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A&t (SNUH, Seoul National University Hostital)
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o
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o 12 F of= Aol 5 6-MP 9
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E 5. @29 Q47 B4
54 3 JTE
AMC SNUH A
4 5 95 149 244
A o] (Q), 523+1.8 8.57 + 4.6 7.26 + 4.1
meantsd’
ek
v 52 93 145
o] 43 56 99
ulx]gt Alo]l2 6-MP 9FE £ (mg/m2/day), mean = sd (N)
6-MP < 12.5 814 +1.7 (2) 625+29 (4) 6.88+26 (6)
12.5<6-MP < 25 17.39 + 3.4 (4) 1940 + 3.6 (9) 18.78 + 3.7 (13)
25<6-MP <37.5 32.19 + 3.4 (10) 30.72 + 4.0 (16) 31.28 + 3.8 (26)
37.5<6-MP <50 44.52+3.7(13) 4580 + 3.5 (14) 45.18 + 3.6 (27)

6-MP = 50 79.15+ 18.1 (66) 78.84 +23.1 (1068) 78.96 + 21.3 (172)
Total 65.37 + 26.6 (95) 65.03 +30.0 (95) 65.16 + 28.7 (244)
TAGA dol= o ol digt dlolgrt EAsHA &g, 6-MP:

6_

Mercaptopurine, AMC: Asan Medical Center, SNUH: Seoul National University

Hospital
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NUDTI15 I TPMT © ozt fAx &9 ®o] e HSFE
Al4bstelet. SIFT € 0.7 & H4E 71+ WHolE 7164 fdles BY
7sAo]l A Aew AAFAeH, SIFT H47 Rolwx] e 4

52 A4 ol @Y Wolntt st 2 Aoz Wasw 1o 9

G; = {v|vwitha SIFT score less than 0.7}

GAATF  ans  wrgste]  FE allele BT HolE IAE
homozygous FEHETF & allele ofFt WHolE 7FZ|= heterozygous

gejel wolo] Hzkzst

o

5 =S AFAE MEsHrt.

_ ((SIFT score)®S, if vj € G; and heterozygote
adj”j — | SIFT score if v; € G; and homozygote

n e gaE Welg AAE §8% G Azl dstel, o A} wele
et SIFT A40) 715t Bag Addste] & 4207 Yol ZAsts B
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223 2 Y RA% 28 9 24 5EY 9

244 ol ALL &2& of=E 54 Sldxol wet Al £9 24 BdY

Tog Hgsy] 93 EHom PHASE 2.1.1 LE1E ARG}

Ao

dujAdlds FASHAH [34, 351, FAHE A AHo| Z|¥tsho]

t= 28 tH

oli

PharmGKB ¢ 28 tid F34 A9 HolE25H <A

g Fzstar 36l 2 AMAGoR HE F2H 5 A5 gy

Jo
)

Azl xdE ol A ¥ 28 diY /AR fAEE
&S 2™, Moriyama et al. (NUDTI15)3 PharmGKB o4 A|-&-dl=
FAF-2HY W HolEs Fof oF=Eel WY =4S ASsHd
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oF 28 OiF Az 79 PHE
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B
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71 4E A4 (whole exome sequencing, WXS)
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Ao GHA HARZ KE ZF JfAe] NUDTIS o TPMT o

haplotype block &

ol A&
&l

_ZT
o

2 HgE ey 244 Wo] ALL #ate]

Z%2 (Poor, Intermediate, 1237 Normal metabolizer; Z+ZF PM, IM,

TR AU (7 6).

o
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28.2, n = 195; IM= 56.452 + 28.2, n=48; PM=5.172, n=1), 2~E H¥

§A7 7o) wHEe] oF2 A% 8%

=
\|

.

flo

a7 H=
dEHer E§7

oli

[

A& AT 4 Ak (AF 2). TPMT & %3¢ NM o] IM 7]

(Mann-Whitney U test p=0.101).
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E 6. 750l &7 allele 2 HOlgt 244 F o] Ao} W@ Fxto] gl

2 AeF diE A

TR} A alleled] 244780 A A Hx (%)

A allele

NUDTI5 6 *1 438 (89.75)
*2 6 (1.23)
*3 35 (7.17)
*4 4(0.82)
*5 4 (0.82)
*6 1 (0.20)

TPMT 4 *1 127 (26.02)
*1S 354 (72.54)
*3C 6 (1.23)
*6 1 (0.20)

AujA| -2 PHASE2 & Fo 958 28 tY

7 2+= PharmGKB <A

%7 28 54 A BAFY RE
=2 7199 71 NUDTIS TPMT
Poor (%) No function| No function 1(0.41) NA

Intermediate (%)

Normal (%)

Normal | No function
Normal | Decreased

Normal | Normal

48(19.67) 6 (2.46)
NA 1(0.41)
195 (79.92) 237 (97.13)

A (%)

244 (100) 244 (100)

24 mAGL

PharmGKB {AAE-TdS
(NUDT15), the CPIC guideline (TPMT)& A-&5to] w23t
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f 0.006"** 1 0.101
0.041** 8> g
3 - 8 4
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1
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Dose intensity percent (%)
50
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Dose intensity percent (%)
50
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!.'.' X2 - OO
‘I!‘.' R

o i
o o e
% ? :'J';'-'
¥ g S
! e ——ia— e,
oo o
T T T T T
PM (N=1) IM (N=48) NM (N=195) IM (N=7) NM (N=237)

O 2. Zof WA@Y AN A8 diF] FAA 71N 23 2EY
dFl e 6-MP 9 wiA%Fr] §F = HELS BX. 2A
¥EPY 18 ¥ (A) NUDTIS and (B) TPMT olAo] &3 7w wpg
B NUDTI5 9] Normal metabolizers += intermediate (p=0.006) <}t
poor (p=0.090) 1& Bt} FosH =2 &F F=E EY. Mann-
Whitney U test, * p <0.1, ** p<0.05, and *** p<0.01.

o~ o~

A - : 1.90E-22" B -
4176527 5.84E47""

e o | I 1
o ®
g o | 3 o
@ o @ c
£ H
e 2
= N
o £Q
HER HES
8 S
o o
° 8
z
¢ « | 0.161 i<
(&) (0]

o o

o o

. | I "

o o

PM (N=1) IM (N=48) NM (N=195) IM (N=7) NM (N=237)

3. 28 98 A 7¥F B2 299 5 2 fEAR =
Ho g4 B (A) NUDTIS5 3 (B) TPMT B2 239 189
2+ & Wol Ho H4 Normal metabolizers + intermediate
(NUDT15 p=4.1TE-52; TPMT p=5.84E-47) <} poor (NUDTI5
p=1.9E-22) I1& Ht}t {ost4 =2 4= &% XS E9. Mann-
Whitney U test, * p <0.1, ** p<0.05, and *** p<0.01.
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0.016, Spearman’s rank correlation p
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0.07), Kendall’s rank correlation p = 0.271 (r = 0.06)). 3F B4

EdEE 25| ¢fste] Z2EAA TdE Ee FA% dpol it

Aol BES Fot o FA 9

o

% Se,

150
150
1

t (%)

=

t (%)
I
|

100
1
o
ey

-

ity p

S R RN
Ld
'

50
!

D

50

!
PR PYY
::‘% -

: -~ .
—— . I u
.
.,
(S

0.60 5E103 0.09 014 0.30 035 1.0 ofo 1.00
(N=2) (N=6) (N=1) (N=4) (N=33) (N=4) (N=194) (N=6) (N=238)

Gene-wise variant burden score Gene-wise variant burden score

I 4. 984 £F Wl B Aol BE 6-MP 9 thA% F7] §3F
Ze wBgol By (A) GVBMPTE (Kruskal-Wallis p—value = 0.016,
Spearman’s rank correlation p—value = 0.001 (0 =0.21), Kendall’s rank
correlation p—value=0.001 (z=0.17)) (B) GVB™" (Kruskal-Wallis p—
value = 0.271, Spearman’s rank correlation p—value = 0.272 (p =0.07),
Kendall’s rank correlation p—value=0.271 (£=0.06)).
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232 §34 B9 Wl RE e 28 Y KA AN PAE

B
A
oX,

g = 50 Hla

o

9

A% Hde= BF7iot7] flste] 9709 A= th& cut-off ¥ (Le., DIP <

5%, 10%, 15%, 25%, 35%, 45%, 60%, 80%, and 100%)°] 4 6-MP

2] ROC E4E& Fsll ok, NUDTIS o e s 54

1o

NAE7 58 07 qJAEE FoA Atder o 2 943 A5
Hyom (I 5A, AUC=0.998 (DIP < 5%), 0.676 (DIP < 10%), 0.639
(DIP < 15%), 2181 0.627 (DIP {25%)), ¥¥txd o=z pPM & ERst=

DIP { 25%9] 7|&olA 719 A gid /32 7|5t d&H (AUC =
7= 2 ol EAE AQJetH oS FHH oS S EATt [1H™

5B, AUC=0.998 (DIP < 5%), 0.676 (DIP < 10%), 0.669 (DIP < 15%),

123l 0.653 (DIP £ 25%)]. TPMT 9] 3¢ & Ho] HIx 2 GVB 9

45 2] _u:: T



A B
o | o
o | @ |
S S
© | o |
> © > °
3 H
G 3
2 2
5 5
@ < 2 <
° DIP <5 (N=1), AUC=0.998 (NA) © DIP <5 (N=1), AUC=0.998 (NA)
DIP <10 (N=6), AUC=0.676 (0.43-0.92) DIP < 10 (N=6), AUC=0.676 (0.43-0.92)
—“~ DIP < 15 (N=9), AUC=0.639 (0.45-0.83) —“— DIP <15 (N=8), AUC=0.669 (0.47-0.87)
-~ DIP <25 (N=19), AUC=0.627 (0.50-0.75) — DIP <25 (N=17), AUC=0.653 (0.52-0.78)
P DIP < 35 (N=40), AUC=0.579 (0.50-0.66) 84 DIP < 35 (N=38), AUC=0.588 (0.50-0.67)
—— DIP <45 (N=57), AUC=0.609 (0.54-0.68) —— DIP < 45 (N=55), AUC=0.616 (0.55-0.69)
—— DIP <60 (N=108), AUC=0.565 (0.51-0.62) —— DIP <60 (N=106), AUC=0.567 (0.51-0.62)
DIP < 80 (N=175), AUC=0.552 (0.50-0.60) DIP < 80 (N=173), AUC=0.553 (0.50-0.60)
7] DIP < 100 (N=216), AUC=0.554 (0.49-0.62) 7] DIP < 100 (N=214), AUC=0.555 (0.49-0.62)
S 4 -~ Star allele-based (DIP < 25), AUC=0.596 (0.48-0.71) o 4! ~ — Star allele-based (DIP < 25), AUC=0.618 (0.49-0.74)
T T T T T T T T T T T T
1.0 08 0.6 0.4 0.2 0.0 1.0 08 06 0.4 02 0.0
Specificity Specificity
[ D
o | o P
o | @ |
S S
© | o |
> © > ©
s s
3 2
2 2
5 5
< < | @ < |
° IP <5 (N=1), AUC=0.488 (NA) ° 1P <5 (N=1), AUC=0.487 (NA)
“DIP < 10 (N=6), AUC=0.487 (0.48-0.50) DIP < 10 (N=4), AUC=0.487 (0.48-0.50)
DIP < 15 (N=9), AUC=0.545 (0.44-0.65) DIP < 15 (N=6), AUC=0.573 (0.41-0.74)
DIP < 25 (N=19), AUC=0.544 (0.47-0.62) DIP < 25 (N=12), AUC=0.574 (0.46-0.68)
P DIP < 35 (N=40), AUC=0.515 (0.48-0.55) P DIP < 35 (N=33), AUC=0.520 (0.48-0.56)
DIP < 45 (N=57), AUC=0.518 (0.49-0.55) DIP < 45 (N=50), AUC=0.522 (0.49-0.56)
DIP < 60 (N=108), AUC=0.511 (0.49-0.53) DIP < 60 (N=101), AUC=0.512 (0.49-0.53)
DIP < 80 (N=175), AUC=0.507 (0.49-0.53) DIP < 80 (N=168), AUC=0.508 (0.49-0.53)
DIP < 100 (N=216), AUC=0.494 (0.46-0.53) DIP < 100 (N=208), AUC=0.494 (0.46-0.53)
2 Star allele-based (DIP < 25), AUC=0.570 (0.49-0.65) 2 Star allele-based (DIP < 25), AUC=0.574 (0.46-0.68)

