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Abstract
Background Enterovirus 71 (EV71) is one of the major causative agents of hand, foot, and mouth disease (HFMD), 
and can cause severe cerebral complications and even fatality in children younger than 5 years old. However, there 
is no specific medication for EV71 infection in clinical practice. Our previous studies had identified the 6-thioguanine 
(6-TG), an FDA-approved anticancer drug, as a potential antiviral agent, but its anti-EV71 activity is largely unknown, 
therefore, we aim to explore the antiviral effect of 6-TG on EV71.

Results 6-TG significantly suppressed EV71 mRNA level, VP1 protein expression, and viral progeny production 
in HT-29 cells. In EV71-infected HT-29 cells, the 50% cytotoxicity concentration of 6-TG (CC50) was > 2000 µM and 
the 50% inhibitory concentration of 6-TG against EV71 (IC50) was 0.9302 µM. Interestingly, the selectivity index (SI) 
value of 6-TG against EV71 was > 2150.1, which was higher than the SI value (> 66.7) of ribavirin. Mechanistically, 
6-TG treatment reduced the expression of baculoviral IAP repeat containing 3 (BIRC3), and further inhibited EV71 
replication by attenuating BIRC3-mediated the complete autophagy.

Conclusions 6-TG exerted a significant inhibitory effect on EV71 infection in vitro and prevented EV71-induced the 
complete autophagy by decreasing BIRC3 expression. Our work provided a basis for the further development of 6-TG 
as a therapy for EV71-associated HFMD.
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Background
Hand, foot and mouth disease (HFMD) has become a 
seasonal infectious disease among children (under 5 
years old) in the summer and fall in the Asia-Pacific 
region [1, 2]. Enterovirus 71 (EV71), a non-enveloped, 
positive-sense, single-stranded RNA virus in the family 
Picornaviridae, is the major causative agent of HFMD 
[3]. HFMD cases often present symptoms of small red 
herpes on the hands, foot and mouth. Though HFMD 
is mostly self-limiting, a small proportion of cases even 
develop severe complications such as acute encephalitis, 
acute flaccid paralysis, pulmonary edema, cardiorespira-
tory complication, and death [4]. Although inactivated 
vaccines have been licensed in China with a high efficacy 
(90–97.4%) against EV71–associated HFMD [5–7], they 
offered the limited protection against the other geno-
types of EV71 due to the fact that vaccines were mostly 
developed based on a single serotype strain C4 [8, 9]. A 
therapeutic drug for EV71 is not yet available, therefore, 
it is necessary to investigate the potential agents with 
anti-EV71 activity.

6-thioguanine (6-TG), a thiopurine drug, was 
approved by US Food and Drug Administration (FDA) 
for the treatment of childhood leukemia in 1950s [10]. 
Nowadays, 6-TG was more widely used in the treat-
ment of chronic inflammatory diseases including 
inflammatory bowel disease (IBD) and psoriasis [11]. 
In addition to the anti-cancer and anti-inflammatory 
effect, 6-TG also exhibited antiviral activities against 
the severe acute respiratory syndrome coronavirus 2 
(SARS-COV-2) and influenza A virus [12, 13]. More-
over, our previous studies have reported that 6-TG 
inhibited the severe fever with thrombocytopenia 
syndrome virus (SFTSV) and Herpes Simples Virus 1 
(HSV-1) infection [14, 15]. However, the roles of 6-TG 
on EV71 infection are not fully understood.

Autophagy is an essential pathway to maintain cel-
lular homeostasis by constituting the catabolic pro-
cess of misfold proteins, degradation of damaged 
organelle, and defense against harmful microbes [16]. 
The process of autophagy begins with the forma-
tion of crescent-shaped membrane structures known 
as phagophore, which expands to form a closed dou-
ble-membrane vesicle with the transform of LC3  I 
(MAP1LC3B, microtubule associated protein 1 light 
chain 3 beta) to the lipoylated LC3 II, called autopha-
gosome. The autophagosome then fuses with a lyso-
some, and the cargoes in the autophagosome are 
digested by lysosomal enzymes for recycling [17]. 
Many viruses including EV71 induce autophagy with 
observed GFP-LC3 puncta and increased lipid-bound 
LC3 II level in vivo and in vitro, and EV71 might hijack 
the autophagosome membranes as the replication site 
or hijack the secretion autophagy pathway to promote 

the maturation and egress of virus particles [18–20]. 
And inhibition of autophagy contributed to the cellu-
lar anti-EV71 effect [21]. Thus, the effect of 6-TG in 
autophagy upon EV71 infection and the host factor 
participating in EV71 associated autophagy is investi-
gated in this study.

Here, we found that 6-TG inhibited EV71 replication 
in vitro. Mechanically, 6-TG inhibited EV71 infection 
by attenuating the baculoviral IAP repeat containing 
3 (BIRC3, also known as cIAP2) mediated complete 
autophagy. Overall, our study suggests that the BIRC3 
antagonist 6-TG may be a plausible candidate for the 
treatment of EV71-assocaited HFMD.

Methods
Cells, viruses, and compounds
HT-29 (human colorectal cell lines), HeLa (human epi-
thelial carcinoma cell lines) and Vero (African green 
monkey kidney epithelial cell lines) cells were grown 
in Dulbecco’s modified Eagle’s medium (DMEM; 
HyClone, Logan, UT, USA) supplemented with 10% 
or 2% fetal bovine serum (FBS; Gibco, Carlsbad, CA, 
USA) at 37 °C under a 5% CO2 atmosphere.

