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Roles of kinases in the life cycle of influenza virus
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Abstract: Influenza virus continues to pose a threat to global public health and safety, leading
to infectious respiratory diseases and causing hundreds of thousands of deaths worldwide every
year. New strains are evolved through antigenic shift and drift, thereby developing resistance to
existing drugs and vaccines. To address this issue and develop novel antiviral drugs, researchers
need to explore new antiviral targets. The genetic products of influenza virus are widely
modified through phosphorylation by host kinases. The reversible phosphorylation of serine,
threonine, or tyrosine residues dynamically regulates the structures, functions, and subcellular
localization of viral proteins at different stages of the viral life cycle. In addition, kinases affect
a large number of signaling pathways, which influence virus transmission by regulating the host
cell environment, thereby establishing critical virus-host relationships. The dependence on host
kinases provides a theoretical basis for developing kinase inhibitors as the next generation of
anti-influenza virus drugs. To fully utilize this potential, we need to clarify the influenza
virus-host kinase interaction network. The focus of this review is to outline the molecular
mechanisms by which host kinases regulate different stages, from adsorption to assembly and
budding, in the life cycle of influenza virus. Evaluating the contributions of different host
kinases and their specific phosphorylation throughout the influenza virus life cycle can provide
a comprehensive overview of the virus-host kinase interaction network, which may help reveal
potential targets for developing novel antiviral drugs.
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KPR Em e E ER R, EHA 3
JBe S 7019 B RNA ke X 2H A B2 J 25 TR Y
FRAE R R . ok . WL A o7 1 AR B8 FLA%
#E F (nucleoprotein, NP)FIJ%E i (matrix, M) H
PIBCIEPERT LAy 4 Fh2e AL . FHORY 0 J8% B
(influenza A virus, IAV) . Z 7 /8% 5 (influenza
B virus, IBV). A3 /E0% 7 (influenza C virus,
ICV)FI T AL Bk # (influenza D virus, IDV)P,
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A G BT AT RN AN, X R BT HAR
e AR BEIR AL B B A, DT S X
LR LA AT (8% B -1 E e R U, ET &
B, REERYE BRGNS A B 200 4
i R MR I & A U B (kinase) BB
WAL A & AR AL RN, EFER I . ik
KAEY . EAERMER, 7EETOEHFER
1 IO B2E2 5 S N € S R 1 B e 3 E S
Remm, HEREEEREENERD, &A
R 2 R B EAZ AR T ) — K, AR R TV
S E AR EAR], 53k 22 G TR 75 2 BR
BT A TR VA P KIS o B 1 TRl 1% K Tl 45 g Bk
HA 3 IhEE: (1) ATP/GTP BRI A/E N 5 —
WMIHETEAWNESMER ;(2) EARIKY
IZEEFE M 5 (3) y-BERR N ATP 5474 2 8 11 it
JEE DI FR LA o5 o I B B 1 I A o ) YR
SEA I OCIR , IRV 2 AT Bh b & g
YERIUH, mehh, ZFhan iAo T 125 F Ak
THREWIE . 43— A ELAE I 240 it o7 0 75
FEE NS B IR AL . i T aX SR fb i FE 2,
NG - S A A6 7 BT R R A LA A Y
Pl Ky sE 2t a3 e LT
T R B e I E L h R A E
B X S 2 55 e B 5 1 1 2R B
RS R T R I B 24 ) 1 DG FAR i 1100
A R ZH R B 5 U S BE 5 1 SR L A A
HAERXRWE IR T 6 E A S Wyr ke E
BRI A ) 0 AT R R A BT #E 2
Py SR A, DL Dy s AR X e A g AR
Peo REME TR WA TR, g
ATy 2 32 3] [ S 00, FAH G BEHE A s, AN R
SR 5z /IR AR AR S 4 1) 25 07 502 B R M

P IR AT TR, T i R O
T T SR 25 B B A LA A M) T A T 1) e
SEANE R, AWTFEHT BB T A S A B K Hl
TEARZEE T, FATELE T & P18 T e
MR AL B 8 R Y R AT, %
A I R L i SRS TR B B 4

