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Abstract
Since 2010, porcine epidemic diarrhea virus (PEDV) has received global attention with the emergence of variant strains 
characterized with high pathogenicity. The pathogen–host interaction after PEDV infection is still unclear. To investigate 
this issue, high-throughput-based sequencing technology is one of the optimal choices. In this study, we used in vitro 
transcription sequencing alternative polyadenylation sites (IVT-SAPAS) method, which allowed accurate profiling of gene 
expression and alternative polyadenylation (APA) sites to profile APA switching genes and differentially expressed genes 
(DEGs) in IPEC-J2 cells during PEDV variant strain infection. We found 804 APA switching genes, including switching in 
tandem 3′ UTRs and switching between coding region and 3′ UTR, and 1,677 DEGs in host after PEDV challenge. These 
genes participated in variety of biological processes such as cellular process, metabolism and immunity reactions. Moreover, 
413 genes, most of which are the “focus” genes in interaction networks, were found to be involved in both APA switching 
genes and DEGs, suggesting these genes were synchronously regulated by different mechanisms. In summary, our results 
gave a relatively comprehensive insight into dynamic host–pathogen interactions in the regulation of host gene transcripts 
during PEDV infection.
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Abbreviations
PEDV  Porcine epidemic diarrhea virus
IPEC-J2  Porcine small intestinal epithelial cell line
hpi  Hours post-inoculation
IVT-SAPAS  In vitro Transcription sequencing alterna-

tive polyadenylation sites
APA  Alternative polyadenylation
DEGs  Differentially expressed genes
PASs  Poly(A) signals
DEPs  Differentially expressed proteins
CPEs  Cytopathic effects

MOI  Multiplicity of infection
ucsc  Database of University of California, Santa 

Cruz
ER  Endoplasmic reticulum
RT  Room temperature
RT-qPCR  Quantitative real-time PCR

Introduction

Porcine epidemic diarrhea virus (PEDV), an alphacoro-
navirus, causes acute diarrhea, vomiting, dehydration and 
weight loss in piglets. Before 2010, PEDV was under control 
by proper vaccine programs [1, 2]. However, from Octo-
ber 2010, due to the emergence and rapid spreading of the 
highly pathogenic PEDV variant strains, a large number of 
suckling piglets in southern China, even in vaccinated herds, 
presented symptoms such as severe diarrheal disease and 
higher mortality rates [3]. Moreover, the high morality in 
infected neonatal piglets leads to enormous economic loss, 
making PEDV a huge threat to swine industry. From May 
2013, a PEDV variant began to emerge and quickly spread 
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throughout the USA and caused numerous deaths in neo-
natal piglets [4, 5]. Henceforth, PEDV has received global 
attention.

As an alphacoronavirus, PEDV is an enveloped, single-
stranded positive-sensed RNA virus with a genome of 
approximately 28 kb. The viral genome contains at least 
seven open reading frames (ORFs). Among the proteins 
encoded are four structural proteins: spike (S) glycopro-
tein, small envelope (E) protein, membrane (M) protein, 
and nucleocapsid (N) protein [6]. To better understand the 
pathogenesis of PEDV, it is necessary to investigate the 
mechanisms of virus–host interaction. To address this issue, 
high-throughput-based sequencing technology provides a 
powerful tool. For instance, transcriptomic shotgun sequenc-
ing (RNA-Seq) was applied to describe gene responses in 
PEDV-infected Vero E6 cells [7]. Quantitative high-through-
put proteomic analysis was also used and indicated that the 
differentially expressed proteins (DEPs) were related to 
metabolism, cellular processes and protein synthesis etc. 
post PEDV infection [8–11]. However, most of this former 
work on host response at the cellular level was conducted in 
Vero cells, which are deficient in innate antiviral response.

