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low-level of α2,6-sialylation, was observed both in  vitro 
and in vivo.
Conclusions  The study provides evidence of optimized 
therapeutic strategy in oncolytic virotherapy via partly 
defining α2,6-sialylated receptor as a “cellular marker” for 
NDV.
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3′SLN	� 3′-sialyl-N-acetyllactosamine
6′SLN	� 6′-sialyl-N-acetyllactosamine
SNA	� Sambucus nigra
STs	� Sialyltransferases

Abstract 
Purpose  Newcastle disease virus (NDV) has been applied 
to oncolytic virotherapy for decades due to its naturally 
oncolytic property. In spite of the substantiation of the 
sialic acid receptors of NDV on host cells, knowledge of 
preference of sialic acid linkage in viral attachment and 
oncolytic effect is lacking and imperative to be elucidated.
Methods  Surface plasmon resonance analysis and com-
petitive inhibition with sialylated glycan receptor analogues 
were used to determine the affinity and the preference of 
sialic acid receptor. Treatments of sialyltransferase inhibi-
tors and linkage-specific sialidases and transfection with 
sialyltransferase expression vector were performed to regu-
late sialic acids levels.
Results  We demonstrated that sialic acid was essential 
for NDV binding and infection of tumor cells. α2,6-linked 
sialic acid served as a high-affinity receptor for NDV and 
the ST6Gal I sialyltransferase that synthesizes α2-6 linkage 
of sialylated N-linked glycans in CHO-K1 cells promoted 
NDV binding and cytopathic effect. More importantly, an 
enhanced antitumor effect of NDV on aggressive SW620 
colorectal carcinoma cells with high-level of cell sur-
face α2,6-sialylation, but not SW480 cells with relative 
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Introduction

The metastatic spread and apoptosis resistance are princi-
pal players in poor prognosis for cancer patients. Aberrant 
modification in glycosylation, particularly that in terminal 
sialylation correlates with tumorigenic transformation and 
progression, including proliferation, invasion and metasta-
sis (Dube and Bertozzi 2005; Fuster and Esko 2005). Sialic 
acids (Sia) are nine-carbon backbone α-keto acidic sugars 
of approximately 50 different neuraminic acid derivatives 
with the most common variant referred to N-acetylneu-
raminic acid (Neu5Ac) (Schauer 2009). Sialyltransferases 
(STs) comprise a family of at least 20 different anabolic 
enzymes which are divided into three subfamilies accord-
ing to the type of Sia linkage elaborated. The α2,3-ST, 
α2,6-ST and α2,8-ST mediate the transfer of Sia to termi-
nals galactose (Gal; ST3Gal I–VI, ST6Gal I–II), N-acetyl-
galactosamine (GalNAc; ST6GalNAc I–VI) and the other 
Sia residues (ST8Sia I–VI) (Harduin-Lepers et  al. 2001). 
Changes of selective ST have been described in cancer. 
Overexpression of ST3Gal I acts as a tumor promoter in a 
mouse model of breast cancer, while ST6Gal I promotes 
tumorigenesis and serves as a regulator of the stem cell 
phenotype (Picco et al. 2010; Swindall et al. 2013). Over-
expression of ST8Sia I is restricted in neuroectoderm-
derived malignant tumors and estrogen receptor-negative 
breast cancer (Steenackers et  al. 2012). Correspondingly, 
Sia has been identified as a promising therapeutic target for 
cancer in several reports, in which sialidases, ST inhibitors 
and incorporation of Sia or non-natural Sia analogues were 
applied for the purpose of selectively blocking aberrant sia-
lylation (O’Shea et  al. 2014; Bull et  al. 2015; Chen et  al. 
2011).

Oncolytic virus therapy has been intensively investigated 
and used as a promising alternative approach for treatment 
of cancer (Patel and Kratzke 2013). Newcastle disease 
virus (NDV), as an oncolytic virus, is a negative sense sin-
gle-stranded RNA virus of Avulavirus genus of Paramyxo-
viridae family with a natural avian host range (Mayo 2002). 
Its natural oncolytic capability was first described during 
the 1960s (Cassel and Garrett 1965) and has been dem-
onstrated in several cancer cell lines, animal tumor mod-
els and clinical trials (Sinkovics and Horvath 2000; Cheng 
et al. 2016; Schirrmacher 2015; Zamarin and Palese 2012). 
The viral infection is initiated by two surface glycoproteins, 
hemagglutinin-neuraminidase (HN) and fusion (F) pro-
teins. HN binds to the Sia receptors for virus attachment to 
host cells and is of multifunction including F activation and 
hydrolyzation of Sia residues (neuraminidase activity) that 
facilitate progeny virus spreading (Ferreira et al. 2004; Vil-
lar and Barroso 2006). Both α2,3- and α2,6-linkage Sia are 
deployed to mediate NDV entry into host cells (Sanchez-
Felipe et  al. 2012). Spectacularly, NDV also exerts its 

