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ABSTRACT 22 

Newcastle disease virus (NDV) causes severe infectious disease in poultry, and 23 

selectively kills tumor cells by inducing apoptosis. In this report, we revealed the 24 

mechanisms underlying NDV-induced apoptosis via investigation of endoplasmic 25 

reticulum (ER) stress-related unfolded protein response (UPR) in HeLa cells. We 26 

found that NDV infection induced the expression of pro-apoptotic transcription factor 27 

CHOP via PKR-eIF2α pathway. Knock down and exogenous expression studies 28 

showed that CHOP promoted cell apoptosis by down-regulation of anti-apoptotic 29 

protein BCL-2 and MCL-1, promotion of pro-apoptotic JNK and p38 signaling, and 30 

suppression of pro-survival AKT signaling. Meanwhile, CHOP facilitated NDV 31 

proliferation. Furthermore, virus infection activated IRE1α, another ER stress sensor, 32 

thereby promoting the mRNA splicing of XBP1 and resulting in the translation of 33 

transcription factor XBP1s. XBP1s entered into cell nucleus, promoted the expression 34 

of ER chaperones and components of ER associated degradation (ERAD). Exogenous 35 

expression of XBP1s helped IBV proliferation, and silence of XBP1s reduced virus 36 

proliferation. Meanwhile, exogenous expression and knock down studies 37 

demonstrated that IRE1α activated pro-apoptotic JNK signaling, promoted apoptosis 38 

and inflammation. In conclusion, our current study demonstrates that the induction of 39 

CHOP and activation of IRE1α-XBP1/JNK signaling cascades promote apoptosis and 40 

benefit NDV proliferation. 41 

IMPORTANCE 42 

It is well known that NDV kills host animal and tumor cells by inducing cell 43 

apoptosis. Although several studies investigate the apoptotic phenomena in 44 

NDV-infected tumor cells, the molecular mechanisms underlying this oncolytic virus 45 

induced apoptosis is not well understood yet. In this study, we focus on 46 

characterization of the ER stress responses in NDV-infected tumor cells, and find that 47 

virus induces apoptosis by up-regulation or activation of several unfolded protein 48 

responses (UPR) related transcription factors and signaling: such as ATF4, CHOP and 49 
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XBP1s, and pro-apoptotic kinases (IRE1α, JNK, p38). Moreover, activation of these 50 

transcription factors and signaling cascades helps virus proliferation. Our study 51 

dissects the UPR induced apoptosis in NDV-infected tumor cells, and provides the 52 

evidence that UPR favors NDV proliferation.   53 

Keywords: Newcastle Disease Virus; ER stress; apoptosis; CHOP; IRE1α; XBP1; 54 

JNK 55 

INTRODUCTION 56 

The endoplasmic reticulum (ER) is a crucial intracellular organelle in eukaryotic 57 

cells. It plays important role in regulation of lipid synthesis, calcium homeostasis, and 58 

protein synthesis, translocation, folding, modification and trafficking (1). When large 59 

amounts of proteins enter the ER, unfolded or misfolded proteins accumulate in the 60 

ER lumen and induce ER stress. For survival, cell will activate several signaling 61 

pathways collectively termed as the unfolded protein response (UPR). Three 62 

transmembrane ER stress sensors have been identified, including protein kinase RNA 63 

(PKR)-like ER kinase (PERK), activating transcription factor 6 (ATF6) and 64 

Inositol-Requiring Protein 1 alpha (IRE1α) (2). In physiological condition, these 65 

sensors keep in inactive state by binding with ER chaperone immunoglobulin heavy 66 

chain-binding protein (Bip) in ER lumen. In response to excess accumulation of 67 

misfolded or unfolded proteins, Bip binds with unfolded proteins and ER sensors are 68 

released and activated. PERK is activated by homo-dimerization and 69 

auto-phosphorylation on Thr980 (2, 3), and in turn phosphorylates eukaryotic 70 

initiation factor 2α (eIF2α). Phospho-eIF2α has increased affinity to eIF2β subunit 71 

and prevents regeneration of GTP in the ternary complex eIF2-GTP-
Met

tRNAi, thus 72 

halting the ignition of protein translation (4). Although eIF2α phosphorylation leads to 73 

translation inhibition, several specific mRNAs are preferentially translated, such as 74 

activating transcription factor 4 (ATF4).  ATF4 contributes to the transcription of 75 

genes important for cellular remediation and apoptosis, including growth arrest and 76 

DNA damage-inducible protein 153 (GADD153, also named CHOP) (5), a 77 
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pro-apoptotic transcription factor. It is well known that CHOP is involved in cellular 78 

apoptosis by regulating the expression of BCL2, tribbles-related protein 1 (TRB3), 79 

death receptor 5 (DR5), ER Oxidoreductin-1-L-alpha (ERO1α), and DNA 80 

damage-inducible protein 34 (GADD34) (6, 7). During RNA virus infection, large 81 

amount of viral proteins are synthesized, which usually activate PERK. Meanwhile, 82 

another eIF2ɑ kinase, PKR, binds with viral double stranded RNA (dsRNA) and is 83 

activated by auto-phosphorylation on Thr446 and Thr451 (8, 9). Both PERK and PKR 84 

are involved in phosphorylation of eIF2α on Ser51 and eliciting downstream 85 

ATF4-CHOP signaling (9, 10). Another ER stress sensor, ATF6, is released from Bip 86 

and moves to Golgi apparatus, where it is cleaved into N-terminal fragment ATF6-N 87 

and moves to nucleus as active transcription factor (11). In nucleus, ATF6-N triggers 88 

the transcription of protein chaperones, X box-binding protein 1 (XBP1), and 89 

components of ER associated degradation (ERAD), enhancing ER folding capacity 90 

and reducing misfolding proteins (12, 13). The IRE1α-XBP1 branch is the most 91 

evolutionarily conserved in Eukarya (14). Upon ER stress, IRE1α is released from 92 

Bip and undergoes homo-oligomerization, autophosphorylation, and activation. The 93 

activated IRE1α harbors the kinase activity and endoribonuclease activity(15). The 94 

endoribonuclease leads to unconventional enzymatic splicing of XBP1u mRNA into 95 

XBP1s mRNA by removing 26 nucleotide intron, and the spliced mRNA is then 96 

translated into an active transcription factor XBP1s (15). XBP1s enters into the 97 

nucleus and controls the transcription of the ER quality control genes and components 98 

of ERAD, to remove the excess misfolded/unfolded proteins in ER lumen (13, 16, 17). 99 

IRE1α also degrades ER-associated mRNAs, named as regulated IRE1α-dependent 100 

decay (RIDD),  to reduce protein load in the ER (18). 101 

If ER homeostasis cannot be restored, the UPR drives the damaged or infected 102 

cells to apoptosis (19). Apoptosis is the major type of cell death, characterized by cell 103 

shrinkage, chromosomal DNA cleavage, nuclear condensation and fragmentation, 104 

dynamic membrane blebbing, and formation of apoptosis bodies. The outside cell 105 

death ligands trigger the death receptor mediated apoptotic pathway, hallmarked by 106 
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cleavage of caspase 8; the inside cell signals confer mitochondrial apoptotic pathway, 107 

hallmarked by cleavage of caspase 9. The intrinsic pathway is under control of BCL-2 108 

protein family, which comprises at least 12 proteins, including pro-apoptotic effectors 109 

BAX and BAK, pro-apoptotic BH3-only activator proteins BID, BIM, PUMA, and 110 

NOXA, pro-apoptotic BH3-only sensitizer proteins BIK, BAD, NOXA, HRK, BNIP3, 111 

and BMF, as well as pro-survival guardian proteins BCL-2, MCL-1, BCL-XL, 112 

BCL-w, and BFL1/A1 (20). Pro-survival guardian proteins inhibit apoptosis through 113 

binding to and sequestering activators or effectors. BH3-only activators directly 114 

activate BAK or BAX. BH3-only sensitizers indirectly activate BAK or BAX through 115 

inhibiting pro-survival guardian proteins. When enough activators have been 116 

stimulated by cytotoxic stresses, BAX is released from pro-survival guardian proteins 117 

and oligomerize on the mitochondrial outer membrane, permeabilize and disrupt the 118 

membrane, resulting in release of cytochrome c and second mitochondria-derived 119 

apoptotic protein (SMAC), subsequently blocking the X-linked inhibitor of apoptotic 120 

protein (XIAP) and promoting the activation of caspase 9 on the scaffold protein 121 

apoptotic protease activating factor 1 (APAF1) (21, 22). Caspase 9 in turn cleaves and 122 

activates the effectors, such as caspase 3 (23). Under persistent ER stress, the 123 

enhanced transcription factor CHOP may promote cell apoptosis by down-regulating 124 

of anti-apoptotic protein BCL-2 expression and perturbing the cellular redox state 125 

