sabaeus 1.1) [37]. The count table for RNA-seq 
data was assembled using the tximport::tximport func-
tion in R. After importing data to the R environment, 
we removed data for genes with low expression using 
the edgeR::filterByExpr function [38]. Normalization was 
then performed using the edgeR::calcNormFactors func-
tion, and the limma::voom function was used to convert 
the data into a normal distribution. We calculated dif-
ferential expression using the limma::lmFit function with 
empirical Bayes moderation via the limma::eBayes func-
tion (Table S1).

Several experimental conditions were applied to com-
pare Differentially Expressed Genes (DEGs) (Table  S1). 
First, we compared gene expression directly between 
mock-infected ZAP-WT and ZAP-KO Vero cells. We 
then used two strategies to examine transcriptional 
responses during Zika virus infection in wild-type and 
knockout cells: The first strategy involved a direct com-
parison of gene expression between Zika virus-infected 
ZAP-WT and ZAP-KO Vero cells. The second strat-
egy compared transcriptional responses between non-
infected and infected Vero-ZAP-WT cells, followed by a 
similar comparison between non-infected and infected 
Vero-ZAP-KO cells. Finally, significantly affected 
genes (FDR < 0.05 and log2 FC > 1) were summarized in 
Table S2.

Significantly affected DEGs from each experimen-
tal condition were further analyzed by comparing these 
DEGs (Table  S2) to a set of 194 genes involved in the 
interferon signaling pathway. This Interferon Signaling 
Gene Set was obtained from Harmonizome 3.0 (https:// 
maaya nlab. cloud/ Harmo nizome/ gene_ set/ Inter feron+ 
Signa ling/ React ome+ Pathw ays) and is derived from the 
Reactome Pathways dataset (https:// react ome. org/ Pathw 
ayBro wser/#/R- HSA- 913531). The DEGs significantly 
affected in each condition that are part of the interferon 
signaling pathway were summarized in Table S3 and vis-
ualized in Fig. 2 for pairwise comparison.

In addition to pairwise comparison, we performed a 
gene set enrichment analysis using the limma::camera 
function for each experimental condition. The gene set 
enrichment analysis has higher sensitivity than pairwise 
comparison because not only genes with FDR < 0.05 and 
 log2 fold change (FC) > 1 (Table S2), but each gene in the 

entire input set (Table  S1) is statistically processed and 
used for annotation [39, 40]. Gene set enrichment analy-
sis was conducted using Gene Ontology (GO) annotation 
for Chlorocebus sabaeus obtained from g: Profiler [41], 
and significant (FDR < 0.25) GO processes for each exper-
imental condition were summarized in Table S2.

Statistics
Zika infectious  TCID50 titers in Vero-ZAP-WT and Vero-
ZAP-KO cells were compared using an unpaired t-test; 
 log10 transformation was performed on the  TCID50 val-
ues before the t-test. A P value < 0.05 was considered sta-
tistically significant.

Results
Zinc finger antiviral protein (Fig.  1A; Fig S2) affected 
the expression of Zika virus NS5 protein, as determined 
by Western blot at 24 h and 72 h (Fig. 1B; Fig S3). Spe-
cifically, at 24  h post-inoculation, faint Zika NS5 bands 
were visible in Vero-ZAP-KO cells, while the assay sen-
sitivity was insufficient to detect NS5 in Vero-ZAP-WT 
cells. By 72  h post-inoculation, Zika NS5 was detected 
in both Vero-ZAP-KO and Vero-ZAP-WT cells, with 
protein loads considerably higher in Vero-ZAP-KO cells 
(Fig.  1B). In addition to NS5 Western blot, infectious 
Zika virus titers in the supernatants of Vero-ZAP-KO 
cells were significantly higher than Vero-ZAP-WT titers 
at 48 and 72 h (Fig. 1C).

