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Protein disulfide isomerase A4 regulates autophagy to promote
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Abstract: [Objective] To investigate the specific role and molecular mechanism of the host protein
protein disulfide isomerase A4 (PDIA4) during bovine viral diarrhea virus (BVDV) infection, thus
providing a theoretical basis for elucidating the role of this protein in viral replication and
developing novel prevention and control strategies. [Methods] Western blotting and qPCR were
employed to analyze PDIA4 expression in Madin-Darby bovine kidney (MDBK) cells following
BVDV infection. The expression levels of autophagy-related proteins microtubule-associated
protein 1 light chain 3 (LC3) and sequestosome 1 (p62) were measured by Western blotting and
laser confocal microscopy. MDBK cell lines with pdia4 knockdown and overexpression were
constructed. The effects of pdia4 on LC3 and p62 expression were examined, and the autophagic
flux was evaluated by a tandem GFP-mRFP-LC3 reporter system. Cells were subjected to
starvation or treated with bafilomycin Al (BafAl), followed by BVDV infection. Viral replication
was assessed by measuring BVDV mRNA levels through qPCR and double-stranded RNA
(dsRNA) levels through immunofluorescence staining. [Results] BVDV infection significantly
upregulated the endogenous expression of PDIA4. The LC3 level increased progressively with
infection time, whereas the p62 level showed an initial increase followed by a decrease. The cell
lines with pdia4 knockdown and overexpression were successfully established. pdia4 knockdown
significantly increased both LC3 and p62 levels, whereas pdia4 overexpression increased the LC3
level and decreased the p62 level. Under starvation or BafAl treatment, pdia4 knockdown
inhibited BVDV replication, whereas pdia4 overexpression promoted BVDYV replication.
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[Conclusion] BVDV infection upregulates host PDIA4 expression. PDIA4 promotes BVDV
replication by activating the autophagic flux through regulation of LC3 and p62. These findings

provide new insights into the pathogenic mechanism of BVDV and offer a theoretical basis for

developing targeted antiviral strategies.

Keywords: bovine viral diarrhea virus (BVDV); protein disulfide isomerase A4 (PDIA4);

autophagy
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J&YL )5 PDIA4 (Y FRIRFRIE, @A pdiad il
SRR R, Kur o ik 215 vl fE ik
Y A WEL I &, w120 B PDIA4 & 75 i
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PL3) ok 38 s BVDV BUw ALH . JF & 88 1 BT
BVDV B FBAR S AR

1 ARG
1.1 [RAL. ‘ApRFnmRE

RS 4 il HEK-293T K245 41 fifd MDBK,,
o [ R A B iR B 3R ) DR S 51 o A0 I
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FFTRE Stbl13 2 i 35 i A 5L 55 %8 /A7 . pLenti-GFP
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pSPAX2(12260). lentiCRISPR v2(53961) Iy [
Addgene 3 Al

1.2 FERFIFNEF
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UK, Abcam 23] ; Anti-p62 (SQSTMI) pAb,
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WP/ B IgG(H+L) (SA00013-7), Proteintech
INT

S B PCR X, fabr AR A R
IS EIORER) s 8 B 2 B, Nikon 24 F]; ik
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1.3 BVDV B $ [5 PDIA4 3 & 7K F
Rl
1.3.1 qPCR &0 pdias FRiKKFE
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K F TRIzol ¥ # HU B RNA, JZ 5 5% &
cDNA. JZ 54 5% K & (10 uL): 2xRT OR-Easy™
Mix 5.0 pL, &L RNA 500.0 ng, RNase-Free
ddH,0 #ME % 10.0 uLo KWV FRIT: 42 °Cififs 5%
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WER D), HERAEYRN A RN FPTL R A
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1.4.1 Western blotting #& I 28 ffn B M 7K S
Tk

¥ MDBK 4 jg 5 & 6 cm 4 jg 55 7 1L,
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Table 1
GAPDH

gPCR primer sequences for PDIA4 and

Product
size/bp

pdia4-qgPCR-F TCCAGGACCCAGGAAGAAATTG 140
pdiad-qgPCR-R TCTACCAGGATGATGTCGGC
gapdh-qPCR-F AAGGTCGGAGTGAACGGATT 178
gapdh-qPCR-R CGTTCTCTGCCTTGACTGTG

Primer names Primer sequences (5'—3)
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J&YL BVDV (MOI=1), FTRYLf5 12, 24, 36,
48 h Y £E4n iy, $EHUE R H, Western blotting K
I VRS R B 11 LC3 Al p62 AR,
142 HAHBREERIEMNE LC3 EfL
1B

¥ ptfLC3 5 12 %5 5 43 &< it K pSPAX2.
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M GenBank ¥4 /3K UL pdia4 FEH (5 %5
h1 415110) CDS J¥41, 28 bt Z R A ) TR
Oy A BN T 5 I pdiad PR IT vibe =189 5 0
ki pLVML-Myc-MCS-IRES-Puro 7, #4 % pLVML-
Myc-pdia4-IRES-Puro ik .
1.5.3  pdiad F/IT FRIXHAR R A2

SR J0 N 3 R kL /4 1R & B RUTRE
43 W) % LentiCRISPR v2-puro-pdia4 sgRNA1/

=2 sgRNAFYI

Table 2 sgRNA sequences

Primer Primer sequences (5'—3")

names

pdiad Forward GATCCTGAAGAAGGGCCAGG
sgRNAT  Reverse CTAGGACTTCTTCCCGGTCC
pdiad Forward AGTCACACTTGTGCTGACCA
sgRNA2  Reverse TCAGTGTGAACACGACTGGT
pdiad Forward AGGGTCGTTCTCCTTCAAGG
sgRNA3  Reverse TCCCAGCAAGAGGAAGTTCC

