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CYP3A4, CYP3A5, NRI1I2, POR, PPARA, PPARD, SLCOIB3 “1¥13 SUMO4
A28 197 ®Woli= SNaPshot X+ SNPtype assay® HEE #4330

€% By s=(C/D)e HARYFE dF HATEE 1Y Fol&Eo=
e gez AT s flel log WEAZA, ANOVA ¥
3|AEA S F7Rd (addivite modeD Z vl Al FAE QA AR LAB] S (false
positive rate, FDR)E HA3lo] p<0.055 F3t Aow wusgct. Felw
F+d®¥ol= Hardy—Weinberg 3HE 3IAE H7bsksith. AF &38R (linear
mixed model, LMM) #4& &3 W AF FAd34 AR ozt A=
B9kt Haploview T2 18-S =3 AufAW (haplotype) ¥ ¥ 533 (linkage

disequilibrium, LD)¢] =74 ¥ 3t}

3. A72%

2HE #Ae daEad AddelA A7y 549 {8k ApolE HolX
orth AAURE7IHE B4 H 57 (depth) o] 57.78x(41.09-105.5) ] 1 3L
BAFLAAM  20x o] FAYE HES 87.87%(77.87-96.09) 1A F
293,53178 Wol7} gelw el waate 2,900/ C/D #3k WHol] 7H AuE
A3} chromosome 32 NR1I2, chromosome 72 PTCD1, CPSF4, ZNF789,
ZKSCAN5, FAM200A, ZSCAN25, CYP3A5, CYP3A7, 12]al CYP3A47}
gl=3tt. FDR B4 Ay F 1671 ®ol7b A7k w7k I%la CYP3A7Y
rs225740128 C>G o7} 344 71¢ Qo] Zh (A7 p = 1.74 x1077 and p
= 0.0138).

Chromosome 7% dwjAlsd 4 A3} CPSFI rs883403% rs1043466,
ZNF789 rs6962772, FAMZ200A rs10238965, ~12lil ZSCAN25 rs18596907}
3 B2 JZSCAN25 rs3735453, CYP3A5 rs155249 rs776746, CYP3A7
rs10211, rs12360%} rs2257401, 18|31 CYP3A4 rs123339837F 247 B=&
Fgekaltt.

A= 2940702 ElARFA FE7F FRAEAL, 199 34(27-
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rs776746, CYP3A7 rs10211, rs123609 rs2257401, 18]l CYP3A4
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Chapter 1. Introduction

1.1. Aol gxto A W A A2 AL

1.1.1. Aol
Al 7ol Al (kidney  transplantation)o]st wAAIZAZIo 7 3=
B7bsst WA dAE Xdete] Alfetk= AdiA ] shuE,
A AVles 7H Fdzke] AlFow dgiAgoEx A Ve

s¥ae Aol T AdAend FA vla) A7]% 3 ue

A gk HojA

Frgo]l Aol

Ay o]F wid #AgH|E FAste] 2WAHFEE=

Sl

AARCcRE mEAo|IT.(1, 2) "dAge] FUt

o

geh Wl Sk WA Foksta YoM, @, A% e oe
4716 el o4 A%7 4 FTh(3) Ageld AR FE ol
ol whil ol Wwe AVF AdE AV FAFE Aol Fesh
4 F wrlardowr Aoldel HueE thal Agelgel bssh
4857t FAF el Wel g fFol YFFL ol 4A JEEo]

Fastnz old  z/|RE  oladw @¥e 9% et 9%

12 M 2 T}



histocompatibility complex) 2 AlE®¥E 189 (human leukocyte
antigen, HLA)S <At TAHxE &3t = A A4S F3l

ALE AT olF ARurgelst Atk AddAAL ol

g A% dA@Ql Kidney Disease Improving Global Outcomes
(KDIGO) ol ®zksh Aol a A oAM= 7] WA Qo=
A AsAg FSAA aga/EE FZEEIAHIEOEES
Abget s A

sk tH(KDIGO, 1B).(5) &g, 7] "ol Qo=

k|

g}q
AR AsAE FAee Zlol Festtt HE ZAwd AsA

)
oX
o
ku

o
:?L_‘,
£

1l T YA g¥lsel dTHAoY, olE €xd]