EV71-BrCr strain was obtained from Professor Bin 
Wu, Jiangsu Provincial Centers of Disease Control. 
EV71 was propagated on Vero cells.

6-Thioguanine (CAS No.154-42-7) was purchased 
from Selleck Chemicals (Houston, USA), and dissolved 
in DMSO (final concentration: 40 mM). Ribavirin 
(CAS No.36791-04-5) and rapamycin (CAS No.53123-
88-9) were purchased from MedChem Express (New 
Jersey, USA), and dissolved in DMSO (final concentra-
tion: 10 mM).

siRNAs, plasmids and antibodies
The siBIRC3 targeting BIRC3 (5’- G C C U U G A U G A G 
A A G U U C C U T T-3’) and the negative-control siRNA 
(siNC) were purchased from RIBOBIO (Guangzhou, 
China). The plasmid expressing BIRC3 with flag tag 
(pBIRC3) and the control plasmid (pVector) were 
purchased from Miaolingbio (Wuhan, China). The 
plasmids expressing EV71 nonstructural proteins 2A 
protease (2Apro), 2B, 3AB, 3C and 3D were donated by 
Professor Jianguo Wu from Jinan University. The plas-
mid expressing EV71 nonstructural protein 2C was 
prepared by our laboratory [22]. The siRNAs and plas-
mids were transfected into HeLa cells or HT-29 cells 
using Lipofectamine 3000 Transfection Kit (Life Tech-
nologies, Carlsbad, USA) according to the manufactur-
er’s instructions.

Antibodies used in this study were as follows:
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Product name Company Product 
number

Mouse anti-VP1 antibody
Mouse anti-β-actin antibody

Abcam (Cambridge, UK)
Santa Cruz Biotechnology 
(Dallas, USA)

ab36367
sc-47778

Rabbit anti-LC3 antibody
Rabbit anti-P62/SQSTM1 
antibody

Sigma-Aldrich (St.Louis, 
USA)
Proteintech (Wuhan, China)

L7543
18420-1-
AP

Rabbit anti-BIRC3 antibody
Mouse anti-Flag tag antibody

ABclonal (Wuhan, China)
Servicebio (Wuhan, China)

A0833
GB15938-
100

Mouse anti-GFP tag antibody Proteintech (Wuhan, China) 16825-1-
AP

Mouse anti-HA tag antibody
Rabbit anti-eIf4G antibody

Proteintech (Wuhan, China)
Cell Signaling Technology 
(Danvers, USA)

66006-
1-lg
2469

Rabbit anti-GAPDH antibody Proteintech (Wuhan, China) 10494-1-
AP

Cytotoxicity assay
The cytotoxicity of 6-TG or ribavirin was determined by 
incubating cells with different concentrations of com-
pound for 24 h, and the surviving cells were assayed by 
CCK8 Cell Counting Kit (Vazyme Biotech, Nanjing, 
China) as previously described [23]. The 50% cytotoxic 
concentration (CC50) of 6-TG or ribavirin was calculated 
based on GraphPad Prism, version 8.0 (GraphPad Soft-
ware, San Diego, CA, USA).

RNA extraction and quantitative real-time PCR
Total intracellular RNA was extracted using TRIzol 
reagent (Life Technologies, Carlsbad, USA). Reverse-
transcribed cDNA was synthesized using the PrimeScript 
RT Reagent Kit (TaKaRa, Kyoto, Japan). Quantitative 
real-time PCR was performed using a standard protocol 
on an Applied Biosystems 7500 system using SYBR green 
qPCR Master mix (Vazyme Biotech, Nanjing, China) 
according to the manufacturer’s instruction. GAPDH was 
used for normalization of mRNA, and analysis was car-
ried out using the 2-ΔΔCt method. The primers used in 
this study were as follows:

Forward (5′-3′) Reverse (5′-3′)
EV71  T A A C T G C G G A G C A C A T A C C C  A C G G A C A C C C A 

A A G T A G T C G
BIRC3  G C T T T T G C T G T G A T G G T G G A C T C  C T T G A C G G A T G 

A A C T C C T G T C C
GAPDH  G A G T C A A C G G A T T T G G T C G T  C T T G A T T T T G G 

A G G G A T C T C G C

Western blot
Cells were collected and lysed using RIPA lysis buffer 
(Santa Cruz, Dallas, USA). Total protein concentrations 
were determined using the Bicinchoninic Acid (BCA) 
Protein Assay Kit (Pierce, Thermo, Massachusetts, 
USA). Extracted proteins were separated on 10% or 12% 

SDS-PAGE (BIO-RAD, Hercules, USA) and then trans-
ferred onto PVDF membranes (Millipore, Massachu-
setts, USA). The membranes were blocked for one hour 
at room temperature and then probed with primary anti-
bodies at an appropriate dilution at 4  °C overnight, fol-
lowed by incubation with corresponding IRDye 800 goat 
anti-mouse IgG or IRDye 680 donkey anti-rabbit IgG 
(LI-COR Bioscience, Lincoln, USA) secondary antibod-
ies. The membranes were scanned by Odyssey Infrared 
Imaging System (LI-COR Bioscience, Lincoln, USA), and 
the band intensity of proteins were quantified by ImageJ 
software.