(24). CHOP also interacts with ATF4 to induce GADD34 and recover protein 126 

synthesis (25). During prolonged ER stress, activated IRE1α interacts with TNF 127 

receptor-associated factor 2 (TRAF2), an adaptor protein, which recruits apoptosis 128 

signal-regulating kinase 1 (ASK1). The complex induces apoptosis by activation of 129 

the pro-apoptotic ASK1-c-Jun amino-terminal kinase (JNK) signaling (26). It has 130 

been demonstrated that some viruses, such as infectious bronchitis virus (IBV) and 131 

Japanese encephalitis virus (JEV), induce apoptosis via UPR in infected cells (27, 28).  132 

Newcastle disease virus (NDV) is highly contagious avian pathogen, which 133 

belongs to the genus Avulavirus within the family Paramyxoviridae (29). Similar to 134 

other paramyxoviruses, NDV is an enveloped virus with negative-sense 135 
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single-stranded RNA, which is 15186 nucleotides in length (30). The single-stranded 136 

negative RNA genome encodes six structural proteins: the 137 

hemagglutinin-neuraminidase (HN), the fusion glycoprotein (F), the matrix protein 138 

(M), the nucleoprotein (NP), the phosphoprotein (P), and the large polymerase protein 139 

(L).  HN and F mediate cell surface receptor binding and membrane fusion, thereby 140 

determining virus entry into cells (31-33). M protein forms an inner protein layer 141 

below the inner leaflet of the viral membrane and plays essential role in virus 142 

assembly and budding (34). NP, P and L protein associate with the viral RNA to form 143 

the ribonucleoprotein complex (RNP), and are involved in virus genome replication 144 

(35) . During the transcription of the P gene, two additional non-structural proteins, V 145 

and W, are transcribed as the result of RNA editing (36). The V protein interferes 146 

with STAT signaling and prevents interferon (IFN) stimulated genes (ISGs) 147 

expression, confers NDV the ability to evade the IFN response (37). NDV has been 148 

identified as an oncolytic virus for decades, which selectively infects and kills the 149 

human cancer tissues (38). The oncolytic activity of NDV is associated with apoptosis 150 

cascades. In NDV-infected chicken, death of chicken embryos and neurological 151 

damage in adult chicken are the consequences of the apoptosis (39). Thus, NDV 152 

infection induced apoptosis involved in the oncolytic activity and pathogenesis. It has 153 

been reported that NDV infection resulted in the loss of mitochondrial membrane 154 

potential, the release of cytochrome c, and the activation of caspase 9 (40, 41). BCL-2 155 

and BAX modulates the NDV-induced apoptosis response (42, 43). Previously we 156 

found that NDV infection induced the expression of TNF-α and TRAIL via NF-кB 157 

pathway, thus activates caspase 8, resulting in cleavage of RIP1 and BID, thereby 158 

promoting apoptosis (44). Although both extrinsic and intrinsic apoptosis by NDV 159 

infection have been reported, the inside death signals have not been clarified yet. We 160 

have showed NDV infection induced phosphorylation of eIF2α and resulted in protein 161 

translation shut off in both cancer and chicken cells (45). However, the role of UPR in 162 

NDV-induced cell death remains largely unexplored. In this study, we focused on 163 

characterization of the UPR branches and their role in NDV-induced apoptosis. We 164 

found that NDV infection induced the expression of pro-apoptotic CHOP via 165 
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PKR-eIF2α-ATF4 signaling in cancer cells. Knock down and overexpression study 166 

demonstrated that CHOP promoted NDV-induced apoptosis via reducing the level of 167 

anti-apoptotic BCL2 and MCL-1, promoting pro-apoptotic JNK and p38 signaling, 168 

and suppressing pro-survival kinase AKT. Moreover, IRE1α was activated by NDV 169 

infection, which results in the splicing of XBP1 and phosphorylation of JNK. Both 170 

IRE1α-XBP1 and IRE1α-JNK signaling play a critical role in NDV-induced apoptosis. 171 

Meanwhile, the induction/activation of CHOP, IRE1α, XBP1s, and JNK favors virus 172 

proliferation. Taken together, this study dissects the UPR branches and characterizes 173 

their roles in NDV-induced apoptosis and virus proliferation.  174 

MATERIALS AND METHODS 175 

Cells and virus 176 

The human cervical cancer cell line (HeLa) and chicken embryo fibroblast 177 

monolayer cell line (DF-1) was purchased from ATCC (Manassas, VA, USA). These 178 

cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Hyclone，USA) 179 

with 4500 mg glucose supplemented with 10% fetal bovine serum (FBS, Gbico, USA) 180 

at 37°C humidified atmosphere containing 5% CO2. 181 

The NDV velogenic strain Herts/33 was obtained from China Institute of 182 

Veterinary Drug Control (Beijing, China). The virus was propagated in chicken 183 

embryonate eggs and titrated on DF-1 cells by TCID50 assay. The virus was used for 184 

infection at multiplicity of infection (MOI) of 1 throughout this study. 185 

Reagents and antibodies 186 

The IRE1α inhibitor 8-formyl-7-hydroxy-4-methylcoumarin (4µ8c) (s7272), 187 

JNK inhibitor SP600125 (s1460), and PKR/PERK inhibitor GSK2606414 (s7307) 188 

were purchased from Selleck Chemicals (USA). RNA extraction reagent Trizol® and 189 

transfection reagent Lipofectamine 2000 were purchased from Invitrogen Thermo 190 

Fisher Scientific (USA). Western blotting stripping buffer (p0025) and 4’, 191 
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6’-diamidino-2-phenylindole (DAPI) (c1002) were purchased from Beyotime 192 

Biotechnology (China). SYBR Green qPCR Mix (p2092) was purchased from 193 

Dongsheng Biotech (China). 194 

Monoclonal NDV NP antibody was raised in mice using bacterially expressed 195 

His-tagged NP as the immunogen. Antibodies against phospho-eIF2α (3398), eIF2α 196 

(5324), CHOP (2895), BCL-2 (4223), MCL-1 (5453), BCL-xL (2764), BIM (2933), 197 

PUMA (12450), BAX (5023), PARP (9542), phospho-AKT (13038), AKT (4691), 198 

phospho-ERK1/2 (4370), ERK1/2 (4695), phospho-JNK (4668), JNK (9252), 199 

phospho-p38 (4511), p38 (8690), IRE1α (3294), caspase-3 (9665) were purchased 200 

from Cell Signaling Technology (USA). Phospho-IRE1α (ab48187) and XBP1 201 

(ab37152) was purchased from Abcam (UK). Anti-Flag and β-actin (A1978) were 202 

purchased from Sigma-Aldrich (USA). The secondary IgG conjugated with HRP, 203 

FITC, or TRITC were obtained from DAKO (Denmark).  204 

The specific sequences of small interfering RNA (siRNA) oligos of CHOP, 205 

IRE1α, XBP1, JNK, and non-target control siRNA (sic) are shown in table 1. All 206 

siRNAs were synthesized by GenePharma Co. Ltd (Shanghai, China). 207 

Construction of plasmids 208 

For construction of PXJ40F-CHOP plasmid, full length CHOP (NM_004083.5) 209 

was amplified by PCR from human cDNA using forward primer 5’- 210 

CCCAAGCTTATGGCAGCTGAGTCATTGCCTTTC -3’ and reverse primer 5’- 211 

GGAAGATCTTCATGCTTGGTGCAGATTCACCATTC-3’. The restriction enzyme 212 

sites are underlined. The PCR product was digested with Hind III and Bgl II 213 

restriction enzymes, and cloned into vector PXJ40F (with a Flag tag in amino 214 

terminus). For construction of pCMV-IRE1α plasmid, full length IRE1α (GenBank: 215 

AF059198.1) was amplified by PCR from human cDNA using forward primer 216 

5’-GCAATCAAGCTTATGCCGGCCCGGCGGCTGCTGC-3’ and reverse primer 217 

5’-GACGTGGAATTCGAGGGCGTCTGGAGTCACTGGGGGC-3’. The restriction 218 
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enzyme sites are underlined. The PCR product was digested with Hind III and EcoR I 219 

restriction enzymes, and cloned into vector p3ⅹFlag-CMV-14 (with a Flag tag in 220 

carboxyl terminus).  For construction of pCMV-XBP1u plasmid, full length XBP1u 221 