A AL wiAlgE QoA Al7]solu o4 A o FTF FAX] okof

oAds] Fo WAAAAR 27E(6)

1.13. g3 =g F2

Bl 28 ¥ A (tacrolimus  ®= FKLH06)= ZAFH  AsA =
Stz g agr)o] A oA 7 wWol AREE I QT (7) EFAREF A
T Aol FK-4A3s w2z -12(FK-binding protein—12) %}

ddst] HFARAM ZAmRe b Fde Alstar FAA 2d

e

e A LS Ao IL-2¢ #2 AEIRL ZHE

FN
i
ol

fof weldes Asjat gazdFas Agdel g ARus

13 e

| '-"‘.l'l_
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Aol Ao fastal o4 Ak FIAA AAwE AsA
12 AsAR ARESEE AHIL(KDIGO, 1A), AHAZ A%l
shate] oF 85% oo ®m b wWol AlgH 3 Yrh(8, 9) %7 F9

8o AF watel ANl glod ekgetd A A7} threlw

!

%75 9 (therapeutic index)°] FoF AzoFEsLE HUHPS HQ
st} ok Ee ATt gAY~ 8% FHA 5% (trough concentration,
Co)7F 8% oFE-5%==rAstW4 (area under the concentration—time
curve) %} A#H = ZoE BHiuEo v RUHPCE Co7l AHEHIL

Jo(rE dFsE 5-20 ng/mL).(10) EIARZFA SFEFE

SHHoE AR o =4 (radioimmunoassay, RIA) 7} N A
AzvtEgHy - HY  AEEAY (liquid—chromatography tandem

mass spectrometry, LC—MS/MS)¢] o™ LC-MS/MS+= A=

A B mekEv =4 sMsste] RIART Agizlos gro] of

14 A2t



12. A E T2 FF A thepy

12.1. AR LA o5

Btz el a0 vthARAZE okgetd maks AYa AA0lEE

stol, obEstd Awg selatt o] uje Faath w@ 704 el A

Bazetas ATAZ FolHu AT AANEES o 17-

31%°It}h. (16) EFAZEFAE Ao F5FHo oF 1A7F S5z dF
HAY Fxo] EE3ith(17) eBazdifAs AU EFEE9 zolE

Hola, QIF, &AolAdMe d¥Y A¥y EE Ao

Bk, ZolM p—glycoproteine] olaf &% WAew WEdE 5 QU
CYP3A49 CYP3A5 &4l 98 2 tiatH L, ofs &%} ol

o BEEo] Qlrh. CYP3A o] oF= thrtel] d3ds vA& Aoz

golx o=, CYP3A Tl CYP3A49 CYP3A5¢] tEo] CYP3A7,

1

183 CYP3A43S ¥338la 231 kb® chromosome 7g21 — g22.19]

1

Agtek. CYP3A47F 7Hd WA 2d=Egla CYP3A59 CYP3A439]
ZrllA B EQth. CYP3A7 &4t Eiotold 7 @Wol i H o
dH A A = AT (18)

ZEeA tiAbE I Fe oFEo] HFE HA 3 oo mdsta of
99%°] °oFEo] AEITA EAE, AFT, 4dFW T At oFE
gl

nd ol BhAE Aswr. Bazelvab fgrE gow

of dF= Tk Aot Ade o dde R FAtEHe

M

>

AAEM oF 5% Aol AFoR widdE. Hert A A T

FE7F Z7bekE Zlow BauETh(19)
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Qoketd, EFARFAE dldgiAlzE @49E YRR Z3
Zroll A el wiA s tiAbE FIste] Al Eddh ofEo] HF
Haxgte] mgete] oFgs 28-S yetdith(Figure 1). B R FAE
R o) A FK506 A (FKBP) % A s

