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Abstract: [Objective] To investigate the regulatory effect of transforming growth factor-beta 1
(TGF-pB1)/Smad3 on orosomucoid (ORM) expression during infection with influenza A/WSN/33
virus (hereinafter referred to as WSN). [Methods] A549 cells were either infected with WSN or
treated with TGF-p1, followed by treatment with Smad3 inhibitors. The mRNA levels of ORMs
were assessed by RT-PCR. Subsequently, cell lines with signal transducer and activator of
transcription 3 (STAT3) overexpression and knockdown were established, and RT-PCR and
Western blotting were employed to evaluate the impact of STAT3 on ORM expression induced by
the influenza virus. Furthermore, A549 cells underwent treatment with TGF- 1, after which the
phosphorylation status of STAT3 was analyzed via Western blotting. Finally, the phosphorylation
level of STAT3 was detected after inhibiting the activity of Smad3 or knocking down the
expression of Smad3 in A549 cells infected with WSN or treated with TGF-B1.[Results] TGF-B1
regulated the expression of ORM1 and ORM2 through the activation of Smad3, a key mediator in
the TGF- B signaling pathway. Concurrently, STAT3 was implicated in modulating ORM1 and
ORM2 expression during WSN infection. Additionally, TGF- 1 was shown to induce STAT3
phosphorylation. Notably, inhibiting Smad3 activation or knocking down Smad3 expression
suppressed STAT3 phosphorylation. [Conclusion] The regulation of ORM1 and ORM2 expression
by WSN relied on STAT3 phosphorylation mediated by TGF-B1/Smad3.

Keywords: influenza virus; TGF- $1/Smad3; signal transducer and activator of transcription 3
(STAT3); orosomucoid
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Table 1  Primers used in this study

Primer name Primer sequences (5'—3’)

B-actin-F TGGGTGTGAACCATGAGAAGT
B-actin-R AAGGCCATGCCAGTGAGCTT
ORM 1-F AGAGAGTACCAGACCCGACA
ORM 1-R TCGTTCACGTCAAAAGCAAGC
ORM 2-F CCAACAAGACAGAGGACACG
ORM 2-R CATCGTCCAGGTAGGAACCAAA
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PHIE EEWSN (MOI=1)2 YL i AS49411 i1, 18 hJ5 KllORM1FIORM2(1) ik K- .

Figure 1

Inhibition of Smad3 activation down-regulates the expression of ORM1 and ORM2. A: TGF- p1

(5 ng/mL) stimulated A549 cells were treated with SIS3 (10 umol/L) or DMSO, and the expression levels of
ORM1 and ORM2 were detected after 18 h; B: Influenza virus WSN (MOI=1) infected A549 cells were treated
with SIS3 (10 umol/L) or DMSO, and the expression levels of ORM1 and ORM2 were detected after 18 h.
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Figure 2 Overexpression of STAT3 promoted the expression of ORM1 and ORM?2 induced by influenza virus.
A-C: The expression levels of ORM1 and ORM2 were detected in STAT3-overexpressing cell lines and control
cell lines infected with WSN influenza virus. **: P<0.01; ***: P<0.001; ns: P>0.05, indicates no statistical
difference.
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Figure 3  Knockdown of STAT3 inhibits influenza virus-induced ORM1 and ORM2 expression. A—-C: The
expression levels of ORM1 and ORM2 were detected in STAT3-knockdown cell lines and control cell lines
infected with WSN influenza virus. **: P<0.01; ns: P>0.05, indicates no statistical difference.
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Rk, ULHHBR T IL-6, STAT3 nlREM#E  ALPRANMY 12 h #1 18 h J5, STAT3 @R fb /K-
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IR ALK o