(NM_005080.3) was amplified by PCR from human cDNA using XBP1 forward 222 

primer 5’- GCAATCAAGCTTATGGTGGTGGTGGCAGCCG-3’ and XBP1u reverse 223 

primer 5’-GACGTGTCTAGAGTTCATTAATGGCTTCCAGCTTGGC-3’.  The 224 

restriction enzyme sites are underlined. The PCR product was digested with Hind III 225 

and Xba I restriction enzymes, and cloned into vector p3ⅹFlag-CMV-14. For 226 

construction of pCMV-XBP1s plasmid, full length XBP1s (NM_001079539.1) was 227 

amplified by PCR from human cDNA using the forward primer 228 

5’-GCAATCAAGCTTATGGTGGTGGTGGCAGCCG-3’ and reverse primer 229 

5’-GACGTGTCTAGAGACACTAATCAGCTGGGGAAAGAG-3’. The PCR product 230 

was digested with the restriction enzyme Pst I to remove the XBP1u fragment, 231 

followed with Hind III and Xba I digestion, finally cloned into vector 232 

p3ⅹFlag-CMV-14.  233 

Transfection of plasmids and siRNAs 234 

HeLa cells were transfected with plasmids or siRNAs using lipofectamine 2000 235 

reagent (Invitrogen, USA) according to the manufacture’s standard protocol. At 24 236 

hours (h) (plasmid transfection) or 48 h (siRNA transfection) post-transfection, cells 237 

were incubated with NDV in serum free medium at 37°C for 1 h to allow the binding 238 

and entry. After that, the unbound virus was removed and cells were incubated with 239 

fresh medium (with 2% FBS). The cells and supernatant were harvested at indicated 240 

time point post-infection, and subjected to Western blotting analysis, RT-PCR, or 241 

TCID50 assay, respectively. 242 

SDS-PAGE and Western blotting analysis 243 

Cell lysates were prepared with 2ⅹSDS loading buffer (20 mM Tis-HCl, pH 8.0, 244 
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100 mM Dithiothreitol, 2% SDS, 20% Glycerol and 0.016% Bromphenol blue) and 245 

denatured at 100°C for 5 min. The whole cell lysates were separated by SDS-PAGE 246 

and transferred onto nitrocellulose membranes (Sigma-Aldrich, USA). The 247 

membranes were blocked with 5% fat free milk in Tris-buffered saline with 0.05% 248 

Tween 20 (TBST) for 1 h, and incubated with the primary antibodies (1:1000 in 249 

dilution) overnight at 4°C, then washed thrice with TBST. The membranes were then 250 

incubated with secondary antibody (1:1000 in dilution) for 1 h at room temperature 251 

and washed thrice with TBST. The protein bands were detected by enhanced 252 

chemiluminescence (ECL) detection system (Share-Bio, Shanghai, China) and 253 

exposed to Automatic chemiluminescence image analysis system (Tanon, 5200, 254 

China). After the detection, membranes were washed for 5 minutes (min) with TBST, 255 

followed by rinsing with Western blotting stripping buffer for 20 min. Then, the 256 

membranes were rinsed with TBST and blocked with 5% fat free milk in TBST 257 

before re-probing with other antibodies. 258 

The intensities of target bands were quantified using Image J program (NIH, 259 

USA).  260 

Immunofluorescence  261 

HeLa cells were grown on 4-well chamber slides and infected with NDV. At 16 262 

hours post-infection (h.p.i.), cells were fixed with 4% paraformaldehyde for 15 min, 263 

permeabilized with 0.5% Triton X-100 for 10 min, and blocked with 3% BSA for 30 264 

min. The cells were incubated with antibody against CHOP or XBP1, and NDV NP 265 

(1:200 dilution, 5% BSA) for 1 h, respectively, followed by staining with secondary 266 

antibody conjugating with FITC or TRITC (1:200 dilution, 5% BSA) for another 1 h. 267 

Finally, cell nuclei were stained with 0.1 µg/ml of DAPI for 10 min and rinsed with 268 

PBS. The specimen was mounted with fluorescent mounting medium (DAKO) 269 

containing 15 mM NaN3. Images were collected with a LSM880 confocal 270 

laser-scanning microscope (Zeiss, German). 271 
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Semi-quantitative real time RT-PCR 272 

Total RNA was extracted using TRIzol
® 

Reagent (Invitrogen，USA) according to 273 

the manufacturer’s instructions. Briefly, cells were lysed with TRIzol and the lysates 274 

were mixed with one-fifth volume of chloroform. After centrifugation at 12000×g at 275 

4°C for 15 min, the aqueous phase was mixed with an equal volume of isopropanol. 276 

RNA was pelleted by centrifugation at 12000×g at 4°C for 20 min, washed with 70% 277 

ethanol twice, and dissolved in RNase-free H2O. The concentration of the RNA was 278 

measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, 279 

USA).  280 

cDNA was reversed transcribed from total RNA using expand reverse 281 

transcriptase (Roche, USA) and oligo-dT primer. Equal volume of cDNA was 282 

PCR-amplified using SYBR Green qPCR Mix in a CFX96TM real-time PCR system 283 

(Bio-Rad, USA). Primers used for amplify β-actin, NP, IRE1, XBP1u, XBP1s, P58
IPK

, 284 

ERdj4, EDEM1, IFN-β, TNF-α, IL-6 and IL-8 were listed in table 2. The mRNA 285 

levels of specific genes were calculated using β-actin as an internal reference and 286 

normalized to mock sample. All assays were performed in three replicates.  287 

The XBP1 splicing was checked by RT-PCR using forward primer 288 

5’-CCAAGGGGAATGAAGTGAGGC-3’ and reverse primer 5’-AGAGTTCATTAAT 289 

GGCTTCCAG-3’, which produces unspliced XBP1 of 335 bp and spliced XBP1 of 290 

309 bp. The PCR products were digested with the restriction enzyme Pst I, cleaving 291 

XBP1u into 72 bp and 263 bp. The digestion products were resolved on 2.5% agarose 292 

gel to separate unspliced and spliced XBP1. 293 

Tissue Culture Infectious Dose 50 (TCID50) Assay 294 

 Virus yield in culture medium of NDV-infected cells was determined by 295 

measuring TCID50 in DF-1 cells. In brief, DF-1 cells were seeded in 96-well plates at 296 

a density of 2.0×10
4
 cells per well. After 24 h, cells were infected with virus sample, 297 
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which was serially diluted in 10-fold using serum free medium. The virus and cells 298 

were incubated at 37°C for 4 days. The cytopathic effect of cells was observed using 299 

light microscopy. TCID50 was calculated by the Reed-Muench method. 300 

Statistical analysis 301 

The statistical analysis was performed with Graphpad Prism5 software (USA). 302 

The data were expressed as means ± standard deviation (SD) at least three 303 

independent experiments. Significance was determined with the one-way analysis of 304 

variance (ANOVA). P values < 0.05 were deemed statistically significant. 305 

RESULTS 306 

NDV infection induces the expression of pro-apoptotic transcription factor 307 

CHOP in time-dependent manner 308 

Our previous studies have reported that the ER stress response branch 309 

PERK/PKR-eIF2α-ATF4-GADD34 is activated in tumor and chicken cells infected 310 

with NDV (45, 46). As ER stress is a dynamic process, whether ER stress is 311 

pro-survival or pro-apoptotic dependents mostly depend on the duration and extent of 312 

the ER stress (47). Under prolonged ER stress, the preferentially translation of ATF4 313 

usually promotes the expression of pro-apoptotic transcription factor CHOP (48, 49). 314 

Therefore, we measured the levels of this key ER stress pro-apoptotic marker CHOP 315 

after exposure with NDV. Human cervical cancer cells HeLa were either infected with 316 

NDV at MOI of 1 or mock-infected, followed by Western blotting analysis. As shown 317 

in Fig. 1A, the expression of CHOP was almost undetectable in mock-infected cells; 318 

however, it was elevated and accumulated by 10.7 to 24.9-fold during NDV infection 319 

at 12-24 h.p.i.. To check whether CHOP enters into nucleus as active transcription 320 

factor, immunofluorescence assay was performed at 16 h.p.i.. Fig. 1B showed that 321 

CHOP was barely detectable in mock-infected cells; however, in NDV-infected cells, 322 

CHOP signal was intensified and mainly localized within the nucleus. The induction 323 

of CHOP by NDV infection is also demonstrated in lung cancer cells A549 (data not 324 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted April 12, 2018. ; https://doi.org/10.1101/300129doi: bioRxiv preprint 

https://doi.org/10.1101/300129


shown). Thus, NDV infection greatly induces the expression of CHOP in time 325 

dependent manner and promotes its nuclear translocation. The persistent exposure to 326 

the NDV infection results in pro-apoptotic transcription factor expression and may 327 

promote apoptotic death. 328 

During our previous study, we found that PERK was cleaved and PKR was 329 

responsible for the eIF2α phosphorylation and GADD34 induction during NDV 330 

infection (45). To clarify whether PERK-eIF2α or PKR-eIF2α signaling is involved in 331 

NDV-induced CHOP expression, HeLa cells were treated with GSK2606414, an 332 

inhibitor blocks PERK activity at low dose (IC50: 0.4 nM) and blocks PKR activity at 333 

high dose (IC50: 696 nM) (50). In our previous report, we have demonstrated that 334 

GSK2606414 did not decrease the phosphorylation level of eIF2α at the low dose of 335 

inhibiting PERK(45). Thus, PKR may be responsible for phosphorylation of eIF2α 336 

and CHOP induction. Thus, we treated NDV-infected HeLa cells with 10 μM of 337 

GSK2606414, a dose suppressing PKR activity. Western blotting results showed this 338 

dose of inhibitor greatly reduced phospho-eIF2α by 0.1-fold and decreased CHOP by 339 