ERRERRE kS

tlo

(<3}
=&

)

el A3l § A (phosphatase) 1 ZHA] /&

1%

T—A322 & 2z} (nuclear factor of activated T cell, NFAT)”7}
=2 olsshs AS Aoz QAYF71-29 T2 AEIIQI BH|E

o] A gt

16 . Jﬂ E 1_'_” i



Figure 1.
PharmGKB
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Inte&t'l'h‘al cell
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Systemic circulation
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tacrolimus T i W

[ lymphocyte
.~ PD pathway
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Tacrolimus pharmacokinetic pathway modified by



122 BHARIYTA bty AvE JAHS

Efaz ey okEst ilxte] s thekst  AWSEO]
AT AR AR oF diakgl AR AT A4y
aote] zolg, FY FEsLE Sl aotelld oF 2ujo]de] §FFo
QTE = Zo] ®HuEth CYP3A4ZE &A F F243] &43tsa,
CYP3AS @2 Adelo] Zof wup uigirh. 31 dirte] o3 F=
AgEy Zo diabek viAd Soll did tE oldl= FSoith AHdT
s SRl AT oFE FAES WFEE 7 gho] oFE sk
des P HTE(20) AFS] A, African—AmericandlAl 7F¢ =2
Az A ofkx &%Fo] o= o= CYP3A =EA9 p-
glycoprotein® &Ade 93 Aoz FolFu. I+ 7]Fo] v H$

J g0 67% 7t AAET WHE Solwt)

ERE oA AlRhell wE FEFo] FEJAET oy BT o4

dE ATeld BU S;E WR g8l Azl Aud wlaE Ao
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123. BAZTA FEST AR $8F vlo] 2nlA

Aol Exte A BaEgF A oty dad FAFES dA
U B %tk (Table 1), 7Hd 2 &3l A= CYP3ASE intron
3ol YXF rsT76746>  6986A>G  (CYP3A5+3) A7) A gko)
HJAA el mRNA dAd-& F53e] CYP3A5 &4 AL Adsts=
Zol LEFh(24) CYP3AS &4 75 Ady ddd 23y S
CYP3A5%6, CYP3A5*75 BFA R F-2A0ke] dAido] lyint. H
Fd3 wE X8 QA9¥ES  Aes=  Clinical Pharmacogenetics
Implementation Consortium (CPIC) 7FolEgkele A= ok E (wild—
type)Ql CYP3A5+1 W ¥4 (allele) S X¥3s:= CYP3AS 3 +3
9] CYP3AS H|¥d o2 FRFste] ddTodAM = EHARF A
Fol &35 oF 1.5-2v) T2FF AL ALSIUTH(25) CYP3AS7F A
71oste] Bl AR R A Fgehe] oF 40-50% AEE AEskA T (26)
oJ W3] A FiE dEde Al Aol disl dFo] oy 4

oM 2 dgHA Xskar o

o)

&

CYP3A4= txAe YAl a4 FY3E $H1AER 7157
A¢E Wol intron 6] YIX$F rs35599367¢] 6C>T

(CYP3A4+22)
Agox  CYP3A4 mRNA A& HIA7I= Zo]  wA
HuEQth.(27)  CYP3A4#1Bv=  rs2740574  —392A>G ol
CYP3A4 &4 T7tet A#HY era=zegfs ofeste] g&ke] Rt
et wERRAo] FaAE QT ofAlop A oA wlo] WIETZE Al

CaucasianclX 53] Ea=ze|F2a &5 3l ofgsed dFs VA=

19 p | _u;ﬁl_ .l_ll



CYP3A7E CYP3A ol x3d FHAAR fAketA 93 v

2 A CYP3A7#*1C + mRNA 23S Z7PA71= Zo)
HuEgovy, g3 ofx Eawst ZAox ®TH(29) [In vitro
AT CYP3A7 &4% Bla=gfs Aol o Row HG oL}
fFHHoll CYP3ASS w5 a¥ A7|7F BHuHrE (30, 31)

obE Al Av® FHAAR ABCBI, ABCCI, ABCCZ, ABCGZ,
SLCOIBI°] XRu¥EQYy. ABCBIS MDRI (multidrug resistance

De=w & p—glycoproteing Fo3}ele= FHAARE A% o] 9]

!