oncolytic activity in apoptosis-resistant cancer cells by 
activation of the intrinsic or mitochondrial apoptosis path-
way (Elankumaran et al. 2006; Mansour et al. 2011), which 
correlates with α2,6-hypersialylation (Swindall and Bellis 
2011; Liu et al. 2011). Nevertheless, it is not known about 
the relation between hypersialylation and oncolytic thera-
peutic effect of NDV in tumor cells. In the present study, 
we aimed to clarify the expression level of Sia in various 
human cancer cells and its impact on virus attachment and 
infection via up-/down-regulation of Sia expression, and 
determine the preference of Sia linkage (α2,3- and α2,6-) 
in viral attachment and oncolytic effect for more effective 
utilization in anticancer therapy.

Materials and methods

Cell culture and virus

The cell lines, A549, NCI-H460, SW480, SW620 and 
CHO-K1 were purchased from the Cell Bank of Shanghai 
Institute of Biochemistry and Cell Biology, Chinese Acad-
emy of Sciences (Shanghai, China). The cells were main-
tained in Roswell Park Memorial Institute-1640 medium 
(RPMI-1640) supplemented with 10% fetal bovine serum 
(FBS), 100 U/ml penicillin and 100 μg/ml streptomycin at 
37  °C in a 5% CO2 incubator under a humidified atmos-
phere. Prior to treatment with ST inhibitor, cells were cul-
tured in minimum essential medium RPMI-1640 contain-
ing 5% FBS. The NDV Italien strain and recombinant NDV 
carrying luciferase (rNDV-Luci) were prepared in embryo-
nated specific-pathogen-free chicken eggs and stored in 
our laboratory. Virus titration was measured by end-point 
dilution assay with eight replicates for each dilution and 
expressed in 50% tissue culture infective dose (TCID50) per 
milliliter, which was calculated by the method of Reed and 
Muench as previously reported (Wei et al. 2012).

NDV binding tests

When 90% confluency was reached, cells were harvested 
with cell dissociation buffer (Invitrogen, Carlsbad, CA, 
USA) and washed with serum-free medium, then infected 
with NDV Italien strain at a multiplicity of infection (MOI) 
of 100. After 1 h of incubation at 4 °C, the cells were rinsed 
three times with cold medium to remove unbound virus.

Competition experiments were performed by preincu-
bating NDV at a low concentration (MOI 10) with either 
3′-sialyl-N-acetyllactosamine (3′SLN) (Sigma-Aldrich, St 
Louis, MO, USA) or 6′-sialyl-N-acetyllactosamine (6′SLN) 
(Sigma-Aldrich) in a series of doses ranging from 1 to 
3 mM. The resultant mixture was added to cells cultured in 
RPMI-1640 containing 5% FBS and maintained at 4 °C for 
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1 h after chilling on ice. Then, the cells were rinsed three 
times with cold medium and assayed for virus binding tests.

For virus binding tests, the cells were incubated at 
4  °C for 1  h with chicken polyclonal anti-NDV antibody 
(Abcam, Cambridge, UK), washed and subsequently incu-
bated at 4 °C for another hour with rabbit fluorescein iso-
thiocyanate (FITC) labeled-anti-chicken IgG antibody 
(Jackson immunoResearch, West Grove, PA, USA). A 
chicken IgY (Abcam) was used as isotype control. Cells 
were washed and fixed with 4% paraformaldehyde. FITC 
signals were detected using a FACSCalibur flow cytometer 
(BD, San Jose, CA, USA) and FACS data were analyzed 
using FlowJo software.

