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Abstract: Numb-associated kinases (NAKs) are a family of evolutionarily conserved serine/
threonine kinases, encompassing adaptor-associated kinase 1 (AAK1), cyclin G-associated kinase
(GAK), bone morphogenetic protein 2-inducible kinase (BMP2K), and serine/threonine kinase 16
(STK16). NAKs are widely involved in various physiological processes, such as endocytosis,
intracellular transport, cell differentiation, autophagy, and signal transduction. In recent years,
studies have shown that NAKs play a key role in different life cycle stages including virus entry,
assembly, release, and immune escape of various viruses. Furthermore, small-molecule inhibitors
targeting NAKs have been applied in clinical research and treatment of related physiological or
viral infectious diseases. This article systematically reviews the primary physiological functions
of NAKs and their roles in viral infection, aiming to provide a theoretical foundation for
elucidating the pathogenic mechanisms of viruses and developing novel therapeutic drugs
targeting NAKs.

Keywords: Numb-associated kinases; physiological function; small-molecule inhibitors; virus life
cycle
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El1l NAKsHRIERRHRGR A BRI =ZHEEHREE

Figure 1 Phylogenetic tree and 3D structural schematic of the NAKs family. A: Phylogenetic tree of the NAKs
family generated using MEGA 7 software [H.s. AAK1: Homo sapiens AAK1 (Gene ID: 22848); H.s. GAK:
Homo sapiens GAK (2580); H.s. BMP2K: Homo sapiens BMP2K (55589); H.s. STK16: Homo sapiens STK16
(8576); B.t. AAK1: Bos taurus AAK1 (532546); B.t. GAK: Bos taurus GAK (511296); B.t. BMP2K: Bos taurus
BMP2K (505766); B.t. STK16: Bos taurus STK16 (521237); S.s. AAK1: Sus scrofa AAK1 (110255208); S.s.
GAK: Sus scrofa GAK (100625047); S.s. BMP2K: Sus scrofa BMP2K (100624635); S.s. STK16: Sus scrofa
STK16 (100153147); M.m. AAK1: Mus musculus AAK1 (269774); M.m. GAK: Mus musculus GAK (231580);
M.m. BMP2K: Mus musculus BMP2K (140780); M.m. STK16: Mus musculus STK16 (20872); F.c. AAK1: Felis
catus AAK1 (101094013); F.c. GAK: Felis catus GAK (101094018); F.c. BMP2K: Felis catus BMP2K
(101094669); F.c. STK16: Felis catus STK16 (101095674); C.1. AAK1: Canis lupus familiaris AAK1 (474625);
C.1. GAK: Canis lupus familiaris GAK (479133); C.1. BMP2K: Canis lupus familiaris BMP2K (487819); C.1.
STK16: Canis lupus familiaris STK16 (488536)]; B: Domain organization of NAKs [The kinase (red) domain is
located at the N-terminal. The length of the region downstream of the kinase domain is variable]; C: 3D structural
representations of NAKs members predicted via AlphaFold 2 [AAK1 (UniProt ID: Q2M2I8; purple), BMP2K
(QINSY; pink), and GAK (014976; blue) exhibit an N-terminal high G-region (yellow) followed by a kinase
domain (red) with variable-length C-terminal regions, whereas STK16 (O75716; green) displays lower molecular

weight with its structure primarily consisting of the kinase domain].
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1 NAKsHYRY), I R EEIESHIEThEE

Table 1

Substrates, modification sites, and physiological/pathological functions of NAKs

NAKSs Substrate
members proteins sites

Modification Physiological functions

Related diseases

AAK1  AP2MI1 T156

Numb T102

Eps15 -
IkBa S536, K310

Notch 1 -

REPS1/2, -
RALBP1

GAK Hsc70 -
Cyclin G -
TAp63 T46, T281
N-AChE-S -
IL12B a2 -
AR -
Vha44 S543
AP2M1 T156

AP1 -

Atpla3 T705
SipalL1  T249

CHC T606
PP2A T104
LRRK2 -

BMP2K AP2M1 T156
CLINT1 T294

Regulation of CME™;
endosomal pathway!*®!;

receptor-mediated endocytosis!*®);

receptor endocytosis and recycling'#7-%;

angiogenesis!*’);
regulation of the Wnt signaling pathway
coated vesicle cyclet'®;

regulation of protein subcellular localization
8,51-52].