Virus titers
Vero cells were grown in 96-well plates for 24  h before 
virus infection. Virus or the collected culture supernatant 
containing virus was serially diluted in DMEM supple-
mented with 2% FBS from 10− 2 to 10− 8, and then each 
diluted sample was added to eight wells in the plate. The 
plates were then incubated at 37  °C with 5% CO2. The 
cytopathic effect (CPE) was recorded under the micro-
scope after 3 days. Virus titers were calculated as the 50% 
tissue culture infectious dose (TCID50) using the Reed–
Munch method.

In-cell western assay (ICW assay)
ICW assay was carried out as previously described [24, 
25]. Shortly, the cells in 96-well plate were fixed, per-
meabilized, and blocked with BSA. Then the cells were 
incubated with EV71 VP1-specific antibody and stained 
with IRDye 800 goat anti-mouse IgG and nuclear stain 
DRAQ5 (Thermo, Waltham, USA). Subsequently, the 
cells were scanned with Odyssey software, and the lev-
els of VP1 protein were quantified and normalized to 
DRAQ5. The viral inhibition meant the relative levels of 
VP1 protein and the half-maximal inhibitory concentra-
tion (IC50) of 6-TG was calculated using GraphPad Prism 
as previously described [26].

Time-of-addition assay
HeLa cells were infected with EV71 in 96-wells and then 
1 µM 6-TG or DMSO (as a negative control) was added 
to the cell culture at different time points after virus addi-
tion: -2 h, 0 h, 2 h, 4 h, 6 h, 8 h, 12 h and 24 h. At 24 h 
post infection (hpi), the antiviral activity of 6-TG was 
determined by ICW assay.

Immunofluorescence assay
Immunofluorescence assay was carried out as previ-
ously described [27]. In short, the cells were fixed by 4% 
paraformaldehyde (Servicebio, Wuhan, China), permea-
bilized by 0.5% Triton X-100, and followed by blocking 
with 2% BSA. Then the cells were incubated with primary 
antibodies at 4  °C for 12 h. Subsequently, the cells were 
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Fig. 1 (See legend on next page.)
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incubated with Alexa Fluro 594-labeled donkey anti-
rabbit IgG or Alexa Fluro 488-labeled goat anti-mouse 
IgG (Thermo, Waltham, USA) for about 1 h, and the cell 
nucleus were stained by DAPI. The cells were examined 
under and imaged by Olympus Fluoview FV3000 as pre-
viously described [28].

Statistical analysis
The data was expressed as the mean ± standard error 
of the mean (SEM) of three independent experiments. 
The levels of significance for the different experimental 
groups were analyzed using Student t-tests and one-way 
ANOVA followed by a SNK-q test. P-value < 0.05 was 
considered statistically significant (ns, no significant, 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).

Results
6-TG inhibits EV71 infection
6-TG, also named 2-Amino-6-purinethiol, is a synthetic 
guanosine analog with the molecular structure as shown 
in Fig.  1A. To determine the cytotoxic effects of 6-TG, 
HT-29 cells were treated with 6-TG at increasing con-
centrations from 1 to 2000 µM for 24 h. The 50% cyto-
toxicity concentration of 6-TG (CC50) to HT-29 cells was 
greater than 2000 µM (Fig.  1B). Subsequently, EV71-
infected HT-29 cells were treated with 6-TG from 0 to 
3 µM, and we observed that 6-TG significantly reduced 
EV71 mRNA levels (Fig. 1C). Furthermore, VP1 protein 
of EV71, the major contributor to EV71 pathogenesis [29, 
30], was significantly decreased in the presence of 6-TG 
at 1 or 3 µM, respectively (Fig.  1D). As expected, 6-TG 
also significantly reduced the extracellular EV71 titers 
as compared to the untreated group (Fig.  1E). Taken 
together, these results indicated that 6-TG effectively 
suppressed EV71 replication and proliferation in vitro.

Next, the 50% inhibitory concentration (IC50) of 6-TG 
against EV71 was determined by ICW assay in HT-29 
cells, and EV71 VP1 protein was significantly reduced 
at an IC50 of 0.9302 µM (Fig.  1F-G), which was signifi-
cantly lower than the cytotoxic concentration. Ribavirin 
was previously reported to exhibit an anti-EV71 activity 
[31], therefore, ribavirin was used as a positive control to 
assess the anti-EV71 activity of 6-TG in this study. The 
IC50 of ribavirin was over 30 µM with the CC50 > 2000 µM 
(Fig. 1H-J). The selectivity index (SI, CC50/IC50) of 6-TG 
was > 2150.1, higher than ribavirin (> 66.7) (Fig. 1K), sug-
gesting that 6-TG is a more potent drug for inhibiting 
EV71 than ribavirin.

6-TG inhibits EV71 replication at early stages of viral 
infection
HeLa cells were widely used to explore the antivi-
ral effects of 6-TG or the EV71 replication process [14, 
15, 27]. We found that 6-TG at 1 µM, much lower than 
CC50 at 22.42 µM, showed 88% inhibitory effect of 
EV71 (Fig. 2A-B). To determine at which stage of EV71 
replication the anti-EV71 activity of 6-TG occurred, 
time-of-addition experiment was further performed in 
HeLa cells. 1 µM 6-TG was added to HeLa cells at dif-
ferent time points (-2, 0, 2, 4, 6, 8, 12 and 24  h) during 
infection, and the EV71 VP1 expression relative to the 
DMSO-treated cells was measured using ICW assay at 
24 hpi (hours post EV71 infection) (Fig. 2C). At present, 
6-TG inhibited almost 100% of EV71 VP1 protein at -2 
hpi, > 90% at 2 hpi, and close to 50% at 12 hpi (Fig. 2D-E). 
These data indicated that 6-TG likely acted on the early 
stages of EV71 infection.