T T T T T T
1.0 08 0.6 0.4 0.2 0.0
Specificity

a3 5. 2ot S]AY 6-MP o oigt tig FHA 7|6t BEx mdF}
FAZR & Wo] Bt Hp Alolo] Aok AHIL "W, AUROC 42
Eq AAE AG AT (A) TPMT HolE 7141 9t T 9&

T T T T T T
1.0 08 0.6 0.4 02 0.0
Specificity

A &gt GVBMPTE (DeLong's p-value=0.163), (B) GVBMPT? (Delong's

p—value=0.163),
GVB™T (DeLong's p-value=0.5),
value=0.841). AUC ¢] Z3% <Qto|=

(C) NUDTI15 HolE 71x|1

qS ALt
123 (D) GVB™MT (DelLong's p—

95% A= 37+ FAE DIP: Dose

o]
AR

Intensity Percent, AUC: Area Under the Receiver Operating Curve.
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o F8stle, GVB 7 AFd SA4de 4= He AAReE A

1.0

0.8

0.6
1

Sensitivity

0.4

DIP <5 (N=1), AUC=0.998 (NA)
DIP < 10 (N=6), AUC=0.666 (0.42-0.91)
—— DIP < 15 (N=9), AUC=0.692 (0.50-0.88)
- = DIP =25 (N=19), AUC=0.677 (0.55-0.80)
DIP < 35 (N=40), AUC=0.595 (0.51-0.68)
—— DIP < 45 (N=57), AUC=0.628 (0.56-0.70)
—— DIP <60 (N=108), AUC=0.576 (0.52-0.63)
DIP < 80 (N=175), AUC=0.559 (0.51-0.61)

0.2
|

74 DIP < 100 (N=216), AUC=0.547 (0.47-0.62)
g - — — Star allele-based (DIP < 25), AUC=0.645 (0.52-0.77)
T T T T T T
1.0 08 0.6 0.4 0.2 0.0
Specificity

|

Ol

6. NUDT15 3t TPMT ° &3t5 23S o A8 Ay 434
22 249y -2 £F ¥o] B H59 6-MP EUAY A
BEEO] v, AUC E4& ol ALrg GVB NPIBIPME of Xk
= (DeLong's p-value=0.175). AUC ¢] 235 o= 95% A5 +7+-&
TAS. DIP: Dose Intensity Percent, AUC: Area Under the Receiver
Operating Curve.
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233 #AZ T Wo| B Aot A8 gy A% 7 P E

N
)

= 54 & 95 Zg=9 vu

a9ld & DIP < 253 4 7o Afd & OIP ) 255 ¢ &
dasigor, AFHem WHE (47.36% oM 52.63%), EolL
(79.56% 1A 81.33%), ¥4 d== (16.36% °1A 19.23%), &4
AEZ (94.70% 1A 95.31%), 1a]i HB= (77.05% ©lA 79.10%)
o] HE Mg FAE A5 ASEE HAo 2 d7elA
AN AAES TEYS o, 4o ALL FAelx 6-MP oFE

EAQTLS dEst= ) QoA in silico 9E HHE &8sto] AAH
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E® 8. &of AU AN 2B tiF FAA 7N 23 B2dIH
AR &5 WHol Be HE7F 6-MP 54 = Aol v, (A) AE
e 547 719t 22 5dg3 (B) A 5 ®¥o] FE Mg
fet e Aot A3,
(A)
DIP
NUDTI15 2} <25 >25 AA
TPMT B2 @Y
PM+IM 9 46 55 FAEE
16.36% (9/55)
NM 10 179 189 SRS E
94.70%
(179/189)
AA] 19 225 244
bl Edps ol At
47.36% 79.56% 77.05%
(9/19) (179/225) (188/244)
(B)
DIP
AR 5 ol <25 >25 AA
2 As
GVB NUPTISTPMT 10 42 52 OFAof|
<03 19.23% (10/52)
GVB NUPTISTPMT 9 183 192 K- e
> 0.3 95.31% (183/192)
AA 19 225 244
pikdpss Eolx qeE
52.63% 81.33% 79.10% (193/244)
(10/19) (183/225)
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3.1

=
—

3t in silico 9

B ool oy
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=7 AU [43].
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HolE AWst= 8o Ado] SlojAk: FEstEe= o] o]FolH
ot ClinVar oA [53] 39 g3} dvd §3 WolE AAste
folx2 &3] “HYA]” (pathogenic), “HHYAF2] 7HsAdol AE" (likely
pathogenic), 1311 “F/d9” (benign) & Argsfisict =y <&
HolE AAst= Bolze "t WME, FIHe], =97 (metabolism:

rapid, intermediate, poor), ‘&% AHFA, ¥, UAA" (efficacy:

resistant, responsive, and sensitive), T+ “Y A (risk) 52 FE5}
AHgote AE dFst Stk olFA Aol EAo] wet Ad
G oF2 4ARE TSI FTeks Ao] WEA Hagelw

Frotn, Aol fA4 By ATEAAE A2 e 44

ZHIALEE F2ste] HSs e A7t o] FolAA] gal it
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paralogs, number of singletons, per—person mutability, protein—protein
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interaction (PPI) degree, coding sequence (CDS) length, McDonald -

Kreitman neutrality index (NI), and protein complexity)& B2 <&

H ooy, SRS A fARE A2 4 e 534 AdE
geletet. wpAgte R, b FhE Ao de S AHed EA"

GVB (adjusted GVB)9] ¢S Adee #H7Ito=x 7iHAE HEH=

o
pi

)
ol

2] 2]9he dare

lly

o
=

rol

o}

ok

32 A=z " PHE

3.2.1 GVB A4t

[57-59], CADD [42], PolyPhen2 HIVD, PolyPhen2 HVAR [60], PhyloP
[61], MutationTaster [62], Z12]1 GERP++ [63]. 2504 H 2] 7)<l G4
glolg ZHzte] digte] 17,502 e SAAe] tisk GVB A=

AxtstAot (24" 7).

57 ] 8- ]| ¢ ]



Gene;
ACGTTCTATCGACTGA
sample, ACGTTCGATCGACAGA | zygosity
Samplez ACGTTCGATCGTCTGA | V= Hetero
sample; ACGATCTATCGTCTGA | VY - Homo
SIFT - o - o

Q@ <Q x <
o o o o

GVB(G;,S:) = ((0.09)%2 x (le98)1/2)1/2 = 5,483
GVB(G;,S;) (0.09)¥2= 0.3
GVB(G;,5S5) 0.01= 0.01

19 7. GVB A4 A4t 529 99 [ HA 842} (Gene)2] GVB =
Al el ARE (S1, S2, and S3) ZtZro wisl AitwEch ZF wol
FAge wef A2 OE JHEAE Folote] SFHY ®olE 7
2% 9 9§t as A== Sk 0.7 A olste] SIFT HAsE
VA= 7ol ofu|iAt tﬂﬁoﬂ FFS FE 75 WHolzta mstal
GVB A4 741*}011 E%éﬂr 741& Ao 2™, Gene, = S2 Hr}

+A4E F dlEste A Brreh] 9fste], Al 7R A ZhE AL of

29 =9 Ae ok demelel A9, ol A ok g
M EE Absorption, Distribution, Metabolism, and Excretion (ADME)
(http://www.pharmaadme.org) ¢} PharmGKB (4 € 22, 2020) [64];

ADME core, ADME extended, ADME all, PharmGKB VIP, and
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PharmGKB 27 FEItt. 23] ZHASQ BF7HE 571 fsiA,

X

thae ofst B4o] w448 RFelch PhamGKB e
oFEo4 gt (ie, Toxicity, Metabolism/PK, Dosage, and Efficacy),

DrugBank (http://www.drugbank.ca/; v5.15) [65] 25¥ <F&a-4 (PD,
pharmacodynamic) 12|11 ¢F554] (PK, pharmacokinetic) & (ie.,
Target, Enzyme, Transporter, and Carrier), 12|31 &4 family (e,
Cytochromes P450 (CYP) 181 UDP-glucuronosyltransferase (UGT))
(http://www.genenames.org/cgi—bin/genefamilies).