1 EAHBERTRH. FA
5 Mot 4 #y tE A

B B UE AT E AR TR R T S
21 i 25 T 2 AR 1) 45 5 LA B0 7 -2 R B W Y
WNAAEH - [L#%5E % 5 F (hemagglutinin, HA)7E
BEIEATE A0 2L R R FE A FEAE L I
RE KRG 53 M BE A W 47, S RE AT DA
5 TE AR b R R A2 AR AR A A, kR
% 1p Bl 2 A 5 5 1 32 4 B IS AE Bl A 021,
e TR R AL R, B2 AR 2 B2 P 85 (receptor
tyrosine kinase, RTK), Ul 54K HF 321k
(epidermal growth factor receptor, EGFR)FI c-Met,
RENS B 0 0 T R B P, EGFR £ 534E%
& % 2 1R 3% B (non-receptor tyrosine kinase,
NRTK)H: [F] 9 15 3 Jo 2 19 52 i) K A 32 A9 S
NP TR R RTK AN A, et
Joa 1 OB AR PO, FERI AR RTK {55 19 T i,
WERE e AILEE -3 i (phosphatidylinositol 3-kinase,
PI3K) ) 0 © W E I T L2 1AV 94
TR IR BES A0 L AME 5 R T B (extracellular
signal-regulated kinase, ERK)I:[]fig i#f V-ATPases
135 P, V-ATPases B2 b N A AR X 52 A A 2
KHEZP V-ATPases & A EARE &
Yy, & ATP KgAKz B+ /EH . V-ATPase
EHAZAE YA AR IR b B EEORE, B2
A 20 L 5 RN AT e/ (g OO D B 3-B
(glycogen synthase kinase 3-B, GSK3-B)7E /&%
g I HE AT R R EEAE T, I GSK3-p £
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BHE TAV B {2 G4 e 52 i B0,

eAh, %% BB (focal adhesion kinase,
FAK)B A TE PI3K 4T FILG B N A 1432 i ot
T R E A 2 m R RPY, BTS2
PSR EEME A, FAK AT UGBS IR T 4
B 4t 1 I 20 L ) 22 R 1) RE A I T A i fe
S B B S C (protein kinase C, PKC)
F TS OB E B AE TAV dEad J5 BN R R 0 e is
HORFEAE T o AR BRI ALY PKCPIL 3d i BH 1 5
AR I P A IR IS 2 ) TAV 3E A, PKCBIT
T L VAT AR A AR S e T2 4 TAV BEA
IR B L Y E R P PKCS i 4l
R I B 5, & B BE I HE AR D, XA
MARTEAL pH A3 09 855 A MR Y B4Rl &
A HHBIE (B 1), hiF, £ 5 PKC WAL
aeb o iy A B 1 AL T A 3 4 D J i ) P A

E1 ZEAHEERRFRSEGEHNIER
Figure 1

A G B BB SZ AR B 2 (G protein-coupled
receptor kinase 2, GRK2)7E 1AV i 7 f2 H & 4%
REEAERT,  DAUGAE Sy Je e 0 i b 25 245 4 4
SR E IR R E R 2R A
TR R . A S S B R, A
S b AR T A A S e (5 AT I R
W FETE AR HEATE EAMATHEZ 14, AR
PR S 32 e HE AR AR
2 BEHBMERTENERARE
WS

TEFRE A St R b, e B 25 DX 41 52 T
FEE IR IB XN BT FIEVE SR R B G E
T, TEVE B B RNA K RNA R A
(RNA-dependent RNA polymerase, RdRp)ftHx
FETE VR, LA R TR B Sk I AR 52 ) Wl 22 1) e 46 7 v