A Soll wdEo] AR FAe S50k e By o9EFEEs
nHth(32) AAels 2 gell oekAWAd W (multidrug
resistance—associated protein 2, MRP2)o] EAlslo] s JFTE
AAlszul, ol ABCCZl dmstEi #A% W7l Bamdy X
ok sto] JTS wH= Flo] HUEHATE(33) H7] Lol FF
Z2]HEto] = (organic  anion transporting polypeptide, OATP)+
tefet 2ol AE Wl k=9 AF (uptake) ol s AL dF
FEo S vt 7} OATP T+ SLCO (solute carrier) 3%}
ol dEstEY, SLCOIB3 w38 %o] 7] AR ofs sE49
HA 7L gt (34)

Bl 2 e F A5 fiAtskE CYP3A &4 @47 datd fdx=
POR, PPARA, NRI1I2, NR1157} A7-53th. P450 oxidoreductase?!
PORE CYP3A + 9e® kst AEAFE CYP1A2, CYP2C199
G4S FAIY.(35) PPARAS  rs4253728  ¢.209-1003G>A %}t
rs4823613 ¢.208 + 3819A>G rxiWlol= ARere] CYP3A &< oF

8—9% ZAsl+= ZHoz & HTF.(36) NRIIZS pregnane X receptor

20 e
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(PXR)S, NR113= constitutive androstane/active receptor (CAR) S
TPt AR 24 FAAY T RES fAFSE PR Aghehe]
Aol & (xenobiotic)  ©tALe}  FFAL}E AdE ok 15071 ©o]4d9

SAAe] WdS xAS T oo CYP3A4, CYP3A5, ~18]1 ABCBIO)

B0 ofkx gkl JdFS mA= Zo] Buw wp Qlth

1o

HSD11B1S  ®EoFEe AHZo=  AAY oAty Fo
prednisone°l| A prednisolone®® WA 7]&= §42 A d7Eo
FEo Pgs v AoR SAETt.(38) oFEdt #H [P o] o]

AFE ATWSolt oA Fel FFL WA AT Fuhs o

o
&
ot Atk AtE AIE BolV|E shv, vl Aol Mk
O mdrE #gdE® fA"EEe] SAEH. B, JIFE A=

=Astre VEe Baud fAFedEE vE A"eA  olE
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Table 1. Genetic variants related to tacrolimus pharmacokinetics

Genes Variants

rs1128503, rs229109, rs3213619, rs2032582,

ABCB1
rs1045642

ABCCZ rs2804402,rs3740066, rs2273697,rs717620
rs2740574, rs12333983, rs2242480, rs6956344,

CYP3A4 rs138105638, rs35599367, rs4646437, rs28371759,
rs1851426,rs2687116,rs4986910

CYP3AS rs776746,rs15524,rs10264272,rs41303343

CYP3A7 rs2257401

CYP3API rs2177180

HSD11B51 rs846908, rs846910,rs4844880

NR1C2(PPARD) rs2267668

NR112(PXR) rs6785049,rs3814055,rs2276707

NR113(CAR) rs55802895,rs11584174

POR rs2868177,rs1057868
PPARA rs4823613,rs4253728
SLCO1B1 rs2306283,rs4149056
SLCO1B3 rs4149117,rs7311358
SLCOZB1 rs2851069

SUMO rs237025,rs237024
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124 BtAZ2F 2 5 sd A E 7R vio] v

Tz Hol= 25 G9E A4 A o A7|7F 7R oo w
AvtEe] AEE AAE Adu fH¥e @d wWolzx v E
AYA gk, o]#3t AAE++3 (linkage disequilibrium, LD) A o] =
e FAFEIHe] duiAEs BAsthe 2E Festh gxdo®
ABCB1 #3AA%= C1236T, G2677T, 18|31 C3435T 7] wo]9]

AulAHe]l ARG, HolA Aol ol Aol EAmelT obm

off

Eoﬂ ol 3k

JFE WA= Aol HiuEOU (39, 40) FHA Aol

ftlo

gapol At B AduAEge] Auge wolx AT (UD)

