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Ikaros XX & HRV I SRR

(o R B 2 AL B2, 2500 S, RO 2 0 M 0B 5 30 R 0 A5 22, HE35¢ 100050)

WEE: WA PR A5 2 B AR AR EE V2 34 B R 1R R I, 2 ABIATL il P 24 70 0 i a2 1 g R A ) Bk 5 1
(proteolysis targeting chimera, PROTAC) 7£ th Fi vt [ E 5K, o5 95 357 250 A UaAE 24 K i el o B S e - BH A 11
JENEZR 25 8REE 1, Tkaros R FIREAR B T B T2 (MG . R 1T B4R XS T1% SR AT FE A S8 58 £ T e i 4 Mt
KRB 04k, BAF T SS9 s 78 m) R 45 1 T 4008 (regulatory T cell, Treg) i} AHXT I, & HE Rt IF IR TE R G
LLBEAR I AR B B G M5 O T EAT 25 . AR % 5k R, Tkaros % & A I AR ML — BB 5T 34 Ao
FEAH I F h, Tkaros 7E 4 R 2H 7 8] 45 W) AL 2R 07 T R D Re 0 51 N DRV o AR S0 7 5 187 2 (el it 1 fe 245 24 0T 7 sk
J&, SR 5 45 3T R I Tkaros Z e R AR G AR BR D) AR 5 4 IR AR ML o Ay BE 103X S0 (3 IR B 40 A, B A G Tt
UK FE R, ERIT ik — 5§ 1] Tkaros 28 A S A 1T RE A% .
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Abstract: With the discovery that thalidomide-like drugs induce the ubiquitination and degradation of target
effector proteins, drug development based on similar mechanisms, such as proteolysis targeting chimera
(PROTAC), has rapidly expanded worldwide, occupying a considerable proportion of the novel drug discovery
landscape. As the first clearly identified effector proteins of thalidomide-like drugs, the Ikaros family has also
garnered broader attention. Although recent research on this family continues to focus on the development and
differentiation of immune cells, a particular shift in interest has been observed toward regulatory T cells (Tregs).
Correspondingly, thalidomide-like drugs are now being explored for use in autoimmune diseases, such as systemic
lupus erythematosus. As transcription factors, the regulatory mechanisms of Ikaros family proteins have long been
a research hotspot. Among various findings, the role of Ikaros in organizing genomic spatial architecture stands out
as particularly prominent. Here, we first briefly review the research progress on thalidomide-like drugs, and then
summarize newly discovered physiological functions and molecular regulatory mechanisms of Ikaros family
proteins. By organizing and analyzing this information, we aim to clarify trends in related research and explore
potential strategies for further targeting the Ikaros protein family.
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Ikaros £% 48 & F F i T 20 22 90 AR LI, 1E A
T S DAL - 3 LA AL 5% 40 A, A ol o v B 4 P A R
B 7 A EEAEH . 1% KK karos (g 54 3L A
IKZF1). Helios (IKZF2). Aiolos (IKZF3). Eos (IKZF4)
Fl Pegasus (IKZF5) 5/ AR 5 R L 2H R BT IFE &5
B3 N R 2 MR, Fl T 456 DNA; £
C AR S AT 55 Ah I A a1 BE AR <7 AR 4R, H T 22 1 ot [|) AH
BAEH, BFEFRNMEEESE R - REE22 XK,
() B, AN SR R b S e 22 S B R AR 2 R S A
G, AR E R AR, A& AR T,
XA FRAE R e R . 4K 2 B R MR E & Cufy
TAEHRIXEL, i@ A FER RS AT R AE KRB E
B, REE - EEERMREELERY. hx
TR TS AL, R SC R B AR g A A1 ) B AR
FR (W Tkaros), HoAth a8 kT 57 46 A4 2 f 4 w22 57 >0 100
4 5 FREINGR 5 KR (WIK6).

Tkaros £ [ 52 Jfk /2 JiE JHe 288 245 400 (1) BH 1 280 B 2 1 o
JEE e 5 245 1) | T R 2 ) e AR OB IT 2 O M BE R
(multiple myeloma, MM) [}#7 2, %2 BV 2 0. Hik
T HARE B2 F AR B B2 AR AL ®] 51 40 1
— R B 25 () LE IR B, £ 3 PROTAC 25497, i
FE R SR 25 ) i Dy 2 W 1 #E [7) Tkaros X% & 1 7£ W]
FRAGYETT I AR S o I SO AR, i i SIS 24 W R A DS T 9T
ERE TR, HAE RS b, — T R S 8
i 25 PRI AL, 53— 7 10 22l AT A o B 2 o v 3 B
ISP T ImIK . R, 15 & T X Ikaros £t H X ik
(IR ANBI T, BERZ R 25 5 HoAth v o7 7 6 DL AE
B R DL AR 3G SORE BN A4S B T — S 28
3708

VR DR BEE i 25 245 49 {0 BH R 280 7 2K 1, Tkaros 5K 1R
HERZ B . SurEr o HDhRe st 7t 76 i &R 44
L (R 2 S AN ) 7 K B S RIER KT 10 A T
H—BREN . A, KRBT E e kS
Jid B IR YL R AL S5 7 [ A B gk g o 1 2R DLAM) 48 i
W aRh 40 i A W R I T Tkaros KR E HFIMEH . I
HRF TS B AR DRI U IRAT KR . TERR SRR
W FEZ A6, B FEN T 46 S — 28 5 R M 4 928 5 g A
H SRR« 5 955 HH K 1) Tkaros 8 FH 2 1 2k A
RALEAW F5 .

VB 9 s K ¥, Tkaros 2 [ A b Ui 4% 3 % %
Gy TRl B SR BRI TR R, BRI T A AR B D RE,
XA VLN 25 T R R IR A 5% A o I 4F K, Tkaros
FORE H W AH AT FUAEAS 5 W B e s R P L) A B
BB S JT M B T Bk R . 7R 2 TR AR
KW Ft, Tkaros F5 [ 2 0 i 745 25 DR 20 445 #) ) 282 1)

REAAIEE R, AR AR SR T — 28 A .

A S 2 AR S T 4F K Tkaros % B A HI B 7T K
R, QFE BN R W), itk — B T e A 0T e S A
By BT RIERAGMEZFEHIT, HAR R CHXT 2%,
A SCKs A A AT R K BRI Tkaros 55 AH G 2 B T g
o3 T PHEEALE, R 5 18] 2% 8 2K 1 208 77 = AT
RETE .
1 ¥R[a)PEH#7 Ikaros ZRIXE A R E R LK 254

it Bl G546 A W) 2 5T, BE G SR 25 ) A Tkaros 55
&R B AR 1 5 1 AL 243 2095 7 B . Cullin-
RING 72 R % 4 £ A (Cullin-RING ligase 4 com-
plex with cereblon, CRL4CRBN) #F| H cereblon
(CRBN) V517 51 25 1 A, 100 B i 24 i ok 3 % —
Pk D e PR 45 A 3] 1% 30 FE C i 45 A3 L 1 — AN i K s
o, BRI G DA R AR RIEEAR, U I SR Y
Tkaros 1 Aiolos B4, 1T H1 5 & 4 (i A0 I o0 FL sk 47
R R, AR E AR E . RS
LG H B KR &5 1 58 5 CRBN MIEE JiZ 250 1) HLAE
(B 1), T H 2R AU 00 [F) A 1 LA 53 4h — Fh e P 1% £
[ ¥ 5 1o (casein kinase 1 alpha, CK1la) H™, 7E KAk
— R PIR R R b, AN TR B R R A W AE S5 44 Th
REAETT FARAEZE o AR TV 5 BE IR, RS B i vl {2
f# CRBN & [ 346~363 & £ % X 3 5 A2 M B ELHE TP
FAS BT B A5 o A RARAN B 2 T BUR YRy 1
10 22 5 SRR JEE Jig W [ ) B2 fi#f Tkaros F1 CK 1ar, T 5
AN Tkaros 4 % PP

Figure 1
Ikaros (ZF2)(base on the model of PDB 6h0f). Red: Ikaros ZF2;

Structure of CRBN-pomalidomide complex bound to

Pink: Immunomodulatory imide drug pomalidomide; Green:
CRBN. CRBN: Cereblon

(B 157F 2 192 Tkaros 55 Aiolos 72 2 A A& 57 A #
76N e 4 X3, (R 3e buk, Bfd B XS & N b
BEAR ) AR TR A, T AN RS i HoAth e A4 A, R JZ 2R
25355 3 1Y) Tkaros £ I 5 P& A I A 15 B 4= B 2k 1A
PR, T A VA R T i 2 S B P AR I & A A
FE 40 I (1 L. BE i SR 25 ) 4 3 Tkaros/Alolos F#
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i, § 0 TR U RN 43 F- TP 2 R T R F 4 (interferon
regulatory factor 4, IRF4) Al MYC & [ (MYC proto-
oncogene, c-Myc), T & B AL T2,

TE B 1) 25 A R LA 4 B T, B — AR 2 A
F+ CRBN SE 1 570 it Bt figg SR 45 & S i 7Y B 1) 22
HH AR B G0 B R R A i B S S T T AT
T EZAESM K. BT, bR E & T2
CC-220, & LSRR B2 i 5 B JE J12 45 & CRBN )58
A S8 B BER TS R 4F . CC-220 BEA H ZE K
B /T0 BRI PR 6 R 56 o 7 51 S i 98 2 e 0
oL Z Ak, — SR 7T 25 1 48 1) B fi# Helios, 38 i 52
Treg 1A B #1  Fe 2% o8 3% /) 250 R, H T & %
T,

55 A 25 Wk F 7 A — ek i, ook R B K
FERC P V% 2 2 YAk e 0 o1 7) B0, R b 40 Tl N T 41 1) 590,
T4 i B T 2 3E RS B R, AR AN 0L 2
W25 oAb 25 M) (R B, B 46 B A itk 208 6
(B-cell lymphoma 6, BCL6)-PROTAC 141 Jitd & i 25 A
16 M 5 B 4/6 (cyclin-dependent kinase 4/6, CDK4/6)
i FREER2 SRS BE ek FH T4 Bh ik & PR 2 A
T 4l ffd %% & (chimeric antigen receptor T-cell immuno-

therapy, CAR-T) J7T £, ik Hr— AR ¥AH 15 2L
SR TR

AR B R 25 R T MM YT B RIS A, (H
M2 R 2 M. B FT SRR, SME RN 78 9 Rl AL
5 BBy W 20 B S BN 24 . ARTEATL ) 3 R R R
B AR B S 2 Re AE — L8 S 1 R 4 i o
HFEF I T AL 1 (programmed death-ligand 1,
PD-L1) ik, k1| T 41, {2 150 1= 28 P 5 SR AT
N e G 16 R R AR N AE ML 2P X CRBN.
25 ) Tkaros =& Z B HAE . AHEFRIN, B&
CRBN 3[R 10 5 4h .1 B i 2k T 5O B i 2 4 &
FUER TR IR o /) B 200 B oo B2 e R AR i 2 U2 T L 24
WaE & AR I — A R &R (11e391) 0 7 25445
A AR Y. 40 S2 56 7R, CRLACRBN 2 54
M2 % 45 & ¥ B2 G1 (ubiquitin conjugating enzyme E2
G1, UBE2G1) W2 2K i, 2 W 35 FRAR K TS B2 i A v 5
FE N3 5 1 Tkaros 5 Aiolos H B il A2 B2, M1 5 2
2502, gt 4h | Runt A1 5% #% 3% A ¥ 1/3 (Runt-related
transcription factor 1/3, RUNX1/3) & 4> T o] L 5
CRBN 3% 4+ % 45 £ Tkaros/Aiolos, M 1 5 910 15 i 254
YERP,