During virus infection, the regulation of host gene expres-
sion is dynamic. The regulation at transcription and post-
transcription levels plays an essential role, which involves 
cellular transcription factors, epigenetic modifications, 
alternative splicing and microRNAs, etc. Alternative poly-
adenylation (APA) is a common regulation mechanism that 
generates transcript isoforms with alternative 3′ ends. More 
than half of mammalian genes are characterized by alterna-
tive polyadenylation of their transcripts [12, 13]. Various 
biological effects associated with tandem APA were inves-
tigated, including cancer transformation, embryonic devel-
opment, immune responses, neuronal activity [12, 14] as 
well as virus–host interaction [15–17]. In this study, we used 
in vitro transcription sequencing alternative polyadenylation 
sites (IVT-SAPAS) method to profile differential APA site 
switching events and differentially expressed genes in IPEC-
J2 cells during the infection of PEDV variant strain GDS01. 
A comprehensive analysis of the APA switching genes and 
DEGs (differentially expressed genes) was carried out to 
understand regulation mechanisms during PEDV infection.

Results

Sensitivity of IPEC‑J2 cells to PEDV infection

Immunofluorescence assay and plaque assay were performed 
to evaluate the sensitivity of IPEC-J2 cells to PEDV GDS01 
infection and the kinetics of virus replication. The IPEC-J2 
cells were infected with the GDS01 strain and harvested 
at different time points. After 7 hpi ( hours post-inocula-
tion), immunofluorescence resulting from staining with a 

PEDV-specific monoclonal antibody was observed (Fig. 1a). 
Until 13 hpi, cytopathic effects (CPEs) caused by PEDV 
GDS01 infection of IPEC-J2 cells were characterized as 
vacuolation, formation of syncytia and fusions of the cells. 
After infection, the virus titer declined at 7 hpi and then 
increased and peaked at 25 hpi, suggesting the eclipse phase 
of infection of the virus in IPEC-J2 cells (Fig. 1b). In gen-
eral, these data suggest that IPEC-J2 cells are sensitive to 
PEDV GDS01 infection.

Global profiling of poly(A) sites in IPEC‑J2 cells

In vitro transcription sequencing alternative polyadenylation 
sites (IVT-SAPAS) libraries were constructed at different 
time points after 1 h, 4 h, 7 h, 10 h, 13 h, 16 h and 19 h 
post-infection. To explore the dynamic gene regulation of 
IPEC-J2 cells after PEDV infection, we introduced SAPAS 
methods combined with in vitro transcription (IVT) and 
magnetic beads purification to analyze the polyadenylation 
pattern and expression profile [16].

Fig. 1  PEDV replication in IPEC-J2 cells. a Light microscopy and 
immunofluorescence of IPEC-J2 cells infected with PEDV strain 
GDS01 at 7 and 13 hpi. Mock-infected cells at 13 hpi were used 
as control. b One-step growth curve of GDS01 in IPEC-J2 cells. 
Infected cells were collected at 6-h interval. The virus titers were 
determined by plaque assay. The error bars represent SEM
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To study whether the global pattern of alternative poly-
adenylation is affected during PEDV infection in IPEC-J2 
cells, we profiled poly(A) sites in infected and mock-infected 
cells. A total of 403 million raw reads were generated by 
Illumina Hiseq 2500 sequencing. After mapping to the por-
cine genome and conducting internal priming filtering, about 
188 million reads were obtained for further poly(A) sites 
analysis. Among the filtered reads, only 71% of reads were 
annotated 3′ UTR (mapped to 3′ UTR and ucsc database), 
and 7% were located within 1 kb downstream of gene’s 
3′ UTR. The remaining reads were located in the coding 
regions (4%), and intergenic regions (18%) (Fig. 2a). After 
clustering the filtered reads, only 23% of poly(A) sites were 
mapped to annotated 3′ UTR (Fig. 2b). Based on our data-
set, 22% and 6% of poly(A) sites were located in intron and 
CDS regions, respectively (Fig. 2b). Moreover, 40% and 
9% of poly(A) sites were located in intergenic regions and 
within 1 kb downstream of the beginning of annotated 3′ 
UTR (Fig. 2b).

