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Germline Mutations Associated with Predisposition to Lymphoid Neoplasms
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Advances in genomic testing techniques have greatly improved our understanding of germline mutations associated with predisposition to hemato-
logic malignancies is rapidly increasing. This information is essential for accurate patient diagnosis and treatment planning, hematopoietic stem cell
donor selection, and genetic counseling for patient families. Germline predispositions have recently been revealed to exist in myeloid and lymphoid
malignancies. This article reviews the causative genes and clinical characteristics related to germline predispositions to lymphoid malignancies.
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1. DNA 57 Z=29} ¢ighe [T}
1) TP53 RTIXL

TP53 3R] AAIA| 3 EARo]of| oJg Li-Fraumeni 55t
2 B E E 1 ER(B-lymphoblastic leukemia, B-ALL) & T
A EH(T-lymphoblastic leukemia, T-ALL), G44&3598
(acute myeloid leukemia, AML), 2440 AFZZAMDS), ZA
ZI(Hodgkin) @ B]$ 2|77 & (non-Hodgkin lymphoma)at} ﬂ
TE]o] QJeH4l Cellular tumor antigen p53 TH-2- FoFoiA|ck
0.2 bt A A150] W gstel 54 §04S] WaS 235
1} K32 327] A2, Al EZAFEAHapoptosis), DNA & -0 o3t
THS]. Li-Fraumeni - FAFol| A WA= ALLS o7 Lol
Hysiar GAA| 32-39709] A 43 (hypodiploidy)& Hol=
78571 EsleHol. TP53 91/ Hlol= 4xoF ALLYA] 0.7-11%, 7
Q1 ALLOYIA] 3.6%9] Rt = B 31 %] ITH7-9).
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2) NBN {Z4X}

NBN AR} E¢1Holof| 2J31 Nijmegen breakage 532 A
FAA Ao R FAEY Ay AT 4 o =
=712 Ex0 2 sheH10]. Nibrin (NBN) TH#-S MRE11-RADS0-
NBN (MRN) & Thil} E514]| 9] 14 @ A~ 2 A, DNA o|FAMS AT
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Table 1. Genes associated with germline predisposition to lymphoid malignancies

Function Gene Disease (OMIM No.) Inheritance  Hematologic malignancy Other malignancy
DNA repair TP53 Li-Fraumeni syndrome (251260) AD B-ALL, T-ALL, AML, MDS, Adrenocortical carcinoma, breast cancer,
HL, NHL brain tumor, osteosarcoma, soft-tissue
sarcoma
NBN Nijmegen breakage syndrome (251260) AR NHL, HL, T-ALL, B-ALL Medulloblastoma, glioma,

rhabdomyosarcoma, bilateral ovarian
germ cell tumor

BLM Bloom syndrome (210900) AR NHL, HL, ALL, MDS, AML Adenocarcinoma, squamous cell
carcinoma
ATM Ataxia-telangiectasia (208900) AR NHL HL T-ALL, B-ALL Breast, liver, gastric and esophageal
carcinomas
MLH1, MSH2, MSHS, Mismatch repair cancer syndrome AR NHL, ALL, MDS, AML Brain tumor, digestive tract cancer,
PMS2 (276300, 619096, 619097, 619101) endometrial cancer, urinary tract cancer
LIG1, LIG4 Immunodeficiency 96 (619774), LIG4 AR NHL -
syndrome (606593)
Transcription PAX5 Leukemia, acute lymphoblastic, AD B-ALL -
factor susceptibility to, 3 (6115545)
ETV6 Thrombocytopenia 5 (616216) AD ALL, MDS, AML, MPN, MPAL -
RUNX1 Platelet disorder, familial, with associated AD AML, MDS, ALL, lymphoma -
myeloid malignancy (601399)
IKZF1 Immunodeficiency, common variable, AD B-ALL, T-ALL, Burkitt -
13 (616873) lymphoma
RAS pathway  PTPN11, SOST, RAF1,  Noonan syndrome (163950, 613224, AD JMML, ALL, AML, lymphoma Rhabdomyosarcoma, neuroblastoma,
KRAS, NRAS, 609942) brain tumor
SHOC2, CBL, RIT1
NF1 Neurofibromatosis, type 1 (162200) AD JMML, ALL, lymphoma Neurofibroma, optic glioma, malignant
peripheral nerve sheath tumor,
breast cancer
Immune WAS Wiskott-Aldrich syndrome (301000) XLR NHL =
response FAS, FASLG Autoimmune lymphoproliferative AD HL, NHL -
syndrome (601859)
SH2D1A Lymphoproliferative syndrome, X-linked, XLR NHL -
1(308240)
RMRP Cartilage-hair hypoplasia (250250) AR HL, NHL, ALL Skin neoplasm
Cb27 Lymphoproliferative syndrome 2 (615122) AR NHL, HL -
CD70 Lymphoproliferative syndrome 3 (618261) AR NHL, HL -
PIK3CD Immunodeficiency 14A, autosomal AD NHL -
dominant (615513)
PIK3R1 Immunodeficiency 36 (616005) AD HL, NHL, CLL -
CTLA4 Immune dysregulation with AD NHL -

