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Abstract: NKX proteins are the most important type of NKL homeobox transcription factor subclass and
have been found to be widely involved in regulating cell fate and body pattern formation during embryonic
development, especially embryonic development of nervous system, and involved in the occurrence of thyroid
cancer, lung cancer, prostate cancer and other tumors. In view of the important roles of NKX proteins in
embryonic development and tumorigenesis, the research progress of the structural properties, physiological
mechanisms, and disease correlation of 17 proteins in the 7 NKX homeobox protein families were systemati—
cally summarized, which would provide helpful information on gene targeted therapy of related diseases. In
addition, the lack of genomics research and animal model construction of diseases related to some NKX
genes were also discussed, which should be directions for future research.
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Table 1 Classification of human homeobox genes (created according to Reference [12])

Class Subclass Number of gene family Number of gene Number of pseudogene
ANTP HOXL 14 52 0
NKL 23 48 19
PRD 3 7 0
PRD-LIKE 28 43 24
LIM 6 12 0
ZF 5 14 1
POU 7 16 8
HNF 2 3 0
cur 3 7 3
PROS 1 2 0
CERS 1 5 0
SIX/SO 3 6 0
TALE 6 20 10
Total 102 235 65
F2 AZE NKX RIFAEEE S HOCK1212)
Table 2 Human NKX homeobox genes (created according to Reference [12])
Family Gene name Location Gene ID Other name
NK1 NKX1-1 4pl6.3 54729 HSPX153, HPX153
NKX1-2 10¢26.13 390010 C1001f121
NK2.1 NKX2-1 14q13.3 7080 NKX2A, TTF1, TITF1
NKX2-4 20p11.22 644524 NKX2D
NK2.2 NKX2-2 20p11.22 4821 NKX2B
NKX2-8 14q13.3 26257 NKX2H
NK3 NKX3-1 8p21.2 4824 NKX3A
NKX3-2 4p15.33 579 NKX3B, BAPX1
NK4 NKX2-3 10q24.2 159296 NKX2C, NKX4-3, CSX3
NKX2-5 5q35.1 1482 NKX2E, NKX4-1, CSX, CSX1
NKX2-6 8p21.2 137814 NKX4-2, CSX2
NKS5 HMX1 4pl6.1 3166 NKX5-3, H6
HMX?2 10926.13 3167 NKX5-2, H6L
HMX3 10¢26.13 340784 NKX5-1
NK6 NKX6-1 4q21.23 4825 NKX6A
NKX6-2 10¢26.3 84504 NKX6B, GTX
NKX6-3 8pl1.21 157848 /
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Fig.1 The three—dimensional structures of NKX2-1 and NKX3-1 HDs (created with PyMOL, according to References [13]

and [14])

(A) The structure of NKX2-1 HD and DNA complex; (B) The HD structures of wild—type NKX3-1 (left) and NKX3-1"%* mutant
(right). The colors gray, blue and red represent C, N, and O atoms, respectively, and the pink dotted lines represent hydrogen bonds.
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(A) NKX2-5 [ 25 M3 fm ANF-242 544y 64 ik 45

(B)
B 2 NKX2-5 EiE&11E85 DNA £ &5 = 4445 ROCk[15], /8 4 PyMOL £:1i)

1, (B) 'S MESAAR % 69 NKX2-5 IR 2 #3800 R B 425, | &3tk ki

75 DNA Mg s, Hr e TR DNA B el s,
Fig.2 The three—dimensional structure of NKX2-5 HD and DNA complex (created with PyMOL, according to Reference [15])

(A) The overall structure of NKX2-5 HD and ANF-242 complex;

(B) Mutations in NKX2-5 HD associated with heart disease.

The yellow and pink spheres represent sites having direct and non—direct contact with DNA, respectively.
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Fig.3 The gene regulatory network involving NKX1-2 in
mesoderm and endoderm formation (created with Adobe