-

7] AQl¥} A< (insertion and deletion, indel) X3 FQ {-#Ax}
vlo] @utA R, SNP THg E8lX| = gou 79 FoA HAyst= A5
ofu| Al wWol W gl 54 wigle] AAHET.(42) EBIARIFA

il

oF5et HoleriARA F43 del obd WHM wl BA ot

- =

T ML daE ugsi S48 = ek St

23 A L) ¢
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okE, ¥

o

EX|
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}+= p—glycoprotein® 7]

29 oA}

S

=
=

ERE

arE

CYP3A49l CYP3A5

=
=

CYP3A4

It} (43) CYP3A4 FEA=ZE d4-HA, 4

ATk,

357}

A% A4 Agow uabE Adshs

hAFE =

e JBEE HECF

S
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CYP3A4
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1.3. A E7IME 4
1.3.1. AFAHG7IAGEAT &A
AAYE §A4 9715 7 Adr BAGE §99 Bl
=

Sanger Al@Aol 7|2 F4WHo

W (gold standard) o2 LA oy, AV|YdE WHE gt

e

A SRV AdFoer =ga shie| ¢ls ¢ Qe A7l Aolrt
Aste o] Q. AMYE7I D HA (next generation sequencing,
NGS) &= HAIg MaL v WHoeR ¢+ Iud FARew dA 7z
ARl wet gekd EEo] JiEEe] Qlth Life Technologies
Abell Al kgl Al AQl Ton Torrent™, Ion Proton™, Ion PGM™¢]
B, @7IAE HBAA deols EAR

=
> A o5 =2 ]-1;]_ = AFO) A

Y L] L R B

)2 A7 Fd 2 A = (deoxynucleoside triphosphate, dNTP)”} DNA

EAHY o]¥E #FH¥  wol¥ul ofY, X% wWol(structural
variant), A4 o] (copy number variant), 82 €& (gene fusion),
AY/AES HAE F A 3F WolE AME HAT & o A
A W] MRS =ol7] Y8 AEAME B (read) 8 STFE =

7} A7 de 5% 34E depth(X)ZE veRd 4= 9tk (45, 46)



1
d

A<
“w

1.3.2. A

s

o

S ofu] At

=

il

A (whole exome

Fa Sk (47)

85%= #HAs

ok
ol

o
oAl &=nt-S

-
T

sequencing, WES)

0

~T

;01_
B

B

1

1.3.3. H]

FAA o] mRNAZ

9] (untranslated region, UTR) &=

353

H]

)

AAE 3L

] JY9 S F microRNA 52 359 ol

ECEER

t}.(48) 5 —UTRo]

o

x4

mRNAS] &

SEE

S} (49)

S|
=

[e)
= X

2144 (export)

=
=

119} 3 3} (noncoding) RNA Ex}

Qi
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zAo] wel fateld ke GwAe AHY 5 YL TR GO)
Wepd, §4% dolentARA o 9 99 EAE FeAol
QEEL obvwab Al % wwa )% wWeE Agel sbew A&

Holel mls HlwA QIEZ Wols 7]wo]l fl= ZAor CdEHAY

gl & dHA A fol WHFAAZLAEG= AFAEEA 0
Az =3 Sl

1.34. BEA RS H Y

At Hl A8 H Ak (deoxyribo nucleic acid, DNA)< °F 2%
Ml FAAE, oF 309 Ao VIR FAEHCl Qv AAdTIMA
e Al 27Eke DNA AEE w=7] S48 H3lou ol
Wk Rl eRE AAsty sAHE 4 (alignment) sk 7] 0]
Q3atA HAv oy JRAY Vless ARl s

AAUG7 AL 24 QARE fastaz F7IHNAT B4 AL

ru£

o

7

71E3F gdolt), AEFRE 7E B 3gLe A7) 3% (base calling),

A4 (alignment), Wo| 33 (variant calling), F4127](annotation)

o AYHh A7) T2 JFEES ddd FU AN wEHow

=43ka olF depth® AN G A fHA Axst gysle] gEe
Y hgl9 EE heds AP tixzste] GAwth Ass AT
MaEAe sla WelE sEeln, Wold AuE AA%, wud F9