Roles of kinases in the life cycle of influenza virus.
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1 O A SV, DN R B M2
(pyruvate kinase M2, PKM2)5 i /857 RdRp
() PA SRR BAE A, DA UES B2 58 A2 P70
WO Y PKCS 5 R4 5L PB2 M EAET, JF
TGS (A B RR R 17 NP ZER LA RNP 435 5
FLAEVR T RNP 41 b i fE A —3, PKCS @bk
i 308 Aok 3 3R b A R R R 24 52 T She 5 e i 5 7Y
JRYLDO BT IRGEE L PB2, PB1 WKL 478 fif
22 ZA R (S) 8 223 L 75 2 R (T) B4 S PE i PR AL %o
TRER G R CEE, ki, X 2 4
ARG ABEBR AU 58 78 25 Sl i ok BH T A =
%R (nucleotide triphosphate, NTP)#f A i i# 1f
i RNA 256 kR R A 2 fE s PB1 7E S673
F) 5 — P B R AL R S A A B e AN 2 R
il AATAESF R )RR 52 il Z ) A P AR,
XA A HP AR AT — A~ B B TR b 5% A8 HR 2 TE IR e
S A e B A . R, X SRR AR Y
SRR AR T I R G B AE | B - S 1
i K SR R R ) e T RE Ty EE L 5
PB1 A[H], PA WAEEALE 393 {3 ik 4 B2 (Y)Fl S395
BEfR AL, YR EGMIIREMAE T H 5 PA
Y393 Y Y R A 22 BH 11 2R 5 1 5 vVRNA FI
cRNA 54 &, M2 SR ABIRE ;s 1 S395
BEER AL S0 mRNA Al cRNA &%, (HAR
Wi RNA 56 ; TEX M8 5 | ABERR 1L
FERRSE I TR G R ZHRE DT 8 1k iRk
Wi EE RNA 1580 I, i 2o 7 5 A i
PA AN [ 3% 25 174 W8 1R A 3 38 A [m] B AL 04 o) 1
UL S B 11 2 1 P,

W WiAZ 25 [ (viral ribonucleoprotein, VRNP)
(A% i L 2052 B T AR R, DA DR U TE AR B
A B B S AL T A B . R EEER I M
P BERR AL TE VRNP iy i 09 2l A2 2 vl 35 OG5
PEREO 1 NP, M1 RIS 25 1 (nuclear
export protein, NEP)5 1 32 4 {0 {4 [X daf 5 i 2

[ 1 (chromosomal region maintenance 1, CRM1)
Z55PUT VRNP B A AR 15, CRMI
B ER, 75 EREDRZE LGS
(nuclear export signal, NES)Z% & I/ H 41
Pz 4 3 . NP UL 3 A4S NES, JE A
[l £ O 2L AR 15 % vRNP A2 4 14T, NP
I Y78 F1 Y296 [BEIR L L5200 NES3 5
CRMI1 W EAE, MIMIER vRNP %5 2
FEilps s 3 A 07 0 F NES2 INAY T188 LY
MR Ib 23 PHLAS NES2 fOmiPE f % i th ), A2
Y296 F1 T188 W& b 1Y 45 Bt i AR WIHf . B
T M1 FINP Z4h, 95 8 NEP /& A 5T (1) S23-S25
FIBER AL ] R E vRNP %0, f it ] W% 55
E AR BERR 1L 22 5% vVRNP HAZ RS0, X %)
Joa T LA 56 ) il B o L