B Agto] AL GAD (79 23, 2011) [66] 2HE g =
16 7ol Agdt E5S FE5t9th; Aging, Cancer, Cardiovascular,
Chemdependency, Developmental, Hematological, Immune, Infection,
Metabolic, Neurological, Normalvariation, Pharmacogenomic, Psych,
Renal, Reproduction, 18|31 Vision. F3ztet BIAY 7F [
BHIAE dUEde YT FA4o] #Yl gEvks ARSI AA
19 7j9 #Hg B2 = EHEYHs EHY  (unknown I others
A LS depiAY FBe) U 4L o) fHAE el Y
7% (mitochondrial 7t 2])E Al L|5tal ARG5S

517 Ag ziH 2ol ¢, OMIM [67] C2RE FZE3}9

ofo
olt
L

Petrovski et al®] =g A3 F 6 | =532 (le, Recessive,
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Haploinsufficiency, Dominant—negative, De novo, OMIM all, 131
Non-disease) ZItHZ Ap&otdct. thAZ/le] A& E7H53eF (nonviable)
G2 B22 Bartha et al. (i.e., In vivo essential, In vitro essential, Mice
essential) 12|31 Petrovski et al. (i.e., Mouse Genome Informatics (MGI)
lethality 18] MGI seizure)®] #Ztjo= HE FZ5IAh [9, 68l
G "ol A4 R AZEYOS pROC H7|AE  AREd}Ho]

B7bstArt [39]. 45 Ades2 =

r
N
N,
or
rol
)
>
il
oS
L
=

o
Ll
o
£

¢y oFE Ee AW A AE F dAREH #H2 HdeE M

FAAe HlgS Ashe oz S

FAz ] dEie] AEstEer ouls E2 4 EAE (molecular
genetic features)®] F+4-& DIt} paralog ¢ ZA4=¢F CDS o], A4

ol Akl NI o ol EHLo] A=l D gh2 Itan er ald

2
e
o
Ll
—{11
o
nHN‘
el
8
A
S
g
=)
@
<8
1o
1))
e
=
1o
oL
o,
@)
)
w
N
o
o

AT Aol - Jozg & (PPl degree)=  IntAct
glolejHo] A (49 22,2020) 2R H 12,128 G-} o] tiste] F&5HAtH

[69]. Singleton ] A<=2} per—person mutability += 1000 Genomes Project

60 ;x_"i _u:: T



delH 258 Aidstanr. i dlolHolA tdnt HAE Iy o7t
singleton © &2 AOJE it ZF FAA o] it per—person mutability +
M; = Q7 Vip/n 2 BAEA=H, o] W v; = A A @ AR

0 SIFT F40] 92 BE #o|g ojngit}.

rr

3.24 BZA &4 EAS AFL3 GVB A4 BHA

1o,
il
X
1o
H
I

nHE s1EAR Adete] GVB A4S BA. IF

E 9. GVB* BH 24,

1 1

( j=1Y ]) 2. Gl/fZ(Gl) :( j=1 1)

L. Gyr(Gy) = - —

3.Gr(G) = (TTf=1 v))"X fi 4. G (G;) = (I v)"x fi
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o)

i
ofll

GVB RVIS
Arerd ol
=44 ESP6500

SIFT, CADD, Ho| HITE  Loss of function

PolyPhen
HIVD,
PolyPhen
HVAR, PhyloP,
MutationTaster,
1331 GERP
59 in silico
oz A

[0, 1] [-8.29, 29.75]

The 1000

Genomes
Project, Phase 3

Ho] Wz}
CADD 4=

(0, 42.91]

63



GVB, GDI, RVIS, 22 pLl ¢ d¥ 944 w¥8e Yehf AUC

(areas under the receiver operating characteristic curves) #t-= UEHH

sl
o,
i)
ra
L
)
lo
Hl
®)
<
o
rlr
1L
o

FAAF A pLI, RVIS, GDI thH] &2
e 4 Aok (9 ). B ZgoME
79 gRE] 519 FHH A GVB & tE H5 AA dib] 2
welee "t (hed) W4). Paralog © 49t CDS ZolE 48310
BAG GVB*E 7o tjrol sigmale]s GVB o] FAH o=

dee HAH.
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PharmacogeneticClasses - — = = = = = = = = = = - — — m m - - - = GVB'GVB GDI RVIS pLI
ADME Core | 4 © o & ® qup| 076071035032 022
ADME Extended o o A o > 0.68 0.58 0.40 0.45 0.33
ADMEAIl | © o a o & O GVB| 069 059 0.40 0.43 0.32
PharmGKB VIP o o a o & o GDI 0.72 0.62 0.40 0.52 0.45
PharmGKB o 040 % A RvIS| 058 055 0.44 053 0.50
Metabolism/PK o a o & LI 0.64 0.56 0.48 0.48 0.39
Toxicity o oA & O - p 0.62 0.67 0.33 0.44 0.42
Dosage oo A [e] & 0.67 0.61 0.40 0.48 0.42
Efficacy o [SoRay::3 0.57 0.53 0.47 0.55 0.52
Target PGx o 0 A L3 0.61 0.52 0.48 0.55 0.52
Target o] co 0.56 0.46 0.53 0.57 0.52
Transporter PGx oo (e} L3 0.75 0.66 0.33 0.56 0.36
Transporter oo o & 0.66 0.57 0.39 0.57 0.42
Enzyme PGx ) o A el 0.61 0.58 0.40 0.46 0.32
Enzyme ° oA G 0.55 0.54 0.46 0.49 0.38
Enzyme(UGT) Ao o @ 0.97 0.74 0.38 0.35 0.24
Enzyme(CYP) a (o] L3 0.79 0.60 0.37 0.37 0.17
Carrier PGx o o A ® 0 0.66 0.69 0.43 0.48 0.34
Carrier o o & 0.60 0.47 0.55 0.48 0.46
Common ComplexDisease |- = = = = = = = = = = = = = — . —— o —— - -

Pharmacogenomic fo o A o 0.71 0.69 0.38 0.43 0.28
Hematological oAo ¢ O 0.57 0.62 0.42 0.44 0.46
Reproduction oA o o) 0.60 0.62 0.38 0.39 0.43

Infection A o o & 0.63 0.60 0.42 0.38 0.41
Renal o o a [o)n::3 0.62 0.59 0.41 0.52 0.45
Vision o a @ 0.60 0.60 0.32 0.47 0.47
Cardiovascular o o A o @ 0.62 0.58 0.42 0.50 0.46
Metabolic ool A GH 0.58 0.57 0.43 0.50 0.44
Immune A Do o & 0.60 0.56 0.46 0.42 0.48
Normalvariation o A o © 0.66 0.57 0.43 0.49 0.44
ging oo $A O 0.51 0.57 0.45 0.53 0.48
Developmental o oa @ 0.61 0.55 0.44 0.57 0.60
Cancer (= " o¢$ 0.57 0.55 0.46 0.49 0.48
Neurological o % 0% 0.56 0.54 0.45 0.50 0.51
Psych oo A & 0.59 0.48 0.50 0.55 0.58
Chemdependency o o A & 0.67 0.46 0.55 0.62 0.56

Rare MendelianDisease - — = = = = = = = = = = = = — = = = = — = = — = == = — = — = — —
Haploinsufficiency o o iy A o 0.65 0.46 0.53 0.72 0.76
De Novo o o & Lo 0.62 0.47 0.53 0.65 0.66
Dominant Negative Ono “Ho A 0.60 0.48 0.50 0.65 0.62
Recessive o o A0 & 0.61 0.57 0.41 0.55 0.44
OMIM All oo O & 0.59 0.54 0.46 0.58 0.49
non-OMIM $o o (o] 0.40 0.52 0.46 0.40 0.42

I I T I T T T I
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

AUC AUC<05<06<0.7<0808<

a9 8. GVB, RVIS, pLl, 2282 GDI ¢ <&, EgZ3, 3s|AZA
A7 AFo] i Hs Hlw. 7 s HFo AUC w2 Ax
2Ad] w3 (F2 AUQ)OA WA (2 AUC) 7HA| 9
Aoz BAIHE. GVB* = paralogs ¢ 42} CDS Zol2 HAH. GAD,
Genetic  Association Database; ADME, Absorption, Distribution,
Metabolism, and  Excretion; PK,  pharmacokinetic; PGx,
pharmacogenetic; OMIM, Online Mendelian Inheritance in Man.
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GVB ¢ GVB*= BE F8 9= o9 7HE g oA =2 AUC

il

Hod (I"d 9A). oFE 7HElZY HolAZ, F8& (core) o=
st gl A o= Aol FW  (peripheral) ZlE|Ee] H]F]
E=9rtd], ADME core » ADME extended ©] 44 (AUCgy;: 0.71 ) 0.58;
AUCqy+: 0.76 > 0.68), 121 PharmGKB VIP >PharmGKB ©] =A]

(AUCgqyg: 0.62 > 0.55;5 AUCqyp: 0.72 > 0.58)2 w2 AUC & Hol&=

o]
i

A

filo
ek

S 94t B8 5 A% BE o

AJm
o

(PK,

o

Pharmacokinetic)d Q491 &A%} transporter, carrier 7}l oA
°k5s5t (PD, Pharmacodynamic)® Q49 target 7}H|118] Hot ¢ Z

Sspsiet.

Helmelst hz 2Asteh (19 9A). GVB = 24 Aitst Eda

FEGHA ZH LA =2 o= (AUCqy+: 0.71, AUCqy: 0.69)2

HC
rO
rE
[m=2
)
=
rr

oFE o]EA (AUCq: 0.55)3 A4 23 (AUCqy:

0.50)ell 4, pLI & RVIS &= oF& 9J&4 (AUC,;; ,AUCqys: 0.56, 0.62)1}

=
=

2 A (AUC,,; AUChs: 0.60, 0.57A 27t 713 =& o

rlo
A
o

ugrh T} gREe] B A% §¢] AHIed GVB 7 ohE

=13

o

rE

Eol vl &2 o5 4= Eh
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519 A% 7 are]o A= pLl, RVIS & GDI 7t Haploinsufficiency, De
novo, 18|31 Dominant negative 9] Ztg|alg|ofA] GVB Hrt} FHojudt

ds= Hoh 55| pLl 71 39 A 7HH e o4 Haploinsufficiency

flo

A

32

o}

> De novo > Dominant negative 2] &A2 7H =2 A5

(0.76 > 0.66 » 0.62). GVB = 3|9 A% s9] 7He|1l2] 5 Recessive oA

71} 2o & AS5S Hobd (AUCqy: 0.57), ©]= GVB 7} T2 A
HAeeles AT B0 da2 3 £ QuE ZAS AR CDS

dojof ofs Hetel GVB*&= AW Az kol w2t Haploinsufficiency »
De novo » Dominant negative ) Recessive 2 &2 9= 52 Bt
GVB ¢ o2 A ®HHES LE st oA A2 ko]

q45 &€ e, °l TAE Holso Ui AW

sy

o

=

rr

Q1T

(robust) A3}el-& o3t}
712 519 o2 FlHnaElAe o= e HulsRw
(17 9B), GVB & oF= 54 ¥ 7He 28 (AUCqy: 0.66), 181 PK

Az A 7HE Hold & A (Transporter PGx ) Enzyme PGx,
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0.66 » 0.58)& Holm, paralog © ZAF+E HAL GVB*A+&
AHHAH OS2 paralog o A7t B2 Metabolism/PK (AUCqyp+: 0.64)%}
Dosage (AUCqys+: 0.67), 18] Transporter PGx (AUCqyg+: 0.75)

o

ot

N

.