A4 Jbse Aus Agsie FHY] 3L AP Y o

vﬁ_
#Haztelr] f& AHFHoR MR F3 golZeqlo] JTEAL Itk
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A 2328 (linear mixed effect model, LMM)<S oA3sl+=
250 3t A &Y (fixed effect) 9} A& 9 TR EAXS
sl Ao @ (random  effect) & EF  XE§s= BP0 FE,

AT APERRYS kst BAol} okFs AxY A
FAAN R BgEM, WAFEFRIGN 2 HuEA ge
Agels oAl PR ASH/E FThGD  fAA AT
AgEFugel UAut AFAARARTDE QR 6 Be Aow
delx A7 ARG AEW w3 Adgsy] 99

2= 3+ (likelihood function) S ©]&3tw, =1

< 7P wWol ARgH=

v 2 olFtolAl MW 7]+ (Akaike Information Criterion, AIC),
o] Z|QF A X 7]F(Bayesian  Information  Criterion,  BIC),
H7teEWH (EE HU 5% maximum likelihood method,
MLE)olt}. MLEE 2t AS wlwsdty AICS BICE dHolg <,
getulg 5 Wkdste]l B8 (overfitting) & y#s]  REEE
Agstes gt
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Chapter 2. Methods

e

21 ATFHAQ & A3

Bl

3k

24 wpolemiA R A

fei el
= il

=
Hs

A&+ (replication

sh

NJo

e

= (discovery set)

Hl
=

o

ol
xr
pig

o
=

FA e 8 71 4]

=

= At

il
pig

set) O &

of A

=
T

Genetic Power Calculator® 7|

rs7767462)

CYP3AS
Bz SR

W
™

SR

T

(e}
ai

2u =

1

AT (53) Al

wel %4
Adgon  eazevs

W% (minor allele frequency, MAF) o]

e
A

0.05, 80%<]

25

vl

1112 F

A} % BFa 2852~ (Prograf®, Astellas Pharma Korea,

Eis

Gk

=
=

E 4 A Ro|E

= 0]

v] 52

Inc., Seoul, Korea)& 3%

gxfoltt. 71

gt

o
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Aol G B 2 WAL oy FNE o4 we A
SEEL-=3

2007 19%H 20144 99sty] Agelde we #A 5309 &
saegatad Figure 2. ATHYA 3719 F 24 a8
WESHE 31738 o o 648 B¢ AT} ADT #AHO=
AT FAE A AFALAY A5y D FAFRA AAfNE
A7 FgAl FoF AAET BASATL.

75733 720 7 % el R ¥ A7 Asuid d7ae

9439 5ol ol (IRB No. C—1504-009-662),
ook A A A 7] 5= (good clinical practice, GCP) 7fo]=zgFel 3}

A7) Aol wret A=k (55)

g 5 42Tl



screening n=530

Who matched
“4— the inclusion
candidate criteria
n=371
Who were
: able to contact
candidate
n=317/
Who consented
i 1 the study
Discovery Replication
n=/5 n=72

Figure 2. Patient enroll process
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Aol A S o)A WA FREQHOoR Fed d FeEdd
o] 2 & 4 A 7= AL v 2l AT (Simulect®, Novartis
Pharmaceuticals, East Hanover, NJ, USA) 20 mg& Fo3tAY
TEdEH 4-74 i rabbit antithymocyte globulin
(Thymoglobulin®, Sanofi, Paris, France)& A% 9 1.5 mg JHFA}
FoAEdTY. B 3 wdsiAl dAZYE=YEE (Methysol®,
Alvogen Korea, Seoul, Korea) 500 mgs FEddd A4
Fojetaitt. ol fFALWE AT WA ewlew BamgFA,
n] ¥ =g o] E (Cellcept®, Roche, Nutley, NJ, USA; HE+= Myfortic,
Novartis, East Hanover, NJ, USA), 121 AEHZEo|=7} FoJ i},
BazgFAa 27 %S AT F 0.075 mge 1Y€ 23] A
Alztste] o] % dFEn: EUYE st &% AEY o)A A o
g% HA % 10-12 ng/mL, °]F 37/1€71x &= 8—10 ng/mlL, ©]%
60 E7kA= 6-8 ng/mL, “18]1 ¥ 4-6 ng/mLZE ZEHI}.
AHEOIEE AFAR] ZHtYUEECRE vy 25 o HAAZEA 14
10 mgo & At A==k =3, vmdEgolEE 2od o 500
mg % YEFE 9 360 mgs 19 23] 1243 HHO® Fof
Alzrsto] Hzhgol wel 4 AT W8 ofER vazdi A
B 1% ¢kAl % Drug Interaction Facts™, IBM
Micromedex®, Lexicomp®dA F&FZ o= AAISt azoledl XA