[llustrator, according to Reference [17])
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TRk, IS 5N R R T FAEYITIRE, 5an:
HCE AT R T AT A R 14 2 [ (glial fibrillary aci—
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Fig.4 The gene regulatory network involving NKX2-4
and NKX2-3 in AML formation (created with Adobe 11—

lustrator, according to Reference [10])
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Fig.5 The gene regulatory network involving HMX?2 and
HMX3 in AML formation (created with Adobe Illustrator,

according to Reference [41])
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i AL e AL LR T RE s, I35 2 Uk
PRIGHITE B, AU B 40, NKX6-1 31T LLIE
SRR o 4HHfIh ARX (aristaless—related ho—
meobox)IFEIRAREENN o ALY ES R R =5 LA 2R
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AL AR P B o 4T B 40 i i P E 7Y
PEAS, NKX6-3 EZAER T PRz R 40
B IEOFA ., AR, NKX6-3 il Wnt
12T 4 41 it A= 4 A5 (fibroblast growth factor,
FGF)5 5, Ml BMP {5 5%, M i fie 2
NG FHIE AR 2 Z T, X T8 il &
A, NKX6-3 A1 LA N JLANThEE: 1) st e it o0k
PR SOX2 ik, LI Al i b S0 B
AU R PR &7 5% F 2 (caudal—type homeobox pro—
tein 2, CDX2)MIZEEH FH 2 (mucin 2, Muc2) 1k,
25 BRI aria e, 2) sl id A B LA
Jfl NF-«B F1 DNA HIEHALREE 1 (DNA methyltran—
sferase 1, DNMT])EI"J?%@, P FPUEIER HAC-
E1 KK, R H]E M  (reactive oxygen species,
ROS)AY ™A, T3 58 B 26 6 5E s D) RERY; 3) 38
ik Ay o> W E S YRR O EE E H E
(apolipoprotein E, APOE) 8 73U 1 (beta—secre—
tase 1, BACE1)HZRIA, 17 B TEMFEE H (amyloid
B-protein, AB)HIFLRFITER, MTTRT 1k B Rl ZE
45, HE LI APOE 5 T NF-«B HUIEPEAIZN
JL IR B R IR AM ] 18 BRI AES,
22 NKX ERHEMBRZEIREFNER
NKX2-1 Z 5l A e i # . NKX2-1 A
1Y ZAE | ey AR DL R s A4 DTBRBLAR, 41 mi-
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Table 3 Physiological functions of NKX homeobox proteins

Family  Protein name Physiological function
NK1 NKX1-1 Provides positional information for the formation of body patterns in the body wall muscles"
NKX1-2 1) Regulates the formation of mesoderm'"”
2) Regulates differentiation of adipocytes and osteoblasts, and promotes adipogenesis!®
NK2.1  NKX2-1 1) Regulates morphogenesis and differentiation of epithelial cells of lung!"
2) Establishes and maintains phenotype, function, internal environmental balance,
and tissue differentiation of thyroid"
3) Regulates the formation of astrocytes?!
4) Associated with non—-TRU type lung adenocarcinoma®
5) Inhibits the growth of 95D cells in lung cancer™
NKX2-4 Affects the differentiation of megakaryocytes and erythrocytes, and is associated with
the formation of AML subtypes!"”
NK2.2 NKX2-2 1) Regulates pattern formation of the V3 domain of the embryonic neural tube™
2) Regulates the development and maturation of oligodendrocytes™
3) Involved in determining the fate of motor neurons in the hindbrain and viscera
4) Involved in determining the fate of islet progenitor cells, and is associated with severe
diabetes and very low birth weight infants, childhood obesity, and developmental delay®
5) Inhibits the growth and metastasis of osteosarcoma cells™
NKX2-8 1) Involved in early heart and lung development™
2) Involved in many cancers, such as ESCC™, HCC®", IBC™, BUC® and EOC“!
NK3 NKX3-1 1) Involved in the fate of prostate epithelial cells and maintains normal prostate secretory function
2) Involved in many cancers, such as PCa, OSCC! and NPC!®
NKX3-2 1) Regulates the development of cartilage and spine'”
2) Involved in the pattern formation of visceral mesoderm, and affects the development of gastric
stroma and spleen'
NK4 NKX2-3 1) Inhibits the formation of restenosis induced by intimal hyperplasia®
2) Associated with the development of inflammatory bowel disease?!
3) Involved in the development and differentiation of peripheral lymphoid organs™, and is
ssociated with lymphomatosis'®
NKX2-5 1) Involved in cardiac morphogenesis, and its mutation can lead to many heart diseases, such as
tetralogy of Fallot, double outlet of right ventricle™, ventricular septal defect® and atrial fibrillation™
2) Regulates the differentiation, proliferation and survival of pharyngeal endodermal cells™
3) Affects differentiation and development of thyroid, and is associated with congenital
primary hypothyroidism®
NKX2-6 1) Involved in cardiac morphogenesis, and its mutation can lead to many heart diseases, such as tetralogy
of Fallot, double outlet of right ventricle™, ventricular septal defect’* and atrial fibrillation®
2) Regulates the differentiation, proliferation and survival of pharyngeal endodermal cells®
NK5 HMX1 Regulates craniofacial development, affects retinal differentiation, and is associated with congenital
microphthalmos®™
HMX2 1) Regulates development of inner ear®”
2) Regulates differentiation of hemopoietic stem cells, and is associated with AML formation!*!
HMX3 1) Regulates development of inner ear'*!
2) Regulates differentiation of hemopoietic stem cells, and is associated with AML formation™!
NK6 NKX6-1 1) Regulates the development of midbrain dopaminergic neurons, affects normal brain function, and is
involved in the formation of serious neurological diseases such as Parkinson’s disease'
2) Required to activate the differentiation of pancreatic progenitor cells into B—cells, and is associated
with the formation of type 2 diabetes mellitus™*!
3) Regulates numbers of pancreatic « cell and secretion of glucagon™
NKX6-2 1) Regulates the development of spinal neurons!"
2) Regulates the identification and differentiation of basal ganglia neuronal progenitor cells in
telencephalon, midbrain and diencephalon®”
3) Regulates maturation of oligodendrocytes and development of myelin sheath!*®
4) Involved in determining the fate of « cells and S cells®
5) Inhibits proliferation and invasion of gastric cancer cells®
NKX6-3 1) Promotes the formation of neural plate boundaries and development of neural crest*”