autoimmunity, immunodeficiency, and
lymphoproliferation (616100)

TNFRSF9 Immunodeficiency 109 with AR HL, NHL -
lymphoproliferation (620282)
PRF1 Hemophagocytic lymphohistiocytosis, AR NHL -
familial, 2 (603553)

ITK Lymphoproliferative syndrome 1 AR HL -
RASGRP1 Immunodeficiency 64 (618534) AR HL -
CORO1A Immunodeficiency 8 (615401) AR HL, NHL -

CTPST Immunodeficiency 24 (615897) AR NHL -
MAGT1 Immunodeficiency, X-linked, with XLR HL, NHL -

magnesium defect, Epstein-Barr virus
infection and neoplasia (300853)
Telomere POT1 Tumor predisposition syndrome 3 (615848) AD HL, NHL, ALL, CLL, MPN, Melanoma, glioma, epithelial tumors,
maintenance AML, CH mesenchymal tumors

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; XLR, X-linked recessive; JMML, juvenile myelomonocytic leukemia; HL, Hodgkin lymphoma; NHL, non-
Hodgkin lymphoma; MPN, myeloproliferative neoplasm; MPAL, mixed phenotype acute leukemia; CH, clonal hematopoiesis.
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HL(double-strand break repain®} DNA £A4}of o5 2Fol7]
(checkpoint) &/J3}of #oJSHH11]. Nijmegen breakage 53+
OF 53-63%0|| A] Yuketo] WhAYshe o] = 71 3 AL gL
(629-90%) 0. & BA|3L HIFI} TAE YEFo| WY vl&S
o] BAER] Fgkt12, 13]. NBM o] o] H g A (heterozy-
gous) HOIx}(carrien) Q] 7o ¥t Q17to] wlslo] HxzE Ul
S AE(melanoma), AP A (prostate cancer), ~EA| XEF(me-
dulloblastoma), -3-¥-%}(breast cancer) 52 oF ¥ Y=} =
opAl 4= Qlokal H M ERITH14-16]. S eH 2] ZA|AH(founder) &
012l .657_661del ©|FHTHAI ALL EERFoll A F=A175A A
dho] wkgkth= B 11 = QIITH17]. Nijmegen breakage 55~ A]
of|HF7] ZE HA|3E0]A]o] oF v 9]5] =29] 4= 9lrkyl H Y]

o] AH12].
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3) BLM | XXt

Bl 3552 43908 L 9L 4, A oI vl
of o w4l 1B 5712 o2 BLM§71)
&3 A (homozygote) -2 %}Olﬁﬂ Al (compound het-
erozygote)Z} HRIC|tH18]. BLM -F+73*}+= RecQ-like DNA heli-
case BLM tH-& H.% 31510 DNA E-A|(replication)@} £-Lof| 3F
of5fo] G- Qg Al(genome stability) S --A|8}= d] 7]ofgkc}h
19) Bloom 2 2oll A SPAI31 9FE: 2k 2l ol 4 HPAIa = A
A Thg et B2 §IRI9h A F7H-E Hol Ak HlE7} &1l o]
£ ool 'TAYskH gk Aol A o2 %}%ol ‘”‘go}h 7401 5
olcHIo]. Wyt Yo%
o1 ol B AT L AMIS 18&11(&414 2-39
ALLO| 18M|(4-40AT)), F3ZZ-0] 23A41(4-494Do|cH18]. BLM EAH

o] olHATHAZL Sk 917 2719} ARHREA ol o}
E g 5teH20-22).
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4) ATM ST}