Detection of sialic acid by lectin staining assay

After harvesting, cells were blocked with 1% bovine serum 
albumin at room temperature for 30  min. Lectin staining 
was performed by incubation with FITC-labeled Maackia 
amurensis lectin (MAA; EY Laboratories Inc., San Mateo, 
CA, USA), Sambucus nigra lectin (SNA; Vector Laborato-
ries, Burlingame, CA, USA) or Maackia amurensis lectin 
II (MAL II; Vector Laboratories) labeled with fluorescent 
dye Cy3 (GE Healthcare, Little Chalfont, Buckingham-
shire, UK) according to the instructions. MAA and MAL 
II appear to bind Sia in an α2,3-linkage, while SNA binds 
α2,6-linkage Sia. The respective lectin was added to the 
cell cultures and incubated at room temperature for 30 min, 
rinsed three times with phosphate buffered saline (PBS), 
and then fixed with 4% paraformaldehyde. Binding of lec-
tin to cells was detected using flow cytometry.

ST inhibitor treatment

A549 and NCI-H460 cells cultured in RPMI-1640 con-
taining 5% FBS were incubated with 128  μmol/L P-3Fax-
Neu5Ac. Cells were harvested after 3 days of culture and 
washed extensively with serum-free medium for the assay 
of sialylation status using specific carbohydrate-binding 
lectins MAA and SNA or virus binding test.

Sialidase treatment

The confluent cells were harvested by cell dissociation 
buffer (Invitrogen), washed with serum-free medium and 
divided into aliquots of 1  ×  106  cells. Then, either spe-
cific α2,3-sialidase from Salmonella typhimurium LT2 or 
bispecific α2,3/6-sialidase from Clostridium perfringens 
(New England Biolabs, Beverly, MA, USA) was added at 5 
units per aliquot and incubated with cells for 3 h at 37 °C. 

Cells untreated were used as control. Following chilling at 
4 °C for 15 min, cells were washed twice with serum-free 
medium for lectin staining or virus binding test.

CCK‑8 assay

Cells were seeded in 96-well plates and infected with 
NDV Italien at an MOI of 0.1. After 1  h of adsorption, 
the cells were washed once and refed with RPMI-1640 
supplemented with 10% FBS and incubated at 37 °C. Cell 
viability was assayed after 36 h post-infection. According 
to the manufacturer’s instructions, 10% CCK-8 solution 
(Engreen, Beijing, China) was added to each well and 
absorbance was determined at 450 nm after 2 h of incu-
bation using ELISA microplate readers (BioTek Instru-
ments, Winooski, VT, USA). Uninfected cells were used 
as the negative control group, and the assay was repeated 
at least three times.

Surface plasmon resonance (SPR) analysis of glycan–
NDV interactions

Biotinylated glycans were obtained from GlycoTech 
(Rockville, MD, USA). A NLC chip (Bio-Rad Labora-
tories, Hercules, CA, USA) was used for glycan–NDV 
interaction analysis on ProteOn XPR36 protein interac-
tion array system (Bio-Rad Laboratories). The channels 
were regenerated with 1  M NaCl and 50  mM NaOH in 
horizontal and vertical directions, respectively, for 60  s 
at 30  μl/min before coupling with glycans. To immobi-
lize the biotinylated glycans onto the streptavidin surface 
of the NLC chip, 16  µg/ml Neu5Acα2-3GalNAcα-PAA-
biotin (01-109; GlycoTech) and 0.2  µg/ml Neu5Acα2-
6GalNAcα-PAA-biotin (01-059; GlycoTech) in PBS con-
taining 0.05% Tween 20 (pH 7.4) were injected at a flow 
rate of 25  μl/min. HOCH2(HOCH)4CH2NH-PAA-biotin 
(01-000; GlycoTech) without glycan was used as a con-
trol. The glycans (01-109 and 01-059) and the glycan-free 
compound (01-000) were immobilized onto chip in sepa-
rate flow channels. One channel was left unmodified to 
provide an additional reference surface. Once the glycan 
surface on the NLC chip was prepared, the twofold serial 
dilutions of NDV Italien were injected at a flow rate of 
50  μl/min, with 0.506  ×  107–8.1  ×  107 plaque forming 
unit (pfu) for 01-109 and 01-000, and 1.5 × 107–16 × 107 
pfu for 01-059. For each analyte concentration, associa-
tion was performed for 180 s and dissociation was moni-
tored for 720  s. Surface was regenerated with 10  mM 
Gly-HCl by multiple 15  s pulses so that the experiment 
could be reproduced. After the sensorgrams were pro-
cessed for baseline alignment and reference channel 
subtraction, kinetic analysis was performed by globally 
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fitting curves based on a simple 1:1 biomolecular reac-
tion model.