Table 1 Next-generation drugs. ZFP91: ZFP91 zinc finger protein; ZMYM2: Zinc finger MYM-type protein 2; GSPT1: GI to S phase
transition 1; BNIP3L: BCL2 interacting protein 3 like; PLZF: Promyelocytic leukemia zinc finger protein; BTK: Bruton's tyrosine kinase;
IRAK4: Interleukin-1 receptor-associated kinase 4; DLBCL: Diffuse large B-cell lymphoma; FL: Follicular lymphoma; GBM:
Glioblastoma; HCC: Hepatocellular carcinoma; NHL: Non-Hodgkin lymphoma; BCL: B-cell lymphoma; AML: Acute myeloid leukemia;
MDS: Myelodysplastic syndromes; TCL: T-cell lymphoma; APL: Acute promyelocytic leukemia; CLL: Chronic lymphocytic leukemia;
CRC: Colorectal cancer; T-ALL: T-cell acute lymphoblastic leukemia

Drug name Degradation target
CC-122 (avadomide)"” Ikaros, Aiolos, ZFP91, ZMYM2
CC-99282" Tkaros, Aiolos

Related diseases in the study
MM, DLBCL, FL, GBM, HCC
DLBCL, NHL, BCL

CC-220 (iberdomide)”"" Ikaros, Aiolos MM, BCL
CC-885" GSPTI, Aiolos, CDK4, BNIP3L MM, AML
CC-90009 (eragidomide)!” GSPT1 AML, MDS
CFT7455" Ikaros, Aiolos MM, NHL, DLBCL
BTX-1188" GSPTI, Ikaros, Aiolos, CKla AML, NHL, solid tumor
CC-91633" CKla AML, MDS
CC-92480 (mezigdomide)!” Ikaros, Aiolos MM, TCL
CC-647" PLZF APL

CC-3060" PLZF APL

DIX-01Y! Ikaros, Aiolos, GSPT1 AML

FPT-2216"" Ikaros, Aiolos, CKla Lymphoma
MGD-22!" Ikaros, Helios, Aiolos MM, DLBCL, AML
MGD-28!"" Ikaros, Helios, Aiolos, CK1a MM

NX-21271"1 Ikaros, Aiolos, BTK CLL

KT-413"4 Ikaros, Aiolos, IRAK4 DLBCL

Compound 55" Helios Cancer

Lead degrader 311" Helios, CKla Cancer
PVTX-4052" Helios CRC
NVP-DKY709"" Helios Solid tumor

BC6™! Bcl-6, Ikaros, Aiolos DLBCL
ALV-07-082-032¢ CDK4/6, Helios T-ALL
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BRI, FE AR R TS B i OB Y T 24 ek
BB 20 o FR, 2495 FR A 1 (activator protein 1, AP-1)
(30 2 c-Jun #% ), AP-1 58482 A 91 (zinc finger
protein 91, ZFP91) L [a] 4 F (¥ 2 K37 51| ZFP91 (1) &5
G N, SO UL R E gmAR, H HHCH Tkaros Bt
2R 4 Jf B 32 5 %) B3 M B0, N T 5 S50 R A B SR A5
PR 2455, Bt 2 Ab, & — 284 B 2 5% ' CRBN-
Tkaros-IRF4 15 5 i % R i 24 AL 1), 86 % 0 1 132 2 ] DA
27 Bird 55 Pawlyn2023 £ ) £ b S 5P,

b A5 T Tkaros 28 % £ H BRI VR N, BERE R 254
(0 87 FH AL AE ) Jieg AAM ST e o — TRLBE AL 1T 3 il R
WIS R R B IRIE VR 9T 7 LA B R a2 %
(iberdomide), X V. 2t 5 18 Pk R STk 20 BRI 8 3% B
R 4F 3697 /E . Sk I8 B e vl 3@ i F% fi# Aliolos A1
Tkaros, 53 i — 5 F1) 5 DR B S0 PR 1 50 3, AT 411
il T2 2 R M bk T2 40 i (type 11T innate lymphoid
cells, ILC3s) [n] ILCls 5 H 2R % 15 4 ffl (natural killer
cell, NK) 734t 33 1 o 775 1 24/3 24 G 2 ) P, 78
gl 9 /5 BRASERY T SR TR B M S s o B 3 T . b
| BE J2z 25 ApL W 36 3 iR Bk Tkaros X N 2 H 7%8 1 B 3 5
(human immunodeficiency virus, HIV) ¥4 3% ) 0 1] %
PE, JE I &R0 1 2 HIV 98 Ok 30 5 D) 27, 7R 40
AR IT Y, TH D B e 1 B R - Bk A D
HIP 2%, 175 S G ) LR L0400 A FR 1, 10057 R N 21 48
Hoy-BR BT AUTER, N B-INLZL 2 i F8 8 SR A (e iR T
jﬁﬁ[}s]o
2 Ikaros RIxEHHEXMWEIRINGE

BE X} Tkaros KRB H M D RERR FL D& FREE T =1
ZAE, NIEIRRZWNHE R T 20T S . BT
PR Z B 1] Tkaros S Jk 4 B B =0 ) B A8, A K = A
ST AR B TR o T LS TR OB (1) 523 T LA
Z: 7% BEAE I 2R S,

2.1 Ikaros RIEEASEN M RE
2.1.1 TR

Tkaros ik & H S VI HOIE SEAE THRE B R &
T R A G B AE FHY, G A SR UK EL A B o Ak kB A
I AIE 90 e 5 B, S LR AR ML (1% R B I AT

TE IR G HA T 96k B2 40 B 2E 5% 75 T, Tkaros J8 i 1 4%
CC#afL A ¥ 54K 9 (C-C chemokine receptor 9, CCR9)
FVIRF4 RAEAE Y. LERIUR T 4H M mi 37 1 48 i /2% 7
(interleukin-7, IL-7) J7 T, Tkaros i i 4E £ Xk & HE A
Ol (forkhead box protein O1, FoxO1) 31k /K%, % Bl
IL-7 %24k o ) L-1E 8 2 305, HEIM s ma w146 T 44 i
(A7 5 5 I B,

FE T 4 i 22 R4 45 77 18, #1001 Tkaros W] B 2l A2

5 5 M M A% 4% BE 7% BE I L #F (heterogeneous nuclear
ribonucleoprotein L-like, HNRNPLL) 1]k, 32 fij 51
24 A 3 (] e i A S0 B 0 I Y e e, R T W 4R 3R
bR W) CD45RA 51212 3 8 b5 4 CD45RO ) 3%
B FEAE A ON LMW R 2K 2% (artificial thymic
organoid, ATO) 14 & 1B 5 1 & B, #8517 Tkaros ¥ 14 71
RURLRAR (R84 Tkaros 437~ REAT 400 ) ORI 7R 20 A
% BH i T CD4-CD8- XU ] 1 By B FF 4 £F CD45RA" %
AY, 1 Tkaros S35 77 & AN & 41 B 3R IR A 9 AR A7) 3k
LA 20K 6 28 CD4"CD8 X B PR B, H.& 73 41 i A7 75
CD45RA [1i] CD45RO K R i Ak fa g™+,

TER IV T 40 i /A0 3 F2 b, 38 F000E 5K Tkaros
FIREET 2251201, UH IL-2 ¥ R E
TAREAE AW BT 7T 45 R R OR, £E 82 Tkaros I,
CD4" T4 fE 34k 1 BUAH B I T 4000 (type 1 T
helper cell, Th1).Th2 A1 Th17 SV, {H L= 1b NiFES
P Trego [FIEF, R 20 B N 412 28 41 o PR 7~ 3R 1A /K F &5
E T, S HES) Th17 4 M 171 5 B B 5 S 3% 28
JiEAH R IR AL 40

1t Treg 5 Th17 Z[i], 24> Ikaros ZJi% & 1 R B H
AT ThEE . AW 75NN Tkaros J& Treg 45 F5# 1 52 14 Al
25 1) 98 RE G 88 [ BT 75 (A% 0 Rl Tkaros 5 XSk HE
% [ P3 (forkhead box P3, Foxp3) I [F]/F F, 3 [A] ¥7 if
Treg AR W FE DR 41 55 55 S 2R AE . 78 99 M F s AN 2%
B FE A AR T P Tkaros S Y Treg JC 242 i (5 T 40 g
A& (T cell receptor, TCR) Fl 4 JiE #ill 075 & 119 T 41 g
G 8 Jo5 BRI A

% T 78 % £ T Helios £ Treg H [ /E . Helios
ek NG )L CD4™ #1146 T 40 B £ 56 17 Treg 43 4L . i

5 LI T 4088 1) Helios 2= H 55 FL 28 TCR ¥ J5 1M
iTreg 1) 34k it 739, 3345 WF 78 I\ A Helios /& Tregs £
SEPEIbR B, M AEIK B K 7, A B R Helios ik
g1 H ek /b | R SR IEGH MY 2 5 Treg £2 € 1 T I %5 V)
e, 1E R B N W) 46 T 810 12 B Treg 1) Helios 2
A] SH: A% 52 e FC 1) 2y R S 7E 2RE 26 A T B e

Eos 1 Treg H ¥] ) 68 [ B A7 76 — L 548, S b
FON G T Treg 4 i 2% £ 1% i B Eos M/ BB A .
%M FE T Treg 40 B AE 4 A1 S5 A A7 98 £r B 410 1) 3
PE, (H R AR N S258 R i 2 i /N RE R /D R R
A1 BRBE B 155 T R I P SR 1 B e g M
il 2 1Y

TE 4R J5 973 A X BF 7 b & B Helios 2 5 4% Th17
UM AT T A A . fB 38 CD4™ T 40 i Hh 22 L 3508
H = [K ¥~ 2 (absent in melanoma 2, AIM2) R 2 7] T i
IKZF2 ) 335, 2 BUTh17 A5 S V)0 08 R AH G0 L3244
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yt (retinoic acid-related orphan receptor gamma t,
RORyt) KIA R ZE LT, Tregbr &%) Foxp3 i T &M,

