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Upregulation of Kelch-like ECH-associated protein 1 represses
the replication of herpes simplex virus type 1

WU Songbin®, YE Lingfeng”, HU Pengtao, XIONG Donglin, XIAO Lizu", LI Rongzhen"

Department of Pain Medicine and Shenzhen Municipal Key Laboratory for Pain Medicine, Shenzhen Nanshan
People’s Hospital, Shenzhen, Guangdong, China

Abstract: [Objective] To investigate the effect of Kelch-like ECH-associated protein 1 (KEAPI)
on the replication of herpes simplex virus type 1 (HSV-1) and thus provide theoretical support for
anti-herpes simplex virus research. [Methods] The mRNA and protein levels of molecules in the
KEAP1-NRF2 signaling pathway and viral molecules in ARPE-19 cells infected with HSV-1 were
determined by qPCR and Western blotting, respectively. KEAPI-silenced and overexpressing
ARPE-19 cell lines were constructed, and Western blotting was employed to assess the effects of
KEAP1 silencing and overexpression on the nuclear factor erythroid 2-related factor 2 (NRF2)
signaling pathway. The KEAP1-silenced and overexpressing cell lines were subsequently infected
with  HSV-1. Changes mRNA expression were detected via qPCR, while
immunofluorescence and Western blotting were used to evaluate alterations in viral protein

in viral

expression. Additionally, a plaque formation assay was conducted to measure variations in viral
titer. Western blotting was performed on KEAP1-silenced cell lines infected with HSV-1 to assess
the expression levels of NRF2 signaling pathway and viral proteins at different time points.
[Results] Silencing of KEAP1 activated the NRF2 signaling pathway and promoted HSV-1
replication, whereas KEAP1 overexpression downregulated the NRF2 signaling pathway and
inhibited HSV-1 replication. These findings contradict previous studies suggesting that
upregulation and activation of the NRF2 signaling pathway can suppress HSV-1 replication.
Further investigation revealed that KEAP1 silencing-induced NRF2 upregulation was significantly
inhibited following HSV-1 infection. [Conclusion] KEAP1 plays a crucial role in the host cell
resistance to HSV-1 infection, and its interaction with NRF2 exerts complex biological functions in
antiviral immune responses.

Keywords: Kelch-like ECH-associated protein 1; herpes simplex virus type 1; nuclear factor
erythroid 2-related factor 2; virus replication
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g ) ST e 1, BRS04 2
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FIBEARRE A, AT, K05 R M F KEAPI
5 NRF2 BAHEAER, S0 Qo] e 4 4 i 1) 4
TRk AR S, R 5 ma e a5 & U0, ARk,
KEAP1 157, F NRF2 #4709 B D) AE 52 3Bk
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AR EAE AL, bt B Al ye 2 2 T S 1
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1 ME5FE

1.1 4pE. mEAIT

LI 1 A (ARPE-19) . JEMH &0 5
2 fif (Vero) . FRLA[HE 5 5 1 A (herpes simplex
virus type 1) (KOS #k), ATCC; DMEM 4l i 1%
FRHEE . KGR IE . JREE, Gibeo /A F]; TRIzon,
Life Technologies /v F] ; S skidifl &, ILARE
FHELE DB ARARA W 5 NRF2, KEAP1 $iif4,
CST /AH]; ICPO, gB Hifk, Abcam /AH]; HO-
1. GAPDH #ifk, R =AY ARABRAF
RealStar Fast SYBR qPCR Mix (Low ROX),
Lipofectamine 2000, b5t FEE Ol A YR
FRZyw]; puromycin, DAPI, polybrene, 3/
YRk (i) B A BR2A 7] 5 pLVX-GFP-PURO-
KEAP1 (KEAP1 i % k), pLKO-CMV-copGFP-
PURO-shKEAP1 (L2 KEAP)Fk: . AN Y23 35
ks, JCT RV R R BR A
1.2 KEAP1 T FRIAFURERIRADEZE