Transfection of CHO‑K1 cells with expression vector 
pcDNA3.1‑ST6GAL1

The cDNA of human 2,6-sialyltransferase (ST6GAL1) 
was obtained from A549 cells under the guidelines of total 
RNA extraction kit (Omega, Riverside, CA, USA) and 
PrimeScript RT reagents kit (TaKaRa, Otsu, Japan). The 
full-length open reading frame of ST6GAL1 was ampli-
fied with primers 5′-GGC​CGA​TATGGA​TCC​GCC​ACC​
ATG​ATT​CAC​ACC​AAC​CTG​AAG-3′ and 5′-GGC​GCA​
ATAGCG​GCC​GCTTA​GCA​GTG​AAT​GGT​CCG​GAA​
GCC​AG-3′, incorporating BamH I and Not I sites, respec-
tively. The amplified fragment was digested with BamH I 
and Not I, then cloned into the eukaryotic expression vec-
tor pcDNA3.1(+), sequenced and named as pcDNA3.1-
ST6GAL1. CHO-K1 cells were transiently transfected with 
pcDNA3.1-ST6GAL1 using Lipofectamine 2000 Reagent 
(Invitrogen) according to the manufacturer’s instructions.

Animal studies

Nude mice aged 4–6  weeks (Experimental Animal Cen-
tre of Fourth Military Medical University, Xi’an, China) 
were subcutaneously implanted with either SW480 or 
SW620 cells (1 × 107 cells in 100 μl PBS). When tumors 
reached a size of 5–8 mm in diameter, mice were intratu-
morally injected with PBS or 5  ×  107  pfu of rNDV-Luci 
(in 100 μl PBS) every other day for ten injections in total. 
The condition of the mice was monitored and the tumor 
diameter was measured using a digital caliper every other 
day. The tumor volume was calculated using the formula: 
width2 × length/2. Tumor growth inhibition rate was calcu-
lated as: (1 − tumor volume of treated group/tumor volume 
of control group) × 100%. Mice were humanely euthanized 
when tumor size reached 18  mm in any dimension. All 
mice received humane care and all animal procedures were 
performed in accordance with Laboratory Animal Ethics 
Committee of Fourth Military Medical University.

Bioluminescence imaging

rNDV-Luci replication in  vivo was monitored by IVIS 
imaging system (Caliper Life Sciences, Hopkinton, MA) 
with Living Image acquisition and analysis software (Liv-
ing Image 3.2, Caliper). The mice were injected intraperi-
toneally with D-luciferin potassium salt (Yeasen, Shanghai, 
China) at a dose of 150 mg/kg and anesthetized with isoflu-
rane-mixed oxygen. After 10 min, the bioluminescence of 
mice was assayed and captured in photos.

Statistical analysis

Comparison between two groups was conducted by 
unpaired two-tailed Student’s t test using GraphPad Prism 
version 5.01. Three independent experiments were pre-
sented as mean ± SEM. The level of significance was con-
sidered at P  <  0.05.

Results

Attachment of NDV required sialic acids of host cells

To determine if Sia was necessary for efficient attachment 
of NDV, two lung cancer cell lines (A549, NCI-H460) 
were treated with an inhibitor of sialyltransferases, P-3Fax-
Neu5Ac (Calbiochem, Darmstadt, Germany) which could 
selectively inhibit sialylation. The cells were incubated with 
a high concentration of P-3Fax-Neu5Ac (128  μmol/L) for 
3  days, and the α2,3- and α2,6-sialylations were assessed 
using specific carbohydrate-binding lectins MAA and SNA, 
respectively. As shown in Fig. 1a, the inhibitor dramatically 
blocked the expression of α2,3- and α2,6-linked Sia by 90 
and 76% on A549 cells, 88 and 78% on NCI-H460 cells. 
Accordingly, virus attachment was strongly reduced to 5 
and 7% on A549 and NCI-H460 cells (Fig. 1b). The results 
indicated that NDV attachment required Sia of host cells.