Figure 4 TGF-B1 promotes the phosphorylation of STAT3. A: The phosphorylation level of STAT3 was detected
in A549 cells treated with TGF-p1 (5 ng/mL); B: A549 cells were stimulated with TGF-p1 (5 ng/mL) followed by
treatment with SB431542 (10 umol/L), and the phosphorylation level of STAT3 was detected after 18 hours; C:
A549 cells were infected with WSN influenza virus (MOI=1) followed by treatment with SB431542 (10 pumol/L)
or DMSO, and the phosphorylation level of STAT3 was detected after 12 hours.
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Figure 5 Blocking the activation of Smad3 inhibits the phosphorylation of STAT3. A: A549 cells were
stimulated with TGF-B1 (5 ng/mL) followed by treatment with SIS3 (10 umol/L), and the phosphorylation level
of STAT3 was detected after 18 hours; B: A549 cells were infected with WSN influenza virus (MOI=1) followed
by treatment with SIS3 (10 umol/L), and the phosphorylation level of STAT3 was detected after 18 hours.

A T B WSN  0h 18h
1.5~ = sh-luciferase sh-luciferase + - + -
.;;‘: s mmsh-Smad3 sh-Smad3 - + - +
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El6 MURSMad3iFISTATIHFRIAFIBELIL . A: HE Smad3r R4 R AN IRANHMI AR, # i qRT-PCRE:
I Smad3 A REIRALR (F**: P<0.001); B: fii FHHWSN (MOI=1)/&4Smad3ri it 4i Ml 2, 18 h)5 K ISTAT3Y
B FRIB BRI

Figure 6 Knockdown of Smad3 inhibits the expression and phosphorylation level of STAT3. A: The Smad3
knockdown and control cell lines were generated and the knockdown effect of Smad3 was detected by gRT-PCR
(***: P<0.001); B: The Smad3 knockdown and control cell lines were infected with WSN (MOI=1), and the
protein expression and phosphorylation level of STAT3 were detected 18 hours later.

RO P, ORM ZE FI7E AV e b 3R ik
FEXF T VA1 SAE 52N LA K 7 1k 40 e P 1 I
J7 A BB, XSRS T E EAPi

G 7 WSN 2¢ i F TGF-B1 #i% , ORM1 il
ORM2 [k~ 2Bl B A, iH] TGF-BL it
% Smad3 45 ORM1 F1 ORM2 33k .

AHVHL R A A A P2 i B OC H 2, Smad3 1k
i TGF-p £ M5 Sl gk iy T il A, 7E TGF-B
GRS T HEEMIEM, [ Smad3 1
PO SIS3 AbFE AS49 i fifg, K5 YL F AL

< actamicro@im.ac.cn, 7 010-64807516

STAT3 J&(5 54> 1 STAT MR, J—
Foly 2 B () 2 S TR, WD TR IT 51 R 1 R A UK
PEH B, AR FRRM, B2 524
R, WG O EE . MR RAE A



AT | YR, 2025, 65(2)

779

SR A S R IR YL 1 1L-6 kI
STAT3 iR AL, TR 5 i STAT3 X ] LUtz
BT IL-6 1AM, A 5Tl TGF-BL 4
P AB49 ZHff, AT LIS Smad3, A A]
LIfEE STAT3 BB L, X5 Dees ZlM e i 4F
e b 2 IR 25 R — 3, AT AER T
STAT3 % ORM1 il ORM2 BS540, & i B
B R YL STAT3 i ik ML R J5, ORML Al
ORM2 FKik/K V- B F, iy STAT3 %
KRR A 2 S5, ORML Hl ORM2 £ ik /K F-
F TR, UL STAT3 e /BN 75175 5 ORM1 Al
ORM2 IRkt fih &4 T AR .