B b R B 1S X I B A 1 I B R b
P VRNP WHAZZ A, 0 i &
T AE (A5 5 30 2 B 1Y 52 il AN w] 2D i
J¥ o Ras #<ifitk Raf/MEK/ERK 22 2L s i8035 25 14
(mitogen-activated protein, MAP)I {5 5 18 [
WSS . 4. A0 RN Fa g i g S5
LR E I AERY TAV 2 YL S £is
Raf/MEK/ERK {5 5@, Ml Raf Mf5
SRl vVRNP AW . NEP (1)
T8 5245 S Ao 75 52 12 SR 5
R, 5 SARS-CoV-2 #itb, 1AV & il %t
Raf/MEK/ERK {55 #% P4 (8 A 1k B 5 >0
KRR S6 # i 1 (ribosomal S6 kinase 1, RSK1)
S22 IR - IR 2RI, J& Raf/MEK/ERK
T B T RN i 2 — , RESE IR fK NP 1 S269
1 S392 fif 5, XX NP 5 M1 1454 LA SIE
NP-M1-NEP-CRM1 & &¥) % & 8200 fiHE K
il 5 3 19 2R A L e AU T BE A A 21
%e, FNILAD Y B — A 37 2 i 3 8 e ™
AT
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15 TAV Bt e rf, JREEE M RNA 2
i 45 2 I 51 5% K (pattern  recognition receptor,
PRR)RAI, J5 #0085 1 R (protein kinase R,
PKR), /5 EHAZEIGKE F-o (eukaryotic initiation
factor-a, elF2a) S51 o7 & HIBEIR AL , Jo Shm 85175
SN PEORE A A2 [RIEH R &R A Y. Cde2
FEBCES 1 (cde2 like kinase 1, CLK1)E 78 75
SRR RN A il 2ok 7 b A7 ST R BT 4 M2 BRI,
TG P1/eIF2 71 5 2 il AR BH s 5 2
1A B BR il B AL R 0. 200 it ) B A P A it
P4 4 ¥ (cyclin-dependent kinase, CDK)Fl ERK
AT LLBERR b NST 2K T215 FFREE L b 5 1)
ST, {H NST 219 S205 MBEIRRfLIE R 10
TR IIEEPY ., TAV NS1 8 [ RS R LA
TURHEAE T215 fin, WARHEAE S42 I S48 fi,
PKCo REMSHEIL NST I S42 RBEmRAL, il
TAV 7841 H i 52 61 0 45 /805 18 2 P AR e 2
% 1B (calcium/calmodulin-dependent protein
kinase 113, CAMK2B){EHR 7 1t A Ji R AEAET, IF
HAEH CAMK2p #1il57 KN-93 fEfg i 1AV
FEANR A R HIC, seAh,  [RIRR AR 1 T AR
Z 53R BEE N Z BB, W FAK BR7E
W B AR R VRSN, I 5 S 2 A%
NP BYIAOC, TEe ey s il vh s A4
& ORHAEO B ST HE AL ] vRNP
WA G R R DL SR B2 L e, B —
BE EMEEN S S e R 5 EEARERE
ZeM b, i EEE 5 1E T IEEHE R A A o
M FR, FEFETER 8 5 T LA LA S Rge
RV .

3 EHBAMERFAREEHK
A AE A

24U RO B 22 2R i 7 SO R e A i
B, HREMEER HA EOSLHERR S

T 0 N OR 1R e, T R M & AR
(neuraminidase, NA ) M & 2 25 17K fif , VI i
YR S E FAMNRFKR, MRS
PRI kT M1 2 IR AL 2 Uk B a] LAy
JBERL TR AR, FRE RO R rh R 3 =
KEHEEMN; EHMWEERN M1 Y132 (Y132A)
Wb KA BERAL R RIS, B HA AR
B 35353 T 368 okt~ A B UAEL 1) 45 1 v P e
TRIHIE B 22 R ok . G 25 1 W B1 (G protein
subunit beta 1, GNB1)i#iid 5 M1 & {45 & ik
1AV LB A R, mBk GNBI #4 1
HON2 FREEATAE R M1 AT HA B Z A A AR,
FR U /D T SRR B BE UKL (virus-like  particles,
VLPs)REL, Bboh, 268 HABEHAIE ATP [
AL 12 (26S proteasome non-ATPase regulatory
subunit 12, PSMDI2)t 5 M1 M EAEM, /&
M1 #E1 K102 {7 K63 A7z Z ki, i
HEIAV RS, ¥E e FL M B iR 4 il (farnesyl
diphosphate synthase, FPPS)J&235% % — & LW
G T LT B, LRSS TAV B FE
B R Bl P AR AT I8, AT 19 s T ks 1
2RO 2 JE LR AR 1 32 AR08 A (tropomyosin
receptor kinase A, TrkA)BE T 7E CRMI1 K6tk
vRNP ¥t iR A RSN, IERERE LA FPPS 4K
ey SR R B R 2 R ARE, S
TrkA F75HE RIS FPPS (306, AT
BRI T H 2F 5 B TrkA Z 46, 76 o 2 W ot
FErP G LAY RTK d 22 2R RE RS ; SR T, RTK
Anfal 845 FPPS TIREATIANIE A, £5 bRk,
[Fi) Ao A 11 98 P BE R0 B 52 1l Y AN [R) B B 4%
AN [E AR R A R 8 41 i 5] B 150 P B8 A e =
TEPU B N R rh iR 2 S B AN SE B
2y B B R (Food and Drug Administration,
FDA)HEHERY RTK/Raf {5541 i 551 7] A5 2505 v
PRINFIARS TAV L 1 24 B B0,