We arranged the annotated 3′ UTR APA sites in tandem 
APA based on the stop codon and combined these data 
with poly(A) site profiling as previously described [18]. 
All 10,971 genes were identified to have at least one tan-
dem poly(A) sites, among which 8,080 genes (73.65%) had 
two or more (Fig. 2c). The average distance between single 
poly(A) sites and stop codon was about 527 bp (median: 
312 bp). The median values of the distance from the stop 
codon to the proximal or distal poly(A) sites were 259 bp 
(average: 417 bp) and 1283 bp (average: 1604 bp), respec-
tively (Fig. 2d). The poly(A) signals (PAS) are six-nucleo-
tide cis-acting elements important in 3′ end processing that 
are located 10–30 nt upstream of the cleavage sites. To date, 
12 variants of PAS have been identified, and the canoni-
cal types were AAU AAA  and its main variant AUU AAA  
[13]. According to our database, the frequency of canoni-
cal PAS was around 46%. About 22% PAS were not identi-
fied (Fig. 2e). These results reveal the detailed landscape of 
poly(A) site usage in IPEC-J2 cells.

Tandem 3′ UTR APA switching in PEDV‑infected IPEC‑J2 cells

According to different switching sites, APA events can be 
classified into four general types: tandem 3′ UTR APA and 
alternative terminal exon APA, which involve cleavage in 
3′ UTRs; intronic APA, which is less frequent; and internal 
exon APA, which is the least frequent type [13]. The tandem 
3′ UTR APA is the most frequent APA form. Association of 
tandem APA with various biological effects has previously 
been demonstrated, including cancer transformation, embry-
onic development, immune responses, neuronal activity [12, 
14], as well as antiviral innate immune response [15, 16]. 
Thus, we analyzed the differential use of tandem APA sites 

located within the 3′ UTR in IPEC-J2 cells infected with 
PEDV GDS01.

We identified 196, 146, 470, 416, 209, 81 and 75 APA 
switching genes at 1, 4, 7, 10, 13, 16, 19 hpi, respectively 
(Fig.  3a), among which 171 genes switched to longer 
3′ UTR, 273 genes switched to shorter, while 360 genes 
showed dynamic switching of 3′ UTR length at different 
time points, which suggests that these dynamic switching 
genes may play an active role in the host–pathogen inter-
action (Fig. 3b). According to the tandem APA switching 
genes at different time points, we found that 3′ UTR tended 
to be shortened at the early stage after infection, while the 
number of genes with lengthened 3′ UTR increased at 7–10 
hpi (Fig. 3a), which were consistent with previous research 
[15]. Then we investigated the biological processes of the 
tandem 3′ UTR APA switching genes and found that most 
genes were involved with cellular process, metabolic pro-
cess and response to stimulus etc., few genes were involved 
in immune system process (Fig. 3c). After pathway enrich-
ment, the genes with highly significant p values were mainly 
involved with spliceosome, protein processing in endoplas-
mic reticulum (ER), Epstein-Barr virus infection, endocyto-
sis pathway etc. (Fig. 3d). For immune response after PEDV 
infection, several associated pathways were found, such as 
antigen processing and presentation, TGF-beta signaling 
pathway, etc. (Fig. 3d).

Dynamic regulation of gene expression in host–pathogen 
interaction

In addition to measuring tandem 3′ UTR APA variety, 
SAPAS method could also be used for digital gene expres-
sion analysis [19]. We identified 912, 260, 786, 568, 58, 
244 and 163 differentially expressed genes at 4, 7, 10, 13, 
16, 19 hpi, respectively (Fig. 4a), among which 638 genes 
were up-regulated, 311 genes were down-regulated and 728 
genes were dynamically regulated at different time points 
(Fig. 4b). These DEGs were clustered into cellular process, 
metabolic process, response to stimulus and other biological 
process, few genes were involved in immune system process 
(Fig. 4c). After the pathway enrichment, metabolic path-
ways, RNA transport, ribosome, biosynthesis of antibiot-
ics, cell cycle and protein processing in ER pathways were 
enriched with highly significant p values (Fig. 4d). Further-
more, we found that some noteworthy pathways among these 
DEGs, such as TGF-beta signaling pathway, RNA transport 
and degradation, p53 signaling pathway, cell cycle and adhe-
rens junction (Fig. 4d).

Endoplasmic reticulum is a major site of protein synthe-
sis, transport and folding [20]. In our analysis, both tandem 
APA switching genes and differently expressed genes were 
clustered into protein processing in ER pathway, which 
suggests that PEDV infection may affect normal function 
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of ER in multiple ways. Ten genes (CANX, DNAJC10, 
SEC63, UFD1, PLAA, UBE2G2, UBQLN1, BAK1, SSR3, 
DNAJB11) were selected to detect their dynamic expression 
with RT-qPCR. The relative expression of related DEGs was 

confirmed by the RT-qPCR results, which were consistent 
with the results of SAPAS sequencing (Fig. 5).