0.2-fold, compared to DMSO-treated group (Fig. 1C). Therefore, PKR may contribute 340 

to the activation eIF2α-ATF4-CHOP pathway during NDV infection. 341 

CHOP promotes NDV-induced apoptosis by reducing the level of anti-apoptotic 342 

protein BCL-2 and MCL-1  343 

We have reported that NDV infection induces both intrinsic and extrinsic 344 

apoptosis, and the extrinsic apoptosis is mediated by induction of death ligands, such 345 

as TNF-α and TRAIL (44). Whether CHOP is involved in NDV-induced intrinsic 346 

apoptosis? It has been known that CHOP promotes mitochondria mediated apoptosis 347 

via down-regulation of the pro-survival BCL-2 family (24, 51). Thus, it will be 348 

interesting to check whether the expression level of BCL-2 family is regulated by 349 

NDV infection. Western blotting analysis showed that pro-survival BCL-2 and 350 

MCL-1 were gradually decreased by 0 to 0.5-fold from 16 to 24 h.p.i in NDV-infected 351 

HeLa cells (Fig. 2A). However, BCL-xL remained relatively stable along the infection 352 
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time course (Fig. 2A). Moreover, the pro-apoptotic BH3 only proteins BIM and 353 

PUMA, the pore forming protein BAX and BAK, kept in steady level (Fig. 2A). The 354 

decrease of BCL-2 and MCL-1 implies that more BAX and BAK are released and 355 

form pores in mitochondria outer membranes, initiating apoptosis. To investigate the 356 

role of CHOP in regulation of BCL-2 and MCL-1 level during NDV infection, we 357 

used siRNA (siCHOP) to specifically knock down CHOP in HeLa cells. Cells were 358 

transfected with siCHOP or non-targeting control siRNA (sic), followed with NDV 359 

infection at 36 h post-transfection, and subjected to Western blot analysis at 16 h.p.i.. 360 

As expected, compared to sic transfected control group, siCHOP efficiently knocked 361 

down the NDV-induced expression of CHOP (Fig. 2B). As expected, knock down of 362 

CHOP increased the level of MCL-1 and BCL-2 by 2.6-fold and 1.1-fold, respectively 363 

(Fig. 2B). Cleavage of poly ADP-ribose polymerase (PARP), a substrate of caspase-3, 364 

from the 116-kDa full length protein (PARP-FL) to an 85-kDa inactive polypeptide 365 

(PARP-C), was used here as a major biochemical marker of apoptosis. As shown in 366 

Fig. 2B, a significant amount of the PARP cleavage product was detected in 367 

NDV-infected control group; in contrast, less PARP cleavage (0.6-fold) was observed 368 

in NDV-infected CHOP knock down cells. Above results substantiates the hypothesis 369 

that CHOP plays a pro-apoptotic role in NDV-infected cells, probably through 370 

regulation of MCL-1 and BCL-2 level. Surprisingly, viral NP expression level was 371 

reduced by 0.4-fold in CHOP knock down cells compared to that in control cells (Fig. 372 

2B). Accordingly, the release of virus progeny was greatly reduced, as determined by 373 

TCID50 assay (Fig. 2C). The experiment was performed multiple times and 374 

reproducible. Above results demonstrate that virus proliferation is moderately 375 

suppressed in CHOP knock down cells.  376 

To confirm above observation, we next adopted the transient overexpression 377 

approach.  A plasmid encoding the full-length human CHOP with Flag tag at the N 378 

terminus was constructed. HeLa cells were transfected with the construct or vector 379 

control (PXJ40F) for 24 h before being infected with NDV for 16 h. As shown in Fig. 380 

2D, the successful expression of Flag-CHOP was detected with Western blotting using 381 
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antibody against Flag tag. Compared with that in vector control cells, overexpression 382 

of CHOP reduced the level of MCL-1 by 0.7-fold and BCL-2 by 0.2-fold, respectively. 383 

As expected, overexpression of CHOP promoted PARP cleavage by 3.1-fold. 384 

Meanwhile, the expression of viral protein NP was increased by 1.9-fold in CHOP 385 

transfected cells (Fig. 2D). Furthermore, the virus yield in culture medium was also 386 

increased (Fig. 2E). The experiment was performed multiple times and reproducible. 387 

Taken together, these data further demonstrate that CHOP promotes apoptosis via 388 

down-regulation of BCL-2 and MCL-1, and helps NDV proliferation.  389 

CHOP promotes apoptosis by regulation of AKT and JNK/p38 signaling 390 

cascades 391 

MAPK cascades play a critical role in regulation of cell growth, differentiation, 392 

and control of cellular responses to cytokines and stress (52, 53). ERK1/2 is activated 393 

by growth and neurotrophic factors (54-56); JNK and p38 MAPK are activated by 394 

inflammatory cytokines and by a wide variety of cellular stresses (57, 58).  AKT 395 

plays a critical role in promoting cell survival by inhibiting apoptosis (59), through 396 

phosphorylation and inactivation of several targets, including Bad (60), forkhead 397 

transcription factors (61), c-Raf (62), and caspase 9 (63). To check whether MAPK 398 

and AKT pathways are involved in NDV-induced apoptosis, the kinetic activation of 399 

these kinases during NDV infection was examined by Western blotting analysis. As 400 

shown in Fig. 3A, AKT was phosphorylated from 4 to 24 h.p.i. in both mock- and 401 

NDV- infected cells, compared to that at 0 h.p.i.. This might be due to stimulation of 402 

AKT signaling by removing serum during infection. It was noted that the level of 403 

phospho-AKT in NDV-infected cells was higher by 2.8- to 10.3-fold than that in 404 

mock-infected cells at 16-24 h.p.i., suggesting the virus infection moderately 405 

stimulates AKT signaling at late infection stage. The level of phospho-ERK1/2 was 406 

also increased from 4 to 24 h.p.i. in both mock- and NDV-infected cells, compared to 407 

that at 0 h.p.i.. Also, the level of phospho-ERK1/2 in NDV-infected cells was higher 408 

than that in mock-infected cells at 12-24 h.p.i., indicating the virus infection 409 
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stimulates ERK1/2 signaling at late infection stage. A gradual increase in 410 

phospho-JNK (34.5- to 120-fold) and phospho-p38 (1.7- to 23.9-fold) at 12-24 h.p.i. 411 

were detected in NDV-infected cells, both of which were almost undetectable in 412 

mock-infected cells. Above results reveals that NDV infection moderately activates 413 

pro-survival AKT and ERK1/2, and greatly stimulates pro-apoptotic JNK and p38 414 

signaling at late infection stage. 415 

To study whether CHOP is involved in regulation of above signaling cascades, 416 

CHOP was either knocked down or overexpressed in HeLa cells, followed by NDV 417 

infection. As shown in Fig. 3B and 3C, knock down of CHOP slightly increased the 418 

phosphorylation of AKT by 1.1-fold; however, overexpression of CHOP greatly 419 

reduced the level of phospho-AKT by 0.6-fold, suggesting that CHOP inhibits the 420 

pro-survival AKT signaling. The levels of phospho-ERK1/2, phospho-JNK, and 421 

phospho-p38 were remarkably reduced by 0.6 to 0.7-fold in knock down cells (Fig. 422 

3B); however, overexpression of CHOP augmented the NDV-induced activation of all 423 

the three MAPKs by 1.2 to 4.6-fold (Fig. 3C). From these evidences, we speculates 424 

that augmentation of three MAPK pathways and inhibition of pro-survival AKT 425 

signaling by CHOP may play a functional role in promoting NDV-induced apoptosis 426 

during NDV infection. 427 

Activation of IRE1α promotes NDV-induced apoptosis and facilitates viral 428 

replication 429 

IRE1α belongs to the evolutionarily oldest branch of the UPR in mammals. 430 

During ER stress, the kinase and RNase domains of IRE1α are activated cooperatively 431 

(64). IRE1α signaling pathway has shown to be involved in apoptotic cell death under 432 

prolonged/severe ER stress (26, 65).  To check whether NDV infection activates the 433 

IRE1α signaling, phosphorylation of IRE1α during NDV infection was examined. As 434 

shown in Fig. 4A, NDV infection greatly stimulated the phosphorylation of IRE1α by 435 

2.7- to 24.4-fold from 12 to 24 h.p.i., compared to that in mock-infected group. To 436 

access the role of IRE1α in NDV-induced apoptosis, we manipulated this protein 437 
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expression by siRNA knock down. HeLa cells were transfected with siIRE1α or sic 438 

for 36 h, followed with NDV infection for 16 h. The knock down efficiency was 439 

determined by Western blotting. As shown in Fig. 4B, the expression of IRE1α was 440 

successfully knocked down by siRNA, as evidenced by undetectable level of 441 

phospho-IRE1α and total IRE1α. This knock down led to less cleavage of apoptosis 442 

marker protein caspase 3 (0.4-fold) and PARP (0.25-fold), compared to those in 443 

sic-transfected cells. These results demonstrate that IRE1α plays a crucial role in 444 