B TregTh17 4b, Tkaros Z i &5 A A A£ 2 5 11208
Y4 B T 40 (follicular helper T cells, Tth) F -4t
Tth 73 FIT 44 5 (1 5% 5% 40 i 5 T BCL6 % 2| Aiolos.
Ikaros 515 5 %% T [ S 0& K 1 3 (signal transducer
and activator of transcription 3, STAT3) [ 3 [d] 1§51,
REANICAZ T 40 R PP K B it R, Aiolos J8 i 410
il %% % I 7 B b IR 25 1 (eomesodermin, Eomes) &
IL-15 524 W7 3% CD122 ) 238 1 2 47 B ) i 401 72
CD4 2 Jg 2 £ T itk L2 40 g 0 AL I 72 ', Eos K 4% IE )
W AE L T Aiolos M 38 i 45 HiT STATS >k 411 i Eos
Rk,

£ Thl b, T o 5 5 38 W STATI i
3 Aiolos K&, T Aiolos 7] i I i 77 STAT1 J& 8 T 4&b
FA) e €0 5 A] Ko PSR 3 i STAT L IR A K. bk e
FIARE SR TR ) IE S S 5 R, IR Bk T 32 A
C-X-C % /7 #a 1k K -7 %2 44 3 (C-X-C motif chemokine
receptor 3, CXCR3) =2 iA, Al Thi 40l 7] 5 5E & 47
TR,

Z WU Fi 5 71, Tkaros 2 55 1 28 T 41 0 o (0 s
JILES 3-8 (phosphoinositide 3-kinase, PI3K) 15 5 il
P o AE T 40 M 20 bk E 20 B 1 L (T-cell acute lym-
phoblastic leukemia, T-ALL) 40 fg 7, Ikaros A] 135 2 4~
PI3K i % A1 5 B R, % 1A b 5 4% 065 PI3K 3 B F) 410 il
R Ak, B& R RS 2 (casein kinase 2, CK2) A DA
1 1 MR 4K Tkaros 55 B 12 g A1 5K ) 2R 1 2R B4 (phos-
phatase and tensin homolog, PTEN), 7 %Il i Y& ‘& 411 1
DNA 45 & R 15 K WERR AL T 1, N8 42 %) PI3K
I I S R 4 5 4 — Tk T T-ALL 1 A 5T
7, PTEN [ 3% 15 BE 8 [ Ik — Ff Ikaros 72 53 Y #% 57 14
P (R R RS2 C i 48) 18 E K, 1T 20 75 52l
/N RNA-26b (microRNA-26b, miR-26b) # [& _F %t i
Tkaros 5 F4 74 11 3% 4+, {2 1F miR-26b 1141k Joxt BT 2
1 1 AR L LB -4,5- — %R 3-P B 1 1L 3. 3 6 (phospha-
tidylinositol-4, 5-bisphosphate 3-kinase catalytic subunit
delta, PIK3CD) F#IHIEY, 78— T 22 R MR E )
W 5T IR, TL-22 38 13 0% 7% K - «B (nuclear factor-
kappa B, NF-«B) i % 4l il PTEN ik, H I i B %t
PI3K ) p1100 V.5 F2 0k K], BRI {E 5 0 18
H % B B (protein kinase B, Akt) i FR 1t , #E 11 #0 il
FoxO1 3Rk . FoxOl [f] N iR T T 41 e+ Tkaros [
FRIEPT, TMAE ALL 40, S = N 3 £ 45 ) Tkaros 7
F 48 1K 6 1F 4 Akt-FoxO1 38 2% ) _F i K+, RE % 52 7+
Akt M FoxO1 FE B AL K1, TR 37 40 I S 2 R AL 55 R

PSP TR 2 mRY . bk Tkaros 7] LLIE I PI3K .
CK2.PTEN.miR-26b. Akt.FoxO1 LA J Tkaros 5 14 {4
EAFZAAETHM 25 PI3K BRI 15
2.1.2 B#HpE

Ikaros 72 45 B4 K & K DhAe iz 07 1. H
1 O FHAE T 38 5 X0 AL 4E RF B 40 1 % 40 AR
J¥: —J7 1, ‘B SN & H 5 (paired box 5, PAXS).
M BYMALIN F 1 (early B cell factor 1, EBF1).IRF4 4B
A Mo 3=y 4% R B D, RS2 R 4ERFIK BN HT B 48R ik
()68 2 6 58 1 75— J5 11, Tkaros & 52 T T4 fe— b 7
S B A G 5 DR PR AR 1 3 5 X, R i R
R . 2 karos BRARK, BT B 40 4 (L 3E R R IA
S RE, T A A ) P 1 AR K e BOE . IX
K] -1~ 2 ) 165 5 I 2% W HIRT0 20 A 2 1 1 2R DR Ak TR
YER, F 8 50 N 40 M- b 5z 20 MR AiE, o5 24 0% it B
T 20 - b B 4 e -B 4 AR RE 1 B e B I R A
A,

7 A B FUAEHT B 40 i A & W, Tkaros 55 STATS i@
i 3% 4 A [ B2 R (1 TR 45 7 31, fE D Re EAE ELAS
£ B 2 i 21 9k T2 40 i 19 1L 9% (B-cell acute lympho-
blastic leukemia, B-ALL) "', f 5 [F] ¥ & 7k STATS X
PUNF-xB M Tkaros X T i & [5] (1114, [R] I, STATS 1
I 9 T X B 2 s 4R, 5 i PAXSEBFL. & & 15
WA B E 4 S 1 45 A B2 (1 1 (purine-rich unspecific bind-
ing protein 1, PU.1).IRF4 & Ikaros % % 5% [K § ¥4 B 1)
B 41 53 A A 28 T O PUOR B o X FROAH ELAS Bt
() e SRR — B A, RIS 3R 30 B-ALL K 4= 1) 5% B
Bl

Ikaros F1 Aiolos #& -3 B 40 g & & 10 B3 [F] #10 il
T, FE/NET B A ] B AR B R R A kR A
FE £ K 1 (immunoglobulin lambda like polypeptide 1,
Iglll) AT Btk 40 f 2 5 1 (pre-B lymphocyte gene
1, Vprebl) I3k, T8k 440 B 40 i 17 51 B 41 i #% 4%
K HT B 40 M %2 48 (pre-B-cell receptor, pre-BCR) %
PR, Tkaros Ht 4k 2 5 8 B 41 A 4 44 52 B 1 455 i 76 I
JZ B K HT B 4H A B

TE J 41 Ha 1 73 A ik 72 7, Tkaros 7] LA 5 IRF4 JE A%
R R AR 45 A AR TR -IRF B A JoF (zine finger-
IRF composite elements, ZICE) Fe b, 6T Ui R 3 A
FIEFEAT IV, 1ZAH ELAE FH 2 5 40 2 A0 T o6 75 1R Y

Tkaros it J2 18 ¥ B1 4 e & i AT 471 46 B 48 Jd %F
BCR & 5 M2 1 R4 7> 1. {E 6k = Tkaros [F1E OL T,
JEIE B 40 il 4 Bt S Bk B 2 M (immunoglobulin M,
IgM) R a2 PRI 39 5, 7] i m] UK ) ) BCR i
72 2 )5 35 A B [ B8 (mitogen-activated protein
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kinase, MAPK) i& [ ] 57 ¥ i& A1), Ikaros 1 24 B1
Mk B 5IhRen et oA E T, ek S EBI
AMIFS A AT o Tkaros SRR /)N BRI A& BE H B1 20
HE W N, IF HAE Toll #3244 4 (Toll-like receptor
4, TLR4) RN 1 B1 40 &2 i S B4k, 20 WK &
IgM"",
22 Ikaros RIEEHASHEXRRE

FE S R P Ik C A0 P T, i B i, B e 244wy LA
it 1 411 1] Aiolos 1 Tkaros FH F ILC3 [5] ILC1/NK 4 Jif2
(18 53 AP, Aiolos i AT LLIE i #1072 /7 Ve 40 B A6 T
B A 1 (programmed cell death protein 1, PD-1) >k 3 £F
IL-5 7= A2 AT ST2" ILC2s M3 B, AT i 13k P IR 14 i
YR SE AR, A2 IR )T 2 Y S R s Y

T T R L 40 40 B, Adolos RE A% 412 3R 3X 8 41 il A\
MG A RS, R IE R 2R ZH 4. Aiolos 16k 2%
20 55IE R C-C P LR PR 11 (C-C motif
chemokine ligand 11, CCL11)/CC #&{L[H F 324k 3 (C-C
chemokine receptor type 3, CCR3) 15 5 fill /- T 1 411 Jilg
A A5 5 IR T B 1/2 (extracellular signal-regulated
kinase 1/2, ERK1/2) iG L FIALBh & A R A&, JEm s R 4h
T fe 711

E NK 4 il /7 11, Ikaros F1 Aiolos 5 AP-1 5% J#% ik
REEGXNK MR T 2R EE . BRI, [FIN
K& NK 41 i 7 ) Tkaros F1 Aiolos 23 B A% AP-1 4% 021
%3 43 Jun/Fos (Fos proto-oncogene) ik, 3+ 5 #(4hH
NK 4 i 56 42 i 2

Ikaros ¥ AN BB SR (dendritic cell, DC) )&
BAAIhae BA MiE/EH . Ikaros 5% L ) Notch {5
I P IR, 4E R B - B IOIR 4 B AH 48 B (monocyte
and dendritic progenitors, MDPs) F1 3t [F] #f 2 IR 41 i
#H 48 B8 (common dendritic progenitors, CDPs) [1] &
2%, T A CDP [ 5 41 B £ B 58 4R 4 B (plasmacytoid
dendritic cell, pDC) 17314 75 % Ikaros 15§11 4% H4 A K 1A
F B (transforming growth factor beta, TGF- £) i I}
AET. Ikaros fift = 2% [ Ik pDC A1l 28 S 5 4% 21 fid %5
B, BT A4 8k 5K 40 Y (conventional dendritic
cell 1, cDC1) (% . Ak, Tkaros Gt Z £ 35 DC Fl i
1% 244 fd 53 Wh 1) TFNo Ji 988 2R B Al (tumor necrosis
factor, TNF) Al IL-12 Jik /b0,

1E CD34 il iy o, % s K5 PUL 10T H 1 4 48 B
KA AR SCE B 1 Tkaros F] B A& PU.1 #Y B A%
A F . Ikaros fIE 2 SEPU.1 3L T F, iZALH] AT
3 W) R A FH B2 e SR 2 DI 9 w4 O v T 4 i 9k 2 i
[Py RT3 55 A W 5T K BRL, Tkaros FIMYB & 1 (MYB
pro-oncogene, Myb) ¥ %5 & V) ] IRFS K2R 35 F