Fig. 2  IVT-SAPAS reads and poly(A) sites in IPEC-J2 cells. a 
Genomic location of reads. b Distribution of poly(A) sites. c Genes 
with different numbers of tandem poly(A) sites. d Boxplot of the 
median distances between stop codons and poly(A) sites in genes 
with single poly(A) sites and distances between stop codons and clos-
est poly(A) sites or farthest poly(A) sites in genes with APA in the 

3′-end. The elements of box means the upper limit of outliers; 75th 
percent (Q1); 50th percent (Q2); 25th percent (Q3); the lower limit of 
outliers. The circles in box plot means outlier. The upper limit of out-
liers = Q3 + 1.5*(Q3-Q1); the lower limit of outliers = Q1-1.5*(Q3-
Q1). (E) PAS usage of poly(A) sites. ucsc: database of University of 
California, Santa Cruz
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Fig. 3  Tandem APA switching genes in IPEC-J2 cells after PEDV 
infection. a Summary of tandem APA switching genes between sam-
ples at different time points. b Venn diagrams of tandem APA sites 

switching genes. c Functional classification of tandem APA switching 
genes. d Pathway analysis of tandem APA switching genes
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Fig. 4  Differentially expressed genes in IPEC-J2 cells after PEDV-
infected. a Summary of differentially expressed genes between sam-
ples at different time points. b Venn diagrams of DGEs. c Functional 

classification of differentially expressed genes. d Pathway analysis of 
differentially expressed genes
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APA switching between coding region and 3′ UTR 

Besides the 3′ UTR, APA sites are also found in the coding 
region, thus affecting translation. As described before, if the 
usage of coding region APA sites is increased, it is referred 

as CDS-prefer, or UTR-prefer otherwise [16]. A total of 149 
genes (FDR < 0.01) showed switching events between cod-
ing region and 3′ UTR, and 27 genes showed different ten-
dencies at different time points after infection (Fig. 6a). As 
the results suggest, genes tend to use more APA sites in 3′ 

Fig. 5  RT-qPCR analysis of the 
dynamic expression of selected 
genes. IPEC-J2 cells infected 
with PEDV GDS01 at 0.5 MOI 
were collected at six time points 
and RT-qPCRs were performed. 
The x-axis denotes different 
time points and the y-axis 
denotes the relative expression 
in infected samples comparing 
to uninfected samples. SAPAs 
represent the relative expression 
of genes calculated from IVT-
SAPAS sequencing database



188 Virus Genes (2021) 57:181–193

1 3

UTR at 1–10 hpi After 10 hpi, the usage of APA sites in cod-
ing region prevails (Fig. 6b). APA sites located in the coding 
region could affect translation and cause premature transla-
tion termination. Thus, we explored the function of these 
CDS-preferred APA genes and found that CDS-preferred 
genes mainly participate in cellular process and metabolic 
process (Fig. 6c).

The role of APA and differential expression during PEDV 
infection

Since both tandem APA switching genes and DEGs showed 
dynamic regulation during PEDV infection, to explore the 
relationship between them, we analyzed the two data sets 
and found that 413 genes (nearly 20%) were subjected to 
changes of 3′ UTR length and differential expression level 
during the PEDV infection concurrently (Fig. 7a). These 
genes are mainly enriched in spliceosome, protein process-
ing in ER and cell cycle pathways (Fig. 7b).

Furthermore, we mapped the gene network connections 
of tandem APA switching genes and DEGs to explore the 
potential links between them. We chose cell cycle [21, 22], 
endoplasmic reticulum protein processing [23], cell junction 
[24] and PI3K-Akt signaling pathway [25], four pathways 
that were reported in previous research concerning PEDV 
infection. As shown in Fig. 8, genes clustered in either 
alternative polyadenylation or differential expression were 
mapped to four specific functional networks, while the over-
lapped genes are preferentially mapped as “focus” genes, 
such as CDK6, E2F1, DNAJC10, CANX and AKT3.