B

5ol F71E A BAT 5 Aok 59 54 B family
A A UGT family oA 7% %8 %€ (AUCqu: 0.97.
AUCqy: 0.74), CYP family (AUCqyg+: 0.79, AUCgqyp: 0.60) oA %
A5 w2 45 Ry oHE ATl 415 GVB 9 o

Al BHE F 9 S &7 fAEAH.
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(A)

o | _ o J o | / o o J
3 3 31 / 5 3 1 N GVE GVB GDI RVIS PLI
—— ADME Core 32 [0.76 0.71 0.35 0.32 022
£ 3 £ 3 €3 2 3 £ 3 ADME Extended ~ 267 0.68 058 0.40 0.45 0.33
b B B b B ~—— ADME All 299 0.69 0.59 040 043 0.32
g =4 8 =4 g4 5 8z —— PharmGKB VIP 66 072 0.62 0.40 052 045
° ° ° e ° —— PharmGKB 1665 0.58 0.55 0.44 0.53 0.50
o o o o o
5
i o i = o
S S S 5 S
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
10 08 06 04 02 00 10 08 06 04 02 00 10 08 06 04 02 00 10 08 06 04 02 00 10 08 06 04 02 00
Speciliity Specificity Specificity Specificity Specitiity N GVB GVB GDI Rvis pLI
° ° ° Pharmacogenomic 19 [0.71 0.69 0.38 043 0.28
- = - Hematological 40 057 0.62 042 044 046
Reproduction 79 0.60 0.62 0.38 0.39 0.43
o © o Infection 99 0.63 0.60 0.42 0.38 041
° ° ° Renal 72 0.62 059 041 052 045
Vision 34 060 0.60 0.32 047 047
23 €3 z 2z €34 —— Cardiovascular 286 0.62 0.58 0.42 0.50 0.46
= = = = = = = Metabolic 370 0.58 057 0.43 0.50 0.44
5= 5= z : 5= ~—— Immune 313 0.60 056 0.46 0.42 0.48
S S ] S — = Normalvariation 22 066 057 043 049 0.44
-_— Agingi 31 051 057 045 053 048
94 B B —— Developmental 54 0.61 0.55 0.44 0.57 0.60
ancer 275 057 0.55 046 049 048
° ° ° Neurological 167 0.56 0.54 0.45 0.50 0.51
S S s 1= — = Psych 184 059 0.48 0.50 0.55 0.58
T T v T T v U T T T T 4 T 4 T T T T —— Chemdependency 54 0.67 046 055 0.62 0.56
10 08 06 04 02 00 10 08 06 04 02 00 10 08 06 04 02 00 10 08 06 04 02 00 10 08 06 04 02 00
Specificity Specilicity Specilicity Specificity Specificity
o | o | o o | <o |
i 1 ° 1 i N GVE GVB GDI RVIS pLI
. - 4 @4 . —— Haploinsufficien 175 0.65 0.46 0.53 '0.72 0.76
:g g g g ° §° De Novo v 467 0.62 0.47 053 0.65 0.66
2 2 2 2 2z ~— Dominant Negative 364 0.60 0.48 050 0.65 0.62
& B & B & B 3 34 3 34 Recessive 817 0.61 057 041 055 044
—— OMIM All 2131 0.59 0.54 046 058 0.49
4 o B o ~— Non-OMIM 14241 040 052 046 040 042
o 4
p o | i o | o |
S S S S S
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
10 08 06 04 02 00 10 08 06 04 02 00 10 08 06 04 02 00 10 08 06 04 02 00 10 08 06 04 02 00
Specificity Specificity Specificity Specificity Specificity



(B)

o 4 o 4 o o 4 o 4
R ER 3 R ER
2o 2o s e 2o N GVB GVB GDI RVIS pLI
H 2 2 2 2 —— Metabolism/PK 163 0.64 0.56 0.48 048 0.39
[ z 2 2 z — Toxicity 39 062 067 0.33 0.44 042
4 S # S 8 S 8 5 A & S —— Dosage 141 067 061 040 048 042
—— Efficacy 857 057 053 047 055 052
o | o | N n o
3 3 3 3 3
— T T T — T T T — T T — T T T — T T T
10 0.8 0.6 04 02 00 10 08 0.6 04 02 00 10 08 06 04 0.2 00 10 08 06 04 02 00 10 08 06 04 02 00
Specificity Specificity Specificity Specificity Specificity
o | o o | o | o
- - - - - N GVB GVB GDI RVIS pLI
° ° ° ° ] ° Target PGx 648 061 052 048 055 052
Target 2501 0.56 0.46 053 0.57 0.52
£ 35 £ 35 £ 35 £ 5 £ 35 — = Transporter PGx 85 '0.75 0.66 0.33 0.56 0.36
2 2 2 2 2 —— Transporter 185 0.66 0.57 0.39 057 0.42
g4 g %4 8 = 8= 8= ~ — Enzyme PGx 143 061 058 040 0.46 0.32
° S S S S —— Enzyme 307 055 0.54 0.46 049 0.38
= = Carrier PGx 19 066 0.69 043 048 0.34
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a9 12. 4F7HA in silico A5 FHS AH&St] A4E GVB 9 A=
45 B7l. GVB & (a) SIFT, (b CADD, (¢) PolyPhen2 HIVD, (d)
PolyPhen2 HVAR, (e) PhyloP, () MutationTaster, 12|31l (g0 GERP &
ARgstel AMEloH, dF7HA AR 22 S48 s HA I
paralog © ZA4=, singleton ©] ZA4=, ZiQl {H ®io] &3E, T
ASAg A CDS Z4o], McDonald — Kreitman &% A4(NID), 1311
ol B2e - AUC: area under the receiver operating characteristic
curve; GAD, Genetic Association Database; ADME, Absorption,
Distribution, Metabolism, and Excretion; PK, pharmacokinetic; PGx,
pharmacogenetic; OMIM, Online Mendelian Inheritance in Man.
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2 A, paralog <]

GVB 7} Af

o
—

(evolutionary constraints)

A oF

s5) paralog ¢ Agt

i

ARHoRL 2504 oA

ol
Tor

X

]
o

ze)

AL
;OO

)
Ife]

N
Nlo

ol

GVB ¢] ztol7t & 4% paralog 9] 7

0.085, p<0.0001), o]

=9 (29 13, Kendall's tau

A

2~
T

ol

o
Tor

%2 Azz A4gE 4

Aol

A
—

(nonviable) -F-Z =}

L
#l=

47 7

]

< 8 52 #¢d

>
Q

s

Eas
S

Fo 4] Hole EA} ]

Z]
=

| EA % HAZA (non—disease)

S
<)

#A7 BTh W2 paralog 9

FARA

(lethal)

5

ohdA 2

At
=

e Az of

H] g

o} [82].
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(uoleLea jo Juslyeod) ZHo)

o-—vaml\mmomvmev—Ngm
AN ANANNOOOOOF S < F

Number of paralogs

N

AE

A=

golA

ZHEQ 2504

x

1000 A=

13.

a4

GVB 49 Hz}t ¢} paralog A4 7+ A3 #A. Kendall © = 0.085

3.32e-56).

(regression p
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Ak [83].

SEE

NUDTI5 3 TPMT & Zoto}
FHEtta HaE o

mercaptopurine (6—-MP)
(neutropenia)

4.1

1t} [32, 33].

e}

el

(evidence—based guideline)
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42 A= 9 ¥HE

2 8 F< 6-MP & 320 <] seo} ujE

rol
ro,
ek
o

Mo

Fol

=

flo

25 BASHETE 3207 F 2018 29 oMol AEAH 2441 (

i
r

FEE)2 2 70 oA (A& ¥ [SNUHIF opt Sz [AMCD),
2018 ¢ 10 ¥ o]FHFE 2019 | 11 €712 AAAE 76 ¥ (5A
FTE)L 370 HANA (AShHY, ofat 929, A4 o2 [SMC))
DAL, BE 2= A9 ARf(ie., relapse of the disease, stem cell
transplantation, Burkitt’s lymphoma, mixed phenotype acute leukemia,
infant ALL, T+ very high risk of ALL)7} & 3¢ A=At &
=42 FA8Y 5 A Ate]ZoA 9] DIP & 7[Hte g FAE
SotAlorRle] A thE dFel HIs| e @2 6-MP °of= &%l
QFEBR [85], o5 &F diH] AA FoF ol 25% olstel B¢
6-MP oFZo] RIAF fdFor EREHUT [86]. oA AFolA
gt tiet AAE Awat DIP 4 RS 7lEshirt [16]. 2
AFE Aed WY, oMt o=, A o= IRB Fl HAE

7ReH, Re EAA Ad 525 AT
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422 & AALT Heold 24

MV}

S
=

320 Wo] zof M@ Aol o ok AWM YEAR

o
e

48611982 A>G)E Sanger sequencing = 5ol SQI=EAL, I F YA
Hole 5 EAoA A=At 2019 ¥ 2 ¥o dde|]E" CPIC
7ol Eekelo] wet NUDTIS*9 9] 752 ‘w83 (uncertain)’ A

7150l Astd (no function) o & WA OH [83], olo] wzt

o

g o] 3271 ‘poor metabolizer 2 AEFE ST & B4 NUDTIS 7
TPMT R5oA Hol7} ¥rAEZ] 982 240 9 normal metabolizer
(188 o] oA, 52 Bo B4 IZSE)S tdoz Y= et T4
A A= SnpEFF  (http://snpeff.sourceforge.net) [87]5 Ar&5}to]

Hole] 7ls& dSstied, o F ofmat WA At ITF=

=
N,
2,

d Aog oi=ElE= Wol| (missense, nonsense, splice—site, frameshift,

and in—frame insertion and deletion variants)®ro] AEIE] ot (22 14).
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Discovery Phase

Pediatric ALL patients diagnosed at

AMC and SNUH who received 6-MP

maintenance therapy with available
informed consent (N=244)

WES VCFs

Normal metabolizers
for both NUDT15 and TPMT (N=188)

Functional Variants
66,385 variants (15,125 genes)

SIFT <0.05 and CADD 225?
Multivariate linear regression
P<0.01?

Y

Last cycle DIP (%)
= B, + Age + Sex + Variant

12 variants (12 genes) Candidate variants

v

Replication Phase

Pediatric ALL patients diagnosed at
AMC, SNUH and SMC who received
6-MP maintenance therapy with
available informed consent (N=76)

WES VCFs

Normal metabolizers
for both NUDT15 and TPMT (N=52)

Mulltivariate linear regression
P<0.05?

Yy

CRIM1 (rs3821169) /

L

O¥ 14 %A 9 EA 94 dHeolH EAY Qo= ALL,
lymphoblastic leukemia; WES, whole—exome sequencing; SIFT, sorting

acute
intolerant from tolerant; CADD, combined annotation—dependent
depletion; VCF, variant call format; DIP, dose intensity percentage; NM,
normal metabolizer; AMC, Asan Medical Center; SNUH, Seoul National
University Hospital; SMC, Samsung Medical Center; 6-MP, 6-

mercaptopurine.
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DIP Bdo| volst 4¥e AT oF

ot

A 2y

o
of
ol
o
&

159 7Re] 3 zte] 1=t 185 7He] WMol (p<0.01) &, 5 7Hel in silico
d= wrdoA fallstttal of|EH (e, SIFT score [59] <0.05 12|12
CADD  score [42] >25) Holg WL EA IITEA thF I

2 additive 9} recessive HE

24 A8l ABskstart. Ao

H

FollA ot AatE Hof 22 Ayt QA 7l ®o] (Cysteine-
Rich Transmembrane BMP Regulator 1 (CRIM1) F7A}olA HAH
rs3821169)& #F FE Ho|& syt 2T FH WHolo| HisiM=
ML 9 genotyping assay (SNPtype; Fluidigm, San Francisco, CA)E
sl AEA At 077 lEA A5kt SNPtype assay £

7t2 blood DNA 3H7F 7Fsdid 118 o el

¢
0

{O](
o

423 ©d- I3 bF FHAAE AR AR 54 A5 A8x

T WOl Hde 24E s¥cAH. BRE 39 fAA ] disteq 7
GAANA LAY Y Wol] SIFT H49] 7|5 B2 A4tste] Al
H GVB H$E A&Esigen, o] if GVBCE 444 G o tigt GVB

448 olmlgitt, 6-MP DIP & dZshs GVBYP'S, GVB™, 1w



GVBarp @ 62 ROC 4% Sl AAHc=2 Pri=glen, T4,
B4, 293 2§ ABE 7oAl AUC gt& UF A2l DIP cutoffs
(i.e., 15%, 25%, 35%, 45%, 60%, 80%, 121 100%)°]4 ZHstArt.