NDV-induced apoptosis. Meanwhile, viral protein NP expression was significant 445 

suppressed by 0.2-fold in IRE1α knock down cells (Fig. 4B). In consistence, in the 446 

absence of IRE1α, NP mRNA transcription was decreased by 0.25-fold, as determined 447 

by semi-quantitative real time RT-PCR (Fig. 4C); virus particles released in culture 448 

medium were also reduced, as confirmed by TCID50 assay (Fig. 4D). Taken together, 449 

these results reveal that IRE1α is essential for NDV proliferation and promotes the 450 

infected cells to apoptosis.  451 

To validate above conclusion, we further analyzed the apoptosis and virus 452 

proliferation in IRE1α overexpressing cells. A plasmid encoding full length human 453 

IRE1α with Flag at C-terminus was constructed. HeLa cells were transfected with the 454 

construct or vector before IBV infection. As shown in Fig. 4E, compared with vector 455 

pCMV transfection, transfection of IRE1α construct resulted in higher level of 456 

phospho-IRE1α and IRE1α. This resulted in more cleavage of apoptosis marker 457 

protein caspase 3 (2.0-fold) and PARP (1.6-fold), compared to those in sic-transfected 458 

cells.  Furthermore, compared with that in control cells, 1.5-fold of viral NP protein 459 

production was observed in IRE1α overexpressing cells (Fig. 4E); similarly, NP 460 

mRNA was increased by 2-fold (Fig. 4F), more virus particles were released into 461 

culture medium (Fig. 4G). Altogether, above results confirm that activation of IRE1α 462 

promotes NDV-induced apoptosis and is necessary for efficient virus replication. Why 463 

IRE1α is so important in cell death and NDV proliferation? The underlying 464 

mechanisms need further exploration. 465 
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XBP1 is spliced by IRE1α and promotes the expression of ER chaperones 466 

The activated IRE1α catalyzes the splicing of XBP1 mRNA by removing a 26 467 

nucleotide intron, producing XBP1s mRNA, which is translated into 55 kDa XBP1s 468 

as active transcription factor (12, 16). We next examined the splicing of XBP1 by 469 

IRE1α during NDV infection by Western blot and RT-PCR. As shown in Fig. 5B, the 470 

55 kDa XBP1s protein was observed at 12 h.p.i. and gradually increased at 16-24 471 

h.p.i., while the 40 kDa unsplicing isoform XBP1u was decreased along infection 472 

time course (Fig. 5A). Consistent with above result, RT-PCR analysis detected the 473 

increase of XBP1s mRNA by 1.5- to 8.9-fold at 12-20 h.p.i. (Fig. 5B). To access 474 

whether XBP1s really enters into nucleus as transcription factor, immunofluorescence 475 

was performed at 16 h.p.i.. The image in Fig. 5C revealed that XBP1 was diffused in 476 

cytoplasm in mocked-infected cells, and entered into nucleus during NDV infection. 477 

Above results clearly demonstrate that NDV infection promotes XBP1 mRNA 478 

splicing and produces XBP1s protein as an active transcription factor.  479 

IRE1α is responsible for splicing of XBP1 (27). We next examined the effect of 480 

IRE1α on XBP1 splicing during NDV infection. After NDV infection, IRE1α RNase 481 

activity was inhibited by 4μ8c, which specifically binds to the lysine residue in the 482 

ribonuclease catalytic pocket. DMSO treatment was included in a parallel experiment 483 

as control group. Cells were harvested at 16 h.p.i. and subjected to RT-PCR and 484 

Western blot. RT-PCR results showed that 4μ8c treatment markedly suppressed 485 

NDV-induced splicing of XBP1 mRNA, compared to that in DMSO treated cells (Fig. 486 

5D). It was noted that the RNase inhibitor treatment only slightly reduced the PARP 487 

cleavage and NP protein synthesis (Fig. 5D), indicating the IRE1α RNase activity 488 

may not crucial for apoptosis and virus proliferation. To further confirm the role of 489 

IRE1α on XBP1 splicing, IRE1α was either knocked down or overexpressed, 490 

followed with NDV infection. As shown in Fig. 5E, compared with control group, 491 

knock down of IRE1α reduced the XBP1s protein to undetectable level; meanwhile, 492 

overexpression of IRE1α produced 2-fold of XBP1s protein (Fig. 5G). Accordingly, 493 
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knock down of IRE1α reduced NDV-induced transcription of the ER chaperones and 494 

components of ERAD, including p58
IPK

, ERdj4 and EDEM1 genes, as evidenced by 495 

the semi-quantitative real time RT-PCR (Fig. 5F). Collectively, above results reveal 496 

that during NDV infection, IRE1α mediates the splicing of XBP1 mRNA, produces 497 

XBP1s protein as nuclear transcription factor, and initiates the transcription of ER 498 

chaperones and ERAD components. 499 

XBP1 is essential for efficient NDV replication 500 

In order to maintain the homeostasis of the ER under stress, XBP1s induces the 501 

expression of ER chaperones and ERAD components, thereby enhancing the capacity 502 

of productive folding and degradation mechanism (12, 66). It is also reported that 503 

XBP1u and XBP1s is involved in IBV induced apoptosis (27). XBP1-dificient cells 504 

were resistant to apoptosis induced by vesicular stomatitis virus (VSV) and herpes 505 

simplex virus (HSV) infection (67). These reports indicate that XBP1 is involved in 506 

cell fate determination during virus infection. To study the role of XBP1u and XBP1s 507 

in NDV-induced apoptosis, we first adopted the overexpression approach. The coding 508 

sequence of XBP1u or XBP1s was inserted into pCMV vector respectively, with Flag 509 

tag at C-terminus. HeLa cells were transfected with construct XBP1u, XBP1s, or 510 

pCMV vector, followed with NDV infection. Using anti-Flag antibody, the expression 511 

of both proteins was clearly detectable (Fig. 5G). Compared with the vector control, 512 

in cells transfected with XBP1u, slightly lower level of NDV NP (0.9-fold) and 513 

NDV-induced PARP cleavage (0.9-fold) could be detected. In contrast, in cells 514 

transfected with XBP1s, the level NDV NP and NDV-induced PARP cleavage was 515 

similar to that in vector control (Fig. 5G). To further investigate the function of XBP1 516 

in NDV-induced apoptosis and virus proliferation, we used siRNA to specifically 517 

knock down XBP1 in HeLa cells, followed with NDV infection. As expected, the 518 

expression of XBP1s was successfully knocked down by siXBP1, and XBP1u was 519 

moderately decreased (Fig. 5H). Interestingly, transfection of siXBP1 resulted in 520 

0.5-fold decrease of NP synthesis, compared to those in sic transfected cells (Fig. 5H). 521 
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In consistence, NP mRNA was significantly decreased in siXBP1 transfected cells 522 

(Fig. 5I). Accordingly, PARP cleavage was decreased by 0.5-fold in siXBP1 523 

transfected cells.  Although overexpression of XBP1u or XBP1s has no significant 524 

effect on virus proliferation and virus induced apoptosis, the knock down experiment 525 

demonstrates that XBP1 is necessary for efficient NDV replication and NDV-induced 526 

apoptosis. However, it is difficult to attribute the observed phenotype to individual 527 

isoforms as siXBP1 targets both XBP1u and XBP1s. 528 

NDV infection activates pro-apoptotic JNK via IRE1α and NF-κB   529 

In addition to mediating XBP1 mRNA splicing, IRE1α also recruits TRAF2 and 530 

ASK1, subsequently activating MKK4/7 and JNK (68). JNK promotes apoptosis 531 

either by directly regulating the apoptotic proteins activity or activating the 532 

transcription factor for pro-apoptotic protein (69). We have shown that JNK was 533 

phosphorylated at late stage of NDV infection (Fig. 3A), and CHOP promotes this 534 

activation (Fig. 3B, 3C). We next asked whether IRE1α was involved in NDV-induced 535 

JNK activation. HeLa cells were transfected with siIRE1α or sic before being infected 536 

with NDV, and the phosphorylation level of JNK was examined by Western blotting. 537 

As shown in Fig. 6A, knock down of IRE1α greatly reduced the phosphorylation of 538 

JNK by 0.2-fold, compared with that in sic control cells. In contrast, in cells 539 

transfected with plasmid encoding IRE1α, the NDV-induced phosphorylation of JNK 540 

was greatly increased by 2.2-fold, compared to that in vector transfected cells (Fig. 541 

6B). Taken together, these data demonstrate that IRE1α promotes JNK 542 

phosphorylation in NDV-infected cells.  543 

Previously, we reported that NDV infection activates NF-κB and induces TNF-α 544 

expression (44). TNF-α promotes apoptosis not only by activation of caspase 8 and 545 