— AN KBRS D RNA (IRFS-2) 31k . iZK 4 AR
1 RNA Wi [F] ZFP36 JC 4 5 25 [ ¥ 1 (ZFP36 ring finger
protein like 1, Zfp3611) & H £ i€ 45 A IRF8 [ mRNA,
I8 B 55 J5 A IRF8 234 IR, AT (i i Hh 44 48
Ji € ] oA

TEA FH B R 2R 259036 77 MM IS FE A, B i 920
2 Jib 96 T A 5 b R 4 D ) Tkaros 7K R B, Gl I T
i IRF4 Jf 3 IRF5 [ 3%05, 5280 E R0 M2 FER
Y ] Jie R 5 4 1) MR 3R R e AR U376
2.3 Ikaros RIEERSHENESNE

Tkaros £ /™ B, Wk 200 o Tig 22 0% 187 5 25 D] (1) o 45 v
I AR 5 PR U YR s T Re: BRI o FH
POREFE R, S I 4k FF NF-xB 45 & R 5 Ye 65 nl %
LN eR R R LI = Y P B I WNI AR YN R %
B RF AT 5T Tkaros RN A B4R, Bl Ikaros & %
s AR BOBGE 7 H, B T H B & Rk KT RS v
v,

7E DC H [ 78 A A Tkaros 1 b & 4 % 55 8 -7 AT
TR AR A PR 1 A APt R B T e, gk i R 2k 2 E
RN A BR R A R I B A, BRI
Tkaros 7K1~ ] L2 fift B 452 47517

TE A T 4 i rh, Tkaros 17 4% 98 F 41 ffo ] 7 3 [K] %
BV TR TR 55 10 5 R R 7 AR A KT B
W 51T AR ANERJE 0 2071 % R T A b 1Y) Tkaros R 1A
FREA, 5 B0 AR DU I T2 R 425 000 805 30 438 A 30 Vit P 3
S A0 M s S 38 v, AT (R T AR A I AR
2.4 Ikaros RIXER SRR

AT 7~ PAXS Fil Tkaros St [FIfF FH, S i P i
JUB R %8R NR3C1 (nuclear receptor subfamily 3 group
C member 1), il %034 & 1 AH H.AF FH 25 1 (thioredoxin-
interacting protein, TXNIP). K ik 2 52 {4 2 (cannabinoid
receptor 2, CNR2) %5 #% /0 K -, B il B bk 02 41 g (1) B
Heemtsy, it Tt ER = RS, 28
AE B L A AMP 35 A B U (AMP-activated
protein kinase, AMPK) [ #F 42 VL3S, vl Refa B T 90
i) 2 A e AR SRl AR AR AL B S R RIE I
DC Zi i A i aE™ . HIV YL 38 1 5 A% 40 B R U5
Ft) W 4 i 3 TR — A E AR & R . AT FE A,
X M B K Tkaros/M FL A M) TR M A R E A
(mammalian target of rapamycin, mTOR) 4% &6 14 1 28 b
A T R I % A 180, R A Tkaros A1 mTOR W] BA2Y 1E
ZARBPRAES,
25 Ikaros RIEEASHERZNLZENL

Helios 2 5 45 SUIR AR -5 B BR v #4270 T BE 1)
KEILHE . Helios 7E 1 28 HH 40 M w2228, w] A58 48 Jfa il
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W T G1/GO 1. Helios 2 JU 23 5 5w 22 4H 41 g
HENS BB b A 3 hn S BAAE A, E T 458 35 SOIR A
2R

E ST 68 /N BRI S & 8 () F 9 R 3, Tkaros
4 B LA Y SR sz 2% DAAM R A At B 2R Y i e A
1T BRI TN A, FEALHE DG B2 28 1 A it #2 5, Bos fig
5 55 & FE I 2 5 M AR IR G I SZ 28 0 AR B 8, K
AR HEAN B A Bl 53 4b, 7R It #2 H Bos &5 Ikaros
Je& 3 LR P R YR 4% AR o 7R R I T K R A, 2 AE A
B AN F 2R 1K Tkaros I, Eos M) 52 157 28 AF 5l i 5 401 A 1)
LR, 2 5 ¥ K B 4 i 1) A B

— T30 5C T H- g 248 B 1) A 9T R B, 1A % bHLH #%
% A ¥ 1 (atonal bHLH transcription factor 1, ATOH1)
H1 Helios XU FE 21K A4 Js A7 /)N B 19 = 8 48 B 75 4 Y
Al R IE Tk TR A prestin {9 4M 640 H AL 0 ™,
2.6 lkarosKIEERSHRENHEEIER

— I Ilf PR B 9% 2 7~ EB % %% (Epstein-Barr virus,
EBV) # & 5 1% 3 113507 T 45 W % 58 34 Helios Foxp3”
Treg # & A K. 55 — WAk 58 K I, Tkaros 5 4l
il EBV 2% £ £l 25 38 AR 28 1 1 (latent membrane
protein 1, LMP1) {138k . [FIN 2848 LMP1 J5 81 X
5% T SR Tkaros & 1 45 A X I AT S ELMP1 R i& I
T, HALTHE G B A M E Tk A2 . SR, B R AR K
HAT AR — AN 7 55, X LMP1 23k (52 i 3 A BRE. 5
4k, EBV [} BamHI-A 15 [ #% 5% 4 (BamHI-A rightward
transcripts, BART) 1 & JE 4 i RNA X Aiolos . H i
FRIEMEM . B BART KA 414 RNA J&, C666-1
E IR 40 M Adolos ik 1,

NETHM A Mm% HEF 1A (human T-
lymphotropic virus type 1, HTLV-1) /& & ™ # & I RE
P FENFIE S % S 8 . 75 2 AU HTLV-1 24

1L-22

—{ PTEN | |

{ CK2 ]

[ i |
isoform |
[[miR-26b || PI3K H PIP3 |

M THEZR Y, Bos A EmRIE. #—DH 7RI,
I B £ 1 X X U0 AT (trans-activator X, Tax) [f]
PRI EF L Bos KRIA, H =# Z [WAF1EY
HAH FLARE ™

IR TP K 1 Tkaros 5K % K VR 5 Y 4% 1
E 2,
2.7 &R KB Ikaros REEHRZT

T A 7E BB AR N R I 2 Bl Tkaros R Bt (R
AR, AH IR P IR VR S R BR FE N B B S
PI  T RE RJRE (R 2)P, R RARRAEFEN
s R X, WEFEAE R 2 N RAIR 7 R A4 S
BRI AT B8 70, 5 BIORE T e 2 R 2 2 i1 7R C
Uity B 48 X IR B RAZ A B D, (B RAR 2 S8R
1 5 3 4 T ¢ 1 B B ) SR AE A AT, 3B C v B A
SERIIR 5E A R BUE B R PR A IRD Y X e AR
26 W LS Tkaros X I 2R 1 () — KB 2 R IhRe, H
YA BEXT 8 AR M= AR S . N o EE 4R X 31 N R i
1) DX Sl B DA D [ RE T e s el 2 1 A 1P, 7
PR X Z 8] P 3 i I T SRR, BEAE I SR
ZXBAGHERANBELZEHESYN
:Ij‘—]ﬁg[91,‘)6,104,107-10‘)]cJ
3 Ikaros RikE H I X FIE
3.1 Ikaros ¥ FiFIEHLHI

E IR T, s ALH C 2 B 2 R,
AH IR I 3 B 58 RNA 5 A iy S 52 90 163 4% 1 428 5 7
Mo OGBS H B LR e &, it
M5 ST AR SC I FEAS TR AL, (RN 72 PR 2H
V) ¥4k 77 T A B TR

£ B-ALL ', Ikaros 7] 38 i P F AN [ () AL 1) 375 5
O e 5 D TR S, ) G T R S R (R e o — 2
Ikaros H#Z A A S R L ORI IE K, KA A

[ IFNy ]
T @
’ Ikaros }— Aiolos | ’ Helios |
T l L [HDACT] iPAXS | [ l l l l i
Hdac [ HNRNPLL | | JARID1B ‘ NR3C1 IRFS-2 || IRF4 || IRF5 PD-1 |l Eomes ||| CXCR3 || CCL11/ @
TXNIP CCR3
CNR2 1
CD122
[AZGPI1 | [ CCRY | [ PUI | ERK1/2

Telll
Vprebl

Figure 2 The regulatory network diagram of the Ikaros family proteins
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Table 2

Ikaros family protein mutation-related diseases. N: N-terminal region; NZF: N-terminal zinc finger; IntZF: Inter-zinc finger

region; CZF: C-terminal zinc finger; *. Nonsense mutation; fs: Frameshift mutation; PID: Primary immunodeficiency disease; CID:

Combined immunodeficiency disease; CVID: Common variable immunodeficiency; DG: Dysgammaglobulinemia; AID: Autoimmune

disease; ITP: Immune thrombocytopenia; IgAV: Immunoglobulin A vasculitis; APS: Antiphospholipid syndrome; SLE: Systemic lupus

erythematosus; HT: Hashimoto's thyroiditis; AIH: Autoimmune hepatitis; ES: Evans syndrome; AOSD: Adult-onset Still's disease; BCP-

ALL: B-cell precursor acute lymphoblastic leukemia; BL: Burkitt lymphoma; EBVAL: Epstein-Barr virus-associated lymphoma; CNSL:

Central nervous system lymphoma; ST: Solid tumor; NXG: Necrobiotic xanthogranuloma; ND: Neutrophilic dermatosis

Mutation region Protein Mutation site Disease
N Ikaros M31VPY V52 v53MP D8INPY, S105LF" B-ALL
Helios R106W!7 AOSD
Aiolos Eg2K! SLE, HT, AIH, asthma
NZF Ikaros D120V?) SLE
N1598P!H%10 T-ALL, BCP-ALL, CID
N159T) CID
N160S!"1 CLL
R162QM>1 IgAV, CVID, ITP
R162W! BCP-ALL
H167R!®! APS
R183H"Y NXG
L18gVHe APS, SLE
Y210C"*™ Pancytopenia
L132P"" R143W" H167Y!"" CVID
C147RM™ H195R!™) R2137¢ ITP
N159Y™ R162P°1, H163YY!Y, D186fsP" B-ALL
Helios Y2204 CID
Aiolos G159R!"M EBVAL, DG
N160SH"" MM, DG
L162R! CLL
G191RM CID
IntZF Ikaros S427°70) DG
S455Rfs 4108 ND
D252NP1 R258PPN, M306", T333AP", G337SP1, M347VPY, Y348CPY, B-ALL
A365VP, 39411 R423C1Y, A434GP" L449FPY, M459VIY
Helios N2208!07 ES
R291°007 DG, ITP
1325V v347M17 DG
Y359CH7 ITP
Aiolos Q402711 ITP
CZF Ikaros C467R"" ES
M476TP! B-ALL
M494vPPl CNSL
M494fs°861! DG
R502L°% ITP, BL