U2 F G Wolg sk A9 ma 4

i
ne
Jo
R
b9
10
fol
%
rr

B7ts e o #3424 &ads GVBY ¢ GVB®

X0,
rr
fol
i)
il
ol
Y
rol
41

o] 7|5t o 2 Hojd GVBY & Atgsto] AAH o= HrtE it
RE A 242 R EA H7IA G511 WS ARESH

P}, E3] recessive model oA 2] CRIMI WHo|] G35 A&

B715t7] 95ke] heterozygous rs3821169 o 35 FA|gH GVBRM 7}

A= At

431 AT it 4
320 Ho| Aot WY 2 F NUDTIS 3+ TPMT R4 CPIC oA

Bk frefieh Wolg shubk HfshA] o2 2407 (U Z9E 2441

NUDTI5 3% TPMT 25 WT <1 240 ol gt 9444 542 e

Holth, O fAA BE WT o] ohd 2 (80 W) HaPe of, F%
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5 WT ¢ o+ 240 ¥)2 ¥ I3 E [68.44+£27.6 vs. 54.14+£29.9

(mean+SD), rtest p=0.002]9F EA FHZE [59.99+38.2 vs.

et B 1L S EW 9% §A% B WolE 27 ot

52 ¥ F 12 9§) o] Aexd 55 54 A DIP  25%)2=,

T19)al 63.8% (188 5 120 ) 46.2% (52 5 24 )] | eFH

g EA o7t REF] WEd Aoz godn. dAzHoes
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® 11. NUDT15 and TPMT R%Xo| HolE Zz gL 4o} H@Y
Ao gt 9AA EA.

£4 s EA =%
2} 188 52 240
o], gt 6.9+45 74x45 7.0+45
ek
o 108 29 137
o 80 23 103

otz]gt Afo]2 6-MP &3 W E-8 mg/m?/day

<10 868+ 1.5(3) 6.29+ 22 (5) 719+ 2.2(8)

>10& <15 13.89 + NA(1) 1321+ 1.8(3) 13.38+ 1.5(4)

>15&<25 1852+ 3.4(5) 2213+ 13(4) 2012+ 3.1(9)
>25&<35 2995+ 3.3(16) 30.49+ 0.8(4) 30.06% 3.0(20)
>35&=<45 3954+ 36(8) 4018+ 26(5) 39.79+ 3.1(13)
>45 & <60 5271+ 4.0(41) 5484+ 28(5) 5294+ 3.9(46)
>60 & =80 70.79+ 6.0(55) 69.35+ 5.1(10) 70.57 + 5.8 (65)
>808<100 90.87 + 5.9(35) 8598+ 5.0(8) 89.96% 6.0(43)
>100 112.67 + 16.6 (24) 122.66 +23.3(8) 115.17 + 18.7 (32)

Total 68.44 + 27.6 (188) 59.99+38.2 (52) 66.61 + 30.3 (240)
T3F Wof tigt to] AHE A& 4 ¢lglS: 6—MP 6-mercaptopurine; NA, not
available; p gt r—tests = y’tests & AT AL ARgsto] AALE. *p<0.05
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2483t 92 njF o7 =% 66,385 WHol (ie., 64,238 missense,
1,249 nonsense, 552 splice—site, 332 frameshift, Z12]1 4 in—frame
insertion and deletion)ell Wial 3= Ak (C1H 14). 12 7} F A A
9rAE 12 i 3R ®WHolE pd0.01 9 cutoff @F 2 Q] in silico A=

HFH (SIFT <0.05 28] CADD 2252 #-g3lo] A=, ALg

i

ME =29 A= thF AL Tl genome-wide g F

lo,
ox,
o
ne
flo

g (7] WEol, AiEoez & AAT p cutoff 7t A= ATt

F 12 & AeFH A AW™AES Hole 12 e R
FAZE Yepdth, o] F CRIMI  fAANA IHER
rs3821169 wWolgto] B FLEO|A additive (p=0.0483) 1gjm

recessive  (p=0.0132) 2d RToA FAHoZ [Fot AE
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E 12. ¥4 dANNAN NUDTIS 3 TPMT R5o) ¥olg ZtA] ¢k 188 9] AAZHE HojZ 12 7|9 TH wHolo] it F7t,
6—-MP &3F WiB.g (%) additive 249 recessive HE

Hol: 97%  SIFT CADD ExACEAS w#Wo]  2#4  HEfx ANOVA a#  pf  a#  pf
A% Q1A o2  H4 H®E  WE  ngR p A7 271
rs3821169:T  CRIMI 0 253 0243 88 64.41x27.7 71.99:27.0 0.015 -9.07 0.0079 -21.09 0.0248
rs191083003:T  FSIP2 0.01  26.7 3.46E-03 3 25.79+21.1 69.13:27.1 0.007 —46.98 00033 NA  NA
rs67877771:G  IQCG 0.04 262 0215 59 61.13+25.3 71.79+28.0 0.010 —10.68 0.0086 —22.55 0.2531
rs200125400:A  SLC22A5 0 32 2.39E-03 2 16.44=0.7 69.00+27.2 0.007 —52.63 0.0069 NA  NA
rs141145196:A  TOPIMT  0.03  27.1 4.76E-03 2 19.46x17.7 68.97+27.2 0.011 -54.90 0.0061 NA  NA
rs61758536:A  SPAGS 0 26 0.052 28 56.14x26.6 70.60=27.2 0.010 —14.74 00087 NA  NA
rs181036640:A  DPP7 0 287 0011 4 31.90+28.4 69.24:27.1 0.007 -37.27 00071 NA  NA
rs34337292:C  OR9Q2 0 259  0.068 48 59.46+28.7 71.52+26.5 0.002 —11.98 00044 -37.44 00195
rs200982819:A  SLCISA3 0 297  0.028 7 42.40+18.8 69.45:27.4  0.005 —24.41 0.0056 —58.42 (.0340
rs144612495:T GOLGA3 ~ 0.02  25.7 4.00E-03 2 18.1616.0 68.98+27.2 0.009 -55.00 0.0049 NA  NA
rs12587478:T  KLHL33 0 25 0.059 11 4420275 69.95+26.9 0.005 —22.01 0.0034 -17.75 0(.5218
rs746000108:T  INSR 0.01 25 5.01E-04 2 18.11:158 68.98+27.2 0.009 -50.77 0.0097 NA  NA

p e tF Ad S 3 dolH; SIFT, sorting intolerant from tolerant; CADD, combined annotation—dependent depletion;
EAS, East Asians; ExAC, Exome Aggregation Consortium; NA, Not Available.
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E 13, FA8 DANA Aol 12 7|2 FH WHolo figt BA @A (N=52)°)|4 2] 7} A3,

6-MP &3 WB.g (%) additive 29 recessive H &

Ho: #7472  SIFT CADD ExAC %] LA HE-32  ANOVA H-#2h HH-324 ANOVA B2t
g8 94 og I A% EASUE mgR P P

rs3821169:T CRIM1 0 253 0.243 25 55.14x40.5 64.47£36.1 0.118 - 16.55 0.0483 -52.27 0.0132
rs191083003:T FSIP2 0.01 26.7 3.46E-03 1 8.82+NA 60.99+37.8 0.178 -39.52 0.2877 NA NA
rs67877771:G  IQCG 0.04 26.2 0.215 17  65.98+24.5 57.07+£43.3 0.676 0.52 0.9492 -16.54 0.3899
rs200125400:A SLC22A5 0 32 2.39E-03 2 56.21+37.1 60.14+£38.6 0.888 14.29 0.5975 NA NA
rs141145196:A TOPIMT 0.03 27.1 4.76E-03 1 142.05= NA 58.38+36.7 0.028 68.60 0.0626 NA NA
rs61758536:A  SPAGS 0 26 0.052 5 42.83+£37.6 61.81+38.2 0.295 -17.38 0.3186 NA NA
rs181036640:A DPP7 0 287 0.011 1 88.24+ NA 59.43+38.3 0.460 41.32 0.2688 NA NA
rs34337292:C  OR90Q2 0 259 0.068 14 53.67+28.9 62.31£41.2 0.474 -5.15 0.6550 NA NA
rs200982819:A SLCI5A3 0 29.7 0.028 1 80.13x NA 59.59+38.4 0.599 11.78 0.7521 NA NA
rs144612495:'T GOLGA3  0.02  25.77 4.00E-03 1 88.24+ NA 59.43+38.3 0.460 41.32 0.2688 NA NA
rs12587478:T KLHL33 0 25 0.059 2 30.82+1.2 61.15+38.5 0.275 -20.96 0.4436 NA NA
rs746000108:T INSR 0.01 25 5.01E-04 0 NA NA NA NA NA NA NA

p 32 0% A9 3|AE 53] FolH; SIFT, sorting intolerant from tolerant; CADD, combined annotation—dependent depletion;
EAS, East Asians; ExAC, Exome Aggregation Consortium; NA, Not Available.
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43.3 CRIMI ¥ol¢} X fd A7 A4 B7}

CRIMI rs3821169 o] H{AL A (p=0.007), B4 (p=0.048),

83 B (p<0.001) REOIA golatA Yo 6-MP DIP $xE
Bk (29 15). o]3st 7ot AL recessive B SloAE A
RBE BEAA SR (p ghe 247 0.025, 0013, 223 0.00D).

e

A FIZEJA+= dominant @ StoA FAA ukelrt "ol HA|qt
(p=0.028, 0.224, 12]11 0.013), o]+ A& AL & "Heoz F5H

ZolaJolelo| A CRIMI 1s3821169 HGA:= o WIDE HYW

rs3821169 < AeFH FA4 b Aol WS HrloH]
gstod, dF el A eFH =4 cutoff (Le, Group 1 (G1) <70%, G2
<60%, G3 <45%, G4 <35%, G5 <25%, 121 G6 {15% DIPs) ol A
TH ®olol Aygol HIiEQILh o] W ARgE F HA] iRTe

o gok (D) 24, 54, 19

e
T—

m&v

= ZHZF 89, 21, 110 o=

R

FA4E DIP > 70%S Hol:= wdy 37 (Gy), 1 (2) 1000
Genomes Project 9] 717}3t FofAloldl 504 Weo=m FAH i