NF-κB, but also by activation of JNK (70). We then checked whether NF-κB 546 

signaling also mediates the activation of JNK. IKKβ inhibitor IKK16 (5 μM) was 547 

incubated with NDV-infected cells to block the activation of NF-κB, and the 548 

phosphorylation level of JNK was checked. As shown in Fig. 6C, treatment with 549 
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IKK16 did not change the expression of NDV NP protein; however, it reduced the 550 

phospho-JNK to minimum level (0.1-fold), compared to that in the control cells. This 551 

result suggests that JNK is not only activated by IRE1α, but also stimulated via 552 

NF-κB-TNF-α signaling. Thus, activation of JNK is controlled by multiple signaling 553 

during NDV infection.  554 

To explore the role of JNK in NDV-induced apoptosis, JNK kinase activity was 555 

inhibited by SP600125 (7.5 μM) after NDV infection. Western blotting results showed 556 

that SP600125 treatment really inhibited the phosphorylation of JNK by 0.3-fold, and 557 

decreased NDV NP expression by 0.7-fold (Fig. 6D). Accordingly, in SP600125 558 

treated cells, NP mRNA was also greatly decreased, compared to that in 559 

DMSO-treated cells (Fig. 6E). Meanwhile, inhibition of JNK kinase activity reduced 560 

the cleavage of PARP by 0.7-fold (Fig. 6D). Moreover, the transcription of death 561 

ligand TNF-α and cytokines IFN-β, IL-6, IL-8 was markedly suppressed in SP600125 562 

treated cells, as evidenced by semi-quantitative real time RT-PCR (Fig. 6E). To 563 

validate above results, specifically knock down of JNK by siRNA was performed. As 564 

shown in Fig. 6F, JNK was successfully depleted by siJNK (0.05-fold), which 565 

significantly reduced the level of viral NP expression (0.3-fold), compared to that in 566 

sic control cells. PARP cleavage was also greatly decreased by 0.3-fold (Fig. 6F). 567 

Accordingly, NP, TNF-α, IL-6 and IL-8 mRNA was also suppressed by in JNK 568 

depletion cells (Fig. 6G). Collectively, above results demonstrate that activation of 569 

JNK promotes virus proliferation and virus-induced apoptosis/inflammation. 570 

DISCUSSION 571 

During virus infection, many viral proteins are synthesized by ER-associated 572 

ribosome and transported into ER lumen for proper folding or post-translational 573 

modification. This leads to an overwhelming load of unfolded or misfolded proteins 574 

in ER lumen. Then, chaperone Bip binds to these unfolded/misfolded proteins and 575 

releases ER stress sensors PERK, ATF6, IRE1α, triggering UPR, marked as protein 576 

translation shut down, activation of transcription factors (ATF4, ATF6, XBP1s), 577 
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expression of ER chaperones and ERAD. UPR determines cell fate to survival or 578 

death (71, 72). Many viruses have evolved mechanisms to manipulate host UPR 579 

signaling to help viral replication. For instance, dengue virus triggers IRE1α-XBP1 580 

pathway to protect cells from virus induced cytopathic effects (73); Hepatitis C virus 581 

protein NS4B activates IRE1α to protect the infected cells from apoptosis, facilitating 582 

the development of chronic infection and hepatocellular carcinoma (67); Reovirus 583 

induces the phosphorylation of eIF2α and expression of ATF4, which activates the 584 

integrated stress response and promotes survival of stressed cells, benefiting virus 585 

replication (74); Classical swine fever virus (CSFV) activates IRE1-XBP1-GRP78 586 

signal and maintains ER homeostasis, to promote its replication (75); Herpes simplex 587 

virus 1 (HSV-1) can flee from cellular responses that are likely detrimental to viral 588 

replication via suppressing the IRE1-XBP1 branch by tegument protein UL41 (76). 589 

Whether similar mechanisms are applied to NDV infection remains to be investigated 590 

As an acute infection pathogen and oncolytic reagent, NDV induces apoptosis as 591 

a major hallmark in host cells and several tumor cell lines. However, whether UPR is 592 

involved in NDV-induced apoptosis has not been well characterized. Previous studies 593 

have shown that NDV infection activates PKR and promotes phosphorylation of 594 

eIF2α, resulting in preferential translation of ATF4, which enters into the nucleus and 595 

promotes the transcription of CHOP (45, 77). CHOP could suppress the expression of 596 

BCL-2 to release its sequestration pro-apoptotic proteins, BAX (78). CHOP also 597 

inhibits the activation of AKT, an anti-apoptosis kinase, by inducing the expression of 598 

TRB3 (79). Here, we find that NDV infection triggers the expression and nuclear 599 

translocation of CHOP via PKR-eIF2α signaling. Exogenous expression of CHOP 600 

promotes apoptosis by reducing the level of anti-apoptotic protein BCL-2 and MCl-1, 601 

while knock down of CHOP increases the level of these pro-survival proteins. 602 

MAPKs are canonical signaling pathways crosstalk with ER stress responses (80, 81). 603 

Indeed, NDV infection activates all three MAPKs: JNK, p38, ERK1/2. Meanwhile, 604 

CHOP promotes the NDV-induced pro-apoptotic JNK/p38 signaling cascades. It has 605 

been reported that CHOP indirectly promotes ER Ca
2+

 release, results in the activation 606 
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of Ca
2+

 /calmodulin-dependent protein kinase II (CaMKII), subsequently promoting 607 

apoptosis through mitochondrial membrane potential loss or activation of 608 

ASK1-MKK4-JNK signaling cascade (82). Also, CHOP is also activated by 609 

p38-dependent phosphorylation (83, 84). The suppression of pro-survival AKT 610 

signaling by CHOP might be due to the expression of TRB3 (85). Thus, the NDV 611 

infection induced CHOP promotes apoptosis via regulation of BCl-2 family proteins, 612 

MAPK signaling, and AKT signaling. In addition to the pro-apoptotic role, CHOP is 613 

also essential for NDV proliferation.  614 

IRE1α is a highly conserved ER stress sensor, which can be found organisms 615 

from yeast to mammals. Under ER stress, IRE1α is activated and splices XBP1u 616 

mRNA into XBP1s, which is subsequently translated into an active transcription 617 

factor (17). IRE1α also activates JNK to promote apoptosis (26). Therefore, IRE1α is 618 

involved in determination of cell fate (86). Previous studies have shown that IRE1α is 619 

activated by various virus infections, and viruses have different mechanisms to 620 

regulate IRE1α, XBP1, and JNK to facilitate their own replication. Hepatitis B virus, 621 

Influenza A virus, Japanese encephalitis virus, and Flavivirus activate IRE1-XBP1 622 

branch, but Hepatitis C virus and Rotavirus suppress this pathway (87-92). Activation 623 

of IRE1α is helpful for the efficient replication of influenza A virus (87). The 624 

trans-activator protein VP16 of herpes simplex virus (HSV) can activate JNK pathway, 625 

which regulates the cell cycle, to promote successful virus replication (93). IRE1α 626 

protects cells from infectious bronchitis virus (IBV) induced apoptosis, which 627 

required both its kinase and RNase activities. The splicing of XBP1 mRNA by IRE1α 628 

convert XBP1 from a pro-apoptotic XBP1u protein to a pro-survival XBP1s protein 629 

(27).  However, in a recent report, it was demonstrated that XBP1 deficiency confers 630 

resistance to intrinsic apoptosis by activation of IRE1α and decrease of miR-125a 631 

abundance, and results in increased virus infection (67). Thus, IRE1α and XBP1 may 632 

play either pro-apoptotic or anti-apoptotic role by different virus infection. In this 633 

study, we found that IRE1α was activated during NDV infection, and controlled 634 

XBP1 splicing and JNK activation. Exogenous expression of IRE1α sensitized cells to 635 
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NDV induced apoptosis and enhanced the virus yield; while knock down of IRE1α 636 

protected cell from apoptosis and decreased virus yield. Consistent with these results, 637 

knock down of XBP1 protected cell from apoptosis and reduced virus yield. Both 638 

pharmacological inhibition of JNK and depletion of JNK by siRNA knock down 639 

reduced cell death and virus proliferation. Thus, the activation of UPR branch 640 

IRE1α-XBP1/JNK plays a pro-apoptotic role and helps NDV proliferation.  641 

To facilitate shedding and dissemination of progeny viruses, some viruses take 642 

advantage of inducing apoptosis (94). NDV can specifically kill tumor cells by 643 

inducing apoptosis, then, this provides a promising therapeutic target for human 644 

tumors. Our current study demonstrates that NDV infection promotes apoptosis via 645 

inducing the expression of CHOP and activation of IRE1α-XBP1s/JNK, and the 646 

induction of these UPR branches or apoptosis is helpful for NDV proliferation. The 647 

full understanding of the involvement of these UPR branches in NDV replication 648 

process appears to be complicated. Probably, the expression of ER quality control 649 

proteins, which are controlled by IRE1α-XBP1 pathway, could promote virus 650 

replication by enhancing the viral proteins process. Another possibly is that the 651 