H3K9me3 34 i fl H3K9ac i />; — R HMHAE A XL L
WEALHE 1 (histone deacetylase 1, HDAC1), 7£ H3K9ac i
/b 1) [R) I 26 B HY H3K27me3 7K - (1 55 35 2 70, 78
L% 40 e, Tkaros 5 HDAC P[540 1) 41 25 1 22 P
JE AL B 7% Jumonji/ARID 45 #4) 38 & A 1B (Jumonji/
ARID domain-containing protein 1B, JARIDIB) [] 3
ik, FEA R4 H3K4me3 /KT FHi . CK2 BRIt
A 45 00, T A CK2 I AT P &2 Tkaros-HDACT Xf
JARIDIB J5 ) ¥ I &5 &, [A] I £ B H3K27me3 7K °F T+
i1 5 H3K9ac 7K P FEAIK, g s, 755 1 1 4
A KA Y, Bk Ak, Tkaros 3438 i 5 St i 4% R B

[ FH ke 2 B s A T g, 4 CRBNM™ S C o 45 5
[ (C-terminal binding protein, CtBP)"",

o3 —J7 1, Ikaros J) B £ e S WOE Th e . £ 4H
i 96 41 B+, Tkaros 7] 45 & £F - a2-HE 85 1 5 A (zinc-
alpha-2-glycoprotein gene, AZGPI) J& 3l ¥ 7 L i H 3%
15 ; [T, Tkaros 5 2H 25 (A H4 £ We Ak ¥ B OE J 45t 0 715
g, Pl 4 AZGP1 [l FRIsM,

W 58 KB, Tkaros X & [K] 2H 2 8] &5 ¥ HE 4T 20 21t
RAFwtEH L. £ B A, il 455 KE kR
ST, 1 Ikaros /1 3 R 4% €0 5t 2R AT DASR T Ji 25 DR
P B3 S BRI AR DR N R BUROIRAS o RIS, 3X 28
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VAN NI T REEE SR RSy A R AR S e
CCCTC 454 KT (CCCTC-binding factor, CTCF) it 7
SE I 40 D 45 7 38 (topologically associating domain,
TAD) i 5, TE A2 5E i TAD B 42 36 i 2 b #g 24 R 4
SR A BT, XA AN R T Tkaros R B E
BALTh BRI E M . 1F Ikaros B & T, &4 Ikaros

o> T 157 DNA &5 & BE, m s 2 20 B AN [R] R 47 0
Bh . 1 Ikaros B G W) B B B K] 41 25 ) BE Al #a) i 1A
THEE A (cohesin) FIHH FEA/ER T, Huil AN 2 K47
IR A% 8] PR B, T RS IR
3.2 Ikaros Fr 5 Z|pYE1E
32,1 EHEEFREREBREM

Tkaros (1) Zh A& 52 B A4S o fF A7 . JEgmis o
1 Daedalus #& [B 7. 55 (1) 52K 5 2 Tkaros 5 1) 7R 3R 15 4
A R HR K 3 R B, I — R A AT e o B
P DNA M BEAEH S2 Bl . 42—k R i & 5 2
Ikaros i 4%, 1M Daedalus g 7C I [ 2 40 B A 45 = 14 2
5E Tkaros ¥ P, F A 2 D)2 £ 200 Ffd 1 21 R % 4619 7
T IKZF1 5 A F i 120 kb A 1#) B120 #9558 7 A2 575 — 4>
SRR 7 T A, M BR % 2 3 BUKZFT mRNA K
RETE NN R

Tkaros & [ A% € 14 52 o3 N i X 3 5 C iy — 5%
&5 R0 301 R 4%, O %5 R 16 B OC 98 A8 A L HE D22N L
V52L.Y503", 3 N i [X 5 1~ 116 AL & IR 7 91 8
SRR PR e M SRR X 3, WF 78N 12 X 38k 1 A8 S 2
SEEAREERMK. AN, BR R IR AT
It Ikaros 1) SUMO {t, (SUMOylation), i3k ifij 521 H: 2 19
R e PEN,
322 ENEEER

Xt 2R A AT B I B AT AR R 2 E R A I
FEHE T X% 52 % B Ikaros R & 1 1 % 5 15 1
3221 SUMO#EZ&HM& £ TN, Ikaros
AR A SUMO A M, e 3 A6 2 8 % 2 (K58.K240
HMIK425) B[ JE A& Nz BAEEME A 1 (small
ubiquitin-like modifier 1, SUMO1) /a8 SUMO2/3 ]
ZMAETEM . SUMO LI Tkaros 11l /1N B (A 11975 2
a3 1 e 10k 5 . b4k, 7E N 28 B-ALL 40 ffg v v
I3 Tkaros 5 3 5 7K F SUMO AL A& M, T 1245 1 78 i
FEN SN L 4B R A B . B R R OR,
SUMO LB i 1T #8554k, Tkaros F fi 83 41001 o R

E 2 M8 & A ML %% (acute myeloid leukemia,
AML) 4f il v, #4458 8 [ 90 (heat shock protein 90,
Hsp90) & 4 #F Tkaros &5 [ e e P 1 5 Bt 18 4% K 7, A
F Hsp90 #11 i 71) STA9090 1 i T Tkaros & {2 - & [

Pty A 0 B B AR o 1 B R R S 2 C i HSCT70 45 A

1 (C-terminal HSC70 binding protein, CHIP) 5 Ikaros
AHEAEF, (H2& CHIP [ E3 IEH: M 245 M 3 JE 4 75, 32
7~ A RE I8 A7 7E Fofh B3 7 B P [F) 2 5 Tkaros 1)
3

3.2.2.2 WEEEML  WEER AL B 1M 7E Tkaros Ty g 1 % 1 [
FERFERBEAER, 20058 R AT CK2 Bl . CK2IM
Pty ] B 2 Ak Tkaros ¥ 22 AN 45, 35177 52 1 3L DNA 45 &
RE 77 040 58 A S8R R M, TP O iR R Y
Sy pE P CK2 5 Akt JL R 2 5R ) 2 2 4
% 5 1) Tkaros (S391/S393 fi7 f1) W & 1k, itk 52 i
Tkaros % G1/S 20 i J& H3 33k 74 1 i 4% & 5" 1E B-
ALL H, f77E— A~ CK2. B I i IR 1 (protein phos-
phatase 1, PP1). Ikaros 1 Ras # 9% & 4 Rab-20 (Ras-
related protein Rab-20) 4 B¢ (1) 1 4% X 4% . FL AR &,
CK2 15 i o % B2 1% Tkaros, HI 5535 DNA (145 & fg
77, M A# B % Rab20 J& 2l B4 i ; A8 fz, PP1 s i
X Ikaros 2= fif B2 4k, 54k XF Rab20 F %% sk 41 . i
AR AYE R E R AN AE 5 P, HRH A s T3
Rab20 5 1A, JE i HE3) 4 i 2k e,

i JE A R I 38 (glycogen synthase kinase 3 5,
GSK3p) AI 5 Ikaros #H H.AFE H IR AL Ser391 A7 s .
Tkaros Ser391D 4% £ [ (15140 391 7 fUBE IR fL) S5 i
62K [ A4 (annexin A4, ANXA4) JE 511 K454 11658,
B A ANXA4 RIE, T 50w 055 T 4 4E 40 i
TR RE JT IR TH, BCR 15 510 B o0 B8 i A1 2 4
T = B2 $4 I (Bruton's tyrosine kinase, BTK) 154k, 7
1 TR 1k Tkaros fY 4% 5 22 24 R % % (Ser214/215/442/
445), 153 Tkaros K AEAZ e fr I R 5 FL L S s 1, AT
) YES R FE A 1 (YES proto-oncogene 1, YESI) 3=
IEIARBE MYC FRIEM, AN, fEf 2 R R,
Ikaros 5 Aiolos 75 1k #i PDZ 4% £ ¥ ¥ (PDZ-binding
kinase, PBK) /i3 (B E& {4 77 7T G 4k b fig gt
3223 HBMH VIERIEEA al # (collagen type
VI alpha 1 chain, COL6A1) ¥ i& & & BE ¥ B (focal
adhesion kinase, FAK)/J5 Ji 5 K] % & R &% 1 ¥ ¥ Src
(proto-oncogene tyrosine-protein kinase Src, SRC)/{f] £
{55 %% (Hippo signaling pathway, Hippo)/Yes AH ¢ &5
1 (Yes-associated protein, YAP) 15 54, f£ 3 T Ikaros
TE 5 255 o i 2 B b 1 FLER A 1B 1 o FLIR AL 1) Tkaros
Oir B MR, 572 B & 1 D (ubiquitin-like
modifier D, UBD) ¥ 3% . UBD 4 B F# i X % R A
5, BE ARk N R B R A IR AR R AT R . A,
H TN FLER L Y Tkaros R B8 Bl N 28 KR 5715 78
WS T B 093 5 2 FE VT AS BV TE LR s 4™
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4 WiLtERE

T 4R, Tkaros S5 AH S 5T e SR AN W i B, 3X AE
—ERERE BAS T RE G SR ZG 5% () R S A E

1E Tkaros (1) 2E B 1) fig W 50 403k, Treg 77 W) /2 H #I
Ji5 5% DG WA AT B R, LT B Tkaros K5 B AR AE
Treg A R FEER - AR, 7R N S5k 4M i e 25 IR &
WAL, FEL GBI e AR . R W, FE R
YOAE R RV RIRIESE B & S I R 1 M

o g SR A B TT LS5 8 Tkaros 88 I KR AE
Treg 4 EREEGER, A RS0 B— .