ATM 8-ZAA}F =0l o]
telangiectasia)«= A &A 3
(cerebellar ataxia) 2 ﬂ@ (telangiectasia), A,
WA el =718 EXo g f‘f_}EH 3]. ATM TH-2- phosphati-
dylinositol 3-kinase A|Fo]| 4:3}+= serine-threonine kinase=
DNA 51 3 A2 527] 280 fofet= 328 78S Ao
2 DNA &40 HH-8-31TH24]. Ataxia-telangiectasia 2] ok
AEL OF 25%F a1 204 o] WHsh= ALL 9 SA7IHZ
5 HlEAZIE ZFo] thE-S AA[RITH25). o /d olFPA 2
QAR 75 Auk Qltof] mlsto] et wAY =7} oF 2.3H)
EoR= o' dTA qlrh26, 27]
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) MLH1 2 MSH2, MSH6, PMS2 STt
X F T (Lynch syndrome)> MLHI 2 MSH2, MSH6, PMS2
5 EYAE A (mismatch repaip) 34} F 2] E¢iHolof 9]
3 WAy AR SAFCTHE), oFEAY QT o
F5ol ulet chan dpgelat Aokl SR 27t
7} A o) a1 WAek Qo Aok Qo & o= okl A
Ho] qIeh2ol. 2 ofefdt BUX KT S e 27
2o ZHHo |7} EAIH(biallelic) 92 AHA Edx B 4
H(constitutional mismatch repair deficiency, CMMRD) 3-+-0]
2L shH X SET s AR Bt ¢Fef Hejof| AfolE
HRITH30, 31]. & CMMRD F-9-ol| A= ARSI 2e] 50%
Lol A HFeFo] WstH oF 50%clM 4317 AlEe] ¢rol &
*“5@— 1/30 4] Foeto] WAIZTH30]. FAQto] HHAYZH CMMRD
St RSO A 71 S5t AR PMS2 (5890, TS
O MSHG 25%)%+ MLHT W MSH2 (17%) <0|cH31]. DAY}
Zol M= F4% 71918 THE nsAYEE0] 71 Eat] o]
Q]of BA|AE W] |71 9l ALL, AML, MDSE X 11E]o] 9Ja1
FE Sof ] eHETH28].

OHOE [¢)

6) LIGT X LIG4 QXL

LIG1 §AR o) &J8) 233515 DNA ligase 12 A 71 (lag-
ging strand) DNAZS EA|5}= 59 Okazaki dHO| 94 W 2
Y LE= HA El(nucleotide excision repain), 71 3 =](long-
patch) HEefQ] H7] AA| £ (base excision repaino]] Togtch
32]. LiG4 -7 ol| SJaf 53t DNA ligase 4= H1ds et 2
FHnonhomologous end joining)< &3t DNA ©o]% 714 w3 &
“(double-strand break repain®} V(D)] Aol Tofgith33].
LIGT $-737}e] Edolo] 93t HAZAE= 968 Immunodefi-
ciency 960)I} LIG4 3 AR 2] E¢lwo)of 93t LIG4 F3--2 AFY
) Qo sl Vs AIYEE HsiEE 2o A
FIH34]. HAAHZF 969> A 22 DNA F5- Agke = Qlsf fof
7] Tz ol A7]ol REEAIQ] o] Urehal AniE=Edd
Z(hypogammaglobulinemia), Zral/de} TH|E S715 SHISH 9
Z1 72 (lymphopenia), 28 7t A 2 (erythrocyte macto-
cytosis) & UERHTH3]. LIG4 -3 S5 S5 H 92 olse-
vere combined immunodeficiency)2 WA 74
ity) 2 FAA)

F=A(radiosensitiv-
EoFgAl(chromosomal instability), B 34%
(pancytopenia), W B A4 A%l 54 © 2 qItH30l.
2. TA} QIXHKtranscription factor) SXIXt
1) PAX5 QTRXL