BIRC3 is a key factor for 6-TG inhibiting EV71 replication
Previous studies have considered Ras-related C3 botu-
linum toxin substrate 1 (Rac1) to be one of the main 

(See figure on previous page.)
Fig. 1 6-TG inhibited EV71 infection. (A) The molecular structure of 6-TG was shown. (B) HT-29 cells were treated with serial concentrations (0-2000 µM) 
of 6-TG for 24 h, then the cell viability of the cells was determined by CCK8 assay. The viability of non-treated cells was considered as a blank control. The 
6-TG-treated cell viability was determined as a percentage of the blank control. CC50 is 50% cytotoxicity concentration of 6-TG in HT-29 cells. (C) HT-29 
cells were infected with EV71 at an MOI of 3 in the presence of 6-TG (0, 1, 3 µM). After 24 h, EV71 mRNA was quantified via quantitative real-time PCR, 
normalized against GAPDH. The EV71 VP1 protein expression was quantified via western blot analysis, normalized against β-actin. The intensity of west-
ern blot bands signals was quantified by ImageJ software (D). (E) HT-29 cells were infected with EV71 at an MOI of 3 for 4 h, then the cells were washed 
with PBS and incubated with 3 µM 6-TG. After 24 h, the culture supernatant was collected and added to Vero cells, the viral titers were calculated as the 
TCID50 after 72 h incubation. (F) HT-29 cells were infected with EV71 at an MOI of 3 in the presence of 6-TG at different concentrations (0, 0.5, 1, 1.5, 2, 2.5, 
3 µM). After 24 h, the intracellular EV71 VP1 (green) was examined via ICW assay and normalized by DRAQ5 (red). (G) HT-29 cells were infected with EV71 
at an MOI of 3 in the presence of 6-TG at different concentrations (0, 0.5, 1, 1.5, 2, 2.5, 3, 10, 50 µM). After 24 h, the intracellular EV71 VP1 was examined via 
ICW assay and normalized by DRAQ5. The percent of EV71 inhibition was analyzed by Odyssey software. The intracellular EV71 VP1 of EV71-infected cells 
without 6-TG-treatment was considered as a negative control. IC50 is 50% inhibitory concentration of 6-TG against EV71. (H) HT-29 cells were infected with 
EV71 at an MOI of 3 in the presence of ribavirin at different concentrations (0, 0.1, 0.5, 1, 3, 5, 10, 30 µM). After 24 h, the intracellular EV71 VP1 (green) was 
examined via ICW assay and normalized by DRAQ5 (red). The percent of EV71 inhibition was analyzed by Odyssey software, and the intracellular EV71 VP1 
of EV71-infected cells without ribavirin treatment were considered as a negative control. IC50 is 50% inhibitory concentration of ribavirin against EV71 (J). 
(I) HT-29 cells were treated with serial concentrations (0-2000 µM) of ribavirin for 24 h, then cell viability of the cells was determined by CCK8 assay. The 
viability of non-treated cells was considered as a blank control. The ribavirin-treated cell viability was determined as a percentage of the blank control. 
(K) The IC50, CC50, and SI index of 6-TG or ribavirin against EV71 in HT-29 cells. SI is selectivity index of compounds, and was defined as the ratio of CC50 to 
IC50 (CC50/IC50). Data were pooled from four (B and I) or three (C, D, E, G and J) independent experiments, and were shown as the mean ± SEM (**P < 0.01, 
***P < 0.001, ****P < 0.0001)
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targets of 6-TG [32], and we previously found that 6-TG 
inhibited SFTSV and HSV-1 replication via suppressing 
the expression and/or activity of Rac1 [14, 15]. Therefore, 
we initially investigated the role of Rac1 in 6-TG-induced 
EV71 inhibition, and found that NSC23766, a Rac1-spe-
cific inhibitor, had no effect on EV71 infection (Fig. 3A), 
which implies that the mechanism by which 6-TG inhib-
its EV71 replication is distinct from that of SFTSV or 
HSV-1. Subsequently, we reanalyzed two related RNA-
sequencing datasets: one reported in our previous study 
(Control vs. 6-TG without viral infection) [15], and the 

other available in the GEO database (Mock vs. EV71 
without 6-TG treatment, GSE:123550). We identified 
14 genes appeared to overlap between the two datasets 
(Fig.  3B), and the BIRC3 was downregulated by 6-TG 
treatment and upregulated by EV71 infection, implying 
that BIRC3 might play a key role in 6-TG against EV71 
infection (Fig. 3C). Here, both mRNA and protein levels 
of BIRC3 were decreased in 6-TG treated HeLa cells and 
HT-29 cells (Fig.  3D-E and Fig. S1A-B), indicating that 
BIRC3 might be another target of 6-TG. Moreover, EV71 
infection elevated both the mRNA and protein levels of 