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



96 (DGX7ES ik

Microbiol. China

4 B H B R R E YUK RO =
1A

S ) 50 T DL B AR E A S R ik AR
P25 A i sloms B A KRB A A . H R,
KEFPUR B AR E A, MG EEE
[ 48 52 B0 15 5 DR 21 A A5 1k 2 A8 7 1 1 e
BERR AR 2450 o LA 35 28 11 S0 o 10 PR S 0
PURTE LY A R BUR R . BT
fif PR 2 5 R B R L R, RBHE AR
1) RS A R0 R 5% A O A B 2 4 R AL AR
DUA 1 B8 T H B BOR B 25 Y i &
PEHEFRIKYE . C K 30 2 Bl 1 o) 590 RN
[Fi] ERA) AL A A 9 T i 7 O S L (R 1) A T %
R . A S BSE R, A FAK
R Y15 ald PI3K A H0mR 2R T A
K3z %y, FDA #tyERg FAK 157 DF %HL8h &

=1 HDHIR R B I AY B ES HIH 7
Table 1

B 2H AU R A A B2 5 (8 Y 1S I RCR AR
2401 M8S #E [l il 15 = 4 EGFR  PIK3-C28,
I HAZ) 32995 8 5 AR W sE M, BH DT 30 S 2 114
WAEVERST, 8R0S il FE
J10688 FI| i AR Hb AT 5 25 25 11 NP Al M2
MR, I 2 M BT 2+ SF2/ASF #1 SC35
MBI, IS s M2 BEIR (9 3k e 5
08 JEALEY) TGF-B % 1 (TGF-B-activated
kinase 1, TAK1)F#E A c-Jun A Il B (c-Jun
terminal kinase, JNK)ZE5 S B W1 53 52 il
EEEMEH, i NS1 E A HSNT GG 1
JNK #% TAK1 £ 5P 57 5Z-7-0xo0zeaenol il
TAKI1 siRNA FHIEr, FRBIATLLGE 6] TAKT #)
TR EE R 1% ] Janus 4 §(Janus kinase,
JAK)H il 7] AG490 J5 & 81 M1 Y132 KR 1L,
FEOH JAK2 F il 35 M1 BB R £k i 1815 oAz &)
P AR AT BINESY &K BL Filgotinib fEN

Kinase inhibitors that inhibit influenza virus replication

IR 1) 7] TG YEFIBL]

Kinase inhibitor ~ Kinase target Mechanism of action

ATR-002, MEK1/2 if 7 Raf/MEK/ERK il B 845 vRNP 4%

Trametinib Regulating vVRNP nuclear export via the Raf/MEK/ERK pathway

Y15, Defactinib FAK

] PIBK A3 (R sk 1 N A (12 i

Inhibition of PI3K-mediated viral particle endocytic transport

5Z-7-oxozeaenol TAKI1

T TN PR AR A DA T 0 Al 5 5 1)

Modulation of INK phosphorylation to inhibit viral replication

A M WER A M i 315 A% 2 for

Regulation of M1 phosphorylation to modulate its nuclear translocation

4 TrkA 25 1AV [ RNA & ik

Inhibition of TrkA involvement in IAV RNA synthesis

il CAMK2B 5% RNA #%5%

Inhibition of CAMK2p involvement in viral RNA transcription

it FPPS M1y BELAS- 95 2 UKL ) JBE ik
Inhibition of FPPS to hinder virus particle release

