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Foot-and-mouth disease virus (FMDV), a member of the genus Aphthovirus in the Picornaviridae family,
affects wild and domesticated ruminants and pigs. FMDV causes various clinical symptoms, including
severe inflammation in infected tissue. Genome RNA of FMDV shows a positive single-strand chain
approximately 8.3 kb long and encodes a single long open reading frame (ORF). The ORF is translated
into structural and non-structural proteins by viral proteases. The FMDV 2C protein is one of the
non-structural proteins encoded by FMDV and plays a critical role in FMD pathogenesis, including
inflammation, apoptosis, and viral replication. In this study, we examined whether FMDV 2C induces
intracellular expression of pro-inflammatory cytokine tumor necrosis factor alpha (TNFa). FMDV 2C
expression in pig IBRS-2 cells increased mRNA and protein expression of TNFa at the transcriptional
level via activation of TNFa promoter. Treatment with 4-phenylbutyric acid, an endoplasmic reticulum
(ER) stress reducer, decreased TNFa expression induced by FMDV 2C. Activating transcription factor
4 (ATF4), a transcription factor mediating ER stress response, induced transactivation of TNFa pro-
moter and expression of mRNA and protein of TNFa. However, the dominant negative mutant of
ATF4 did not induce FMDV 2C - mediated TNFa expression. The results indicate that FMDV 2C pro-
tein increases clinical inflammation via ATF4-mediated TNFa expression and is associated with ER

stress induction.
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G GT-3'; ATF4-full-R, 5-AAG GAT CCC TAG GGG ACC
CTT TTIC TTC CC3" Zejo|m A ER PCRE 553} Xbal
%} BamHI A& 4 A2 & o] &34 pCMVS—MyC o] F
293t A& EE plasmidES DNA A8 #4&
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time PCR 24

A RNAE Trizol A %F(Invitrogen)& AH&-3ke] ML} 5
£ 2402 HE EEsAth A4 RNAE oligo - dT9 MMLV
S A AL & 4 (Takara, Shiga, Japan)E °|&3tel @Y 7t
cDNAZ H#AF{ . real-time PCRY| ¥ &3 &L SYBR
Green o] %+ LightCycler Fast DNA master mixtures ©]&
skl FHlehglth PCRol AHEE Zolwe tedt 2o
ATF4 F, 5¥-GGT CAG TCC CTC CAA CAA CAG C3; ATH4
R, 5-GGA GTG GAG GAC AGG ACC CCT-3'; GAPDH F,
5-GTG GTC TCC TCT GAC TTC AAC-3; GAPDH R, 5-TCT
CIT CCT CTIT GTIG CTC TTG-3.
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Fig. 1. FMDV FMDV 2C increases expression of pro-inflammatory cytokine TNFa. (A) FMDV 2C increases TNFa promoter activation.
After transfection of expression plasmids for HA-FMDV 2C and HA-3B with TNFa promoter reporter plasmid into cells,
luciferase activity was measured using cell extracts by luminometer. 4-BPA was treated to cells after 24 hr transfection and
incubated 12 hr. Data shown are the mean +SEM from three independent experiments. **p<0.01, # #p<0.05 compared with
corresponding value for mock transfected cells. (B) Transcription factors involving ER stress increases TNFa transcriptional
activation. We transfected expression plasmids of ER stress transcription factors (XBP1, ATF4, ATF6 and CHOP) into cells.
The promoter activation of TNFa was measured by relative luciferase production. Data shown are the mean + SEM from

three independent experiments.