3) Inhibits ROS production, thereby enhancing gastric mucosal barrier function®"

)
)
)
2) Involved in determining the fate of gastric mucosa cells™
)
4) Inhibits inflammation of gastric mucosa

)

5) Involved in occurrence of gastric cancer in many ways!®
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RNA FIZLEE F B, 2 BARLAR IR A (ter—
minal respiratory unit, TRU)Z i B J15, Foid m] LA
S b PR AR A T miR-7 RN 3
AT 95D AR A= K, Pt NKX2-1 7]
PAAE Ay il BE DR G Y 7 BT TR A5 o

NKX2-2 #1513 V B o2 (collagen al-
pha 2 (V) chain, COLSA2). bR 3 i 751 £F 75 1t )5
%% (urokinase—type plasminogen activator, u—PA).
5 52 TA (semaphorin 7A, SEMA7A)FI#H 2
P 1-BEFR3Z A 1 (sphingosine—1-phosphate recep—
tor 1, SIPR1)YFES T, ARSI PIJE 4Ry
A% AR ZEFIEFHAE 5 BT I, [R1RE T4 A< pAg e
TRV ER MRS, B R T — R TER
IR A,

NKX2-8 5 LAt & s e B R 4n
JuJiz (esophageal squamous cell carcinoma, ESCC)H,
NKX2-8 i i 7 42 i A8 N B AR B € (vascu—
lar endothelial growth factor C, VEGFC)F1 NF-«BHY
AT A WEAHEAEFEE M 1 (A kinase—inter—
acting protein 1, AKTP1)#1 il ffiJeg % A5 59, 76 i 41
J{4 98 (hepatocellular carcinoma, HCC)H', NKX2-8
B 1 ) e 0 A G RIE F55 HE FC A ) e A7
TEWREVE B D98 (invasive bladder carcinoma, IBC)
L NKX2-8 i e 1 30 7 Jo S0 2 11 e il A
p27Kipl AR A D1 SCRAES 1 03
(forkhead box protein 03, FOXO03)F122 234 [5Gk
P A L S 58 19 SR (mitogen—activated
protein kinase kinase/extracellular signal —regulated
kinase, MEK/ERK)3& EH10 il g e A=159; ZEJR IR
% I Bz 2 e % (bladder urothelial carcinoma, BUC)
i, NKX2-8 ilad 7 s 1 R —[6] % Ak (epithelial -
mesenchymal transition, EMT)i5 7] Twist1 f3%4
I e ¢ A5, 7R b B2 VE B 519 (epithelial ova—
rian cancer, EOC)™, NKX2-8 i i £ 5 K 4% g
il S AL (long—chain fatty alcohol oxidase, FAO)
T [ 1 PR RE BPS A 55 2% B2 i (carnitine palmitoyl -
transferase, CPT) 1A F1 2 $ il g A& A0, £ 7]
K, NKX2-8 FJ LAAE A 22 FfREAE Iy PR TR B9 2 9)
PRSI BIRY A A