Discussion

PEDV is one of the pathogens that threatens the global swine 
industry. Although the pathogenicity of the virus was stud-
ied extensively, little is known about the mechanism of the 

virus–host interaction. Several studies tried to investigate 
it using proteomics analysis of Vero E6 cells infected with 
PEDV [8–11]. Moreover, the global dynamic regulation of 
PEDV-infected Vero E6 cells at the transcriptional level 
has been analyzed [7]. Since the regulation of host genes 
after PEDV infection is a dynamic and complicated pro-
cess, various types of transcript regulation, including altera-
tion of mRNA quantity and alternative polyadenylation, are 
involved. In this study, IPEC-J2 cells were used to study the 
dynamic regulation after PEDV variant strain GDS01 infec-
tion. High-throughput-based IVT-SAPAS technology was 
applied and the differentially expressed genes were profiled.

Extremely complex gene regulatory changes occur in 
cells after virus infection. On one hand, to replicate in host 
cells, viruses develop strategies to disturb host gene expres-
sion or protein production. On the other hand, cells carry 
out various defense mechanisms. One way is through affect-
ing sites of 3′ end processing of mRNA, which has conse-
quences for transcript stability and mRNAs translation [13]. 
As a consequence of alternative polyadenylation, a variety 
of cellular processes are affected. Since the 3′ UTR serves 
as a docking platform for posttranscriptional gene regula-
tors, alterations of tandem 3′ UTR APA could influence the 
stability, localization and translation of the target RNAs. The 
length of 3′ UTRs influence the translation efficiency, and 
truncated transcripts lead to truncated proteins. In this work, 
we just focused on gene expression at the transcript level. 
In our results, APA switching genes were mainly clustered 
into cellular processes such as endocytosis, protein process-
ing in ER and spliceosome. Moreover, the same pathways 
were enriched with the DEGs. Since IPEC-J2 cells were 
not immune cells, fewer genes affected are associated with 
immune reaction. Immune pathways such as antigen pro-
cessing and presentation were found to be promoted in this 
research.

In this study, APA switching genes and DEGs were 
found to participate in variety of biological processes such 

Fig. 6  Genes with APA switch-
ing among coding region and 3′ 
UTR region. a Venn diagrams 
of UTR-prefer genes and 
CDS-prefer genes. b Summary 
of genes with APA switching 
between coding region and 3′ 
UTR region at different time 
points. c Functional classifica-
tion of CDS-prefer genes



189Virus Genes (2021) 57:181–193 

1 3

as cellular process, metabolism and immunity reactions, 
which was consistent with the results of Zhang et al., who 
analyzed the DEGs of PEDV infection in Vero cells [7]. 
Several proteome analyses also show that, after PEDV infec-
tion, differentially expressed proteins involve in biosynthe-
sis, metabolic and signal transduction processes, such as 
cell cycle, cell death and survival and virus entry [8–11]. 
Immune-related pathways, like TGF-beta signaling pathway, 
p53 signaling pathway and antigen processing and presenta-
tion, were enriched in our results. The expression levels of 
more immune-related genes and proteins were found to be 
affected by PEDV infection by Zhang et al. and Sun et al. [7, 
10]. In our data, some genes exhibited both APA switching 
and changes in expression levels, suggesting these genes are 
regulated by multiple mechanisms during virus infection. 
Furthermore, the overlapped genes tended to be the “focus” 
genes in the networks of cellular processes such as cell cycle 
and protein processing in ER as well as signaling pathways 
(Fig. 8). These genes may serve as essential genes during 
PEDV-cell interaction.

The ER serves as a site of protein folding as well as 
transport [20]. Accumulation of misfolded proteins in the 
ER during virus infection would cause ER stress. Various 

research found that a majority of coronaviruses cause 
ER stress after infection, such as porcine transmissible 
gastroenteritis virus, severe acute respiratory syndrome 
virus and infectious bronchitis virus [26–28]. For PEDV 
infection, researchers demonstrated that the viral struc-
tural proteins including envelope protein (E) [29], mem-
brane protein (M) [22] and nucleocapsid protein (N) [23] 
could cause ER stress, resulting in activation of pathways 
distinct from NF-kB activation. In our gene profiling, we 
could not find any activation in the NF-kB signaling path-
way. Stimulation of immune responses could be studied 
further in future work.