Higher affinity of NDV for sialylated glycan motifs 
with terminal Neu5Acα‑2,6 than Neu5Acα‑2,3

Although both α2,3- and α2,6-linked Sia were known 
to act as receptors for NDV binding (Sanchez-Felipe 
et  al. 2012), the interaction of NDV with the two link-
ages remains to be compared. Therefore, an SPR-based 
analysis of glycan–virus interactions was developed to 
monitor and evaluate the receptor binding preference of 
NDV between α2,3- and α2,6-linked Sia in real-time. The 
α2,3-sialyl glycan (NeuAcα-2,3GalNAc), α2,6-sialyl gly-
can (NeuAcα-2,6GalNAc) and glycan-free biotinylated 
compound [HOCH2(HOCH)4CH2NH] were sequen-
tially immobilized onto the streptavidin surface of the 
NLC chip; HOCH2(HOCH)4CH2NH was used as a nega-
tive control. Five different concentrations of NDV Italien 
strain were injected into the flow channels which were 
coated with NeuAcα-2,3GalNAc, NeuAcα-2,6GalNAc or 
HOCH2(HOCH)4CH2NH. Specific binding responses of 
NDV to both NeuAcα-2,3GalNAc and NeuAcα-2,6GalNAc 
were observed and the equilibrium dissociation constant 
(KD) was calculated based on the association constant (Ka) 
and the dissociation constant (Kd) which demonstrated a 
tenfold higher affinity of NDV for α2,6-linkage than α2,3-
linkage. No signal showed in the negative control (Fig. 2).
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α2,6‑linked sialic acid displayed a preferred specificity 
for NDV binding

To further identify which specific linkage NDV utilized 
for binding, A549 cells were pretreated with specific α2,3-
sialidase (from Salmonella typhimurium LT2) to reduce 
α2,3-linkage level or bispecific α2,3/6-sialidase (from 
Clostridium perfringens) to reduce both α2,3- and α2,6-
linkage levels. No specific α2,6-sialidase was commod-
itized, so that the individual reduction of α2,6-linkage level 
was unavailable. The specificity of both sialidases hydro-
lyzing α2,3- and α2,3/6-glycosidic linkages of terminal Sia 
residues was confirmed by flow cytometry with linkage-
specific lectins (Fig. 3a). Although treatment with the two 
sialidases decreased α2,3- and α2,6-linkages to approxi-
mately equal level (Fig.  3a), α2,3-sialidase caused minor 
reduction in NDV binding and α2,3/6-sialidase dramati-
cally inhibited virus binding (Fig.  3b), which indicated a 
more important role of α2,6-linkage for NDV binding. Fur-
thermore, the sialylated trisaccharides 3′SLN and 6′SLN 
describing the features of authentic sialylated receptors in 

nature were used as potential receptor analogues in attach-
ment assays. Preincubation of NDV (MOI 10) with 3′SLN 
and 6′SLN inhibited viral attachment in a dose-dependent 
manner while 6′SLN was more competitive for NDV bind-
ing than 3′SLN (Fig.  3c). Taken together, these data sug-
gest that both α2,3- and α2,6-linked Sia act as functional 
receptors for NDV and the virus preferentially utilizes 
α2,6-sialylated glycans for binding.

Ectopic expression of ST6Gal I sialyltransferase 
increased the α2,6‑linkage level leading to enhanced 
NDV binding and cytopathic effect

To further test the role of α2,6-linkage in NDV bind-
ing, we used CHO-K1 cells which lack a functional copy 
of the gene encoding α2,6-sialyltransferase leading to a 
lower level of α2,6-linkage (Fig. 4a). The ST6Gal I sialyl-
transferase can catalyze the transfer of Sia from cytidine 
monophosphate-sialic acid in an α2,6-linkage to the termini 
of N-glycans. To ectopically express ST6Gal I in CHO-
K1 cells, an expression plasmid containing ST6Gal I was 

Fig. 1   Sialic acid presence (a) and NDV binding (b) were detected in A549 and NCI-H460 cells treated with P-3Fax-Neu5Ac by FACS analysis. 
Cells treated without P-3Fax-Neu5Ac or unstained were used as control and background, respectively
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constructed (Fig.  4b). Subsequently, transient transfection 
of CHO-K1 cells with the plasmid resulted in a twofold 
increase of α2,6-linked Sia and decrease of α2,3-linked Sia 
by half (Fig. 4c), and the virus binding increased more than 
twofold compared with the mock control (Fig. 4d). Accord-
ingly, NDV showed an enhanced killing effect in ST6Gal 
I-transfected cells after 36 h post-infection compared with 
mock control (Fig. 4e).