) Z1[55]. Dominant @} recessive 2 S}ol A Fisher’s exact test <}
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Cochran—Armitage trend test (CATT)7} ==t 6 709 Hlw & &
4 7§ Z1FollA Fisher's exact test (recessive @)L} CATTs EFoA G,
a9a oF fixdt RFo] dis] FAAcR  foit ATAHS
AR (& 14). Fluidigm genotyping WH¥-= AHEsIY]  blood
sample ©] EA|5t= 118 el tHall rs3821169 9] genotype = =HQlIgh

A3} 97.4%0] A& EIt
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Aok * Ak
A
s g b + L
§ i ' ° -a—
= ® i o -a— v
a I ' ' i
g - P L4
[ ! 1
S . o &
= o ¢ ‘
é 9 o f ' o —o— ‘.
1 ! 1
£ ° e g
)
2 K1 °® i
|
‘8 ° : J
]
o o | ] o
5 wn
& 2 ° ! : %' ..
E 8 S o8 o s o
' of o i 8 ° h
. = s = | : ‘
| - 2 — § + 1 3
T GT GG T GT GG T GT GG
N=9 N=79 N=100 N=3 N=22 N=27 N=12 N=101 N=127
Discovery NM, N=188 Replication NM, N=52 Combined NM, N=240
ANOVA p =0.014 ANOVA p =0.118 ANOVA p =0.003
Regression p =0.007 Regression p=0.048 Regression p =9.7E-04

1% 15. NUDTIS & TPMT R59| Wo|E 7lAA] ¢E Aot HE@Y
Ao CRIMI rs3821169 Ho|R e o= =4 o] AWA.
ANOVA ¢ o5 Ad 39 BEAS AFgste] CRIMI rs3821169
genotype & W2 =A (p=0.014 2]32 0.007, N=188), EA|
(p=0.118 18] 0.048, N=52), 18|31 &% (p=0.003 1&g p=0.001,
N=240) FZEA Fo3 6-MP o= 7tk WES zfo]lE Hol=
7S &21gt. CRIM]I, gene encoding Cysteine—Rich Transmembrane BMP
Regulator 1. *p<0.1, **p<0.05, ***p<0.01, post—hoc Tukey test.
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B 14, Aot P4 WX 274 WYY FRANA HEHE A% F7] 6-MP §F

r$3821169 AR} ol HIE BE W},

AR

[e]

T2 A (WES)

1000 Genomes EAS 9}2] v (N=504)

dominant =@ recessive H & CATT dominant =@ recessive T CATT
OR OR OR OR
%% 1%  REFHETHOM p (95%CD p (95%CD  p J% REFHETHOM p (95%CD p (95%CD  p
Go) 70 62 45 3 EAS 283 185 36
G,£70 65 56 9 0.364 1.29 0.234 2.64 0.168 G,£70 65 56 9 0.236 1.28 1.000 0.97 0.335
(0.8-2.2) (0.6-15.6) (0.9-1.9) (0.4-2.1)
G,<60 49 42 9 0.333 1.34 0.073 3.51 0.102 G,<60 49 42 9 0.226 1.33 0.532 1.29 0.192
(0.8-2.4) (0.8-20.7) (0.8-2.1) (0.5-2.8)
pr G5<45 19 26 9 0.013 2.37 0.002 7.04 7.15E-04 G;<45 19 26 9 0.004 2.36 0.030 2.59 8.79E-04
o (1.2-5.0) (1.7-42.3) (1.3-4.5) (1-5.9)
G,£35 14 20 7 0.018 2.48 0.004 7.22 0.001 G,£35 14 20 7 0.009 2.47 0.034 2.67 0.002
(1.1-5.7) (1.5-45.6) (1.2-5.2) (0.9-6.7)
Gs<25 8 8 5 0.154 2.09 0.003 10.8 0.007 Gs<25 8 8 5 0.119 2.08 0.018 4.04 0.014
’ (0.7-6.3) (1.9-76.4) ’ (0.8-5.9) (1.1-12.4)
G,<15 4 4 4 0.142 2.56 0.002 16.88 0.003 G,<15 4 4 4 0.145 2.56 0.010 6.45 0.008
(0.6-12.3) (2.4-136) (0.7-11.8) (1.4-25.5)
Go» 70 51 35 3 EAS 283 185 36
= G,<70 49 44 6 0.308 1.37 0.503 1.84 0.221 G,<70 49 44 6 0.227 1.31 0.831 0.84 0.416
5 (0.7-2.5) (0.4-11.7) (0.8-2.1) (0.3-2.1)
i G,<60 37 31 6 0.430 1.34 0.302 2.52 0.202 G,<60 37 31 6 0.381 1.28 0.810 1.15 0.363
o (0.7-2.6) (0.5-16.1) (0.8-2.2) (0.4-2.9)
G;<45 10 17 6 0.014 3.06 0.012 6.25 0.001 G;<45 10 17 6 0.006 2.94 0.036 2.88 0.001
(1.2-8.1) (1.2-41.3) (1.3-7.1) (0.9-7.8)
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G,<35 8 13 40040 283 0040 535 0.006 G,<35 8 13 40023 272 0411 247 0.011
(1-8.4) (0.8-39.4) (1.1-7.4) (0.6-7.9)
G.<25 3 4 20202 266 0065 7.85 0.039G,<25 3 4 20193 256 0138 37 0.074
(0.5-17.5) (0.6-81.6) (0.5-16) (0.4-20.4)
G<15 2 0 2 1 134 0013 2541 0.049G<15 2 0 2 1 128 0030 1284 0.072
(0.1-19.2) (1.4-472.8) (0.1-17.8) (0.9-181.8)
G»)70 M 10 0 EAS 283 185 36
G<70 16 12 3 1 103  0.264 Inf 0604G,<70 16 12 30710 1.2 0486  1.39 0.543
(0.3-3.6) (0.3-Inf) (0.5-2.7) (0.3-4.9)
G,<60 12 11 30772 128 0242 Inf 0369G,<60 12 11 30321 149 0428 169 0.256
_ (0.3-4.7) (0.3-Inf) (0.6-3.6) (0.3-6)
Y Ge4s 9 9 30758 145 0232 Inf 0246G,<45 9 9 30266 171 0199 216 0.146
_ (0.4-5.9) (0.4-Inf) (0.6-4.7) (0.4-7.9)
4 G<35 6 7 30508 180 0072 Inf 0128G,<35 6 7 30200 213 0411 299 0.059
(0.4-8.5) (0.6-Inf) (0.7-7.2) (0.5-11.6)
G<25 5 4 30721 152  0.040 Inf 0141G,<25 5 4 30384 179 0055 431 0.080
(0.3-8.3) (0.8-Inf) (0.5-7.3) (0.7-18.3)
G<15 2 4 20238 317  0.069 Inf 0.049G,<15 2 4 20147 383 0113 431 0.029
(0.4-39.2) (0.5-Inf) (0.7-39.2) (0.4-25.3)

REF: Reference; HET: Heterozygous; HOM: Homozygous; OR: Odds ratio; CATT: cochran armitage trend test; EAS: East Asian
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434 XeFA ZAJ Yt NUDTI1S5 TPMT, 12]1 CRIMI 9] Egt

71&o| & AP ol NUDTIS S TPMT thH] M2 CRIMI °] F7}
ans H@ristrl fste], homozygous CRIMI rs3821169 &I
Hhgstr] o]t o] %2 GVB 7|§F ROC #4& Xdstitt (14 16).
a9 16 2 AFAL FA {82 7 oS md (GVBNPTR ML
Mz A5 =z Al /A7 7)RE 95 29
(GVBHPIRIIMLCRIMG o - kA JEEE yehd AUC  olth
GVBNPTISTEMLCRIME o ¥z 35 E o] DIP { 100% 7|%F& Alelstie
(AUCK100%=0.642 vs. 0.676) X threshold cutoff 7|4 AFH <]
GUBTETT o d  fe d3dE BAY (g, 27
AUCK15%=0.810 vs. 0.706, 0.697 vs. 0.600, L1l 0.754 vs. 0.658;
Z¥zy AUC{25%=0.739 vs. 0.684, 0.728 vs. 0.633, 121l 0.737 vs.

0.667).

105 ;x: _k:.'!l_ 1—l| =



GVBNUDT15,TPMT GVBNUDT15,TPMT,CRIM1

< e 4 e 4
S
1l @ | @
P-4 s s
£
O 28 224
£ = 2
g @ z /
S / G o
@» s BIP< 15 (N=5/9) 0.706 [0.51-0.71] » S DI < 15(N=7/9) 0.810 [0.63-0.81]
E’ 7 /DIP <25 (N=10/19) 0.684 [0.56-0.68] - /DIP <25 (N=12/19) 0.739 [0.61-0.74]
#~" DIP <35 (N=15/40) 0.599 [0.51-0.60] DIP <35 (N=19/40) 0.624 [0.52-0.62]
S RN DIP < 45 (N=24/57) 0.631 [0.56-0.63] &4 DIP < 45 (N=30/57) 0.684 [0.60-0.68]
o /<~ DIP <60 (N=34/108) 0.578 [0.52-0.58] DIP < 60 (N=40/108) 0.588 [0.52-0.59]
w ) DIP < 80 (N=46/175) 0.559 [0.51-0.56] r DIP <80 (N=52/175) 0.559 [0.48-0.56]
a 2 4/ —— DIP<100(N=52/216) 0.547 [0.47-0.55] 24 ~—— DIP <100 (N=61/216) 0.634 [0.53-0.63]
T T T T T T T T T T T T
1.0 08 06 04 02 0.0 1.0 08 06 04 02 00
Specificity Specificity
© 24 7 24
W
Z o« @
. S S
t
o
L 22 2@
o =° s °
o 7] k7]
c G o ] 5 <
o ©®=o DIP <15 (N=8/16) 0.600 [0.46-0.60] 7] DIP <15 (N=10/16) 0.697 [0.56-0.70]
= DIP’< 25 (N=13/25) 0.633 [0.52-0.63] DIP’= 25 (N=16/25) 0.728 [0.61-0.73]
@® DIP < 35 (N=16/32) 0.638 [0.53-0.64] DIP <35 (N=19/32) 0.709 [0.59-0.71]
2 S A DIP <45 (N=17/38) 0.615 [0.51-0.61] S DIP < 45 (N=20/38) 0.696 [0.58-0.70]
E DIP < 60 (N=19/45) 0.624 [0.52-0.62] DIP < 60 (N=22/45) 0.697 [0.58-0.70]
) DIP < 80 (N=22/58) 0.628 [0.53-0.63] DIP < 80 (N=25/58) 0.639 [0.51-0.64]
[v4 S 4 DIP < 100 (N=24/68) 0.676 [0.62-0.68] S 4 DIP < 100 (N=27/68) 0.642 [0.51-0.64]
T T T T T T T T T T T T
1.0 08 06 04 02 0.0 1.0 08 06 04 02 0.0
Specificity Specificity
o e e
g = =
% @ | @
b5 5
£
o 2@ 2> e
£ 3° 2 °
o 3 / B
o 5., / 5 %
T D S F < 15(N=13/25) 0.658 [0.55-0.66] B S DIP < 15(N=17/25) 0.754 [0.66-0.75]
o /=~ DIP <25 (N=2344) 0.667 [0.59-0.67] DIP <25 (N=28/44) 0.737 [0.66-0.74]
5 o mmamatne | o] prEmienisie
=] > = = . . . =] s = . . X
£ —— DIP <60 (N=53/153) 0.594 [0.55-0.59] DIP <60 (N=62/153) 0.620 [0.56-0.62]
o DIP < 80 (N=68/233) 0.577 [0.53-0.58] DIP <80 (N=77/233) 0.578 [0.51-0.58]
[¥) sS4/ DIP < 100 (N=76/284) 0.578 [0.52-0.58] 24 DIP < 100 (N=88/284) 0.634 [0.55-0.63]
T T T T T T T T T T T T
1.0 08 06 04 02 0.0 1.0 08 06 04 02 0.0
Specificity Specificity