Tkaros 5 Jik i 5 PR - 50F T Ui ik DR ) i 45 AR SR —
Fteom B, H CumBrfe M N S KIikEZ
PR E A 2 mM A, N2 E KRERRINE A
M. XL SV A R A SEAIAS [F 5 1 N S
BEAR, T UUANFRIE 4 & B R iE 2 B DNA A7 5 1, 3t

SN BE R RIS . MM R R R AR E O Y6k
I 2 B —id, B Ikaros 5% BY 53 P &8 A7 76 D) g b A0
FAHTIRESMINER, BTN IREN R RS X L
KEMEGEIERE R, MAZH A ZIEE A — A8
RIEATH 5T -

Tkaros 7E i 15 J& K| 2H 7% [ 25 ¥4 b (%) 4 o] DA R
WEERMNAEY ISR . KE N RIS W,
A5 bR T I e B PR AR 3 [A) B ZH 207 0. Tkaros
DNA &5 68 1 4545 o7 BEAE AR B Tkaros R EZ K E
GV R P SRR A A R A . [FR, G
DNA 454 D Re i & 2 0 Dy ee it 8 B 7= AR iR
M 9 0 BRI T B 24 Tkaros 5K & 1 it 58
K, AU AW EEZ A DNA G S E A E A
%, N BRI I TR B ARE S AR X R 55 1) L R T AR TR
TR R AL o Tkaros 18 H 7 % 1Y 98 1 AT R R G
IR, R IV 2 5 DR 5 8 a1 2 () 1) A ) P
(i) B A R o 5 — 6 O K] 5 8 i - ) ik, TR RRE T
7T N D2 22 Al Gt B Tkaros 1 5 3% 6] - B g B
WOEAE R & MHER IR . B4 Ikaros F R AE
LR H 2 (R g5 40 L SR rf e, 1 L AE SR R 2 B
2H S B AA R A, 4 X6 R N L AR % £ SR IS Ui B TR O
AR F ML 5 LT 00RS 20 . 56 o0t A o0 AR 35 ) g 1t
BHFEHLAT B, it — D HES) #E M) Tkaros ZX B 25PN K&

25 L PTIR, Tkaros K Ik 85 H 4 N 410K 1
o, Bl FAE R AL 2 25 B AT A 2L B ) 2590 1
SFEEIF R, £ % Tkaros H VR TT SR B IE 4G 5w 280 BE RS
HER) 7 I o B R I AR 2 S Dy e L SEAR A ISR
HFEAUR, 9 — B B 0 0 1) SR s B2t 1 B R A5 ] .
Tkaros & & £ [ 1 T Re A 75 4k B2 4R &, B — N F bl
(1) 48 71~ , #B W] Be XS B HT VR 9T I . IR B gk, BA

Ikaros 5 % 8 A/ 90 s HOBIE F8 SEABAS 5014

1B TIMR: P L A FTCIR B RLCSE M ZRIR B S /5 %
TR 5B
BRI AT & B AR BRI RK AR

References

[11 FanY, Lu D. The Ikaros family of zinc-finger proteins [J]. Acta
Pharm Sin B, 2016, 6: 513-521.

[2] Wang Y, Long J, Chang Q, et al. The application of small mole-
cule PROTAC in researches of different targets [J]. Acta Pharm
Sin (#4522 244])), 2020, 55: 446-452.

[3] Fischer ES, Bohm K, Lydeard JR, et al. Structure of the DDBI1-
CRBN E3 ubiquitin ligase in complex with thalidomide [J].
Nature, 2014, 512: 49-53.

[4] Petzold G, Fischer ES, Thomé NH. Structural basis of lenalido-
mide-induced CKlalpha degradation by the CRL4(CRBN) ubiq-
uitin ligase [J]. Nature, 2016, 532: 127-130.

[5] Chamberlain PP, Lopez-Girona A, Miller K, et al. Structure of
the human cereblon-DDB1-lenalidomide complex reveals basis
for responsiveness to thalidomide analogs [J]. Nat Struct Mol
Biol, 2014, 21: 803-809.

[6] Diaz T, Rodriguez V, Lozano E, et al. The BET bromodomain
inhibitor CPI203 improves lenalidomide and dexamethasone
activity in in vitro and in vivo models of multiple myeloma by
blockade of Ikaros and MYC signaling [J]. Haematologica,
2017, 102: 1776-1784.

[7] Fuchs O. Targeting cereblon in hematologic malignancies [J].
Blood Rev, 2023, 57: 100994.

[8] Watson ER, Novick S, Matyskiela ME, et al. Molecular glue
CELMoD compounds are regulators of cereblon conformation
[J]. Science, 2022, 378: 549-553.

[9] Tang C, Li Z, Lu R, et al. Discovery of a dual-target CRBN-
mediated degrader for IKZF1/3 and GSPT1 proteins [J]. Bioorg
Chem, 2026, 169: 109367.

[10] Gemechu Y, Millrine D, Hashimoto S, et al. Humanized cereblon
mice revealed two distinct therapeutic pathways of immunomodu-
latory drugs [J]. Proc Natl Acad Sci U S A, 2018, 115: 11802-
11807.

[11] Li P, Hu X, Fan Z, et al. Novel potent molecular glue degraders
against broad range of hematological cancer cell lines via multi-
ple neosubstrates degradation [J]. ] Hematol Oncol, 2024, 17: 77.

[12] Wei T, Sun S, Hu X, et al. Discovery of novel potent triple
IKZF1/2/3 degraders for the treatment of hematological cancers
[J]. I Med Chem, 2025, 68: 16237-16259.

[13] Montoya S, Bourcier J, Noviski M, et al. Kinase-impaired BTK
mutations are susceptible to clinical-stage BTK and IKZF1/3
degrader NX-2127 [J]. Science, 2024, 383: eadi5798.

[14] Weiss MM, Zheng X, Ji N, et al. Discovery of KT-413, a tar-

geted protein degrader of IRAK4 and IMiD substrates targeting



PISLEEAE: Tkaros SR 5 1 AT 7C HE Ji&

3339

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

MYD88 mutant diffuse large B-cell lymphoma [J]. ] Med Chem,
2024, 67: 10548-10566.

Sievers QL, Petzold G, Bunker RD, et al. Defining the human
C2H2 zinc finger degrome targeted by thalidomide analogs
through CRBN [J]. Science, 2018, 362: eaat0572.

Brennan PJ, Saunders RE, Spanou M, et al. Orthogonal IMiD-
degron pairs induce selective protein degradation in cells [J].
ACS Chem Biol, 2025, 20: 2827-2843.

Lonial S, Popat R, Hulin C, et al. Iberdomide plus dexametha-
sone in heavily pretreated late-line relapsed or refractory multi-
ple myeloma (CC-220-MM-001): A multicentre, multicohort,
open-label, phase 1/2 trial [J]. Lancet Haematol, 2022, 9: ¢822-
e832.

Zhang X, Dhruv H, Deng Q, et al. Discovery of a novel series of
iso-indolinone-based glutarimides as highly efficacious and
selective IKZF2 molecular glue degraders [J]. J Med Chem,
2025, 68: 18230-18257.

Zhang X, Deng Q, Dhruv H, et al. Overcoming CKlalpha liabil-
ity in the discovery of a series of isoindolinone glutarimides as
selective IKZF2 molecular glue degraders [J]. Bioorg Med Chem
Lett, 2025, 124: 130263.

Chen Z, Dhruv H, Zhang X, et al. Development of PVTX-405 as
a potent and highly selective molecular glue degrader of IKZF2
for cancer immunotherapy [J]. Nat Commun, 2025, 16: 4095.
Bonazzi S, d'Hennezel E, Beckwith REJ, et al. Discovery and
characterization of a selective IKZF2 glue degrader for cancer
immunotherapy [J]. Cell Chem Biol, 2023, 30: 235-247.e12.
Harama D, Yahata T, Kagami K, et al. IMiDs uniquely synergize
with TKIs to upregulate apoptosis of Philadelphia chromosome-
positive acute lymphoblastic leukemia cells expressing a domi-
nant-negative IKZF1 isoform [J]. Cell Death Discov, 2021,
7:139.

Zeidner JF, Knaus HA, Zeidan AM, et al. Immunomodulation
with pomalidomide at early lymphocyte recovery after induction
chemotherapy in newly diagnosed AML and high-risk MDS [J].
Leukemia, 2020, 34: 1563-1576.

Dou A, Fang J. Cyclosporine broadens the therapeutic potential
of lenalidomide in myeloid malignancies [J]. J Cell Immunol,
2020, 2: 237-244.

Jin Y, Liao X, Zhang J, et al. Modular PROTAC/IMiD bifunc-
tional molecule design for the degradation of synergistic targets
in the treatment of lymphoma [J]. ] Med Chem, 2025, 68: 21249-
21281.

Verano AL, You I, Donovan KA, et al. Redirecting the neo-sub-
strate specificity of cereblon-targeting PROTACs to Helios [J].
ACS Chem Biol, 2022, 17: 2404-2410.

Wang Z, Zhou G, Risu N, et al. Lenalidomide enhances CAR-T
cell activity against solid tumor cells [J]. Cell Transplant, 2020,
29:963689720920825.

Bird S, Pawlyn C. IMiD resistance in multiple myeloma: Current

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

understanding of the underpinning biology and clinical impact
[J]. Blood, 2023, 142: 131-140.

D'Souza C, Prince HM, Neeson PJ. Understanding the role of T-
cells in the antimyeloma effect of immunomodulatory drugs [J].
Front Immunol, 2021, 12: 632399.

Ishibashi M, Yamamoto J, Ito T, et al. Durvalumab combined
with immunomodulatory drugs (IMiD) overcomes suppression
of antitumor responses due to IMiD-induced PD-L1 upregulation
on myeloma cells [J]. Mol Cancer Ther, 2021, 20: 1283-1294.
Rohner L, Ng YLD, Scheffold A, et al. Generation of a lenalido-
mide-sensitive syngeneic murine in vivo multiple myeloma
model by expression of Crbn™"'" [J]. Exp Hematol, 2021, 93: 61-
69.c4.

Lu G, Weng S, Matyskiela M, et al. UBE2G1 governs the
destruction of cereblon neomorphic substrates [J]. Elife, 2018, 7:
¢40958.

Zhou N, Gutierrez-Uzquiza A, Zheng XY, et al. RUNX proteins
desensitize multiple myeloma to lenalidomide via protecting
IKZFs from degradation [J]. Leukemia, 2019, 33: 2006-2021.

Wu W, Nelson GM, Koch R, et al. Overcoming IMiD resistance
in T-cell lymphomas through potent degradation of ZFP91 and
IKZF1 [J]. Blood, 2022, 139: 2024-2037.

Werth VP, Merrill JT, Furie R, et al. Effect of iberdomide on
cutaneous manifestations in systemic lupus erythematosus: A ran-
domized phase 2 clinical trial [J]. J] Am Acad Dermatol, 2025,
92: 435-443.

Mazzurana L, Forkel M, Rao A, et al. Suppression of Aiolos and
Ikaros expression by lenalidomide reduces human ILC3-ILC1/
NK cell transdifferentiation [J]. Eur J Immunol, 2019, 49: 1344-
1355.

Ne E, Crespo R, Izquierdo-Lara R, et al. Catchet-MS identifies
IKZF1-targeting thalidomide analogues as novel HIV-1 latency
reversal agents [J]. Nucleic Acids Res, 2022, 50: 5577-5598.
Dulmovits BM, Appiah-Kubi AO, Papoin J, et al. Pomalidomide
reverses gamma-globin silencing through the transcriptional
reprogramming of adult hematopoietic progenitors [J]. Blood,
2016, 127: 1481-1492.