PAXS Thul 2 27| Whdox] Fa3t 24 QAR A-8-5}=
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paired box transcription factor®] A @ 4~ % SR, PAXS+= BA|
32 AlGe]] ol &3] E/d A Hactivator) THH O 2 BAY| 3 HHAg} A<
BAIEZY] 7] FAol] #oJsit}37]. A4ldeletion), 52 (amplifica-
tion), Al B(rearrangement), &0 5-2] A Ad(somatic) PAX5 ¥
3H= AR(sporadic) B-ALL 3EAF] ©F 30%0| 4] REAEICH3S]. 7}
=4 B-ALLY] 5= 7HJollA] PAXS ¢547G>A AJAA|E ¥o|7) H.al
olon] 5 7PASeIA PAXS Wolt ebISE A= Gncom-
plete penetrance)E Ho] PAX5 Hlo] Ths0 2= wgy Whajo] 5
TSP F3hE AAFSHITH39). ai Hol= Ale] 2AolA A

(wild-type) PAX59]] H]a}e] B o] Zhas HYA|TF B-ALLO|A]
A o 2 TAEE pAXS Aol vlgiAE 4 7Rk

2715 ol R} 8 ATk PAXS A Wolr} B
5] Bele MBOE FEHOR PAXS B4 mfﬂ%
ZHwild-type allele)?] 2~A1S B+, O]‘:—' E3}lo] pAXS5 AJAA|
3 Wolof] F7HA 0 7 A PAXS 7]e& 9Als] A ?_J‘P o]
27\ alop ey 220l 47 s ek S1Acl ol
CS47G>A o] Bl thE Bl pAXS WolE 7H B-ALL 714 9

1hA Al S0] 2712 Bl H O B-ALLO| A PAXS5 AJAIA| 32
340]_4 HE= 15-2.0%% X ACH40-44].

2) ETV6 {TIXt

ETV6 A= ETS family transcriptional repressors £ 3¢
3t 28 (hematopoiesis)®f] T SHTH45]). ETV6 AN EZ SHH
olo} G1hEl BATHEAZ-S THE AAo] 4700] gio] A%
0] Bt} AdElel Holgh ) SieE 2718 welrt
{461, ETV6 AANE o] IAI0A] BATHIESE 710] 9

g AEZ(>90%)15 Holu, oF 30%0ll4] Flero] HhAiata Bt
Y A% 22491, 2-824D0H46]. Avd FAeR=

B-ALLo| 7} &5}, o]2]of] AML Y MDS, &4=5-24]5 % (myelo-
proliferative neoplasm), 23t #3 % AWM & (mixed phenotype
acute leukemia)ie X 11%]0] QITH4(). 4,405752] Ao} ALL $k2}2]
1960141 ALL 91915 S71et Avkd 7He7do] Sl ETVE AAA 1=
ol 7} HAE|QITHAT]. ETVE AYAA|E $lo]7} Qli= Aof ALL 22t
= Wol7} §li= EhAfoll nisto] Xek Al o] it FAA|elA] 2t
=3 (hyperdiploidy)S& Hol= 797+ Bk TH4AT).

3) RUNXT XXt

Core binding factor (CBF)+= o|&o]afA|(heterodimeric) ZA} <1
A= o] A enhancen®} 3 & X E|(promoten) 2] core ele-
mento]] AgFSHH48]. Runt-related transcription factor 1 (RUNX1)
T2 CBFY] alpha subunitg -5t AAF 28 7]50f #oigt
CHOL RUNXT AL 7304 Wlolol oJat 7} et o
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4) KZF1 SFx}

IKAROS family zinc finger 1 IKZF1) -3-Z%}o]] 1.5 3}% DNA-
binding protein Ikaros TH-2- JAZ (chromatin)@] 7§ Z(remod-
eling)©} ATE ofd L7128k (zine-finger, ZF) DNAZAZ T A|A
ofl &3 2AFIAHo|ehS1] o] T eho} 2 AJele] oy 2l o
ZASONA st Yok Joko] 2EAR AgRt IKZF1
TR o FHTA A ool &J7F common variable im-
munodeficiency-13 (CVID13)-2 Aisl= Alatd A4 2 A7dat
SREUES BAEZ g5 SR st Hodgdstolt