[59].

apoptosis

clathrin-coated pit (CCP) formation and cargo

sorting!!*!;

caspase-11-dependent pyroptosis™®4;
macroautophagy/autophagy!®-*+>*
Regulation of the Notch signaling pathway!'*?;
coated pit maturation!*!!

Coated pit maturationl*!]

Regulation of the NF-kB signaling pathway**!

Regulation of the Notch signaling pathway®”;
promoted neural stem cell differentiation®®)

Epithelial-mesenchymal plasticity!'?;

increased therapy resistance!'”!

Coated pit maturation!'>*]

Regulation of cell-cyclel’"

Tumorigenesis®

Apoptosis!

Cell signaling!®”

Cell signaling!"!

Lysosomal acidification!”

Regulation of CME!3;

cell growth and centrosome duplication
[78]

[136].

endosomal pathway
Receptor-mediated endocytosis!®?;
golgi to lysosome transport!’58%!

Resting membrane potential®¥

Brain developmental regulation®

Regulation of mitosis®*!*"]

Microtubule generation and outgrowth®"]
Regulation of neuron projection developmen
Regulation of CMEPY

Sorting in TGN-endosome pathway!™"!

[129-130].
5

{1381

ADM;

impairment of learning and

memory[ 130];

vascular dementia'?!;

colon adenocarcinoma!®!

breast cancer';

s

bladder urothelial carcinoma'”;

gastric cancer!!!)

Ischemic stroke!'*;

pulmonary inflammatory!**)

Ischemic strokel™

Hepatocellular carcinomal'?

ADV!

Prostate cancer!"?!

PD[6»7]

ppLI38!

Z)
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(C=3))
NAKs  Substrate Modification Physiological functions Related diseases
members proteins sites
ACKR3 - Regulation of the GPCR signaling pathway!'* -
CDK2 - Polyploidization!"?; Osteoporosis!”;
regulation of bone mineralization'"”’ megakaryoblastic leukemial''*!
STK16 DRGI T100 Cellular growth!"”] -
STAT3 S727 Drug resistance!!¥ Triple-negative breast cancer!'¥
c-MYC S452 Ubiquitin-proteasome pathway!'>) Colorectal cancer!'™
WDRI1 - Hepatic secretion!!** -
AKTI1 - Regulation of AKT1 pathway!'®); Lung adenocarcinoma!'®!
cell proliferation and apoptosist'®
CNP/VEGF - Regulation of the TGF-p signaling pathway!'*”’ -
ELK1 - Cell signaling!'*" Brain lower grade glioma'**!

— indicates that the kinase modification sites or the related diseases were not identified.

2 NAKSs 757 3 R 3o H 015 A

I S A o A0 A 1 A v R UK
Qe KR EEAER, a0 PP2ANY | EGFRMY |
TANK %% & # B 1 (TANK-binding kinase-1,
TBK )M 245 1 32 40 85 11 AR 5 258 5 g
CERNERGRE . SE AT YRR V5 8 35 LA KPS 1 26 9
BRI B B R EEAEH . B A X NAKSs
KIS IR TR, ARk Z W58 45
INZRE G R FER AR . Ei . . Bk
T b 5 b it 4 ek AR b G SRR A 0 (D 2).
NAKs 595574 i il B 0% 0 5¢ R L3R 2.
2.1 AAKl1

AAK] e FEMIIRERES S5MEAR . AAKI
JEBEIR AL AP2M1 WOCHETARE, iZME1iXT AP2MI
£ CME B 50 E A% A2 LEZE, 4
}5 SARS-CoV-2B74114] " EBOVIY | DENVIZI |
HCVEY RABVEZS3UHINHE Hr K 44 %% 7 (Toscana
virus, TOSV) M4 78 P i 2 Fhoig 78, T A1l
AAKI /- F:19 AP2MI BfR 1L, %4 CME @it it
A4, Flan, 7EEgeat #&d DENV il RABV
A 31 £ AAKD B mRNA Fl14E (7K SER3,
HEIE o AP2MI B iRk, M 2E0 #EiE i CME
W AR, L E AAKL ATP 1481
0 7810 350 10 Bt 72 5 JE (baricitinib) . IH & [2,3-b] Mk

WE AT AR W . SGC-AAKI-1 77 W1 K b &
(compounds 12, 11f fl nCorv-EMBS) ¥ 1] [ i
AAK1 3F P, BH K7 AP2M1 B R 1k, BH %
AP2MI 5 SARS-CoV-2 Z A M5 K ik Z ALl 2