Therapeutic antitumor efficacy of NDV correlated 
with expression of α2,6‑sialic acid in colon tumors

To explore the link between antitumor efficacy of NDV 
and α2,6-Sia expression level of tumor cells, we tested the 
Sia linkages on the surfaces of two colon cancer (SW620, 
SW480) cell lines. According to the American Type Cul-
ture Collection information, SW620 cell line was derived 

Fig. 2   Comparison of affinities between NDV-NeuAcα-2,3GalNAc and NDV-NeuAcα-2,6GalNAc was performed by SPR analysis. 
HOCH2(HOCH)4CH2NH-PAA-biotin without glycan was used as a control
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from a metastasis of the same colorectal adenocarcinoma 
from which the SW480 was derived. Interestingly, flow 
cytometry analysis showed that SW480 and SW620 cells 
displayed higher levels of α2,3- and α2,6-linkages, respec-
tively (Fig. 5a), thus we used the two cell lines to perform 
the virus replication-induced cytotoxicity assay. The cell 
mortality rates of NDV infection in SW620 cells were 
higher than that of SW480 cells after 36  h post-infection 
(Fig.  5b). To assess the in  vivo therapeutic efficacy of 
NDV, nude mice were engrafted with SW480 and SW620 
cells subcutaneously, and then intratumorally treated with 
5 × 107 pfu of rNDV-Luci, which was a recombinant NDV 
Italien strain expressing firefly luciferase for visualiza-
tion of virus distribution with similar replicative proper-
ties as its wild-type (Wei et al. 2012). As shown in Fig. 5c, 

inoculation of SW620 cells induced a higher propagation 
rate of tumor than that of SW480 cells, indicating the more 
aggressiveness of SW620. The application of rNDV-Luci 
was able to reduce both tumor burdens as illustrated by 
tumor volume measurements compared with control mice 
treated with PBS. However, the rNDV-Luci exhibited a 
considerable tumor growth inhibitory effect in SW620 cells 
than SW480 cells. Thirty days after treatment, luciferase 
expression and therapeutic efficacy of rNDV-Luci were vis-
ualized in vivo by IVIS imaging. As seen in Fig. 5d, virus 
was able to express luciferase only within tumor and the 
signal intensity was consistent with tumor volume. Taken 
together, these data highlight that NDV can be used as an 
effective and safe oncolytic virotherapy for human cancer 
with higher α2,6-sialylation.

Fig. 3   The effects of sialidases 
and sialyl-N-acetyllactosamine 
(SLN) on sialic acid expression 
and NDV binding were detected 
by FACS analysis in A549 
cells. The inhibiting efficiency 
of sialidases on α2,3- and 
α2,6-linked sialic acid expres-
sions (a) and virus binding (b). 
Untreated cells were used as 
control and unstained cells were 
as background. c Suppression 
effects of 3′SLN and 6′SLN 
on virus binding. *P < 0.05, 
**P < 0.01, ***P < 0.001
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Discussion

We intensively investigated here the possible effects of sia-
lylation modification on cell entry and infection of onco-
lytic NDV in the human non-small cell lung carcinomas 
(A549 and NCI-H460) and colorectal carcinoma cell lines 
(SW480 and SW620), in which SW620 is more tumouri-
genic and metastatic potentials than SW480 as demon-
strated previously (Hewitt et al. 2000). We further analyzed 
the receptor binding preference of NDV between two pri-
mary α2,3- and α2,6-linked sialylation.

Altered sialylation is associated with various aspects of 
malignant transformation (Yogeeswaran and Salk 1981; 
Kim and Varki 1997). Elevated cell surface sialylation is 
a common characteristic of tumor cells and attributed to 
dysregulation of selected sialyltransferases (Dall’Olio and 
Chiricolo 2001; Harduin-Lepers et  al. 2012). Evidences 
are accumulating that overexpression of α2,6-Sia occurs in 
many different cancers, including breast (Alley and Novo-
tny 2010), ovarian (Christie et  al. 2008), lung (Vasseur 
et al. 2012), gastric (Ozaki et al. 2012) and colon (Seales 
et  al. 2005), which corresponds to the up-regulation of 

ST6Gal I (Gessner et al. 1993) or ST6GalNAc STs (Mar-
cos et al. 2004). In this study, the hypersialylation of α2,6-
linkage was detected in SW620 cell lines and oncolytic 
NDV killed SW620-derived tumors much more effectively 
than SW480, suggesting an advantage of oncolytic viro-
therapy using NDV in lysing α2,6-hypersialylated cancer-
ous cells.