For RNA-seq analysis, we first compared global gene 
expression between mock-infected Vero-ZAP-WT and 
Vero-ZAP-KO cells. A total of 758 and 992 genes were 
significantly affected and differentially expressed between 
the two cell lines at 24 and 72 h, respectively (Tables S2A, 
B). Second, we compared gene expression between Zika-
infected Vero-ZAP-WT and Vero-ZAP-KO cells. At 24 h, 
we identified 631 genes that were significantly affected 
and differentially expressed (Table  S2E). This number 
increased to 864 genes at 72  h (Table  S2F). When we 
compared significant DEGs between steady state (mock-
infected) (Tables S2A, B) and Zika virus-infected condi-
tions (Tables  S2E, F), 89 (14.1%) and 196 (22.7%) genes 
were uniquely affected during infection at 24 h and 72 h 
(Tables S2E, F). Thus, endogenous ZAP influences global 
gene expression both under steady-state conditions and 
during Zika virus infection.

(See figure on next page.)
Fig. 2 Significantly affected interferon signaling genes in different experimental conditions. (A) Mock-infected Vero-ZAP-WT versus Vero-ZAP-KO 
cells. Direction of analysis: WT/KO. Tables S3B,C. (B) Zika-infected Vero-ZAP-WT versus Vero-ZAP-KO cells. Direction of analysis: WT/KO. Tables S3D,E. 
(C) Mock-infected versus Zika-infected Vero-ZAP-WT cells. Direction of analysis: Zika-infected/Mock-infected. Tables S3F,G. (D) Mock-infected 
versus Zika-infected Vero-ZAP-KO cells. Direction of analysis: Zika-infected/Mock-infected. Tables S3H, I. Plots of the upregulated (red) 
and downregulated (blue) genes. FDR: The false discovery rate. Genes with FDR < 0.05 and  log2 fold change (FC) > 1 were significantly affected

https://maayanlab.cloud/Harmonizome/gene_set/Interferon+Signaling/Reactome+Pathways
https://maayanlab.cloud/Harmonizome/gene_set/Interferon+Signaling/Reactome+Pathways
https://maayanlab.cloud/Harmonizome/gene_set/Interferon+Signaling/Reactome+Pathways
https://reactome.org/PathwayBrowser/#/R-HSA-913531
https://reactome.org/PathwayBrowser/#/R-HSA-913531
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Fig. 2 (See legend on previous page.)
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Next, we compared global gene expression between 
mock-infected and Zika-infected Vero-ZAP-WT cells. 
A total of 40 and 117 genes were significantly affected by 
infection at 24 h and 72 h (Tables S2I, J). Finally, we com-
pared global gene expression between mock-infected and 
Zika-infected Vero-ZAP-KO cells. A total of 14 and 342 
genes were significantly affected by infection at 24 h and 
72 h (Tables S2M, N). The higher number of significantly 
affected genes in infected ZAP-KO cells (342 genes) com-
pared to ZAP-WT cells (117 genes) at 72  h is not sur-
prising. This is probably because ZAP, in addition to its 
antiviral activity, is known to bind cellular mRNA and 
affect gene expression leading to the resolution of antivi-
ral and immune transcriptional responses [42, 43].

Next, we investigated whether ZAP, beyond its impact 
on global gene expression, specifically affects genes 
involved in the interferon signaling pathway. To do 
this, we compared significantly affected DEGs in dif-
ferent experimental conditions (Table  S2) with a set of 
194 genes involved in the interferon signaling pathway 
(Table S3A). In mock-infected Vero-ZAP-WT cells com-
pared to mock-infected Vero-ZAP-KO cells, 8 DEGs 
were significantly affected at 24  h and 11 DEGs at 72  h 
(Fig. 2A; Table S3B, C). Most affected DEGs were over-
expressed in Vero-ZAP-WT. Interestingly, during Zika 
virus infection (Fig. 2B; Table S3D, E), endogenous ZAP 
had minimal impact on the expression of interferon sign-
aling pathway genes because the pattern of significantly 
affected genes in Zika virus-infected ZAP-WT and ZAP-
KO cells was very similar to that seen in mock-infected 
cells (Fig. 2A, B; Table S3B–E). However, when compar-
ing Zika virus-infected cells to mock-infected cells, both 
ZAP-WT and ZAP-KO cells showed increased responses 
to infection, including overexpression of EGR1, IFIT1, 
ISG15, ISG20, IFIT2, OASL, ICAM1, OAS2, RSAD2, 
and SOCS1 (Fig.  2C, D; Table  S3F-I) which were not 
identified by other analytical strategies (Fig.  2A, B; 
Table S3B-E).