(angiotensin-converting enzyme 2, ACE2) 145 &,

H ZAM TR 8 ARETOML Ah . AAKL iR
itdE CME 5122 50 AR . W HCV BRid it
CME &8 A2 4R AN, 6] {5 Bhii iR (L fir i 25
1 Numb-T102, £ Numb K10 N &gk A
YR WIS, AAKID WAl gss HeV fiBh
& EGFR WAL L FEIEHA, #5 B HCV B A 5K
JRL

bR TS50 ARSIN, AAKI FEHRFE 412
PR . VR AR RS At Bk B B i b 30 55 B 1 L R
ZHEEH (1) HBE/BE: AAK] 38 o w2 1k
AP2M1 fE #f HCV #Z K 58 8 1 -AP2M1 #H BAF
F, I8 S i ORI S 18 28 455 07 05 58 A %%
P17 Sunitinib 7] A7 R R M5 2R 1Y
prAEB AAKT 3R AT i T APL A AP B
BER LS HOV 45 E N 2 M4s S, 5
L5905 B TR S 20 B R A% 4R 00, Bk AAKT T
R LSRGk, RIS AP2MI AR 1L /K -
FET A H DENV #l EBOV AR, 7397 0
BE R ﬁG\Iewcastle disease virus, NDV) 1 AAK1
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Figure 2 Schematic diagram of NAKs and their inhibitors in the viral life cycle. A: Schematic diagram of NAK

inhibitor mechanism [NAK inhibitors block the ATP-binding pocket, reducing ATP binding and preventing

substrate phosphorylation]; B: Schematic of NAKs involvement in multiple stages of viral infection [(1)
Inhibitors targeting NAKs (AAK1i, GAKi, BMP2Ki, and STK16i) mainly suppress viral entry through two
mechanisms: (i) inhibition of NAKs kinase activity to attenuate phosphorylation of AP2M1 and Numb, and (ii)

disruption of EGFR internalization; (2) NAKSs inhibitors predominantly inhibit viral assembly/release by

suppressing the phosphorylation of AP2M1; (3) AAKi assists viral immune evasion by downregulating the

expression of MHC-I on the cell surface].
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2 NAKsKEAGIFIZ e fm s s FH
Table 2 The effects of NAKs and their inhibitors on the viral life cycle
NAKs  Viruses Substrate Stage(s) of the Inhibitors References
members proteins of viral life cycle
NAKs involved
AAK1  HPV - Immune evasion - [143]
HCV AP2M1, AP1-A  Entry, assembly,  Sunitinib [18-21]
release
EGFR, Numb, Entry Sunitinib [21]
AP2M1
DENV AP2M1, APIM1 Entry, release Sunitinib, Erlotinib [19,23-25]
EBOV AP2M1, APIM1 Entry, release Sunitinib, Erlotinib [19,24]
RABV AP2M1 Entry Sunitinib [32-33]
RSV AP2M1 Immune evasion - [56]
SARS-CoV-2 AP2M1 Entry Baricitinib, 1,2,4a,5-tetrahydro-4H-benzo[b] [36-41,144]
[1,4]oxazino[4,3-d] [1,4]oxazine scaffold and its
derivatives, novel compounds (compounds 12, 11f,
and nCorv-EMBS), SGC-AAK1-1-based inhibitors
NDV APIMI1, AP2M1 Assembly/release  Sunitinib, Erlotinib [145]
TOSV AP2M1 Entry Sunitinib [146]
1AV AP2M1 Immune evasion - [34-35]
LCMV AP2M1 Immune evasion - [34]
PRV Numb, Notch2  Activation - [132]
GAK HCV AP2M1, AP1-A  Entry, assembly,  Sunitinib, isothiazolo[5,4-b]pyridine-based [18,20-22]
release inhibitors
DENV - - Isothiazolo[4,3-b]pyridine-based inhibitors [26-29]
EBOV - - Isothiazolo[4,3-b]pyridine-based inhibitors [19,26]
CHIKV - - Isothiazolo[4,3-b]pyridine-based inhibitors [26]
SARS-CoV-2 AP2M1 Entry RMC-242, Gefitinib, Baricitinib [36,41]
NDV APIMI1, AP2M1 Assembly, release Sunitinib, Erlotinib [145]
TOSV AP2M1 Entry Erlotinib [146]
BMP2K DENV AP2M1, Entry, 25A,5Z-7-0xozeaenol [30-31]
CLINT1 assembly/release
HIV-1 - Replication - [147]
SARS-CoV-2 - Entry, Sunitinib, Erlotinib, RMC-76 [36]
assembly/release
VEEV - - 5Z-7-oxozeaenol [30]
STK16 SARS-CoV-2 - Entry, STK16-IN-1 [36]
assembly/release

— indicates that the kinase substrate proteins were not identified or the relevant inhibitors were not used.