Georgopoulos K, Moore DD, Derfler B. Ikaros, an early lym-
phoid-specific transcription factor and a putative mediator for T
cell commitment [J]. Science, 1992, 258: 808-812.

Huang Y, Lu 'Y, He Y, et al. Ikzfl regulates embryonic T lympho-
poiesis via Ccr9 and Irf4 in zebrafish [J]. J Biol Chem, 2019,
294:16152-16163.

Agnihotri P, Robertson NM, Umetsu SE, et al. Lack of Ikaros
cripples expression of Foxol and its targets in naive T cells [J].
Immunology, 2017, 152: 494-506.

Stoddard J, Kuehn HS, Tagirasa R, et al. IKAROS regulates
human T cell phenotype at a thymic and postthymic level [J]. JCI
Insight, 2025, 10: €197359.

Powell MD, Read KA, Sreekumar BK, et al. Tkaros zinc finger



3340 - 252 %4} Acta Pharmaceutica Sinica 2026, 61(9): 3329-3342

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

transcription factors: Regulators of cytokine signaling pathways
and CD4" T helper cell differentiation [J]. Front Immunol, 2019,
10: 1299.

Lyon de Ana C, Arakcheeva K, Agnihotri P, et al. Lack of Ikaros
deregulates inflammatory gene programs in T cells [J]. J Immu-
nol, 2019, 202: 1112-1123.

Thomas RM, Pahl MC, Wang L, et al. Foxp3 depends on Ikaros
for control of regulatory T cell gene expression and function [J].
Elife, 2024, 12: RP91392.

Ng MSF, Roth TL, Mendoza VF, et al. Helios enhances the pref-
erential differentiation of human fetal CD4™ naive T cells into
regulatory T cells [J]. Sci Immunol, 2019, 4: eaav5947.

Lam AJ, Uday P, Gillies JK, et al. Helios is a marker, not a
driver, of human Treg stability [J]. Eur J Immunol, 2022, 52:
75-84.

Gokhale AS, Gangaplara A, Lopez-Occasio M, et al. Selective
deletion of Eos (Ikzf4) in T-regulatory cells leads to loss of sup-
pressive function and development of systemic autoimmunity
[J]. J Autoimmun, 2019, 105: 102300.

Xin Y, Yang M, Zhao Z, et al. AIM2 deficiency in CD4" T cells
promotes psoriasis-like inflammation by regulating Th17-Treg
axis via AIM2-IKZF2 pathway [J]. J Autoimmun, 2025, 150:
103351.

Read KA, Powell MD, Baker CE, et al. Integrated STAT3 and
Ikaros zinc finger transcription factor activities regulate Bcl-6
expression in CD4" Th cells [J]. J Immunol, 2017, 199: 2377-
2387.

Pokhrel S, Dileepan G, Leonard MR, et al. Aiolos restricts the
generation of antigen-inexperienced, virtual memory CD8" T
cells in mice [J]. Nat Commun, 2025, 17: 839.

Jones DM, Tuazon JA, Read KA, et al. Cytotoxic programming
of CD4" T cells is regulated by opposing actions of the related
transcription factors Eos and Aiolos [J]. J Immunol, 2024, 212:
1129-1141.

Leonard MR, Jones DM, Read KA, et al. Aiolos promotes
CXCR3 expression on Thl cells via positive regulation of IFN-
gamma/STAT1 signaling [J]. JCI Insight, 2024, 10: e180287.
Gowda C, Soliman M, Kapadia M, et al. Casein kinase II (CK2),
glycogen synthase kinase-3 (GSK-3) and Ikaros mediated regula-
tion of leukemia [J]. Adv Biol Regul, 2017, 65: 16-25.

Dovat E, Song C, Hu T, et al. Transcriptional regulation of
PIK3CD and PIKFYVE in T-cell acute lymphoblastic leukemia
by IKAROS and protein kinase CK2 [J]. Int J Mol Sci, 2021,
22:819.

Yuan T, Yang Y, Chen J, et al. Regulation of PI3K signaling in T-
cell acute lymphoblastic leukemia: A novel PTEN/Ikaros/miR-
26b mechanism reveals a critical targetable role for PIK3CD [J].
Leukemia, 2017, 31: 2355-2364.

Zhen J, Yuan J, Fu'Y, et al. IL-22 promotes Fas expression in oli-

godendrocytes and inhibits FOXP3 expression in T cells by acti-

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

vating the NF-kappaB pathway in multiple sclerosis [J]. Mol
Immunol, 2017, 82: 84-93.

Han J, Jin R, Zhang M, et al. Ikaros 6 protects acute lymphoblas-
tic leukemia cells against daunorubicin-induced apoptosis by
activating the Akt-FoxO1 pathway [J]. J Leukoc Biol, 2017, 101:
675-681.

Hu Y, Zhang Z, Kashiwagi M, et al. Superenhancer reprogram-
ming drives a B-cell-epithelial transition and high-risk leukemia
[J]. Genes Dev, 2016, 30: 1971-1990.

Heizmann B, Le Gras S, Simand C, et al. Ikaros antagonizes
DNA binding by STATS in pre-B cells [J]. PLoS One, 2020, 15:
€0242211.

Katerndahl CDS, Heltemes-Harris LM, Willette MJL, et al.
Antagonism of B cell enhancer networks by STATS drives leuke-
mia and poor patient survival [J]. Nat Immunol, 2017, 18:
694-704.

Fedl AS, Tagoh H, Gruenbacher S, et al. Transcriptional function
of E2A, Ebfl, Pax5, Ikaros and Aiolos analyzed by in vivo acute
protein degradation in early B cell development [J]. Nat Immu-
nol, 2024, 25: 1663-1677.

Hu Y, Yoshida T, Georgopoulos K. Transcriptional circuits in B
cell transformation [J]. Curr Opin Hematol, 2017, 24: 345-352.
Ochiai K, Kondo H, Okamura Y, et al. Zinc finger-IRF compos-
ite elements bound by Ikaros/IRF4 complexes function as gene
repression in plasma cell [J]. Blood Adv, 2018, 2: 883-894.
Heizmann B, Sellars M, Macias-Garcia A, et al. Ikaros limits fol-
licular B cell activation by regulating B cell receptor signaling
pathways [J]. Biochem Biophys Res Commun, 2016, 470:
714-720.

Oliveira VC, Lacerda MP, Moraes BBM, et al. Deregulation of
Ikaros expression in B-1 cells: New insights in the malignant
transformation to chronic lymphocytic leukemia [J]. J Leukoc
Biol, 2019, 106: 581-594.

Macias-Garcia A, Heizmann B, Sellars M, et al. Ikaros is a nega-
tive regulator of Bl cell development and function [J]. J Biol
Chem, 2016, 291: 9073-9086.

Qiu J, Zhang J, Ji Y, et al. Tissue signals imprint Aiolos expres-
sion in ILC2s to modulate type 2 immunity [J]. Mucosal Immu-
nol, 2021, 14: 1306-1322.

Zaini A, Zaph C. Aiolos: A molecular guardian of type 2 innate
immune cell residency and response [J]. Mucosal Immunol,
2021, 14: 1221-1223.

Goh W, Sudholz H, Foroutan M, et al. IKAROS and AIOLOS
directly regulate AP-1 transcriptional complexes and are essen-
tial for NK cell development [J]. Nat Immunol, 2024, 25:
240-255.

Mastio J, Simand C, Cova G, et al. Tkaros cooperates with Notch
activation and antagonizes TGFbeta signaling to promote pDC
development [J]. PLoS Genet, 2018, 14: €1007485.

Cytlak U, Resteu A, Bogaert D, et al. Ikaros family zinc finger 1



PISLEEAE: Tkaros SR 5 1 AT 7C HE Ji&

3341

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

(84]

[85]

[86]

(87]

[88]

regulates dendritic cell development and function in humans [J].
Nat Commun, 2018, 9: 1239.

Li S, Fu J, Wang H, et al. IMiD compounds affect CD34" cell
fate and maturation via CRBN-induced IKZF1 degradation [J].
Blood Adv, 2018, 2: 492-504.

He Y, Li Y, Shao Y, et al. Regulation of an IncRNA irf8 by the
Ikzf1/Myb complex drives neutrophil development [J]. Proc Natl
Acad Sci U S A, 2025, 122: ¢2502741122.

De Sanctis F, Bronte V. How to reprogram myeloma-associated
macrophages: Target IKZF1 [J]. Cancer Immunol Res, 2021,
9:254.

Mougiakakos D, Bach C, Bottcher M, et al. The IKZF1-IRF4/
IRFS axis controls polarization of myeloma-associated macro-
phages [J]. Cancer Immunol Res, 2021, 9: 265-278.

Oh KS, Gottschalk RA, Lounsbury NW, et al. Dual roles for
Tkaros in regulation of macrophage chromatin state and inflam-
matory gene expression [J]. J Immunol, 2018, 201: 757-771.
Peng F, Sheng C, He J, et al. IKZF1 as a potential therapeutic
in IgA

target for dendritic cell-mediated

nephropathy [J]. Cell Commun Signal, 2025, 23: 216.

immunotherapy

Ye Z, Shen Y, Jin K, et al. Arachidonic acid-regulated calcium
signaling in T cells from patients with rheumatoid arthritis pro-
motes synovial inflammation [J]. Nat Commun, 2021, 12: 907.
Chan LN, Chen Z, Braas D, et al. Metabolic gatekeeper function
of B-lymphoid transcription factors [J]. Nature, 2017, 542:
479-483.

Harjunpad H, Somermiki R, Saldo Rubio G, et al. Loss of beta2-
integrin function results in metabolic reprogramming of den-
dritic cells, leading to increased dendritic cell functionality and
anti-tumor responses [J]. Oncoimmunology, 2024, 13: 2369373.
Vittori C, Faia C, Wyczechowska D, et al. IKAROS expression
drives the aberrant metabolic phenotype of macrophages in
chronic HIV infection [J]. Clin Immunol, 2024, 260: 109915.
Martin-Ibafiez R, Pardo M, Giralt A, et al. Helios expression
coordinates the development of a subset of striatopallidal
medium spiny neurons [J]. Development, 2017, 144: 1566-1577.
Javed A, Santos-Franga PL, Mattar P, et al. Ikaros family pro-
teins redundantly regulate temporal patterning in the developing
mouse retina [J]. Development, 2023, 150: dev200436.

Sun S, Li S, Luo Z, et al. Dual expression of Atohl and Ikzf2
promotes transformation of adult cochlear supporting cells into
outer hair cells [J]. Elife, 2021, 10: ¢66547.

Long Y, Zhao X, Xia C, et al. Infection of Epstein-Barr virus is
associated with the decrease of Helios'FoxP3" regulatory T cells
in active ulcerative colitis patients [J]. Immunol Invest, 2021, 50:
23-36.