Fig. 2 6-TG inhibited EV71 replication at early stages of viral infection. (A) HeLa cells were treated with serial concentrations (0–50 µM) of 6-TG for 24 h, 
then the cell viability of the cells was determined by CCK8 assay. The viability of non-treated cells was considered as a blank control. The 6-TG-treated cell 
viability was determined as a percentage of the blank control. CC50 is 50% cytotoxicity concentration of 6-TG in HeLa cells. (B) HeLa cells were infected 
with EV71 at an MOI of 1 in the presence of 6-TG at different concentrations (0, 0.001, 0.01, 0.1, 1, 5 µM). After 24 h, the intracellular EV71 VP1 (green) was 
examined via ICW assay and normalized by DRAQ5 (red). The percent of EV71 inhibition was analyzed by Odyssey software, and the intracellular EV71 VP1 
of EV71-infected cells without 6-TG treatment were considered as a negative control. (C) The design of action mode of time-of-addition assay. HeLa cells 
were infected with EV71 (MOI = 0.5) for 24 h, and 1 µM of 6-TG or DMSO were added to cells at -2, 0, 2, 4, 6, 8, 12 and 24 h of EV71 infection. After 24 h, the 
intracellular EV71 VP1 (green) was examined via ICW assay (D). The percent of inhibition of EV71 was analyzed by Odyssey software, and the intracellular 
EV71 VP1 of EV71-infected cells with DMSO-treatment was considered as control (E). −2 –0 h: viral pre-infection period; 0–2 h: viral adsorption and entry 
period; 2–24 h: the period of virus proliferation in the cells. 6-TG inhibited almost 100% of EV71 VP1 protein at -2 hpi, > 90% at 2 hpi, and close to 50% at 
12 hpi. Data were pooled from four (A) or three (E) independent experiments, and were shown as the mean ± SEM
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Fig. 3 BIRC3 was the key regulator of 6-TG against EV71 infection. (A) HeLa cells were infected with EV71 at an MOI of 1 in the presence of NSC23766 at 
different concentrations (0, 5, 10, 30, 50, 100 µM). After 24 h, the intracellular EV71 VP1 (green) was examined via ICW assay and normalized by DRAQ5 
(red). The percent of EV71 inhibition was analyzed by Odyssey software, and the intracellular EV71 VP1 of EV71-infected cells without NSC23766 treat-
ment were considered as a negative control. (B) Identification of 14 common differential expressed genes (DEG) from untreated or 6-TG-treated HUVEC 
database (Control vs. 6-TG) and uninfected or EV71-infected mice database (GSE123550) (Mock vs. EV71) through SangerBox 3.0 online tools. Advanced 
Pie plot was performed using the OmicStudio tools at https:/ /www.om icstudi o.cn /tool. (C) The heatmap of the 14 common DEGs from Control vs. 6-TG 
group and Mock vs. EV71 group. Advanced Heatmap Plots was performed using the OmicStudio tools at https://www.omicstudio.cn. (D and E) HeLa cells 
were incubated with 1 or 3 µM 6-TG for 2 h. Then the BIRC3 mRNA was quantified by quantitative real-time PCR, normalized to GAPDH (D). The BIRC3 
protein levels were quantified via western blot analysis, normalized against β-actin. The intensity of western blot bands signals was quantified by ImageJ 
software (E). (F, G and H) HeLa cells were infected with EV71 at an MOI of 0.5 for 24 h, and the EV71 mRNA and BIRC3 mRNA was quantified via quan-
titative real-time PCR, normalized against GAPDH (F and G). The BIRC3 expression was quantified via western blot analysis, normalized against β-actin. 
The intensity of western blot bands signals was quantified by ImageJ software (H). (I, J and K) HeLa cells were infected with EV71 at an MOI of 0.5 in the 
presence of 6-TG at 1 µM. The BIRC3 and EV71 VP1 expression was quantified via western blot analysis, normalized against β-actin. The intensity of BIRC3 
was quantified by ImageJ software (I). The EV71 mRNA and BIRC3 mRNA was quantified via quantitative real-time PCR, normalized against GAPDH (J and 
K). Data were pooled from three (D-K) independent experiments, and were shown as the mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)

 

https://www.omicstudio.cn/tool
https://www.omicstudio.cn
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Fig. 4 (See legend on next page.)
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BIRC3 in HeLa cells and HT-29 cells (Fig. 3F-H and Fig. 
S1C-E), indicating that BIRC3 may be involved in EV71 
infection. Importantly, the inhibition of EV71 replica-
tion by 6-TG treatment was accompanied by a decrease 
in BIRC3 (Fig. 3I-K). Overall, these results suggested that 
BIRC3 might be a key factor for 6-TG suppressing EV71 
replication.

6-TG exhibits anti-EV71 effect by downregulating BIRC3
Next, we analyzed the roles of BIRC3 in EV71 replica-
tion. BIRC3 was silenced by siBIRC3 #1/2/3 as mea-
sured in both mRNA expression (Fig.  4A) and protein 
levels (Fig.  4B), and siBIRC3 #3 (called siBIRC3 in the 
following text) exhibited the most pronounced inhibi-
tion of BIRC3. Silencing BIRC3 markedly reduced EV71 
mRNA (Fig. 4C) and VP1 protein (Fig. 4D) as compared 
to siNC-transfected HeLa cells. Furthermore, the plas-
mid expressing BIRC3 (pBIRC3) was also confirmed in 
both mRNA (Fig. 4E) and protein levels (Fig. 4F), and the 
overexpressed BIRC3 resulted in increased EV71 mRNA 
levels, VP1 protein levels and viral titers (Fig.  4G-I) as 
compared to an empty vector-transfected HeLa cells. 
Although we failed to knock down BIRC3 in HT-29 
cells, we also observed a positive effect of BIRC3 over-
expression in HT-29 cells on EV71 replication (Fig. S2A-
C). Importantly, we found that BIRC3 overexpression 
reversed the inhibitory effect of 6-TG on EV71 replica-
tion and production (Fig.  4J-L). These results suggested 
that BIRC3 was required for EV71 replication in vitro, 
and the anti-EV71 effect of 6-TG was depend on BIRC3.