i} Lipofectamine 2000, 2% #E2EIA Q2 pg).
13,5 5 ki pMD2.G (1 pg) Fl psPAX2 (1 pg) ¥ Y
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L 10 min B EVEW . RS RROE DTBR kit 3Rk
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YR IE TR, L 4x10° AU . T2 4 I B
i, $ & A 8 ug/mL polybrene [1)12 Jii 73 £ N
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SRR T WS b R R AR B I I 0
Wi 5 5 R R W, Ei N & 2 pgmL
puromyecin FHT 35 57U LA 2 BRI A A bk o <%
Seg R 2 UG, BN AR E puromycin F5E A
F=%E, K gPCR Fl Western blotting 4G I 21 ffy
P KEAPL 3RETHOL, A3 MR 4
MR I F IR 225850 .
1.3 qPCR #0

fifi H TRIzon &5 #2 BN E RNA, Jfidid
2 SR F &3R5 ¢cDNAs, qPCR #arilll % F b 5
SR O A W B A BR 7 %) 2xRealStar Fast
SYBR gPCR Mix (Low ROX)# 47, LI GAPDH
RS, BRI AT R KSR 2784¢
Bt E. A S E AN AT E R Y
BHEMABR ARG, 51975 1 iR,
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ANTE) A PREH F) 40 0 FH RIPA. 21 fifd S 66 I AE VK
- 234#% 30 min, 5 000 r/min 25.0> 10 min J2£E |-
T, JHEH BCA B PR 0] &l s
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A% PVDF B L, SRR 5% BARZE =
HH 2h, T 4°CHEFAR, —NEEEE
1 h J5 17 ECL LB LIRS H B 450t .
FH Image] #XAF0HT 8 AL 45 I3 T
1.5 SBRALE

W54 9 i Y KEAPL i ik sk | KEAP1
TUBR AR S0t /R 28 2 B 1) ARPE-19 2 bk 2
FhF 12 LA, FRANEREJS , m A HSV-1
(MOI=0.02) Mz [ 2 h J5 5+ L iE W , FH PBS Pk
Y 3 WG A EE R SR E BT AN A
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Table 1 Sequence of the primer for gPCR

Gene Forward primers (5—3’) Reverse primers (5—3)

KEAPI CTGGAGGATCATACCAAGCAGG GGATACCCTCAATGGACACCAC
NRF2 TTCCCGGTCACATCGAGAG TCCTGTTGCATACCGTCTAAATC
HO-1 AAGACTGCGTTCCTGCTCAAC AAAGCCCTACAGCAACTGTCG
ICPO GGTCGCCCTGTCGCCTTA GGTCGCCATGTTTCCCGT

US4 TGGACACCCTCTTCG CAGGCACACGTAACG

LAT CGCCTTTCCTGTTCTCGCT ACGCGGCGTCTTTGTTGA
GAPDH TGGCCTTCCGTGTTCCTAC GAGTTGCTGTTGAAGTCGCA

iR, 24 h Ja A BIEW, HH 4% PFA [&5E 4 il
B 5 I AR E D AR = IR B 1 h, 5
WS 1E] 4 A ICPO & gB Hiik T 4 °CIEH
o, 852 K, HIPBS VERAIN 3 W5, WE
Alexa Fluor 594 (£1 (&) flIX 11 EHi/ MR 1gG H&L
—¥r, e DAPLEEE 8 min J5 B T U0 B
B R AE,
1.6 ZTILEIAZALSLIG

B0 B i Ut KEAPL i ik /& . KEAPIL
DB AR ST JE 28 2 B0 1) ARPE-19 21 Jf b 4%
AL 2x10° A4 R0 T 6 FLAT, 1o 40 i 58 4 BE
J&i, A HSV-1 (MOI=0.02)W [} 2 h J5 5 FiEH,
O B IR B T AR ARG F, 24 h
S WA T R K AR YR B LT TROE i Ak
6 AN FE YRR BR(100 pL G T2 N &) 400 uL 535
=y, BARBERE 3L, EE 3R, A
[Fi) s T Ao )5 TR I A 3 B2 119 Vero 411 E
Hr, 37 °CHZR 2 h J5 SR EE M, PBS Bk
YA 3 i IO, A S 4E-DMEM RS
Y, 48h &, J] 4% PFA [E%E 20 min, 1% 45 544
Yett 30 min, FAREIFIIECS BE, R EEIR T
WMAX PR