Al W2 ik APIM1 1 AP2MI,

W FEAMM

N iz g M B a2 o, 0 T 5 0 B A 2% RS
i/ GO () W N B 3

RN

(pseudorabie

i, BRI
R, ki

s virus, PRV)B%e T i miR-155-5p %
X AAKT i, T2 AAKL FEik
3% Numb/Notch2 {55 %, &4
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PeFBR a2, (3) ki TAV. kLA
Jhk 28 I\ i B %8 9% B (lymphocytic choriomeningitis
virus, LCMV) F1 ' W 38 & fifd J% 7 (respiratory
syncytial virus, RSV)45 #E SR gy SR E A
Wi, LC3B/ATGS FikHIM 51 AAK]L i B
PSR, HETAE Al MHC-T 2640 F AL 51638
it DA _b 9 7 A5 LAk b i B g B ARD 0L ek,
AAK1 XfF A FLkJ8 %% 5 (human papillomavirus,
HPV)E YL T 3 A A A A7 1S th B 6 R 2,
g AAK] S50 Z R E0E (558 1% 2L
JET BRI Z AR A AL A ER A S,
2.2 GAK

GAK Fl AAKI J& 5 5 8 %8 % 19 NAKs %
B, AR R R R TP O T . 5 AAKL
K, GAK #Eid#ifRik AP2MI1 /5 CME, &
5 HCV AP ER R R T 1 420 e
ME[S,4-bIALIE | S EME[4,3-b]nHk i K HAT A= 4]
# ) GAK ATP 148, BHWr bk o F2 A 2 fH 1k
HCV AR ok, GAK i i A BIHL
filZ 5 TOSV [ AR I K W Bl NDV A4 2%/
B, # ) GAK A7) S BEmE 4,3 -b] I i
K HAG YA A %W ] DENV, EBOV 1AL
5 #E J75 £ (chikungunya virus, CHIK V) &% 442621
[l & RS AL Ja o fi A s e Sk A A
AW AR . AR ECsoe GAK HIHHIFI
f #; JE (gefitinib) . baricitinib Fll RMC-242 %5 X}
SARS-CoV-2 f{#fi CME @2 A2 15 A8 BA
AR ROR A HGE o 1 GAK-AP2MI
& FEVE RO
2.3 BMP2K #1 STK16

it I, BMP2K 5 AAK1 Fil GAK 11,
W1k AP2M1 2 5 CME i A4 H AR 78 A
%o 5T B MR s i BMP2K (4n#r B Ak &
¥y 25A . 5Z-7-oxozeaenol) 1] A &I DENV A
2, [t BMP2K AJPRE YK, Hm HHk ez
A Z o ERO [a]— 4 7 52-7-oxozeaenol
3, AT AR 6 2= P B P iR 49 B (Venezuelan
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i A%
BMP2K % {# | Sunitinib. Erlotinib A1 RMC-76
4 BMP2K # il 5 24 v 411 il SARS-CoV-2 iy 5
WA AR A 7R e Bl iy 4h . BMP2K 1] 8 ik
b W 4% 25 A B AE 8 1 1 (clathrin-interacting
protein 1, CLINT1), ®§f2fk )51 CLINT1 Al 5
DENV NS3 #56, 250 i/t i
i BMP2K ] il HIV B4 0], g ] LLgE
RO AHMEI R, IS BMP2K 1E K HIV-1 &2 4l
JITT B R0

STK16 MIBFFE 0 e, (0B AT i 3= W
H ] BE 4 ) SARS-CoV-2 Ji e, HAKF I K
STK16 #1151 STK16-IN-1 7£ 55555 1 S0 A= il
6 3001 % 2 o B 4y 5 ) AR S P B 7 R PO
P27 STK16 WAl VE RIS TED UM T AL