XBP1s could stimulate the phospholipid biosynthesis and ER expansion (95), 652 

providing the lipid that is necessary for the enveloped virus particle assembly. 653 

NDV-induced apoptosis may also help virus release. Meanwhile, apoptosis may avoid 654 

stimulating the anti-viral innate immune responses or inflammation in un-infected 655 

neighbor cells, in favor of next round infection. This study provides comprehensive 656 

insight into the mechanisms of ER stress induced apoptosis during NDV infection. 657 
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FIGURE LEGEND 665 

Figure 1. NDV infection induces the expression of transcription factor CHOP. (A) 666 

Induction of CHOP by NDV infection. HeLa cells were infected with NDV and 667 

harvested at 0, 4, 8, 12, 16, 20, and 24 h.p.i.. The cell lysates were analyzed by 668 

Western blotting with antibodies against CHOP and NDV NP protein. β-actin was 669 

detected as a loading control. The intensity of CHOP band was determined by Image J 670 

software and normalized to β-actin, respectively, and shown as fold change of NDV 671 

(+ : -). (B) Nuclear translocation of CHOP during NDV infection. HeLa cells were 672 

infected with NDV and subjected to immunofluorescence at 16 h.p.i., using antibodies 673 

against CHOP and NP. The signal of CHOP and viral protein NP were observed under 674 

confocal microscope. (C) CHOP is induced by PKR-eIF2α signaling. HeLa cells were 675 

infected with NDV and treated with 10 μM of GSK2606414 (GSK), and harvested at 676 

16 h.p.i.. DMSO treatment was included as control in a parallel experiment. The 677 

phospho-eIF2α, CHOP, NP, and β-actin were analyzed with Western blotting. The 678 

intensity of phospho-eIF2α and CHOP band was determined, normalized to eIF2α or 679 

β-actin respectively, and shown as fold change of GSK (+ : -). 680 

Figure 2. CHOP promotes apoptosis by down-regulation of anti-apoptotic 681 

protein BCL-2 and MCL-1 during NDV infection. (A) Down-regulation of BCL-2 682 

and MCL-1 during NDV infection. HeLa cells were infected with NDV and harvested 683 

at 0, 4, 8, 12, 16, 20, and 24 h.p.i.. Western blotting analysis was performed to detect 684 

BCL-2, MCL-1, BCL-xL, BIM, PUMA, BAX, BAK, NDV NP, and β-actin. The 685 

intensity of indicated protein bands was determined, normalized to β-actin, and shown 686 

as fold change of NDV (+ : -). (B-C) Knock down of CHOP by siRNA recovers the 687 

level of BCL-2 and MCL-1, reduces apoptosis, and suppresses virus proliferation. 688 

HeLa cells were transfected with siCHOP or sic, followed with NDV infection. Cell 689 

lysates were prepared at 16 h.p.i. and analyzed with Western blotting using antibodies 690 

against CHOP, MCL-1, BCL-2, PARP, NP, and β-actin. The intensity of indicated 691 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted April 12, 2018. ; https://doi.org/10.1101/300129doi: bioRxiv preprint 

https://doi.org/10.1101/300129


protein bands was determined, normalized to β-actin respectively, and shown as fold 692 

change of siCHOP: sic (B).  Meanwhile, the virus progeny in culture medium was 693 

titrated with TCID50 assay (C). (D-E) Overexpression  of CHOP down-regulates 694 

MCL-1 and BCL-2, promotes apoptosis, and facilitates viral proliferation. HeLa cells 695 

were transfected with PXJ40F-CHOP or PXJ40F, followed with NDV infection. Cells 696 

were harvested at 16 h.p.i., and analyzed with Western blotting using antibodies 697 

against CHOP, MCL-1, BCL-2, PARP, NP, and β-actin. The intensity of indicated 698 

protein bands was determined, normalized to β-actin respectively, and shown as fold 699 

change of CHOP: PXJ40F (D).  The virus progeny in culture medium was titrated 700 

with TCID50 assay (E). 701 

Figure 3. CHOP promotes apoptosis by suppression of the AKT signaling cascade 702 

and promotion of JNK/p38 signaling cascades. (A) Activation of AKT, ERK1/2, 703 

JNK, and p38 signaling cascades during NDV infection. HeLa cells were infected 704 

with NDV and harvested at indicted time points. Western blotting analysis was 705 

performed using antibodies against phospho-AKT, AKT, phospho-ERK1/2, ERK1/2, 706 

phospho-JNK, JNK, phospho-p38, p38, NP, and β-actin. The intensity of 707 

phospho-AKT, phospho-ERK1/2, phospho-JNK, and phospho-p38 bands was 708 

determined, normalized to respective total protein, and shown as fold change of NDV 709 

(+ : -). (B) Depletion of CHOP by siRNA knock down slightly increases the AKT 710 

signaling cascades and greatly suppresses MAPK signaling cascades. HeLa cells were 711 

transfected with siCHOP or sic, followed with NDV infection. The cell lysates were 712 

prepared at 16 h.p.i and analyzed with Western blotting. The intensity of 713 

phospho-AKT, phospho-ERK1/2, phospho-JNK, and phospho-p38 bands was 714 

normalized to respective total protein and shown as fold change of siCHOP: sic. (C) 715 

Overexpression of CHOP suppresses AKT signaling cascades and stimulates MAPK 716 

signaling cascades. HeLa cells were transfected with PXJ40F-CHOP or PXJ40F, 717 

followed with NDV infection. The cell lysates were prepared at 16 h.p.i. and analyzed 718 

with Western blotting. The intensity of phospho-AKT, phospho-ERK1/2, 719 

phospho-JNK, and phospho-p38 bands was normalized to respective total protein and 720 
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shown as fold change of CHOP: PXJ40F. 721 

Figure. 4. IRE1α promotes NDV-induced apoptosis and benefits NDV 722 

proliferation. (A) Activation of IRE1α in NDV-infected cells. HeLa cells were 723 

infected with NDV and harvested at indicated time points. Cell lysates were analyzed 724 

with Western blotting using antibodies against phospho-IRE1α, IRE1α, NP, and 725 

β-actin. The intensity of phospho-IRE1α bands was normalized to total IRE1α and 726 

shown as fold change of NDV (+ : -). (B-D) Knockdown of IRE1α reduces apoptosis 727 

and virus proliferation. HeLa cells were transfected with siIRE1α or sic, followed 728 

with NDV infection. The cell lysates were prepared at 16 h.p.i. and analyzed with 729 

Western blotting to detect phospho-IRE1α, IRE1α, caspase-3, PARP, NP, and β-actin. 730 

The intensity of caspase-3-C, PARPHOSPHO-C, and NP bands was compared to 731 

caspase-3-FL, PARPHOSPHO-FL, or β-actin, and shown as fold change of siIRE1α : 732 

sic (B). Meanwhile, semi-quantitative real time RT-PCR was performed to detect NP 733 

mRNA (C), and the virus titer in culture medium was titrated with TCID50 assay (D). 734 

(E-G) Overexpression of IRE1α augments NDV-induced apoptosis and promotes 735 

virus proliferation. HeLa cells were transfected with pCMV-IRE1α or pCMV, 736 

followed with NDV infection. The cell lysates were prepared at 16 h.p.i. and analyzed 737 

with Western blotting to detect phospho-IRE1α, IRE1α, caspase-3, PARP, NP, and 738 

β-actin. The intensity of caspase-3-C, PARPHOSPHO-C, and NP bands was 739 

compared to caspase-3-FL, PARPHOSPHO-FL, or β-actin, and shown as fold change 740 

of IRE1α: pCMV (E). Meanwhile, semi-quantitative real time RT-PCR was performed 741 

to detect NP mRNA (F), and the virus progeny in culture medium was titrated with 742 

TCID50 assay (G). 743 

Figure. 5. Splice of XBP1 by IRE1α promotes apoptosis and ERAD, and 744 

facilitates NDV proliferation. (A-B) NDV infection leads to XBP1 mRNA splicing 745 

and produces XBP1s. HeLa cells were infected with NDV or mock-infected, 746 

harvested at indicated time points, and analyzed with Western blotting (A) or RT-PCR 747 

(B) to detect the spliced form of XBP1. The intensity of XBP1u and XBP1s bands 748 
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was normalized to β-actin and shown as fold change of NDV (+ : -) (A). RT-PCR was 749 

performed with XBP1 specific primers and the products were digested with Pst I. 750 

XBP1u products were 72 bp and 263 bp, XBP1s product was 309 bp. The 309 bp of 751 

XBP1s and 263 bp of XBP1u were shown in Fig. B. The intensity of XBP1s bands 752 

was determined and shown as fold change of NDV (+ : -). (C) The nuclear 753 

translocation of XBP1s during NDV infection. HeLa cells were infected with NDV or 754 

mock-infected, and subjected to immunofluorescence at 16 h.p.i. to detect XBP1 and 755 