TGF-B1 BE AT LUE £ 0% STATS3 154 ORM1
I ORM2 ik, X AT LA AL T Ui Smad3 43
F, #EmifEsE ORML F1 ORM2 [l kik. #t—
WIE &I, E% Smad3 23k 555 (4 H Smad3 #ij
il 77 SIS3 ZbHE A549 4 i, SR J Bk Yy FF AU i ek
e WSN i fii 1] TGF-B1 Hlik, & ¥ STAT3 Y
WAL 7K -5 X B AL AH Fe 3z 2 B A, 156
STAT3 i1k 32 %] TGF-p1/Smad3 Ay T . Ah,
TGF-B1 i 7] LUiE <k AR T Smad 11475 T
JAK1-STAT3 {55 5l %, Tang %1% ¥l TGF-B1
A LU i HAZ R TGRBRI 5 JAKL 255 fff JAK1
Woimtk, vEm#ERR L STAT3, 5 SMAD i #
[ EN R

TGF-B 15538 B AN 5 STAT3 {55 53 B A7
ERPERR, b5 HAME X557 508 B A 5
YEFH, f3%E Notch. Hippo #1 Wnt 5@ &S, 5T
W T 22 8017 Smad {5538 4%, TGF-B tor] LI
it AR E BT R, WS 22 R
1k 5 H ¥ i (mitogen-activated protein kinase,
MAPK) MR A B S -3- 384 i (phosphoinositide-
3-kinase, PI3K)il 8, 2 Rk, H R B
0] LL3E 32k TGF-B1/Smad3 4 511 STAT3 ik
fLiE#: ORML fil ORM2 ik, Huli/FX A&

TGF-B1/Smad3 15 7 i % 19 i — /E FH 7 =,
TGF-B1/Smad3 if ] g o HAAE 5 70+ I B[]
STAT3 {4 ORM1 fil ORM2 33k, X EF
it — 2 WA . ARG T ORM 1£
IAV Gy ) CEEAE T, by 48 75 Uik 8% B 1Y 3
WAL P At T HER K . A, AR
R 1AV [ Im RAZ W B Ak 1 3 iy LR, ik S iF
TR T 25 IR B TV E IS Ty ]
FLA 25 iR (I S B oy FH A S

1B STk = A

JAE . S ERE . BlRb S Hr iE
SRS SBUG WR: SCERERE L BRI
AbFE; BRER: BSCHRE . hEB s A A
JRGE: PRBISCRGERAE | BARAL B mE . B
LR A BREE: PhBh SRR EHER.
PREDSER AR s RIH : IBSCHE . BORS
Fr: BEREEMBOT . IR SGRE BN

E& A 25 v¢ RATE 7 A

VR 75 WA AT AEAT 0] AT RE 23 2 M AR SCR i
AR E AT sl AR

S 3k

[1] HUSSAIN M, GALVIN HD, HAW TY, NUTSFORD
AN, HUSAIN M. Drug resistance in influenza A virus:
the epidemiology and management[J]. Infection and Drug
Resistance, 2017, 10: 121-134.

[2] GRAHAM AC, HILMER KM, ZICKOVICH JM, OBAR
JJ. Inflammatory response of mast cells during influenza
A virus infection is mediated by active infection and
RIG-I signaling[J]. Journal of Immunology (Baltimore,
Md.), 2013, 190(9): 4676-4684.

[3] MORIKAWA M, DERYNCK R, MIYAZONO K. TGF-B
and the TGF- B family: context-dependent roles in cell
and tissue physiology[J]. Cold Spring Harbor Perspectives
in Biology, 2016, 8(5): a021873.

[4] COLAK S, TEN DIJKE P. Targeting TGF-p signaling in
cancer[J]. Trends in Cancer, 2017, 3(1): 56-71.

[5] HUANG CS, HU FQ, SONG D, SUN XL, LIU AY, WU
Q, SHE XW, CHEN YQ, CHEN LS, HU FY, XU F, LUO
XL, FENG YD, YANG XP, HU JB, WANG GH. EZH2-
triggered methylation of SMAD3 promotes its activation

http://journals.im.ac.cn/actamicrocn



780

YOU Dongxue et al. | Acta Microbiologica Sinica, 2025, 65(2)

(6]

[7]

(8]

(9]

[10]

[11]

and tumor metastasis[J]. Journal of Clinical Investigation,
2022, 132(5): e152394.