BIRC3 is necessary for the cleavage function of EV71 2Apro 
and the expression of EV71 3AB
The nonstructural proteins 2Apro–2C and 3A–3D of 
EV71 are involved in regulating viral replication [33], 
and 2Apro exhibits the cysteine protease activity in cleav-
ing the polyprotein into mature proteins of EV71 and 

cleaving the elongation factor eIF4G to inhibit host 
cap-dependent protein synthesis. Therefore, previous 
studies usually used the cleaved eIF4G/β-actin to pres-
ent the cleavage function of 2Apro [34, 35]. Then we 
investigated the effect of BIRC3 on nonstructural pro-
tein function or expression by transfecting plasmids 
GFP-2Apro/2B/3AB/3C/3D and HA-2C in HeLa cells for 
24  h followed by siNC or siBIRC3 treatment for 30  h. 
The results showed that the function of 2Apro to cleav-
age eIF4G and the expression of 3AB were significantly 
reduced upon BIRC3 knocking down (Fig. 5). Altogether, 
these results suggested that BIRC3 might be an impor-
tant regulator on the cleavage function of EV71 2Apro and 
the expression of EV71 3AB.

6-TG results in EV71 inhibition by attenuating BIRC3-
mediated complete autophagy
Recently, the role of BIRC3 in Crohn’s disease, one dis-
ease of IBD, in relation to autophagy has attracted our 
interests [36], due to autophagy supports EV71 repli-
cation [19]. The complete autophagy ranges from the 
autophagosome formation, the autophagosome-lysosome 
fusion and lysosome-mediated cargoes degradation [37]. 
Firstly, we observed that the autophagosome marker 
GFP-LC3 puncta was formed at 12 hpi in EV71-infected 
HeLa cells (Fig. 6A), as well as the ratio of LC3 II to LC3 I 
and the degradation of autophagy cargo receptor P62/
SQSTM1 (sequestosome 1) was also increased at 12 and 
24 hpi in HeLa cells (Fig. 6B), which indicated that EV71 
infection induced the complete autophagy. Secondly, we 
investigated the role of 6-TG in EV71-induced complete 
autophagy, and observed that 6-TG caused an increase 
of LC3 II/LC3 I ratio and P62 levels in HeLa cells, which 
was associated with EV71 inhibition (Fig.  6C). It meant 
a large number of autophagosomes carrying P62-linked 
cargoes were stranded, and the complete autophagy was 
affected. We also found the increased P62 levels and 

(See figure on previous page.)
Fig. 4 BIRC3 promoted EV71 replication and reversed the anti-EV71 effect of 6-TG. (A and B) HeLa cells were transfected with three specific siRNAs tar-
geting BIRC3 (siBIRC3 #1, siBIRC3 #2, siBIRC3 #3) or control siRNA (siNC) for 30 h. The cells were harvested and the BIRC3 RNA levels were quantified via 
quantitative real-time PCR, normalized against GAPDH (A), the BIRC3 protein levels were evaluated by western blot assay, normalized to β-actin (B). (C 
and D) HeLa cells were transfected with siBIRC3 or siNC for 30 h, and then infected with EV71 at an MOI of 0.5 for 24 h. The cells were harvested and the 
EV71 RNA levels were quantified via quantitative real-time PCR, normalized against GAPDH (C). The EV71 VP1 protein expression was evaluated by western 
blot assay, normalized to β-actin. The intensity of western blot bands signals was quantified by ImageJ software (D). (E and F) HeLa cells were transfected 
with 1 µg plasmid encoding BIRC3 (pBIRC3) or control plasmid (pVector). After 30 h, the cells were collected, and the BIRC3 RNA levels were quantified via 
quantitative real-time PCR, normalized against GAPDH (E), the flag-BIRC3 protein expression was evaluated by western blot assay, normalized to β-actin 
(F). (G and H) HeLa cells were transfected with 1 µg pBIRC3 or pVector for 30 h, and then infected with EV71 at an MOI of 0.5 for 24 h. The cells were har-
vested and EV71 RNA levels were quantified via quantitative real-time PCR, normalized against GAPDH (G). The EV71 VP1 protein expression in harvested 
cells was evaluated by western blot assay, normalized to β-actin. The intensity of western blot bands signals was quantified by ImageJ software (H). (I) 
HeLa cells were transfected with 1 µg pBIRC3 or pVector for 30 h, and next infected with EV71 at an MOI of 0.5 for 2 h, then the cells were washed with PBS 
and incubated with clear culture medium. After 24 h, the culture supernatant was collected and added to Vero cells, the viral titers were calculated as the 
TCID50 after 72 h incubation. (J and K) HeLa cells were transfected with 1 µg pBIRC3 or an empty Vector for 30 h, then the cells were infected with EV71 
at an MOI of 0.5 in the presence of 1 µM 6-TG for 24 h. The EV71 RNA levels and the BIRC3 RNA levels in harvested cells were quantified via quantitative 
real-time PCR, normalized against GAPDH. (L) HeLa cells were transfected with 1 µg pBIRC3 or an empty Vector for 30 h, then the cells were infected with 
EV71 at an MOI of 0.5 for 2 h. After washing with PBS, the cells were incubated with 1 µM 6-TG for 24 h. The culture supernatant was collected and added to 
Vero cells, the viral titers were calculated as the TCID50 after 72 h incubation. Data were pooled from three (A, C-E and G-L) or two (B and F) independent 
experiments, and were shown as the mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)
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decreased EV71 VP1 levels in 6-TG-treated HT-29 cells 
(Fig. S3). Furthermore, we found the elevated LC3 II/
LC3  I ratio in BIRC3-knockdown HeLa cells, accompa-
nying by a decrease in EV71 VP1 expression (Fig.  6D). 
Overall, these results suggested that the accumulated 
autophagosomes induced by 6-TG treatment and BIRC3 
shortage damaged EV71 infection.