S BRI B =Cr1 o ) (X)X (1)
K n FREANE, v BRHERmML), d
FRFBEAER x1. x2. x, R [E]—F B EEAEA
[R5 7R LR AR AR 119 25 BESL
1.7 GitEFALE

i Excel # 14F 9F 47 K 4l 25 #, ff H
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GraphPad Prism 8.0 A ATGE 700 HrfnZs &
TR PORER HI bR 22 20n . M) L AR
H t K556, 240 iz H one-way ANOVA 43477,
P<0.05 FR R A G AR

2 ER559

2.1 HSV-1 B % ARPE-19 40 i1 i5 10 i
KEAP1 &i&

{8 Fif MOI=0.02 1) HSV-1 /&% ARPE-19
M, AR EEEYE 24 h A1 36 h JS WA, i
qPCR K A [R] B 8] f5 KEAP1-NRF2 {5 5 18 %
FU L W FER I 00 . 45 s, HSV-1 &
Yuf5 KEAPI Fik W EFEIK, NRF2 e HO-1 33K
T 25 . i aE B 2 (E) 3 K 1cpot™
W 1 g S i BE DX USSR I AR 409 AH 6 K I
LATMZE K BN (E 1A). R T i — 55T
HSV-1 /&Y %} KEAP1-NRF2 {5 538 I Fl 75 5
MR 52N, 81 Western blotting 45l HSV-
1 Y5 KEAP1, NRF2, HO-1. JRE:EIZ1 5
H 1 ICPO AL 2 1 gB MIERIAIKT- . 45
7R, HSV-1 &Y 5908 & 1 ICPO Fl gB Rik
N, KEAPL % 338 W3 %L, NRF2
FIHO-1 F 1 #RIAT0 0 3% 2 7 (8 1B).
2.2 3R KEAP1 {Ei# HSV-1 £l

BT H%595 KEAPL T~ J# X} HSV-1 & il 1452
M, BT 3 RSP R KEAPT (1) shRNAs
K Ul #K KEAP1, Jf i@ i qPCR FI Western
blotting 3% UF KEAP1 [ # 7K - (& 2A. 2B),
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JORALL, **:
Figure 1

P<0.01, ***, P<0.001, ****. P<0.000 1, nsFE/RILREER
HSV-1 infection inhibits KEAP1 expression.A: mRNA levels of KEAPI, NRF2, HO-1, ICP0, US4 and

LAT after HSV-1 infection; B: Protein levels of KEAP1, NRF2, HO-1, ICPO and gB after HSV-1 infection. **: P<
0.01, ***: P<0.001, ****: P<0.000 1 vs. mock group (not infected with HSV-1), ns indicates no significant

difference.
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Figure 2 The effect of KEAP1 silencing on HSV-1 replication. A: ARPE-19 cells were transfected with KEAP1
shRNA or empty plasmid, and the expression of KEAPI gene was detected by qPCR; B: After silencing KEAP1
using shRNAs that specifically targeted KEAP1, Western blotting was used to detect the protein level of KEAP1;
C: KEAPI silenced and control cells were infected with HSV-1 for a period of 24 h, and qPCR experiments were
performed to detect the expression of virus genes ICP0, US4 and LAT; D: ICPO and gB localization was
determined by immunofluorescence assays using a fluorescence microscope to preliminarily determine the
replication level of the virus; E: The expression of virus proteins ICPO and gB were identified by Western
blotting; F: Detection of viral titer in the supernatants of KEAP1 silenced cell group and control cell group by
plaque assay. **: P<0.01, ***: P<0.001, ****: P<(0.000 1 vs. shcontrol group.
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Figure 3 The effect of KEAP1 overexpression on HSV-1 replication. A: ARPE-19 cells were transfected with
KEAPI plasmid or empty vector plasmid, and the expression of the KEAPI gene was detected by qPCR; B:
Western blotting was used to detect the protein level of KEAP1 after overexpression of KEAP1; C: KEAP1
overexpressing and control cells were infected with HSV-1 for a period of 24 h, and qPCR experiments were
performed to detect the expression of virus genes ICP0, US4 and LAT, D: ICPO and gB localization was
determined by immunofluorescence assays using a fluorescence microscope to preliminarily determine the
replication level of the virus; E: The expression of virus proteins ICPO and gB were identified by Western
blotting; F: Detection of viral titer in the supernatants of KEAP1 overexpressing cell group and control cell group
by plaque assay. *: P<0.05, **: P<0.01, ***: P<(.001, ****: P<(0.000 1 vs. vector group.
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