To further extend analysis beyond pairwise compari-
sons of top DEGs (Fig.  2; Table  S3), we conducted GO 
analysis. This method offers high sensitivity due to its 
robust annotation framework, standardized terminology, 
hierarchical structure, integration with biological knowl-
edge, continuous updates, and statistical rigor where not 
only genes with FDR < 0.05 and  log2 fold change (FC) > 1 
(Table S2), but each gene in the entire input set (Table S1) 
is statistically processed and used for annotation [39, 40].

Mock-infected Vero-ZAP-WT cells when compared 
to mock-infected Vero-ZAP-KO cells had 92 (24 h) and 
178 (72 h) significantly affected GO biological processes 
(Tables  S2C, D). However, when we searched among 
affected GO biological processes keywords—“immun*” 
and “viral/virus,” we did not find affected processes 

containing these keywords (Tables  S2C, D). This con-
trasts with affected GO biological processes in infected 
cells described below, suggesting the specificity of find-
ings in Zika-infected cells.

Zika-infected Vero-ZAP-KO cells had 192 (24  h) and 
481 (72 h) significantly affected GO biological processes 
when compared to Zika-infected Vero-ZAP-WT cells 
(Tables  S2G, H). Zika-infected Vero-ZAP-WT cells had 
total 303 (24  h) and 864 (72  h) affected GO biological 
processes as compared to mock-infected ZAP-WT cells 
(Tables  S2K, L). Zika-infected Vero-ZAP-KO cells had 
total 287 (24  h) and 384 (72  h) affected GO biological 
processes as compared to mock-infected ZAP-WT cells 
(Tables S2O, P).

We narrowed down analysis and compared GO bio-
logical processes related to immune responses in mock-
infected Vero-ZAP-WT and Vero-ZAP-KO cells at 24 
and 72 h. As expected, no affected “immune*” GO pro-
cesses were detected in mock-infected control cells 
(Table S2C, D).

After direct comparison between Zika-infected Vero-
ZAP-KO and Vero-ZAP-WT cells, we found one signifi-
cantly affected immune process at 24 h and 72 h (Fig. 3A; 
Tables  S2G, H). At each time point immune GO pro-
cesses were upregulated in ZAP-WT cells. When com-
pared to mock-infected Vero-ZAP-WT cells, infected 
Vero-ZAP-WT cells showed one significantly affected 
process at 24 h, and the number increased at 72 h reach-
ing 16 affected processes (Fig. 3B; Tables S2K, L). When 
compared to mock-infected Vero-ZAP-KO cells, infected 
Vero-ZAP-KO cells showed one significantly affected 
process at 24 h, and the number increased at 72 h reach-
ing only 4 affected processes (Fig. 3C; Tables S2O, P).

The similar trend was observed when we narrowed 
down analysis and compared GO biological processes 
related to virus infection with “viral/virus” keywords 
(Tables S2C, D, G, H, K, L, O, P).

Discussion
In a previous study, Zika virus was identified as ZAP-
resistant and not sensitive to ZAP antiviral activity [8]. 
Here, we showed that ZAP acts as restriction factor for 
Zika virus in Vero cells. Also, quantitative RNA-seq data 
indicated that endogenous ZAP is associated with altered 
global gene expression both in the steady state and dur-
ing Zika virus infection.