Next, we treated HeLa cells with 6-TG treatment alone, 
and the results showed that 6-TG at 1 or 3 µM increased 
the LC3 II/LC3 I ratio as well as the P62 levels (Fig. 7A). 
Moreover, we added 1 µM 6-TG to 100 nM rapamycin 
(an autophagy activator, inhibits mTOR activity)-pre-
treated HeLa cells, and also found an increased LC3 II/
LC3 I ratio and increased P62 expression following 6-TG 
treatment (Fig.  7B). We further investigated the rela-
tionship between BIRC3 and autophagy in HeLa cells 
without infection. We found that the LC3 II/LC3 I ratio 
was increased in BIRC3 overexpressed HeLa cells, the 
P62 levels was not affected (Fig. 7C). And both the LC3 
II/LC3  I ratio and the P62 expression were increased 
in BIRC3 knockdown HeLa cells (Fig.  7D), which was 
the same effect as 6-TG treatment on autophagosome 
accumulation and complete autophagy blockage. These 

results indicated that 6-TG blocked BIRC3-mediated 
complete autophagy.

Discussion
In this study, we have demonstrated that 6-TG exhibited 
an activity against EV71 infection. And 6-TG exhibited 
more potent inhibitory activity against EV71 than ribavi-
rin, requiring less than 1/30 molar concentration of riba-
virin to reach IC50. 6-TG could completely inhibit EV71 
replication at about 3 µM in vitro, which was in contrast 
to ribavirin that failed to completely inhibit or abrogate 
clinical manifestation of EV71 [38].

EV71 has developed strategies to hijack the com-
plete autophagy including autophagosome production, 
autophagosome fusion with lysosomes and followed 
degradation to help viral replication and maturation [20, 
39]. In this study, we found that 6-TG addition with or 
without EV71 infection increased cellular LC3 II/LC3  I 
ratio and autophagy cargo receptor P62 levels, and this 
accumulated autophagosomes and blocked complete 
autophagy flux damaged EV71 infection. Previous studies 
reported that knocking down the proteins involved in the 
fusion between autophagosomes and lysosomes, such as 