IEL DT 25 9 PR 410 it g 5 52 o

Inhibiting virus endocytosis to block viral replication

T DY F SF2/ASF A1 SC35 MBlafk, MM B M2 JE IR ) 18 8 0 43¢

AG490 JAK

INMPP1 TrkA

KN-93 CAMK2p
AG879, RTK

Tyrphostin A9

M85 EGFR, PIK3-C2p3
J10688 CLK1

Downregulating phosphorylation of splicing factors SF2/ASF and SC35 to affect

selective splicing of the viral M2 gene
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JAK i) el g2t # ] M1 RNA 5982 [H A
TAV 388, eI 2 Al 1/ 00 ) 62 1 24 i
P DERE B W, ST I IR B S N
CEMOC R —B, TLRH AR IOmE  0) A 5 e 2E
15 Sy AT A I R T 4 R R
Frp, WESE B, 2 FRE S VA NGFR /) RTK
P, AR A K E T 24 2 (human
epidermal growth factor receptor 2, HER2)F/ Ifil
IR TR P A K IR T (platelet-derived  growth
factor, PDGF)R] LL# ] §il ] FPPS, M 1fiy BHLAS 9%
BEMURL AR, A, S R BRAE T
B B AR A SR T, I RE A AR IR B L T 1
BB 48 B L o Il R AL VE B MEKC 410 4 5]
Trametinib ] 45 ALBH 11 TAV A3 FlR 14 40 iy
KBy 23R, TAV 06 TrkA {29 2 52l
TEfd ] TrkA $03I%] INMPP1 J5, RE68 B35
ik TAV B 5 8o S L5 e i 2 S iz 1
FAK 150 Y15 3697 /)5 B i 28 1 A2 8 44
ML /b, AN 2RI, KA 1AV S0
NFkB J3 2 Pl gl Y15 FARUY, IEATF Il
PRI i B BT B 2 254 MEK1/2 #1146l 551
ATR-002, BB RUBH 11 SARS-CoV-2 f£4% I
RAE R AR T tb T O U SERTEgY &
P C1-1040 5@ 1 BH 11 vVRNP & 4590 A% 72,
RE U8 75 AR A1 12 25 [ AR 22 b i 20 5 1900 5 Tl
JE, IFReTER il rh R K iR T R AP,
ATR-002 15 MEK1/2 il 5] CI-1040 ) 322575
PERUY, TEARSMALE T ATR-002 7549 10 fi
B A BEIL N 5 CI-1040 [R]Z5 K P40 0% 25
T, BAEAR NIRRT ATR-002 {U A 7E AR e B
I ] % R A BT B VR P 5 O R L
PR N SRR v BT R DU B I P Y 25 S L
P N B 5 AH I 24 P sk T R e 8 B Y 4
SRUSD 0 ) g 3 S R A T TR BT
R EEVERT, TR AR SR SO Jy T & #4246 R

PR o A0 00 160 790 Sy ik 4y - 3 il G
FWTTORE B BT B 25 AT A SR IS %

5 HASRE

Wil 5 e 2 15 B 4 4 it 2R TS L 5 R IR
WE A Lk, M U A AT R AR
o HA LU TAV 5 1BV 3 09 7 180 27 3 P 4
Xof e [ A 3 AR e el R K fE . E I R
W ARVURIE, TEBZMmE & R B
H B 58 B S A4 . B LA s 7 2 1
T FR AR AT S — Ry, AR AU S 2 1
— 0. SHAMR R S E AR, R
A A B B A AN TR) B B BB 8 R
ANFEIVER . B, B0 2R 1 3 7 i JE e
O ) 13 P A PR R AT ) 700 ) 4709 2 3 AR
BUL, RE8S S IR B 7 5 7R T SR LR i e
MR o A A% A 2 Rl 4L %) i 2o B A B R
N H T g 3K T A2 2% A S SO 7 - R AR LR
BLHL, o mT B8 kB BT # R s B A iy, I
Sk T Rt A o) 5908 =X T A BT R B 25
BEE LA, MMEAEARE, JTRAFHF TAEAR
W AE B T 5 1 O AR ELVE AL X — T
VEHE pi RIS 3 2 (B AR
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