Yoshida M, Murata T, Ashio K, et al. Characterization of a sup-
pressive cis-acting element in the Epstein-Barr virus LMP1 pro-
moter [J]. Front Microbiol, 2017, 8: 2302.

Verhoeven RJA, Tong S, Mok BW, et al. Epstein-Barr virus

(89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

BART long non-coding RNAs function as epigenetic modulators
in nasopharyngeal carcinoma [J]. Front Oncol, 2019, 9: 1120.
Naito T, Ushirogawa H, Fukushima T, et al. EOS, an Ikaros
family zinc finger transcription factor, interacts with the HTLV-1
oncoprotein Tax and is downregulated in peripheral blood
mononuclear cells of HTLV-1-infected individuals, irrespective
of clinical statuses [J]. Virol J, 2019, 16: 160.

Kuehn HS, Boast B, Rosenzweig SD. Inborn errors of human
IKAROS: LOF and GOF variants associated with primary
immunodeficiency [J]. Clin Exp Immunol, 2023, 212: 129-136.
Kuehn HS, Nunes-Santos CJ, Rosenzweig SD. IKAROS-associ-
ated diseases in 2020: Genotypes, phenotypes, and outcomes in
primary immune deficiency/inborn errors of immunity [J]. J Clin
Immunol, 2021, 41: 1-10.

Guess R, Harocopos G, Bednarski JJ, et al. Pediatric necrobiotic
xanthogranuloma as a novel phenotype of IKAROS gain of func-
tion [J]. J Clin Immunol, 2023, 44: 19.

Boutboul D, Kuehn HS, van de Wyngaert Z, et al. Dominant-neg-
ative IKZF1 mutations cause a T, B, and myeloid cell combined
immunodeficiency [J]. J Clin Invest, 2018, 128: 3071-3087.
Hetemiki I, Kaustio M, Kinnunen M, et al. Loss-of-function
mutation in IKZF2 leads to immunodeficiency with dysregulated
germinal center reactions and reduction of MAIT cells [J]. Sci
Immunol, 2021, 6: eabe3454.

Shi X, Cao X, Huang M, et al. Identification and functional anal-
ysis of a de novo IKZF3 mutation in a pediatric patient with com-
bined immunodeficiency [J]. J Clin Immunol, 2024, 44: 117.
Kuehn HS, Niemela JE, Stoddard J, et al. Germline IKAROS
dimerization haploinsufficiency causes hematologic cytopenias
and malignancies [J]. Blood, 2021, 137: 349-363.

Boast B, Miosge LA, Kuehn HS, et al. A point mutation in
IKAROS ZF1 causes a B cell deficiency in mice [J]. J Immunol,
2021, 206: 1505-1514.

Kuehn HS, Nunes-Santos CJ, Rosenzweig SD. Germline IKZF1
mutations and their impact on immunity: IKAROS-associated
diseases and pathophysiology [J]. Expert Rev Clin Immunol,
2021, 17: 407-416.

Diaz-Alberola I, Espuch-Oliver A, Garcia-Aznar JM, et al. Com-
mon variable immunodeficiency associated with a de novo
IKZF1 variant and a low humoral immune response to the

SARS-CoV-2 vaccine [J]. J Clin Med, 2022, 11: 2303.

[100] Stojkic I, Prince BT, Kuehn HS, et al. A novel IKZF1 variant in a

family with autosomal dominant CVID: A case for expanding
exon coverage in inborn errors of immunity [J]. Clin Immunol,

2024, 264: 110244.

[101] Yamashita M, Morio T. AIOLOS variants causing immunodefi-

ciency in human and mice [J]. Front Immunol, 2022, 13: 866582.

[102] Hoshino A, Okada S, Yoshida K, et al. Abnormal hematopoiesis

and autoimmunity in human subjects with germline IKZF1 muta-

tions [J]. J Allergy Clin Immunol, 2017, 140: 223-231.



3342 - 252524k Acta Pharmaceutica Sinica 2026, 61(9): 3329-3342

[103] Sriaroon P, Chang Y, Ujhazi B, et al. Familial immune thrombo-
cytopenia associated with a novel variant in IKZF1 [J]. Front
Pediatr, 2019, 7: 139.

[104] Yamashita M, Morio T. AIOLOS-associated inborn errors of
immunity [J]. J Clin Immunol, 2024, 44: 128.

[105] Dieudonné Y, Guffroy A, Vollmer O, et al. IKZF1 loss-of-func-
tion variant causes autoimmunity and severe familial antiphos-
pholipid syndrome [J]. J Clin Immunol, 2019, 39: 353-357.

[106] Van Nieuwenhove E, Garcia-Perez JE, Helsen C, et al. A kindred
with mutant IKAROS and autoimmunity [J]. J Allergy Clin
Immunol, 2018, 142: 699-702.¢12.

[107] Shahin T, Mayr D, Shoeb MR, et al. Identification of germline
monoallelic mutations in IKZF2 in patients with immune
dysregulation [J]. Blood Adv, 2022, 6: 2444-2451.

[108] Guirguis J, losim S, Jones D, et al. Neutrophilic dermatosis in a
patient with an IKZF1 variant and a review of monogenic autoin-
flammatory disorders presenting with neutrophilic dermatoses
[J]. Pediatr Dermatol, 2024, 41: 707-713.

[109] Shahin T, Kuehn HS, Shoeb MR, et al. Germline biallelic muta-
tion affecting the transcription factor Helios causes pleiotropic
defects of immunity [J]. Sci Immunol, 2021, 6: eabe3981.

[110] Song C, Pan X, Ge Z, et al. Epigenetic regulation of gene expres-
sion by Ikaros, HDAC1 and casein kinase II in leukemia [J]. Leu-
kemia, 2016, 30: 1436-1440.

[111] Wang H, Song C, Ding Y, et al. Transcriptional regulation of
JARIDIB/KDMSB histone demethylase by Ikaros, histone
deacetylase 1 (HDACI), and casein kinase 2 (CK2) in B-cell
acute lymphoblastic leukemia [J]. J Biol Chem, 2016, 291: 4004-
4018.

[112] Wada T, Asahi T, Sawamura N. Nuclear cereblon modulates tran-
scriptional activity of Ikaros and regulates its downstream target,
enkephalin, in human neuroblastoma cells [J]. Biochem Biophys
Res Commun, 2016, 477: 388-394.

[113] Shen Z, Asa SL, Ezzat S. Ikaros and its interacting partner CtBP
target the metalloprotease ADAMTS10 to modulate pituitary cell
function [J]. Mol Cell Endocrinol, 2017, 439: 126-132.

[114] Tian H, Ge C, Zhao F, et al. Downregulation of AZGP1 by
Ikaros and histone deacetylase promotes tumor progression
through the PTEN/Akt and CD44s pathways in hepatocellular
carcinoma [J]. Carcinogenesis, 2017, 38: 207-217.

[115] Hu Y, Salgado Figueroa D, Zhang Z, et al. Lineage-specific 3D
genome organization is assembled at multiple scales by
IKAROS [J]. Cell, 2023, 186: 5269-5289.e22.

[116] Harman CCD, Bailis W, Zhao J, et al. An in vivo screen of non-
coding loci reveals that Daedalus is a gatekeeper of an Ikaros-

dependent checkpoint during haematopoiesis [J]. Proc Natl Acad

SciUS A, 2021, 118: ¢1918062118.

[117] Alomairi J, Molitor AM, Sadouni N, et al. Integration of high-
throughput reporter assays identify a critical enhancer of the
TIkzf1 gene [J]. PLoS One, 2020, 15: ¢0233191.

[118] Klangkalya N, Esteve-Sole A, Gil Silva AA, et al. IKAROS pro-
tein stability is regulated by its early N-terminal region and C-
terminal dimerization domain [J]. Clin Immunol, 2025, 274:
110469.

[119] Apostolov A, Litim-Mecheri I, Oravecz A, et al. Sumoylation
inhibits the growth suppressive properties of Ikaros [J]. PLoS
One, 2016, 11: ¢0157767.

[120] Liu M, Jin J, Ji Y, et al. Hsp90/C terminal Hsc70-interacting pro-
tein regulates the stability of Ikaros in acute myeloid leukemia
cells [J]. Sci China Life Sci, 2021, 64: 1481-1490.

[121] Klink M, Rahman MA, Song C, et al. Mechanistic basis for in
vivo therapeutic efficacy of CK2 inhibitor CX-4945 in acute
myeloid leukemia [J]. Cancers (Basel), 2021, 13: 1127.

[122] Ge Z, Song C, Ding Y, et al. Dual targeting of MTOR as a novel
therapeutic approach for high-risk B-cell acute lymphoblastic
leukemia [J]. Leukemia, 2021, 35: 1267-1278.

[123] Gowda CS, Song C, Ding Y, et al. Protein signaling and regula-
tion of gene transcription in leukemia: Role of the casein kinase
I1-Ikaros axis [J]. J Investig Med, 2016, 64: 735-739.

[124] Cho SJ, Kang H, Kim MY, et al. Site-specific phosphorylation of
Ikaros induced by low-dose ionizing radiation regulates cell
cycle progression of B lymphoblast through CK2 and AKT acti-
vation [J]. Int J Radiat Oncol Biol Phys, 2016, 94: 1207-1218.

[125] Payne JL, Song C, Ding Y, et al. Regulation of small GTPase
Rab20 by Ikaros in B-cell acute lymphoblastic leukemia [J]. Int J
Mol Sci, 2020, 21: 1718.

[126] Wang Y, Zheng X, Wang Q, et al. GSK3beta-lkaros-ANXA4 sig-
naling inhibits high-glucose-induced fibroblast migration [J].
Biochem Biophys Res Commun, 2020, 531: 543-551.

[127] Ribeiro ML, Normant E, Roué G. Ikaros as a downstream media-
tor of BCR blockade therapy in B-cell non-Hodgkin lymphoma
[J]. Oncoscience, 2022, 9: 64-65.

[128] Dimond A, Gim DH, Ing-Simmons E, et al. PBK/TOPK medi-
ates Ikaros, Aiolos and CTCF displacement from mitotic chromo-
somes and alters chromatin accessibility at selected C2H2-zinc
finger protein binding sites [J]. Nat Commun, 2025, 16: 8348.

[129] Gao W, Huang J, Deng K, et al. Endothelial cells sense temozolo-
mide resistance to facilitate monocyte-derived macrophage infil-
tration in glioblastoma [J]. Drug Resist Updat, 2026, 84: 101329.

[130] Liu C, Zheng J, Hao J, et al. Lactylation-related genes serve as
potential markers for the diagnosis and immune infiltration in

rheumatoid arthritis [J]. Autoimmunity, 2025, 58: 2474217.