(52]. FAko] YeEh= AJ717} o7 5hE AQ1717HA] ehofsi &

S AFEE Hof FAdo] gl A= QlrH52l 2E Ikaros
family ©Hal-e- N'zehol] DNA A Foat Cceko] o5 shdi-
merization) 99 7FA| 3L Qo IKZF1 AAAHE Hol= T o

oA I BRAISICE DNAZS HYof B alE Hol &2 haplo-
insufficiency®?} dominant-negative 7| 0.2 7|53}, o|gA|sh
%] o] o] haploinsufficiency2 o|&A|3} AgHS Lyelo] |
e 7S vetle 2oz HaEQIH53, 541 2979
CVID13 24} Z- 27014 B-ALLO| ‘AR5l o, 24| 420} B-ALL
0] oF 09%0l| A IKZF12) A M| 3 o7} HEAE|QITH52, 55).

3. RAS 2 |ZX%}

PTPN11 ¥ SOS1, RAF1, KRAS, NRAS, SHOC2, CBL, RIT1 &
A} =t S5 (Noonan syndrome)<> Ras/mitogen-activated
protein kinase (MAPK) 7 20]| #ofs}= -412}2] Z¢Holof| £
Skof WAYRITE Ras/MAPK 7 == AU o] A2 54 Bl Z3}, Al
APHA} 2 1= 3l(senescence) Q] Z AL E3 gk ¥ J—]‘@J =24
A}o|CH506). Ras/MAPK 7 =2o] Thojah= t
Hol= o A=o] HEAsHE w‘-’r‘ﬂa@M %3?1_—% Hl%‘P
RASESHRASopathy) 2] ¢lo] Et}H57]. Fiyt Z30)

S5F JollQke Aol e juvenile myelomonocync leu-

kemia)o|W ALL 9 2z Z3}0] AAE K 175 o] Qlth57, 58],

AN ES 1%(neuroﬁbromatosis type D& AFSAA] A
FrAAre] AYAIA| AR E o]0l ofsf et
o 23 Q}H neurofibromin THH-2 RAS Al & AP (signal-
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ing transduction) 7 20 4 Z&AL2 2Hg5cH59]. ARG
Z 19N 7P Bt oby Bpe oPurR A Z S (malignant
peripheral nerve sheath tumon©]1l
FEfo] AEH60, 61]. FHYF FoflH= ok
Aol 7H8 & AHA louH62], ALLY 3A7IHZF0 A9
dkltof] HlsiA E2 PAES Hole AR EIEITH63L

r
B
RS

Actin nucleation-promoting factor WAS (WAS) THll-&- 4| 3£
AR T = Azl T o2 Al oA Y AlaZsA
(actin cytoskeleton) ©. 2 Al S} o] THoIFITH64]. Wiskott—Al-
drich 2572 WAS $247}2] Eelilolo] ofs) Wyat welz
Ao 2 X3 g4 _%x 6}1:]—[65]_ EXRo] g o 7 2o

(o2 B EY

=
iskott—Aldrich 23+ A} 3 Ep-

4 Uoliz 95o]eHEsL W
stein-Barr uo]ejzo] gh7helo] Qi A9 AhEe} Asto]
S A9 YEF WEo| 55 a1, YuFY A7k B o,
PR 5 S Ymae] 1ol AVl 497t SsteHos, 6
68, B AIE AmFo] Eahu, TAE YuFnt £471 YuFe

2) FAS, FASLG Q7KL

FAS, FASLG 57370l 2] ¢t A7 &9 3352 (autoimmune lym-
phoproliferative) 357 AJEAA] SHO = At 2R B
Kol ol E BAHE Fho] o]sle] A Wolsk 37t
2 R = SHHO9). Fas cell surface death receptor (FAS)Q} Fas
ligand (FASLG) ©hillo] Agtsto] A ZAMEA} FI2EH FAS/
FASLG Ao AY 2= TA|EO] A3} G A3 AHactivation-
induced cell death)@} AJ3Z=A] THEZALof| 23 A LA} 5 1 A
259 o] FAoltH70]. A7 HAN-ZZFA] S5 2Rt A
cheret BRele] HxFo] HaElon, galEolA v AXI7Z
T TAEZF TR = 7F LRl B|s}o] Z}2t 141,
518l =701