Scramble Forward CACCGCACTACCAGAGCTAACTCA
Reverse AAACTGAGTTAGCTCTGGTAGTGC

sgRNA2/sgRNA3 | pLVML-Myc-pdia4-
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1[5 % 30 min, 0.1% Triton X-100 % fk 4t 3¢
20 min, 37 °CZf4F F 200 uL TR B A (1%
LI 2 1M1 3% +3% BSA+1% Triton X-100), =i E
1 he 5 J2 anti-dsRNA —#i(1:1 200) 4 °CHE & 1t
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TS, % P<0.05 RRERBE; **: P<
0.01 FRZEFWE

2 ERG59

2.1 BVDV R ¥ 3f MDBK 48 B &
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BVDV /& J: MDBK 41 I8 48 h J5, R H
qPCR Al Western blotting 43 5l ¥ Ml pdia4 (¥
mRNA Al I RIEK . G5RER, 5ARBY
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A B C
= 2.0 r b L5 *k
o 15
g % Mock BVDV g L0 |
23 < 0
3] ~ 0D
5

0 4
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&1 BVDVEZEMDBKZAEFPDIA4RIRIE
Figure 1

Mock BVDV

Expression of PDIA4 in MDBK cells following BVDV infection. A: qPCR analysis of pdia4 mRNA

levels after BVDV infection; B: Western blotting analysis of PDIA4 protein expression; C: Quantitative analysis

of PDIA4 protein levels normalized to GAPDH. Data are presented as meantSD from three independent

experiments. **: P<0.01.
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2.2 BVDV B3 MDBK 458 B B AY
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Figure 2 Autophagy levels in MDBK cells following BVDV infection. A: Western blotting analysis of LC3 and

p62 protein expression; B: Quantitative analysis of LC3-II/LC3-I ratio; C: Quantitative analysis of p62 protein

levels normalized to GAPDH; D: Confocal microscopy analysis of autophagic flux using GFP-mRFP-LC3

reporter. Data are presented as mean+SD from three independent experiments. **: P<0.01.
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23 FEERMRATRE pdiad BRFRIERS.  AKTREFIHP<0.01) (K13C, 3D). L4 qPCR
KW pdiad FALSE £ k% BVDY (g A Western blotting 25 2, J5 2% 9 45 2 %
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it Rk &R, IR qPCR Hl Western J&, H mRNA FIHE A K 5 F#E@P<0.01)

blotting Kl il ok it Fe ke, iiir, &5  (H3B. 3E). LIREUREM pdiad LML

Scramble XI I 41 4l ., 3 4~ sgRNA mei ¢ SAHLARMERL.

seRNA (seRNA cocktail) ¥l 41 8CHL (T pdiad (<~ 24 pdiad BR{R/IT 2 3E 34 40 Ae B Wik B 18

0.01), H v sgRNA2 fi Il 4% % # 1 (1 34).  121EH

Western blotting 45 275, 3 4> sgRNA SR & HARFT PDIAA M40 A Wi RS20, A1)

sgRNA (sgRNA cocktail) ¥ i] fifi PDIA4 #1315k Western blotting £l pdia4 KD 1 Myc-pdia4 i
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A T
2.0 *%

15¢

J—
()]

Relative expression levels of
pdia4 mRNA
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S » &
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Figure 3  Validation of pdia4 knockdown and overexpression cell lines. A: qPCR analysis of pdia4 mRNA levels
in knockdown cells; B: qPCR analysis of pdia4 mRNA levels in overexpression cells; C: Western blotting
analysis of PDIA4 protein expression; D: Quantitative analysis of PDIA4 protein levels after knockdown; E:
Quantitative analysis of PDIA4 protein levels after overexpression. Data are presented as mean+SD from three

independent experiments. **: P<0.01.
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Ji WA SE R LC3 F p62 IR IAKFE . 5
Scramble HH L, pdia4 FifK)5, LC3-1/LC3-1
LU AR 35 T (P<0.01), p62 #E 1R IR i
FZTHE(P<0.01) (K] 4A-4C). HPEHCYL o4k
7R, GFP-mRFP-LC3 HEEXANAE T pdia4 KD 4H
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Figure 4 Effects of PDIA4 on autophagic flux. A: Western blotting analysis of LC3 and p62 in pdia4
knockdown cells; B: Quantitative analysis of p62 protein levels; C: Quantitative analysis of LC3-1I/LC3-I ratio;
D: Confocal microscopy analysis of autophagic flux in pdia4 knockdown cells; E: Western blotting analysis of
LC3 and p62 in pdia4-overexpressing cells; F: Quantitative analysis of p62 protein levels; G: Quantitative
analysis of LC3-II/LC3-I ratio; H: Confocal microscopy analysis of autophagic flux in pdia4-overexpressing

cells. Data are presented as mean=SD from three independent experiments. **: P<0.01.
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Figure 5 PDIA4 regulates BVDV replication through autophagy. A: qPCR analysis of BVDV mRNA levels in
pdia4 knockdown cells under autophagy modulation; B: qPCR analysis of BVDV mRNA levels in pdia4-
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overexpressing cells; C: Immunofluorescence detection of dsRNA in pdia4 knockdown cells; D:
Immunofluorescence detection of dsRNA in pdia4-overexpressing cells. Data are presented as mean+SD from
three independent experiments. **: P<0.01; *: P<0.05.
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