NKX3-1 &1 B8 (prostate cancer, PCa)fy
NIFREY, BRICLASD, NKX3-1 BB B
fi R 41 B 98 (oral squamous cell carcinoma, OSCC)
BB P SR L 45 5% 2 (lymph node metastasis, L—
NM)©, - H NKX3-1 AT S (nasopharyn—

geal carcinoma, NPC )i 2 a3 7716,

NKX2-3 it B 4052 1415 55 S0 22
B (LFA-1 1 VLA-4) Bh B 4> FacAM-1 Al
MadCAM-1)FEEILH F3Z24K CXCR4, Y58 B 4iiffl
[l JELRNZE SN B LSRR AR LA B, e ik
& NF-«B Fl PI3K/Akt i %, SRR, 3
WRELIRE & 3 o A IX B 40 ik EL R A e
FERNAITHRAL T A R YR,

NKX6-2 i i3 itk 5 208 [ (gastrokine 2, G-
KN2) HY 23R 4 B P 20 ML A8 AN (=228, PR mT AR
SRy fe AR S 8 ER B TR RIS T RN AY T I e, R4,
NKX6-3 ] UL Fhigie 25 By &4, in
2 F I Wnt/B—catenin Fl1 Rho—GTPase 3 fH11 il
TR YL RS AR 220, @ A4 DNA & HIEF
CDT1 F1 RNA A [ A Al (RNA polymerase
I subunit A1, RPA1)YZRIK, T8 4 i 103 e |
FEFEI AR N 4109 DNA & iS5 DNA #i5iE
52, AT 5] g A DG AR 1 T A R A 1004

3 BREERE

NKX & FAE R 4 W IG & & e & A it
R ER A U AERAR RN T 1258 . JE
THIARTORF AT, NKX & XTSRS GONE
FOR AR it 15 R 18 TR 25 1) & B R OGS ) R 9
YERIES 5 2R GBI I A B, [R5 HR B
I i SRR S R Y R A AR DG . AT
7 T 358 NKX 8 45 X 4 K A5 5
B, bl NKX1-2 #iid 25 WntjB—catenin 155
STz o N Y A ST IR Rt AN E 3t A
NKX2-4 F1 NKX2-3 38 13 987 E A% 4 M 21 48 g
SHACAHCEERIEN 2 5 AML 141, HMX2
A HMX3 38145 5 1L-7 Fl Wt {558 3% F i
PRI A4 0 488 V81 B A Ak, SR, KR4 NKX
LR Y FE DR 70 B AR 5 3 AR B o6 R A, (R B =
AT S AL RN FRIB TG 43 T S5 12 I 2 21 24 3 H0T,
DA T A58 2 2 4 5 o S A A A A5 R F 9, XA A
NKX K PR 58 728 sl il 2R T BORH DG s B B0 AL EE
RSB EZ IR, XFit, JFe TAEN 3 T4
NKX 85 IS5 AN R I R R, s e AR 1 A
21 2 A R A E W B B AR A 2 5, DU
H [ W] NKX & 2 580 2R 0oL,
AHOCEER A G IRYA Y T SR LB SR . (HAS G RY
J&, NKX & H RN IIREAAAE) 28 XA,
. NKX2-1 5 NKX2+4 #2 5 F BNE 72,
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NKX2-5 Fl NKX2-6 Rl MHER & & 5, HMX2
M HMX3 75N B & B TAETEDI RETUARM; NKX6-
2 5 NKX6-1 fEMZ T 2 & A TURIER, H 2
NKX6-1 2] NKX6-2 fziken, Kk, T f#
NKX & [P EAC Ll DR TUAR T e A C R,
AT b M R R A SE AR I B2 3

FAN, ARCLER T NKX 5 A 7E AL gt i
D7 T B, fTELHEEE T NKX 2K B 45 F R AF
FILE DNA BfE a4 &880, BT, NKX2-1.
NKX3-1 Al NKX2-5 Y =455 /iR 2 gl 4138,
Hor 7 NKX2-5-DNA 24919 DNA AN
JEVERE A BE, JF FLBFSE R NKX2-5 5.0 0
TE ISAH G B 5878 2 i HL S A% R 1 45 A9,
BRI, NKX3-1 SFHABSH ) DNA RN
PR PEFE R B, DRI AN J2 DA R LA AR P 1) B
B, T H, NKX2-4 96451 NKX & [ 2=
FOR B T 4544 5 HEARBIFE, 3™ 5 A%
TR a2 8 0 BOR AL R . A,
NKX & FURH IV A9 11 R o5 28 AR (AR [ B AR IS
P R S R R A AR, S B R AR S
DA R U] B 0 A S TR A, 20 NKX 2B 22 A ()
PIMFISOR e SR, AEAE, X — R [l A fir
B IRAIRTT
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