I 16, 320 WO Aol wWdY FAxA F FY = NUDTIS 9@
TPMT ©| CRIMI & EFe =X AAHE FF =4 95 FFE.
Aol DIP 9] (<15%, <25%, <35%, <45%, <60%, <80%, and
<100%)Z 7]%2i lé% o, Al 7 #dx =g (NUDT15, TPMT
d CRIM1) (222 mjg)o] ujxjat 7] 6 MP DIP of digt o=
= (AUC A %@)% 71&9] T 7kA] fHx md (NUDT15 ¢
TPMT) (% mi@)Et dso] FHold. 95% 418 o] T <H
2714,
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AQET, FE DIP I $5 GVBNLIEIT
oF GVBNPIBIMICRMI mf e AUC & 7He A
gelatyet. os Eol, WA ©AL] GVBNPIRIPMLCRIME o] Ao
AUC® 0810 = AUC®*=0.739 ¢} AUC®”=0.624 Rt} =gttt
F7v2 CRIMI 9 @5 a5 B7totr] flste] GVBHME Al4tstoint.
FoproleloA] o HIEE Hol: rs3821169 o EAS HHYslo,

GVB“M! = heterozygous rs3821169 ©] 315 FA|5tal AAsEATE

435 ALFY HA T 9 A%

fo
H

a9 17 2 AA Z3E (320 B)oflA o2 F 4329 &t

il
HT
o
el

2eFd =4 digt CRIMI, NUDTI5, 2183 TPMT 9] 9 &=}
o= A S yeblict, GVBYM o] AUC = NUDTIS #F TPMT 2%
WT ¢ 240 o] apollA &A=, GVBWPTE o] AUC = TPMT
WT o|HA] CRIMI rs3821169 homozygote Wo]E 7FA|1 QA L2

294 oA, Z2g]al GVB™T o] AUC & NUDTI5 WT ©|HA CRIMI

Rl
pacs
2
o
2

rs3821169 homozygote Ho|& 7}4] &2 236 HollA SF =AU

&

B[}
o,
o

Tr o9, B4, 201 £F D8E LRolAd Wbl

rr
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GVBCRIM1,
NUDT15 & TPMT WT

GVBNUDTT5,
TPMT WT & CRIM1 rs3821169

GVBTPMT,

NUDT15WT & CRIM1 rs3821169

(N=240) non-homozygote carrier non-homozygote carrier
(N=294) (N=236)
<« e e e
3 N=224 N=185
% @ o | < |
S S s
£
S z3- z 2 z8
8 2 2 2
> B I B 34 F< 15(N=3/5) 0.735 [0.47-0.74] B 34 (N:ﬂa)ossa[ouoss]
DIP <25 (N=6/13) 0.656 [0.50-0.66] 25 (N=2/9) 0.600 [0.46-0.60]
g DIP <35 (N=11/32) 0.594 [0.50-0.59] 35 (N=2/23) 0.531[0.47-0.53]
° S 33) 0.579 [0.47-0.58] &4 DIP < 45 (N=19/46) 0.639 [0.56-0.64] o4 DIP < 45 (N=3/30) 0.540 [0.48-0.54]
] 4) 0.507 [0.43-0.51] /> DIP <60 (N=27/95) 0574 [0.52-0.57] DIP <60 (N=4/72) 0519 [0.49-0.52]
0 N=6/129) 0,517 [0.43-0.52] DIP < 80 (N=37/160) 0.554 [0.50-0.55] DIP <80 (N=5/128) 0511 [0.49-0.51]
(=) 2 —— DIP <100 (N=9/164) 0.636 [0.53-0.64] 2 —— DIP < 100 (N=42/197) 0.550 [0.48-0.55] 2 4 —— DIP < 100 (N=5/160) 0.496 [0.45-0.50]
T T T T T T T T T T T T T T T T T T
10 08 06 04 02 00 10 08 06 04 02 00 10 08 06 04 02 00
Specificity Specificity Specificity
© 2 249 24
~ N N=51
E 2 | 2 |
& S S s
o
o | o | ©
= E=S E=S
S 5« et g . g .
o ® S DIP£154K=2/8) 0.690 (0.48-0.69] » S » S (N=0/6) 0.478 [0.45-0.48)
= - BIP<25 (N=3/12) 0.6960.52-0.70] /9) 0.476 [0.44-0.48]
[} ~»“/DIP < 35 (N=3/16) 0.642 [0.49-0.64] 14) 0.522 [0.45-0.52]
92 BT /74 DIP <45 (N=3/21) 0.656 [0.52-0.66] S S 19) 0511 [0.45-0.51)
Y 7= DIP <60 (N=3(26) 0.645 [0.51-0.64] 124) 0.502 [0.45-0.50]
) DIP <80 (N=3/36) 0.521 [0.37-0.52] DIP <80 (N=21/54) 0.694 [0.63-0.69] DIP <80 (N=1/34) 0.485 [0.42-0.49]
4 24 DIP < 100 (N=344) 0.438 [0.27-0.44] S DIP < 100 (N=21/62) 0.669 [0.61-0.67] 34 DIP < 100 (N=2/43) 0523 [0.49-0.52]
T T T T T T T T T T T T T T T T T T
10 08 06 04 02 00 10 08 06 04 02 00 10 08 06 04 02 00
Specificity Specificity Specificity
o e e e
. T | N=240 . T | N=236
]
2 o | @ @ |
S S S
)
g gz R g2
S 3 - 3
o 5, 5. 5 .
T D S 15 (N=4/12) 0.710[0.54-0.71] o 3 15{N=11/19) 0.699 [0.58-0.70] » 3 — | (N=1/9) 0,540 [0.43-0.54]
I B<25 (N=521) 0.658 [0.53-0.66] # DIP <25 (N=19/35) 0.690 [0.60-0.69] = = JP< 25 (N=2/18) 0542 [0.47-0.54]
£ o DiIP < 35 (N=7/41) 0.562 [0.46-0.56] o DIP <35 (N=26/60) 0.638 [0.57-0.64] o IP < 35 (N=3/37) 0.528 [0.48-0.53]
Q2 s DIP < 45 (N=9/54) 0.600 [0.51-0.60] 34 DIP < 45 (N=35/80) 0.650 [0.59-0.65] 34 DIP < 45 (N=4/49) 0.530 [0.49-0.53]
£ #— DIP <60 (N=9/100) 0.543 [0.47-0.54] DIP < 60 (N=45/136) 0.602 [0.55-0.60] DIP <60 (N=5/96) 0.515 [0.49-0.52]
o DIP <80 (N=9/165) 0.516 [0.44-0.52] DIP <80 (N=58/214) 0.588 [0.54-0.59] DIP <80 (N=6/162) 0.505 [0.48-0.51]
Q S ~— DIP <100 (N=12/208) 0.580 [0.49-0.58] S DIP < 100 (N=63/259) 0.579 [0.53-0.58] 2 4 DIP < 100 (N=7/203) 0.502 [0.47-0.50]
T T T T T T T T T T T T T T T T T T
10 08 06 04 02 00 10 08 06 04 02 00 10 08 06 04 02 00

Specificity Specificity Specificity

a9 17, 9 FA2e adg HAT §F FE 54 599
CRIM1, NUDT15 @ TPMT®] @ §Az} 7% Hrt 7 717 2o
(K15 %, <25 %, <35 %, <45 %, <60 %, <80 % E <100)°)|A =
T fAR] wRg Aeld F whE Ael2 6-MP DIP £ o535}
_?4@. GVBCRIMJ’ GVBNUDT15 E‘l GVBTPMTQ’] Oﬂé @Q’E% 95%
AE FHe B Qo] Y| QS

E
_Z_'C_T
= = .
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AAH o2, NUDT15-2 DIP 25%9] cutoff oflA5] 6-MP DIP o]

gt H1o] o Aot s Hdoh [Fd AUC=0.656, N=224; =4

AUC=0.697, N=70; &% AUC=0.690, N=294]. Recessive CRIM]I

o
hi

model = FoFA[oFRlo] 6-MP W&ol Higt 7H 7+t 4

B}

A]

e

NUDTI5 9} AZ0sE o= Hars g9 @A AUC=0.623, N=188;

i

24 AUC=0.696, N=52; &% AUC=0.658, N=240]. TPMT = &

NUDTI5 3 CRIM] 2% Y& DIP threhold 7|32942 =2 AUC &
Bk FdHo=2, MEEL CRIMI F73A= homozygote FEfY o

=5 2 k=R TdHE Fotrorle &= NUDTIS & TPMT

do
)
2
=2
fu)
el
it
Al
)
©
=
H

ERI SRR

fol
:J_,
il
HL
0,
rr

Aoz
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43.6 NUDTIS, TPMT, 183 CRIMI®] 9% Rz tigt B}

ke

15 & 6-MP DIP of tfst CRIMI rs3821169 homozygote 9] o=

A g yepdoh [EE (0.926), EA (0.827), 1

K
r}oll

3t (0.904)
FZE]. CRIMI rs3821169 Hol= 11 A2 Atror o mztn
(0.222~0.250)2F FA A=E (0.222~1.000), 133 AHHoz &2
Eolk (0.961~1.000)2F &4 &% (0.816~0.961)F Z=tt.