Cell cycle directs cell proliferation through a series of 
events. The PEDV structural proteins were shown to be able 
to prolong the S-phase in a cell cycle [29]. In our study, 
DEGs and APA switching genes could be mapped to the 
cell cycle pathway, suggesting the cellular state may serve 
an important role in PEDV replication. The focus genes 
exhibiting both APA switching and changes in expression 
levels may act as more important functional genes. CCNB1, 
CDK6, ANAPC7 and CDKN2C are main regulators of cell 
cycle progression, while E2F1 and PCNA participate in 
DNA replication [30–33].

Fig. 7  Relationship between tandem APA switching genes and differentially expressed genes. a Venn diagram of tandem APA switching genes 
and differentially expressed genes. b Pathway enrichment of genes subjected to changes of 3′ UTR length and differential expression level
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Conclusions

Our results reveal a dynamic regulation of gene expression 
in IPEC-J2 cells after PEDV infection, in which both APA 

sites switching events and DEGs are involved. About 20% of 
the significantly changed genes were identified as both APA 
switching genes and DEGs. These genes tended to act as a 
“focus genes” in function networks, which may have greater 

Fig. 8  Ingenuity pathway analysis of genes significantly altered in IPEC-J2 cells during PEDV infection. Tandem APA switching genes are 
marked green. Differently expressed genes are marked red; Genes exhibiting both APA switching and differential expression are marked yellow
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research value in the future. Our results could provide a 
relatively comprehensive insight into dynamic interaction 
between host and PEDV virus, which would contribute to 
future research on PEDV pathogenesis.

Methods

Cells and virus

A porcine small intestinal epithelial cell line IPEC-J2 cells 
(a kind gift from Prof. Qian Yang, Nanjing Agricultural 
University, China) were cultured in RPMI 1640 medium 
(Gibco) containing 10% fetal bovine serum (Gibco) and 
antibiotics (penicillin 100U/mL and streptomycin 100ug/
mL) at 37℃ in 5%  CO2. PEDV strain GDS01 (GenBank 
ID: KM089829.1) [34] was isolated in 2012, Guangdong 
province, China. The GDS01 was propagated in Vero E6 
cells and stored at − 80℃.

Immunofluorescence analysis (IFA)

IPEC-J2 cells were cultured until 80–90% confluence in 
12-well plates and then infected with GDS01 at a multi-
plicity of infection (MOI) of 0.1. At 7, 13 and 25 h post-
inoculation (hpi), cells were collected and washed with PBS 
before fixation with cold 4% paraformaldehyde for 15 min. 
The fixed cells were washed twice with PBS and permeabi-
lized with 0.5% Triton X-100 at room temperature (RT) for 
15 min. After washing twice with PBS, cells were blocked 
with 3% (w/v) BSA in PBS at RT for 1 h. Anti-PEDV N pro-
tein mouse monoclonal antibody 2B11 [35] (1:1000 diluted 
in PBST) was used to detect the GDS01-infected cells. 
After washing thrice with PBST, cells were incubated with 
FITC-conjugated goat anti-mouse Ig(H + L) (1:500 diluted 
in PBST) at 37℃ for 1 h. After washing thrice with PBST, 
fluorescent images were taken under inverted fluorescence 
microscope (Nikon, Eclipse Ti-U).

Kinetics of PEDV replication in IPEC‑J2 cells

Confluent IPEC-J2 cells were washed three times with PBS. 
After infection with GDS01 at 0.1 MOI for 1 h, the superna-
tant was replaced by fresh RPMI 1640 medium with 2.5 μg/
mL EDTA-free trypsin. At 1, 7, 13, 25 and 37 hpi, the virus 
was released by freezing and thawing of the cells for three 
times. The viral titer at each time point was determined by 

plaque assay. Each experiment was repeated three times 
independently.

Quantitative real‑time PCR (qPCR)

Total RNA was extracted from the GDS01-infected or 
mock-infected IPEC-J2 cells using TRIzol (Invitrogen) 
according to the manufacturer’s instruction. cDNA was 
synthesized using 3 μg total RNA with the Rever Tra Ace 
qPCR RT Master Mix with gDNA Remover Kit (TOY-
OBO, Japan) according to the manufacturer’s instruction. 
qPCR reaction was performed in a final volume of 10 μl 
with SYBR Premix ExTaq II Kit (Takara) using a Light 
Cycler 480 real-time PCR system (Roche Diagnostics, 
Indianapolis, IN, USA). The GAPDH gene was used as a 
reference gene. Primer sequences in this research are given 
in Additional file 1.