OOSHIMA A, PARK J, KIM SJ. Phosphorylation status
at Smad3 linker region modulates transforming growth
factor- 3 -induced epithelial-mesenchymal transition and
cancer progression[J]. Cancer Science, 2019, 110(2):
481-488.

LUO ZM, LEI H, SUNYY, LIU X, SU DF. Orosomucoid,
an acute response protein with multiple modulating
activities[J]. Journal of Physiology and Biochemistry,
2015, 71(2): 329-340.

AT VR 1 ORM ZE BRI P i A% v (4 L4 4 ]
K HHURIAFFE[D]. b v N R A4 44 R
Z AR 3, 2018,

XU DP. The protective effect and mechnism of acute
phase protein ORM on ischemic stroke[D]. Shanghai:
Master’s Thesis of Naval Medical University, 2018 (in
Chinese).

WAN JJ, WANG PY, ZHANG Y, QIN Z, SUN Y, HU
BH, SU DF, XU DP, LIU X. Role of acute-phase protein
ORM in a mice model of ischemic stroke[J]. Journal of
Cellular Physiology, 2019, 234(11): 20533-20545.

T, SRR ZE, TROA R, AREL, TR, AT, B AW,
F AR, AN . TR Bl o U4 TGR-BL AT 1Y
ORM2 il CCL3 &3k [J]. Hh [ # EERL 2%, 2022, 52(10):
1308-1316.

PAN C, HU JY, ZHANG YW, ZHAO SH, ZHANG XG,
PENG BQ, MAO YN, WANG SL, WANG S. Influenza A
virus inhibits CCL3 expression by regulating TGF- 1-
mediated ORM2[J]. Chinese Veterinary Science, 2022,
52(10): 1308-1316 (in Chinese).

HILLMER EJ, ZHANG H, LI HS, WATOWICH SS.
STAT3 signaling in immunity[J]. Cytokine & Growth

< actamicro@im.ac.cn, 7 010-64807516

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Factor Reviews, 2016, 31: 1-15.

ZHONG Z, WEN Z, JR DARNELL JE. Stat3: a STAT
family member activated by tyrosine phosphorylation in
response to epidermal growth factor and interleukin-6[J].
Science, 1994, 264(5155): 95-98.

LIU SS, YAN RX, CHEN B, PAN QD, CHEN YH,
HONG JX, ZHANG LF, LIU WJ, WANG S, CHEN JL.
Influenza virus-induced robust expression of SOCS3
contributes to excessive production of IL-6[J]. Frontiers
in Immunology, 2019, 10: 1843.

DEES C, POTTER S, ZHANG Y, BERGMANN C,
ZHOU X, LUBER M, WOHLFAHRT T, KAROUZAKIS
E, RAMMING A, GELSE K, YOSHIMURA A,
JAENISCH R, DISTLER O, SCHETT G, DISTLER JH.
TGF-B-induced epigenetic deregulation of SOCS3 facilitates
STAT3 signaling to promote fibrosis[J]. Journal of Clinical
Investigation, 2020, 130(5): 2347-2363.

TANG LY, HELLER M, MENG ZJ, YU LR, TANG Y,
ZHOU M, ZHANG YE. Transforming growth factor- 8
(TGF-B) directly activates the JAK1-STAT3 axis to
induce hepatic fibrosis in coordination with the SMAD
pathway[J]. Journal of Biological Chemistry, 2017,
292(10): 4302-4312.

LUO KX. Signaling cross talk between TGF-p/smad and
other signaling pathways[J]. Cold Spring Harbor
Perspectives in Biology, 2017, 9(1): a022137.

HELDIN CH, MOUSTAKAS A. Signaling receptors for
TGF-p family members[J]. Cold Spring Harbor Perspectives
in Biology, 2016, 8(8): a022053.

DAVID CJ, MASSAGUE J. Contextual determinants of
TGF-B action in development, immunity and cancer[J].
Nature Reviews Molecular Cell Biology, 2018, 19(7):
419-435.