The previous study in A549 cells showed JEV sensitivity 
to ectopic and endogenous ZAP [8]. In the same study, 
Zika virus was not sensitive to ectopic ZAP; the sensitiv-
ity of Zika virus to endogenous ZAP was not tested [8]. 
Another study using ZAP wild-type and ZAP knockout 
A549 cells showed that wild-type Zika virus was also not 
sensitive to antiviral ZAP effects [44]. Here, however, we 
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showed that Zika virus was sensitive to endogenous ZAP 
in Vero cells. Specifically, we observed reduced infectious 
titers and Zika virus NS5 protein expression in wild-type 
cells compared to ZAP knockout cells. This discrep-
ancy may be due to the different cell lines used: previous 

studies utilized A549 cells derived from human lung can-
cer tissue [8], while we used Vero cells from a healthy 
monkey. Antiviral signaling for many cellular proteins 
can be highly cell-specific [45]. Another factor is the spe-
cies difference: the previous study used a human cell line, 

Fig. 3 Biological “immune*” processes significantly affected in Vero-ZAP-WT and Vero-ZAP-KO cells at 24 h and 72 h after Zika virus infection. A 
Zika-infected Vero-ZAP-WT versus Vero-ZAP-KO cells. Direction of analysis: WT/KO. Tables S2G, H. B Mock-infected versus Zika-infected Vero-ZAP-WT 
cells. Direction of analysis: Zika-infected/Mock-infected. Tables S2K, L. C Mock-infected versus Zika-infected Vero-ZAP-KO cells. Direction of analysis: 
Zika-infected/Mock-infected. Tables S2O, P. Red bars–upregulated processes. Blue bars– downregulated processes. FDR: The false discovery rate
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and we used an African green monkey cell line, a possible 
natural reservoir host of Zika virus [46]. Species-specific 
ZAP effects are documented [47, 48], but comparative 
studies on ZAP antiviral activity between primates are 
lacking.

Using pairwise comparisons of DEGs, we found that 
endogenous ZAP impacts global gene expression both 
in the steady state and during Zika virus infection. ZAP, 
however, had minimal impact on the genes expression of 
the interferon signaling pathway. Interestingly, Zika virus 
infection in both ZAP-WT and ZAP-KO cells was associ-
ated with increased expression of genes involved in the 
interferon signaling pathway (Fig. 2C, D). These findings 
are interesting and novel in the context of Zika infection 
because Vero cells are deficient in IFN-α/β [4, 49]. We do 
not know yet how IFN-α/β-independent anti-Zika tran-
scriptional responses work in Vero cells; however, these 
responses may be attributed to type III IFN lambda. 
Indeed, IFN lambda 1 was overexpressed in both infected 
ZAP-WT and ZAP-KO cells as compared to corre-
sponding mock-infected control cells at 72  h (Table  1; 
Tables S2J, N). Comparison of Zika virus-infected ZAP-
WT versus ZAP-KO cells suggests that ZAP may down-
regulate IFN lambda 1 expression (FDR = 0.0005 and  log2 
FC = − 1.006; Table S2F), which is supported by ability of 
ZAP to bind cellular mRNAs and affect gene expression 
leading to the resolution of antiviral and immune tran-
scriptional responses [42, 43].

Interferon lambda induces antiviral response activating 
the same intracellular signaling pathways and has simi-
lar biological activities as IFN-α/β, but signal via distinct 
receptor complex [50]. Also, it is known that Vero cells 
respond to hantavirus infection by secreting abundantly 
IFN lambda [51], and IFN lambda protects the female 
reproductive tract against Zika virus infection [52].