We also clarified the direct effect of sialylation in viral 
attachment by ST inhibitor and sialidase treatment. P-3Fax-
Neu5Ac is a fluorinated Sia analogue that globally blocks 
sialylation via inhibiting STs and preventing the synthesis 
of Sia with high potency and long-term effect. The block-
age of sialylation with P-3Fax-Neu5Ac strongly prevented 
viral attachment accompanied with the depletion of α2,3- 
or α2,6-linked Sia in A549 and NCI-H460 cells. Likewise, 
linkage-specific sialidase treatment resulted in defective 
sialylation of α2,3- or α2,6-linkage and reduced virus bind-
ing of A549 cells. Moreover, the results implied that α2,6-
linkage is a major contributor to virus binding relative to 
α2,3-linkage.

The advancements of SPR technology have facilitated 
the analyses of virus and glycan interactions. By this 

Fig. 4   The effects of ectopic 
presence of α2,6-linked sialic 
acid on NDV binding and 
virus-induced cytopathic effect. 
a The presences of Sia link-
ages were detected by FACS 
analysis in CHO-K1 cells. b 
The pcDNA3.1(+) plasmid 
expressing the sialyltransferase 
gene ST6GAL1 was constructed 
and validated by colony PCR. 
c Sialic acid expression was 
detected in CHO-K1 cells 
transfected with ST6Gal I 
expression vector. d, e NDV 
binding and cytopathic effect in 
ST6Gal I-transfected cells were 
detected by FACS analysis and 
CCK-8 assay, respectively. Cells 
transfected with pcDNA3.1(+) 
plasmid were used as mock and 
unstained cells were as back-
ground. *P < 0.05, **P < 0.01
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method, NDV Italien strain showed a preference affinity 
ratio of about 10 between α2,3- and α2,6-linkages. In com-
petition assay, 6′SLN inhibited NDV attachment more effi-
ciently than 3′SLN did in A549 cells. Taken together, these 
findings indicate that NDV preferentially recognizes Sia 
receptor with an α2,6-linkage.

The α2,6-hypersialylation correlates with not only 
increased metastasis and enhanced tumor cell survival, 
but also a less differentiated phenotype (Hedlund et  al. 
2008). The present study applied forced overexpression of 
ST6Gal I that up-regulated α2,6-linked Sia level in a cell 

model, CHO-K1 which is naturally lack of α2,6-linked Sia. 
As expected, the decreased expression of α2,3-linked Sia 
in ST6Gal I-transfected cells by approximately 50% due to 
the competition between α2,6-ST and α2,3-ST which uti-
lized the same substrate. But the status did not impair the 
enhanced binding of NDV to ST6Gal I-transfected cells, 
which further suggested the more defined role of α2,6-
sialylation in viral attachment and infection. Furthermore, 
it was confirmed that therapeutic effect of oncolytic NDV 
was in agreement with high levels of α2,6-linked Sia in 
xenografted colon tumors. Accordingly, the data available 

Fig. 5   Correlation of α2,6-
linked sialic acid expression 
and antitumor effect of NDV 
in vitro and in vivo. a Expres-
sion of α2,3- and α2,6-linked 
sialic acids in two colon cancer 
cell lines detected by FACS 
analysis. b Cell mortality 
rates of two colon cancer cell 
lines after infection of NDV 
Italien were determined with 
CCK-8 assay. c Nude mice 
were subcutaneously implanted 
with SW480 and SW620 cells. 
Then the mice were intratumor-
ally treated with 5 × 107 pfu 
rNDV-Luci every other day for 
a total of ten injections. Mice 
that received PBS were used as 
control. n = 10. d Luciferase 
expression of rNDV-Luci in 
tumor-bearing mice at 30 days 
post-intratumoral injection 
by IVIS imaging. *P < 0.05, 
**P < 0.01, ***P < 0.001
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so far may be developing a novel treatment strategy that 
define α2,6-linked Sia as a potential target in oncolytic 
virotherapy with NDV.
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