IVT‑SAPAS library preparation 
and sequencing

Confluent IPEC-J2 cells were washed three times with 
PBS. After infected with GDS01 at 5 MOI for 1 h, the 
supernatant was replaced by fresh medium. Mock infec-
tion was used as control. Cells were collected at 4, 7, 10, 
13, 16, 19 hpi. In total, fourteen samples were used for 
library preparation. Briefly, total RNA was extracted from 
samples using TRIzol (Invitrogen). Genomic DNA was 
removed by using Turbo DNA-free Kit (Ambion) follow-
ing manufacturer’s instruction. Approximately 2 μg total 
genomic DNA-free RNA of each sample was randomly 
fragmented by heating at 94℃ for about 20 min. The first-
strand cDNA was synthesized by SuperScript III Reverse 
Transcriptase Kit (Invitrogen) using an anchored oligo d 
(T) primer with a 5′ template switching adaptor. Using an 
anchored oligo dT primer for first-strand synthesis can-
not avoid obtaining polyA-rich regions, but this sequence 
would be filtered out in the reads processing [36]. Then 
the second-strand cDNA was synthesized by using cDNA 
synthesis Kit (M-MLV version) (Gubler-Hoffman) accord-
ing to the manufacturer’s instruction. The cDNA product 
was purified with Agencourt RNA Clean XP kit (Beck-
man Coulter). In vitro transcription was done by using 
RiboMAX™ Large Scale RNA Production System-T7 
(Promega). After removing template cDNA with RQ1 
RNase-Free DNase (Promega), the RNA product was 
purified with Agencourt RNA Clean XP kit (Beckman 
Coulter). Illumina adaptor B with 6-mer barcode and 
modified oligo d(T) tagged illumine adaptor A were used 
for PCR amplification following the instruction of High 
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Fidelity Platinum Taq DNA Polymerase Kit (Invitrogen). 
Then fragments of 250–500 bp in size of the PCR products 
were selected and purified by Agencourt Ampure magnetic 
bead (Beckman Coulter) according to the manufacturer’s 
instruction. The average size was determined by Agilent 
2100 bioanalyzer (Agilent Genomics). Then the final 
pooled fragments were quantified and sequenced from the 
3′ end with Hiseq 2500 (Illumina). The details of primers 
were shown in Additional file 1.

Data analysis

Data from the SAPAS-libraries was analyzed as described 
before [18]. Briefly, generated raw reads were trimmed, 
filtered, and mapped to the sus scrofa genome (http://
hgdow nload .soe.ucsc.edu/golde nPath /susSc r3/bigZi ps/). 
After internal priming filtering [36], the resulting uniquely 
mapped reads were clustered to define poly(A) sites.

Two types of APA switching events, named tandem 
APA switching and switching between coding regions 
and 3′ UTR, were considered in this study. To test tandem 
APA switching, poly(A) site usage between infected and 
uninfected cells were identified by the linear trend test and 
the independence test. As to test switching between coding 
regions and 3′ UTR, APA sites within a gene were classi-
fied into two groups according to their locations, referring 
as coding region and 3′ UTR. Then Chi-squared test was 
introduced to evaluate whether the switching that occurred 
within these two regions is significant. If the usage of the 
APA sites in the coding region is increased, it is deter-
mined as CDS-prefer, otherwise is UTR-prefer [16].

To analyze gene expression level, the ratio between 
infected and uninfected samples was compared with chi-
squared test. If gene with significant p value corresponded 
to a false discovery rate < 0.05 and fold change > 2, they 
were identified as significant DEGs.

KEGG pathway information was extracted from KEGG 
MAPPER (http://www.genom e.jp/kegg/tool/map_pathw 
ay1.html) on the KEGG website.

The resulting p values were corrected in the Benja-
mini–Hochberg sense. Bubble charts of pathways were 
drawn with R package ggplot2. The protein interaction 
was analyzed with SRING and then drawn with Cytoscape.
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