While pairwise comparisons of DEGs showed mini-
mal impact of ZAP on the gene expression of the inter-
feron signaling pathway, more sensitive GO analysis 
suggests that ZAP may augment transcriptional anti-
viral responses. Specifically, when Zika virus-infected 

ZAP-KO and ZAP-WT cells were compared to their 
corresponding mock-infected control cells, ZAP-WT 
infected cells showed 4 times more significantly affected 
GO “immune” processes than ZAP-KO infected cells at 
72  h (16 versus 4 processes, Fig.  3B, C; Tables  S2L, P). 
ZAP is an IFN-stimulated gene, which itself may enhance 
type I IFN antiviral response [1–5, 43, 53, 54]. We do not 
know however how ZAP may enhance type I IFN anti-
viral response in IFN-α/β-deficient Vero cells, suggesting 
further research on ZAP and type III IFN interactions.

In this study, we used the Asian Zika virus strain, which 
is related to strains responsible for the 2015 Zika epi-
demic. Historical African Zika strains are known to cause 
more aggressive infections and elicit stronger and faster 
innate immune responses [28, 31, 55]. Previous studies 
on Zika-ZAP interactions also used the Asian strain [8, 
44]. Therefore, it would be interesting to conduct com-
parative studies to investigate how ZAP influences infec-
tions caused by both recent and historical Zika strains 
across different cell lines.

Our study is confined to a single Vero-ZAP-KO clone, 
and conducting additional tests using multiple clones 
could yield further insights. Such an endeavor falls 
beyond the scope of this brief report; however, our RNA-
seq results find indirect support from previous research 
conducted on different uninfected wild-type and ZAP-
KO cell lines. Specifically, global gene expression analysis 
with Agilent microarrays revealed 1,065 upregulated and 
776 downregulated transcripts in uninfected wild-type 
and ZAP-KO HeLa cells [42]. Another study using RNA-
seq identified a number of DEGs between uninfected 
ZAP-WT and ZAP-KO A549 cells [56]. In the most 
recent study, the authors demonstrated that ZAP influ-
ences hundreds of transcripts in ZAP-WT and ZAP-KO 
HEK cells [57]. Directly comparing the DEGs between 
our study and the above studies poses challenges due 
to variations in cell types, experimental design, and the 
employed bioinformatics. Nonetheless, the overarching 
trend in all previous studies strongly corroborates sig-
nificant transcriptional differences between uninfected 
ZAP-WT and ZAP-KO Vero cells (Tables S2A-D).

The above studies did not use virus infection for RNA-
seq comparison between ZAP-WT and ZAP-KO cells. 
Thus, to our knowledge, our study provides the first high-
throughput RNA-seq dataset highlighting the impact of 
ZAP on global gene expression during virus infection, at 
least in Vero cells. During submission of this manuscript, 
a study indirectly supporting our findings was published 
[57]. The authors used RNA-seq in ZAP-WT and ZAP-
KO HEK cells transfected with viral mimetic RNA oligos 
and showed that ZAP has a role in transcriptome regula-
tion in basal and antiviral states, which is in accordance 
with findings in the present study.

Table 1 Interferon lambda gene expression during Zika 
infection in Vero-ZAP-WT and Vero-ZAP-KO cells

FC: Fold change. FDR: False discovery rate. Data are in Tables S2J, N

*IFNL1 expression during Zika infection in ZAP-WT and ZAP-KO Vero cells 
compared to mock-infected ZAP-WT and ZAP-KO cells, respectively. Direction of 
analysis: Zika-infected/Mock-infected

Gene symbol Gene name Log2 FC FDR

ZAP-WT* 72 h IFNL1 Interferon lambda 
1

4.82 3.83E-08

ZAP-KO* 72 h IFNL1 Interferon lambda 
1

5.13 1.52E-10
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Altogether, we found that ZAP was associated with 
the inhibition of Zika virus in the absence of a robust 
type I IFN system (Vero cells are deficient for IFN-α/β). 
Enrichment analysis of GO processes also suggests the 
potential importance of ZAP in augmenting transcrip-
tional responses against Zika virus even in the absence 
of IFN-α/β. Further investigations are warranted to 
elucidate the mechanisms underlying these IFN-α/β-
independent antiviral cellular responses to Zika virus 
infection, and potential antiviral interactions between 
ZAP and type III IFNs.
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