AAe] 6-MP o Hig+ CPIC 7tel=gele  TPMT &}

NUDTI5 °f wigt 28 tig §42 718 diplotype & -85}

BH7ketet, 28 Y §32= genotype o] NIERRE FAH & =4, CPIC

Brste Ae ule Zad AR dolglth o §A7e] s

=
=

ot

5t

rlr
D
<
o

o~
4>
1o
Jo
oo

o,
mlo
o,
N
ol
N,
=i
ol
a

N
2
ro
[>
o,
L
L)

H7F sk (& 16). o] W, GVB A9 A4S cutoff g+ Youden’s

index & F|3A7]= GVB #toez A=A (19 18).
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15. FE =4 o2 9Jo]Ax CRIMI rs3821169 Hol9] o= Asin

6—MP DIP (%)

Ho
rs3821169 X X
homozygote < 959, Y259, A=) '_l;'_'l H ? ? H
B mgn ¥ g R &5
A (+) 2 7 9 0.222 0.961 0.222 0.961 0.926
) 7172 179
A 9 179 188
24 (+) 3 0 3 0.250 1.000 1.000 0.816 0.827
-) 9 40 49
A 12 40 52
=3t (+) 5 7 12 0.238 0.968 0.417 0.930 0.904
=) 16 212 228
A 21 219 240
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E 16. 2o WY QoA FE FAHS A5 9T *E} A fd 7|t B 2@9 of A% 5 He] ®
A= ¥w Bk NUDTI5 2 TPMTo| tigh A8t g {3# 7|9 CPIC 7tol= &le] upx]dl Ato]E 6-MP DIP o
R = %1.7&’ B Esto|A ol kA GVB\LDT]5TPMT bu GV RNUPTIS TPMT,.CRIMI W T v, GVB AAIZS Youden 9 A4
A stets oz AAH,

6—MP DIP H H
S
<o5% 5% A B 4 ;:, ;:, 1
2| e Ba 299 S T
CPIC NUDTI5 3 PM+IM 10 46 56 0.526 0.796 0.179 0.952 0.775
TPMT metabolizer NM 9 179 188
GVBNUPTISTPMT <0.3 10 42 52 0.526 0.813 0.192 0.953 0.791
Cla=y 20.3 9 183 192
GVBNUPTIS, TPMT, CRIM1 <0.3 11 32 43 0.579 0.858 0.256 0.960 0.836
>0.3 8 193 201
A 19 225 244
CPIC NUDTI5 3 PM+IM 13 11 24 0.520 0.784 0.542 0.769 0.697
s TPMT metabolizer NM 12 40 52
GVBNUPTISTPMT <0.3 13 10 23 0.520 0.804 0.565 0.774 0.711
20.3 12 41 53
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GVBNUPTIS TPMT, CRIMI <0.45 16 10 26 0.640 0.804 0.615 0.820 0.750
>0.45 9 41 50
A 25 51 76
CPIC NUDT15 I PM+IM 23 57 80 0.523 0.794 0.288 0.913 0.756
TPMT metabolizer NM 21 219 240
GVBNUPTIS TPMT <0.3 23 52 75 0.523 0.811 0.307 0.914 0.772
=39 0.3 21 224 245
GVBNUPTIS TPMT, CRIMI <0.45 28 60 88 0.636  0.783 0.318 0.931 0.763
>0.45 16 216 232
A 44 276 320

IM, intermediate metabolizer; PM, poor metabolizer

113



a4

18. GVBNUPTISTPMT 41§ GYBNUPTISTPMT.CRIMI o] R A o] A| 742
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B 16 Fobol GUBNITSIAL niZte, Solw, oY 5%,
24 AEES ZHA7AA 712 28 gy KA Swe] BRun

°FZt O U2 oS AFEE Holz A =;IE & ok A (0.791

kd
r}Oll

vs. 0.775), BA (0.711 vs. 0.697), 1= 2t (0.772 vs. 0.756)].
CRIMI ©| % otz AB® 2t ofy fA27 £A4ekA 7] w2,

GVB 71t Al 27 % mae AAshelek: GUBNIIMMILN L

N
of
)

(o]

AEAQ A HHE /A2 7I§¥te] NUDTIS 3 TPMT diplotyping
R Eof H5] =2 AF g Bok [T (0.836 vs. 0.775), =4
(0.750 vs. 0.697), L2l Z3t (0.763 vs. 0.756)]. GVBNPTISTPMI.CRIMI
GVBNWPIBIPME of vl w e e #2 dF FI=g Btd, 97,
A, 291 &% o AZbeA =2 W E (0.579 vs. 0.526, 0.640 vs.
0.520, 183 0.636 vs. 0.523, respectively), ¥4 o= (0.256 vs.
0.192, 0.615 vs. 0.563, 121 0.318 vs. 0.307), 181 24 =5
(0.960 vs. 0.953, 0.820 vs. 0.774, 0.931 vs. 0.914)2 Kt} Eolx

(0.858 vs. 0.813, 0.804 vs. 0.804, 0.783 vs. 0.811) ¢t A== (0.836 vs.

0.791, 0.750 vs. 0.711, 282 0.763 vs. 0.772)= WA} BA ZoAL

o
&)

R Zaaklrt.

ol A

rr

Zrtetgont,
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CRIMIZ & ¥4 @820 Joagste Joz d=d 224 Faqt

rr

oA (BMPs, bone morphogenetic proteins)@ #-AFSH AlE EH o
E1} (cell-surface transmembrane) Tz o|ct oFE Ao st

CRIMI1 °] &2 o] of2] Aol B 2 Ql=d [88, 89],

=

A e B 4 drke Rt glek o]Z2 BMP level o ¥

rr

o)z 1, watd] CRIMI o] ZZANZo] A&7 Hs}

il

ZA%t= As
AAFSEE, GDSC (Genomics of Drug Sensitivity in Cancer) k& [90]&
#-25to] 153821169 heterozygous H-Go] WT Z thH] WS mRNA
expression level & Hth= Z1S SQlsttt (I 19, r—test p=0.095).
AoFQloll A s ®elo] AtiA ®IEZF wfe @7|wjZo] homozygote

Hol HFgArh WASZ] ¢t Asdste @A Vs A4 (loss of
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haematopoietic and lymphoid tissue, N=173

~ One-tailed t-test p=0.095
e 0

[T -
= @ o0
2
] L
s oo
s 7
a 1 3ad
2 P o
§ <+ 4 .
o i
< %
3 %ﬁg
o o
7
o
[oR
>
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o
(@)

O —

T T
GG, N=164 GT, N=9

rs3821169 G>T, CRIM1

a9 19. 28 9 FZ 2HofA] 53821169 Wo] Hf#y} HHGF 7H
CRIM1 mRNA expression levels ] H]1,
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g BAo|AL CRIMI S Ao MdH SajoA] 2] Fd oFE

O

54 A5 M= AA=E ARMeh CRIM 1153821169+ A=
=1 (SIFT score=0, CADD score=25.3), SotAJo} oA ujL
HHSHA AR wRo] (MAF=25%) &4 o228 Z7MA7.
=2 Od 32 NE2RY oAY4T 4 SI%, homozygous HHEL2 6-

A=

£
B[\
o
ok
ﬂl\ﬂl

S7HAFH Y, heterozygous 2@
phenotypic effect o 57+ HE9] (moderate) &7 H T},

CRIMI rs3821169 9] RlIki= FopAolQloflAl (T=0.255) of& QIEHTH
(global=0.066, Africans=0.001, Europeans=0.009, South Asians=0.05,
123 Americans=0.02; 1000 Genomes Project, Phase 3) @3] =3ttt

Homozygous H-ftAt=  FopAloteloAnt ®HAFEI=H (7=0.07D),

o
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rlo

(e}
o

F9 BE Aot g Wolrt obx oA S49
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[¢]

Ao AFE FHAFTo AEs] AAHA 7] dEel [91], T
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Abstract

Genomic Characterization of Pharmacogenomic and
Disease Genes using Gene—wise Variant Burden:
Evidence of Utility in the Field of Computational

Pharmacogenomics

Yoomi Park

The Department of Bioinformatics
The Graduate School

Seoul National University

The advent of next—generation sequencing technologies has empowered
researchers with the ability to catalogue and predict the contribution of
many different types of clinically relevant genetic variants. The traditional
single variant—based analysis is limited since the rarity limits the statistical
power of associating rare variants with phenotypes, requiring a large
sample size. To alleviate this problem, gene—based (or region—based)
approaches that aggregate the impact of multiple variants in a gene (or a
region) have been proposed. The recently published Gene—wise Variant
Burden (GVB) score, a score that integrates the overall deleterious impacts
of multiple variants on a gene in an individual-specific manner, has been
previously utilized in the field of pharmacogenetics, but the utility of the
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score has not been systematically evaluated. In this study, a comprehensive
evaluation of the utility of GVB was performed in translating genotype
information into phenotype across PGx, complex—disease, and
Mendelian—disease genes.

GVB scores were computed and assigned for protein—coding
genes for each of the 2504 individual genomes from the 1000 Genomes
Project (1IKGP) and 320 pediatric acute lymphoblastic leukemia (ALL)
patients. To assess the utility of GVB scoring method in quantifying the
potential contributing effect of variants on enzymatic activity, we
performed a comparison study of the conventional star allele-based
haplotyping and GVB scoring methods for predicting the last cycle 6-
mercaptopurine (6—MP) dose intensity percentage (DIP) as an indicator
for 6-MP intolerance of ALL patients with NUDTI15 and/or TPMT
deficiency. DIP prediction accuracies of GVB and star allele-based
predictions were compared using AUROC (Area Under the Receiver
Operating Curve) analysis. To define high—risk DIP groups, specificity,
sensitivity, PPV, and NPV was computed under the binary classification
model with nine different cutoff levels (ie., 5%, 10%, 15%, 25%, 35%,

45%, 60%, 80%, 100%). Furthermore, a comprehensive comparison of the
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accuracy of GVB with the accuracies of the RVIS and GDI was performed
in predicting the wide variety of functional gene subcategories using
receiver operating characteristics (ROC) curve analysis. Comprehensive
genomic characterizations of PGx, complex—disease, and Mendelian—
disease genes were performed using the following seven molecular genetic
features: number of paralogs, number of singletons, per—person
mutability, PPI degree, CDS length, McDonald—Kreitman neutrality index
(NI, and protein complexity. A condition—specific score adjustment
scheme that could augment the performance by leveraging the genetic
knowledge about underlying genetic architectures was suggested.

The ‘computational’ GVB exhibited as an improved or at least
comparable predictor than the ‘empirical’ star allele-based haplotypes for
determining subjects with increased risk of 6-MP intolerance in pediatric
ALL patients measured by the last cycle 6-MP DIP (DIP <25
AUCqy3=0.677, AUC-atee = 0.645). The GVB score is considered to be a
powerful gene—level scoring method for the prioritization of
pharmacogenes, while the other gene—level scores performed best in
prioritizing Mendelian—disease genes. A general outline of genetic
condition—dependent analysis scheme, in which optimized strategies can
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be developed by applying the condition—specific patterns of molecular
genetic features, was exhibited. In the exploratory analysis, GVB can be
used as an evaluation method which can aggregate the functional variants
impact identified in novel candidate genes. The traditional two—gene
model (NUDTI15 and TPMT) for predicting 6-MP DIP <25% was
outperformed by the three—gene model that included CRIM1.

Overall, the GVB score—as a fully individualized and quantitative
gene—level scoring system—can improve the ability to prioritize clinically
important PGx variants and to understand the genetic architectures of
common complex diseases. The findings of the present study suggest that
different strategies are necessary depending on different genetic
backgrounds for improving personal-genome interpretations in the
context of pharmacogenetics and common-— and rare—disease phenotypes
in the era of personal genomics.

Keywords: Gene-level scores, Pharmacogenetics, Mendelian—disease,

Complex—disease, Variant burden

Student number: 2014-21328
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