*p<0.05 compared with corresponding value for mock transfected cells. (C) FMDV 2C increases

mRNA expression of ATF4 and TNFa. After transfection of HA-FMDV 2C and HA-3B expression plasmids, mRNA production
of ATF4 and TNFa was measured by RT-PCR. **p<0.01 compared with corresponding value for mock transfected cells and
#p<0.01 compared with corresponding value for mock transfected cells. (D) FMDV 2C increases protein expression of ATF4
and TNFa. After transfection of HA-FMDV 2C and HA-3B expression plasmids, protein production was analyzed by Western

blot assay.
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box-binding protein 1 (XBP1), ATF4, activating transcription
factor 6 (ATF6)¢} CCAAT-enhancer-binding protein homol-
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2Co| 9|3k ATF49} TNFa2] AL A 2EH 29 Ao
LS AAZTE ATF49} TNFao] T d A4 Z71= Wes-
tern blot 48 &3k st th(Fig. 1D).
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o 5H) F7HEHE & & AT o4k T Eol, Fig. 2B A ATF4
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7] Wl ATF49} o2} A 29 5280 TNFa &
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Fig. 2. ATF4 increases transcriptional activation and gene ex-
pression of TNFa. (A) ATF4 increases mRNA expression
of TNFa. After transfection of ATF4 expression plasmid,
mRNA production was measured by RT-PCR. Data
shown are the mean + SEM from three independent ex-
periments. ** p<0.05 compared with corresponding val-
ue for mock transfected cells. (B) ATF4 increases protein
expression of TNFa. After transfection of ATF4 expre-
ssion plasmid, protein expression was measured by
Western blot assay. (C) Coactivators increase ATF4-
mediated TNFa transcriptional activation. After trans-
fection of ATF4, CBP and SRC1, promoter activation of
TNFa was analyzed by luciferase activity. Data shown
are the mean * SEM from three independent experiments.
** p<0.05 compared with corresponding value for mock
transfected cells.

FMDV 2CQ| ATF4 &8 FTJI TNFa MAM0Q Ast
TNFa 238 §52 93 FMDV 2C$} ATF49] 7153 A%
ZH3t7] Y3l A, FMDV 2C9} ATF4 A £ mRNAS}
B S 7tz fFAAES AE Yol =9 Fo RT-PCR
7} Western blot 245 433} th. ATF47} TNFa &d
o 7%53te 7he s AFs7] skl ATF4e] © ¢ TNFa
T2 RE 43S YT luciferase FEE E4 43S A=
AT oo e B} AF o2 A ATF49 DNA 2% 44
(294RYRQKKR300 - > 294GYLEAAA300)°ll A 67] o}n] -4k
= A %3 ATF4-H| 2733} &9 A (ATF4 DN)= ©] &3ttt
Fig. 3A9 A B 50|, ATF49] A Eu &2 TNFa mRNA A
S Z7MA A A, ATF4 DN& %7} 7]%50] 919t TNFa
0] 9 tE £5F9 9= # & chemokineSl SDF-1a¢ &3 &
37 B89t SDF-1a% FMDV 2C%F ATF4¢l oJafA 23
o] Z7}8}A %k, ATFADNS FMDV 2C9] 93] A 5% SDF-1
a®] mRNA A4 & 7HAAZAthFig. 3A). mRNA A4 &3¢}
Tl Eo] A TNFaét SDF-1a B2 9] Wy g7 5 g<lsrh.
FMDV 2CE A4A 2 ATF49} 8 A X el A SEAIF =
u TNFa¢t SDF-1a @94 WA-& F718-& Western blot 4
oz & F UAT(Fig. 3B).
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Fig. 3. FMDV 2C increases expression of TNFa and SDF-la via ATF4 activation. (A) FMDV 2C increases mRNA production of
TNFa and SDF-1a using ATF4 activation. After transfection of expression plasmids of HA-FMDV 2C and HA-3B with ATF4
or ATF4DN genes, mRNA production of TNFa and SDF-1a were measured by RT-PCR. Data shown are the mean + SEM

from three independent experiments.

*p<0.01 compared with corresponding value for HA-3B transfected cells and *p<0.01

compared with corresponding value for ATF4 transfected cells. (B) FMDV 2C increases protein expression of TNFa and
SDF-1a via ATF4 activation. After transfection of HA-FMDV 2C and HA-3B genes into the stable transfectants of ATF4
or ATFADN genes, protein expressions of TNFa and SDF-la were analyzed by Western blot assay.
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