3 RES5EZ

NAKs & —FEHE AL PR ~F 1) 2 ) fig 22 A R/ )
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MRS R FE 54 2 G s R BT fE . (AR
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CME SRR [ B2 fb ok S ks 1 5 1 1 52
WHBMAR., Bl HBEMBE. SR, H
HIXF T NAKs S0 (10 A= B BE DA A 7848,
W 5L STK16 Y AE BRI REANFEAE 18 £k A .
I, RRPPFFTRT : (1) WA NAKs %5
ARG Ane] U R JR T Z A E S (2) RGu
NAKs fEAIE T . A firis Jee LR IE |
P22 R G AR i BRVE AT (3) 7
TR PR NAKs A BRI RE ARG 2L R I, 878 HAE
AR 21 i 4 R PR R B e, SR )
BRI B H e LAl

TR B G 4, JUHE NAKSs 7675 # i&
Y v 8 1 FH B SECHE 1) 00 500 7 O 2 RN NE FH T
OS2 IR, B mIGE 28, 155,
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FEk e XA SR WA AR R RMERE o 7
HEAT AT R F TR NAKs A= BRI RE,
g5 B 0] 5 B NAKs A5 09 I 5 A A A
Witz i FE e irE EAE AR . SR, H A
NAKs F5ER 0 AR BT RE R A st 0, XA
RELHRI 1 X FLAE G B B e VR FH ML 5% TR
BB, YURTEZYE L EERE TR I
— e BB [ B Y AR PUR RE Y, R T
o 1 A A 30 Hp 0 S BEERYT (Can e 1 I B AR
DRI 2 5 53 8 T 4 ) BL BRI SR IO B, U
25 G B AR IR . AT AT RS
I %; — R AE R REEPUR R Y,
TV T 1 S A M e EE 3 AR BT L5 14 R
RTEZAR . i EE NG . PO TR E A A
V10 B e g g 1 = R S T T 5 [ S @ R
IR AL B T AT RETF & T i Mo AN 5
WARIREEM AER 259, FL E, 4T NAKs
TE 22 P 5 A A JE 30T R T B B 4 S R
#[n) NAKSs (Y] IEHUREEI I T A B 52802
KFIFC P EZIE, Fl, 78 SARS-CoV-2
WATIAE], NAKs #illi5] Baricitinib #%iF 5 1] 2%
fift £ PR 5 | S A I AR NAKSs #1051
Sunitinib 1 # §iE 5¢ 0] A7 & H0 d L FF HCV
DENV. EBOV. RABV. RSV, NDV, TOSV
L K SARS-CoV-2 £ P Y 2 i 55 19 AN [R) J8
BrEe. SR, HRTA T s e s R G
7 19 NAKs JI6 AT SR A R o 25 3] 3 2 ol il
T 2 ) R BV AR R I PR L HH i
S, MR 38 I R IR 36 R R T 1 2 ) R
JESERRIE R K

HAET, #ia NAKs 500 75 2590 T & K i
FEAFEEZHT . A WA 25T &
3T (1) EZ5HTH . BLAYZE 64N Sunitinib,
L2 B IR IT P PR R BRI B 1) DO 1 g
FHo BRI, 3E e e i e © AT NAKs #1551
R EAYREEIE RS ECEE . ) AW
#FPCAL . £FXT Sunitinib, Baricitinib, 5 Bk
[4,3-b]MERE SN HAAE7E I A B A PR . A

o — AR s AT A A AL, i, A
S EME[4,3-b M IE S AR 3-AERER 3-WRIE BT
SIARBEREREE T A M GAK ThPERSR . 24k
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RN TG, A S Y E WEIESE ] A7 &L
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TH-M5| e S 238 540590 6 I 2530 AT RS, 153
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S E WA SIS, Q) gk . Wi T A
B ) 25 W) HF k& (fragment-based drug discovery,
FBDD)H; AR 4875 A Bt 9595 4 g £ iE 5 AAKI
FAELAE FH 0 T s 1, 3k IR & #L ) AAKL
HOE ST R Bl Kot e s (S i Pu R k= o -4 R Wi
2% (chemical proteomics)$¢ A 47 i 1€ 1 & B 2L
FIHT 25T KR 2 —, LT TIM-063-kinobeads
(1 A 2 d B 4 27 Ak TIM-098a, Z4k &
Yye] sk G AR RGN, RSN AAKT SR #EPE
B P RCE R e B U ek, i
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