NP. (D) Inhibition of IRE1 RNase activity by 4µ8c blocks XBP1 mRNA splicing. 756 

HeLa cells were infected with NDV, treated with DMSO or 25 µM IRE1α RNase 757 

inhibitor 4µ8c, and subjected to RT-PCR or Western blotting analysis. RT-PCR was 758 

performed with XBP1 specific primers and the products were digested with Pst I. The 759 

309bp of XBP1s and 263 bp of XBP1u were shown in upper panel. The intensity of 760 

XBP1s and XBP1u bands was determined and shown as fold change of 4µ8c (+ : -). 761 

The intensity of PARPHOSPHO-C and NP bands was normalized to 762 

PARPHOSPHO-FL or β-actin, and shown as fold change of 4µ8c (+ : -). (E-F) Knock 763 

down of IRE1α reduces XBP1 splicing, decreases chaperones and ERAD components 764 

expression. HeLa cells were transfected with siIRE1α or sic, followed with NDV 765 

infection for 16 h.  Cells were analyzed with Western blotting to check the XBP1 766 

splicing (E), or subjected to semi-quantitative real time RT-PCR to detect the mRNA 767 

level of IRE1α, p58
IPK

, ERdj4 and EDEM1 (F).  The intensity of XBP1s and XBP1u 768 

bands was determined by Image J software and normalized to the band intensity of 769 

β-actin, and shown as fold change of siIRE1α : sic (E). (G) Overexpression of IRE1α 770 

promotes XBP1 splicing. HeLa cells were transfected with pCMV-IRE1α or pCMV, 771 

followed with NDV infection. The cells were analyzed with Western blotting at 16 772 

h.p.i. using XBP1 antibody. The intensity of XBP1s and XBP1u bands was 773 

normalized to β-actin and shown as fold change of IRE1α : pCMV. (G) 774 

Overexpression XBP1u slightly reduces apoptosis and virus proliferation. HeLa cells 775 

were transfected with pCMV-XBP1u, pCMV-XBP1s or pCMV, and infected with 776 

NDV. At 16 h.p.i., cell lysates were blotted with the primary antibodies against Flag, 777 

PARP, NP, and β-actin. The intensity of PARPHOSPHO-C and NP bands was 778 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted April 12, 2018. ; https://doi.org/10.1101/300129doi: bioRxiv preprint 

https://doi.org/10.1101/300129


normalized to PARPHOSPHO-FL or β-actin, and shown as fold change of XBP1: 779 

pCMV. (H-I) Knock down of XBP1 reduces apoptosis and virus proliferation. HeLa 780 

cells were transfected with siXBP1 or sic, and infected with NDV. At 16 h.p.i., cell 781 

lysates were analyzed with Western blotting using the indicated antibodies (H), or 782 

subjected to semi-quantitative real time RT-PCR to check the mRNA level of NP (I). 783 

The intensity of PARPHOSPHO-C and NP bands was normalized to 784 

PARPHOSPHO-FL or β-actin, and shown as fold change of siXBP1:sic. 785 

Figure. 6. NDV infection activates pro-apoptotic and pro-inflammatory JNK 786 

signaling cascade via IRE1α and NF-κB. (A) Knock down of IRE1α decreases JNK 787 

signaling. HeLa cells were transfected with siIRE1α or sic, followed with NDV 788 

infection.  At 16 h.p.i., cells were analyzed with Western blotting to check the 789 

phospho-JNK and JNK. The intensity of phospho-JNK bands was normalized to total 790 

JNK, and shown as fold change of siIRE1α : sic. (B) Overexpression of IRE1α 791 

promotes the activation of JNK signaling. HeLa cells were transfected with 792 

pCMV-IRE1α or pCMV, followed with NDV infection.  AT 16 h.p.i., cells were 793 

analyzed with Western blotting to check the phospho-JNK and JNK. The intensity of 794 

phospho-JNK bands was normalized to total JNK and shown as fold change of IRE1α: 795 

pCMV. (C) Pharmacologic inhibition of NF-κB signaling suppresses JNK activation. 796 

HeLa cells were infected with NDV, and incubated with DMSO or 5 µM IKK16. At 797 

16 h.p.i., the levels of phospho-JNK, JNK, NP, and β-actin were analyzed with 798 

Western blotting. The intensity of phospho-JNK and NP bands was normalized to 799 

total JNK or β-actin, and shown as fold change of IKK16 (+ : -). (D-E) 800 

Pharmacological inhibition of JNK activity by SP600125 protects cells from apoptosis 801 

and reduces NDV replication. HeLa cells were mock-infected or infected with NDV, 802 

followed by treatment with DMSO or 7.5 µM JNK inhibitor SP600125. The protein 803 

level of phospho-JNK, JNK, PARP, NP, and β-actin were analyzed with Western 804 

blotting. The intensity of phospho-JNK, PARPHOSPHO-C, and NP bands was 805 

normalized to total JNK, PARPHOSPHO-FL, or β-actin respectively, and shown as 806 

fold change of SP600125 (+ : -) (D). The mRNA levels of NP, IFN-β, TNF-α, IL-6, 807 
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and IL-8 were determined with semi-quantitative RT-PCR using specific primers (E). 808 

(F-G) Knock down of JNK reduces apoptosis and virus proliferation. HeLa cells were 809 

transfected with siJNK or sic, followed with NDV infection. At 16 h.p.i., the levels of 810 

phospho-JNK, JNK, PARP, NP were analyzed with Western blotting using indicated 811 

antibodies. The intensity of phospho-JNK, PARPHOSPHO-C, and NP bands was 812 

normalized to total JNK, PARPHOSPHO-FL, or β-actin respectively, and shown as 813 

fold change of siJNK: sic (F). The mRNA levels of NP, IFN-β, TNF-α, IL-6, and IL-8 814 

were determined with semi-quantitative RT-PCR using specific primers (G). 815 

Figure. 7. Working model of UPR associated apoptosis during NDV infection. 816 

NDV infection produces dsRNA, activates PKR and phosphorylates eIF2α, induces 817 

the expression of CHOP. CHOP promotes apoptosis by reducing the expression of 818 

anti-apoptotic protein BCL-2 and MCL-1，stimulating JNK and p38 signaling 819 

cascades, and inhibiting the pro-survival AKT signaling. Meanwhile, NDV infection 820 

results in ER stress and activates IRE1α-XBP1/JNK pathway. Both XBP1 and JNK 821 

signaling cascades promote apoptosis and benefit virus proliferation. 822 
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Name Sequence (5’-3’) 

sic UUCUCCGAACGUGUCACGUTT 

siCHOP GAGCUCUGAUUGACCGAAUTT 

siIRE1α CUCCGAGCCAUGAGAAAUATT 

siXBP1 GGAACAGCAAGUGGUAGAUTT 

siJNK AAAGAAUGUCCUACCUUCUUU 

Table 1. Small interfering RNA (siRNA) sequence 

sic: Non-target control siRNA 
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Table. 2 Primer sequences used for semi-quantitative real time RT-PCR 

Name Sequence (5’-3’) 

β-actin F  GATCTGGCACCACACCTTCT 

β-actin R GGGGTGTTGAAGGTCTCAAA 

NP F CAACAATAGGAGTGGAGTGTCTGA 

NP R CAGGGTATCGGTGATGTCTTCT 

IFN-β F GCTTGGATTCCTACAAAGAAGCA 

IFN-β R ATAGATGGTCAATGCGGCGTC 

TNF-α F AGTGACAAGCCTGTAGCCCC 

TNF-α R TTGAAGAGGACCTGGGAGT 

IL-6 F TGAAAGCAGCAAAGAGGC 

IL-6 R TCAAATCTGTTCTGGAGGT 

IL-8 F TCCAAACCTTTCCACCCC 

IL-8 R CACAACCCTCTGCACCCA 

F represents forward primer. 
R represents reverse primer. 

Name Sequence (5’-3’) 

IRE1 F CGGGAGAACATCACTGTCCC 

IRE1 R CCCGGTAGTGGTGCTTCTTA 

XBP1u F TTGTCACCCCTCCAGAACATC 

XBP1u R TCCAGAATGCCCAACAGGAT 

XBP1s F TGCTGAGTCCGCAGCAGGTG 

XBP1s R GCTGGCAGGCTCTGGGGAAG 

P58IPK F GGCTCGGTATTCCCCTTCCT 

P58IPK R AGTAGCCCTCCGATAATAAGCAA 

ERdj4 F TGTCAGGGTGGTACTTCATGG 

ERdj4 R TCTTAGGTGTGCCAAAATCGG 

EDEM1 F CGGACGAGTACGAGAAGCG 

EDEM1 R CGTAGCCAAAGACGAACATGC 
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Figure 3 
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Figure 4 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 6 
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