3) SH2D1A ST}

X-93 YA A3 18(X-linked lymphoproliferative syn-
drome D& SH2D1A 5714F2] g (hemizygous) EAHO]
of ofsf wHgshH = g oAl TAERITHTI. o/ HIRLe] 735

it Aol flont o= XHMA| HIZdShskewed X chro-
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mosome inactivation)o]] &J}o] ZAko] YeRd 4= QIc}71]. SH2
domain-containing protein 1A (SH2D1A) TH o] A SZAEA} F-5=
71e& EE Al SA1 AIShAL of TS oot Hl 5
8eH72l 3t RO NKHIZS} THI O] 5 Aigo] &
g o] YA HAZIA o] Aol A7HA Fok Y

&< QT3]

orp

o
o =
= =

4) RMRP STXt

RNA component of mitochondrial RNA processing endoribo-
nuclease (RMRP) T2 n] & =2]o}o] RNA processing endori-
bonuclease®] FAIQ AR n]EZE]|o} DNA EA|of & Q5}a1 o]
71 RNAES AJAFSHO] small interfering RNAS A3Ad5= o]
ofRItH74]. RMRP 7AAte] Eolo] o7t AZAAFEF
(cartilage-hair hypoplasia)2 AFGMA] o2 F4sky Z-2
Trhe] ot A4, 7hHeal o] A2 2, QI o]¢h HAAY, A
B/ HIE, Ao ABAIZ dE o} 55 SHLE ST A=
A AT bl A AA oF TAES LRt Qlto Bs] 7Hj
S7Iet Aoz BuEglon S Y FoF 9 Rl Ad
| AH7A4].

I\

5) CD27, CD70, PIK3CD, PIK3R1, CTLA4 S%X}

% 7hHA " (common variable immunodeficiency,
CVID)Z A7 E=EddS B Hefubg-of tigt 184 A8k,
MEA WY AES EAO R o= Agkto|r34]. T o4 Ul
PR AALAL 59 CVIDS] 2l £A-S o] FHEULHT6-
79]. CVID SEatof A AAY FF oF AY Wlt=i= oF 11-13%°]™ o}
FE BAIAE 71949 BRI EZF0|1 SARIHEIFE Bk
SJTHS80, 81).

[e]

o r
o

i3

6) TNFRSF9 STkt

TNF receptor superfamily member 9 (TNFRSF9) Tl TA|Z
o 32 53 A werel BoftieHsl TNFRSR §4409] H4d
Holo] ogt YEFAS SRRt HHAUT 109% Immunodefi-
ciency 109 with lymphoproliferation)-& A MA|| d4do 2 G2
sto} oo uk= &9l ] sinopulmonary) 44 550 2
SHC}H82]. BHR}= Epstein-Barr virus (EBV) 7ol FeFslH EBV
slolel 283 U BBV i BF A4 Ao} BAE Yol
i gteis2).

7) PRF1 XKt

Perforin 1 (PRF1) THl-& =2 ShA5LE A|2E=A] T Z L0} 2}
Aabali Al 2 (natural killer cellol) W&she Ajzzui7f gl 7152t
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o] ZHAl(immune surveillance)ol] FQ37t €82 SITHI3] PREI
ddol= A A = 225545 (hemophago-
cytic lymphohistiocytosis, HLIDQ] 0] = slupz 424 glom
(83], HZF2] F-414] AQluke] APA T B ITH84-86].

bl
=
=

8) ITK KT}

L2 inducible T cell kinase (ITK) ©H-2 TA|3zo] 1t
Ul tyrosine kinaseS -3 3}shH TA|ES] F413} E3lof ZQ5}
cHs7). 17K §2700) Etiolol] ot FEAAZHT 18y
phoproliferative syndrome 12 A2 E44 =
AP 2 ofRd Al7]of Wysin] EBVE} At e o
JOR QIR HEF HILEY) FolFT, EEHE AT

[e]
5 AdrEREdds 59 S0l HERdThs?, 88].

9) RASGRP1 R7%IXt

RAS guanyl releasing protein 1 (RASGRP1) TH-2 Ras guanine
nucleotide exchange factor (GEF) A|go]| 43511 RasE EAs)sH
THB9). RASGRP1E: TA LA 7| ‘st BA| S22} NKA 2o
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