Fig. 5 BIRC3 knockdown affected the cleavage function of EV71 2Apro and the expression of EV71 3AB. HeLa cells were transfected with plasmid GFP-
2Apro, GFP-2B, GFP-3AB, GFP-3C, GFP-3D and HA-2C for 24 h, then were transfected with siBIRC3 or siNC for 30 h. The cells were harvested and the 
expression of eIF4G, GFP-tag, HA-tag was evaluated by western blot assay, normalized to β-actin or GAPDH. The intensity of western blot bands signals 
of cleaved eIF4G, GFP-2B/3AB/3 C/3D, HA-2 C, β-actin and GAPDH were quantified by ImageJ software. Data were pooled from three independent experi-
ments, and were shown as the mean ± SEM (ns, no significant, *P < 0.05, **P < 0.01)
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Fig. 6 6-TG suppressed EV71 replication by diminishing BIRC3-mediated autophagy. (A) HeLa cells were Mock-infected or EV71 (MOI = 0.5) infected for 
12 h, then cells were fixed for immunostaining using EV71 2C antibody (red). Nuclei were labeled with DAPI (blue). Scale bars, 10 μm. The white arrows 
showed the formed GFP-LC3 puncta. (B) HeLa cells were infected with EV71 at an MOI of 0.5, and the cells were harvested at 12, 24 hpi (hours post infec-
tion). The EV71 VP1, LC3 I, LC3 II and P62 expression was quantified via western blot analysis, normalized against β-actin. The intensity of western blot 
bands signals of LC3 II/LC3 I and P62/β-actin was quantified by ImageJ software. (C) HeLa cells were infected with EV71 at an MOI of 0.5 in the presence 
of 1 µM 6-TG. After 24 h, the EV71 VP1, LC3 I, LC3 II and P62 expression was quantified via western blot analysis, normalized against β-actin. The intensity 
of western blot bands signals of LC3 II/LC3 I and P62/β-actin was quantified by ImageJ software. (D) HeLa cells were transfected with siBIRC3 or siNC for 
30 h, then the cells were infected with EV71 at an MOI of 0.5 for 24 h. The BIRC3, LC3 I, LC3 II, P62 and EV71 VP1 expression in harvested cells was quantified 
via western blot analysis, normalized against β-actin. The intensity of western blot bands signals of LC3 II/LC3 I and P62/β-actin was quantified by ImageJ 
software. Data were pooled from three (B-D) or two (A) independent experiments, and were shown as the mean ± SEM (ns, no significant, *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001)
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Fig. 7 6-TG addition diminished BIRC3-mediated autophagy. (A) HeLa cells were incubated with 1 or 3 µM 6-TG for 24 h, the LC3 I, LC3 II, P62 and BIRC3 
expression was quantified via western blot analysis, normalized against β-actin. The intensity of western blot bands signals of LC3 II/LC3 I and P62/β-actin 
was quantified by ImageJ software. (B) HeLa cells were stimulated with 100 nM rapamycin for 12 h, then they were incubated with 1 µM 6-TG for 24 h. 
The LC3 I, LC3 II and P62 expression was quantified via western blot analysis, normalized against β-actin. The intensity of western blot bands signals of 
LC3 II/LC3 I and P62/β-actin was quantified by ImageJ software. (C) HeLa cells were transfected with 0.5–1 µg pBIRC3 or pVector for 30 h. The cells were 
harvested and Fag-BIRC3, LC3 I, LC3 II and P62 expression was evaluated by western blot assay, normalized to β-actin. The intensity of western blot bands 
signals of LC3 II/LC3 I and P62/β-actin was quantified by ImageJ software. (D) HeLa cells were transfected with siBIRC3 or siNC for 30 h, respectively. The 
cells were harvested and BIRC3, LC3 I, LC3 II and P62 expression was evaluated by western blot assay, normalized to β-actin. The intensity of western blot 
bands signals of LC3 II/LC3 I and P62/β-actin was quantified by ImageJ software. Data were pooled from three (A-D) independent experiments, and were 
shown as the mean ± SEM (ns, no significant, *P < 0.05, **P < 0.01, ***P < 0.001)
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STX17 and SNAP29, or blocking autolysosomal acidifica-
tion by knocking down the associated protein ATP6AP2, 
inhibited EV71 infection [40, 41]. In our study, we found 
that knocking down BIRC3, the anti-EV71 target of 6-TG 
explored here, significantly reduced EV71 replication 
by inducing autophagosome accumulation and com-
plete autophagy blockage. Since BIRC3 was required for 
effective fusion of autophagosomes with lysosomes [36], 
the failure of autophagosome and lysosome fusion and 
blocked complete autophagy due to the lack of BIRC3 
may mediate the antiviral effect of 6-TG. We also found 
that overexpression of BIRC3 promoted the increased 
LC3 II/LC3 I ratio but no change in P62, suggesting that 
the role of BIRC3 on promoting the fusion of autophago-
somes with lysosomes may not be effective in the absence 
of viral infection due to the over-activated autophagy is 
harmful to maintain cellular homeostasis [42].

However, the mechanism of 6-TG regulation of BIRC3 
expression has not been fully elucidated in our study. 
6-TG was reported to down-regulate DNA methyltrans-
ferase 1 (DNMT1)-mediated DNA methylation to acti-
vate apoptosis-modulating protein (DAXX) [43], and 
activated DAXX acted as a transcriptional repressor 
repressing transcription factor NF-κB member (RelB), 
resulting in decreased mRNA levels of targeted gene 
BIRC3 [44]. Thus, the decrease in BIRC3 mRNA levels 
after 6-TG treatment may be related to reduced DNMT1. 
6-TG has also been reported to facilitate the proteasome-
mediated degradation of DNMT1 in leukemic cells [45], 
thus, the role of the ubiquitin proteasome system in the 
6-TG-induced reduction of BIRC3 protein could be a 
possible mechanism.

Enterovirus including EV71 usually use autophagosome 
maturation to serve as the site of genome replication, and 
several membrane-associated viral proteins interact with 
the replication organelle [46]. Inhibition of acidification 
of the autophagy-induced membranous compartment 
not only suppressed viral infection, but also destabilized 
viral proteins, which may be due to the altered protein 
association with membranes and then leading to their 
degradation in the cytoplasm [47]. In our study, we found 
that BIRC3 knockdown declined the cleavage function of 
EV71 2Apro and expression of EV71 3AB. EV71 2Apro is 
a cysteine protease responsible for cleaving of the open 
reading frame of EV71 (which can be categorized into 
three regions, P1, P2 and P3) into the P1 and P2 precur-
sor polyproteins. EV71 3AB, derived from the P3 precur-
sor polyproteins of EV71, contains N-terminal 3A and 
C-terminal 3B/VPg domains and will be proteolytically 
cleaved into proteins 3A and 3B/VPg. 3A, 3B/VPg as well 
as 3AB play critical roles in EV71 RNA synthesis, and 3A 
has an effect on protein trafficking while 3B/VPg func-
tions as a primer to initiate RNA synthesis by EV71 3D 
[48]. EV71 3A also reported to increase viral replication 

and growth by upregulating autophagy degradation-
related protein LRRC25 [49, 50]. Thus, BIRC3 knock-
down resulted in the accumulated autophagosomes and 
autophagy cargoes-linked P62 may not provide the acidi-
fied replication environments to destabilize EV71 2Apro 
and 3AB, resulting EV71 inhibition.

Conclusions
Our present work demonstrated that 6-TG had a sig-
nificant antiviral activity against EV71, and the antiviral 
activity was likely based on suppressing the host protein 
BIRC3-mediated the complete autophagy. And due to its 
good in vitro safety profile and high SI value than ribavi-
rin, 6-TG is a potential therapeutic candidate for the fur-
ther study for EV71-induced HFMD.
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