9 °fmeol WEHA des &SI (56-58)
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23. B2 YFA 4587 ABE 38 B4
231 B} 2aREA kX & ualu|g o AHS

a2 f A g9 swE HAE S (trough concentration, Co) A
1d 2 287 AR 7= (electronic medical record, EMR) ©. 2 5 E]
TFAHNY. Az TA wEe AddeA Waters 2795 Alliance HT
system (Waters Ltd., Watford, UK) % Quattro micro API tandem
mass spectrometer (Micromass, Manchester, UK) 7]7]& ©o]&3}
A AxvtEIHY - HE AY BAYoR SAHT.(59) T
BazgFs 58 832 TR Y sEE AdY FolFel
B8t (tacrolimus Co/D). ZF @2 Fe5 Aoz &b el
b @77kl 1-3%, 4-79, 8-14%, 15-28¥UE ural, EY
A whet 1-3709, 4-671€, 7-12709 7o R Uro] HA S

Tt 7 fHE 0 gAmsel mE AY A42g 99 HAF gL

AR Ho 2 7|4 54 ZRA FEA Yol(age),
A% (weight), Al (sex), 3°x AX (donor type), WHst o
TFEAE, 7144 4% A 59 YRS FHIUY. HazeFae
Add  dAHETEA vl AFFE&A & (hematocrit, Hcet), F
W] R (total  bilirubin,  ThiD), &% % (albumin, Alb), I3

34 e



A ote]d (serum creatinine, sCr), & ZFd 2AH = (total cholesterol,
Tchol), &etdolm|=AE 3 4 (alanine transaminase, ALT)S] ARE

Asto] okEst wigtulElsl FAs s|7tow ol

233, AA 3 9 v AN =&

BRE #xte] g AAl= dEdgolulAlol A ELl (ethylene —
diaminetetraacetic acid, EDTA) °. 2 F®3lo] -5 Held HI=2A
ol Mg Al HAMRCo R AEE Zlom WAL statoa Zho] &Y
AAE  FHEsE. Aol A} N O T HE] A4
t %A 2] R34k (genomic deoxyribonucleic acid, gDNA) > QuickGene
DNA whole blood kit (Kurabo Industries, Osaka, Japan)& ©]-8-3}9
AlzAbe] ZrREZ  wel FEEHAUY. gDNAS <% T
NanoDrop™ (Thermo Fisher Scientific, Grand Island, NY, USA) o &
ZA4ste] +E2A 0D260/280°] 1.8 ©]%, 0D260/230 1.5 o=

215kl

d

2.3.4. AHAYF7NAE 4

Wb tol A A=yt H)E 549 (untranslated  region, UTR) 7}
AgERA &S B RAEAL. AP A= B8] 99
SureSelect Human All Exon kit V5+UTRs (Agilent Technologies,

Santa Clara, CA, USA)7} A}&5 A ¢DNA 1 pgd AHEsto] siwd
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JNEZ A L FZEA A A eto) B2 H] (genomic library) &
WE2lt). o]+ High Sensitivity DNA kitE AFE3}o] Bioanalyzer™
(Agilent Technologies) & A ¥} ¢ko] HAAL Ut MZS 2704 Ton PI
Hi—Q Sequencing 200 Kit (200—bp read length, Thermo Fisher
Scientific) ol 29 ¥ ©] Ion Proton A|¥AZ A|FAEHAT. #5 A=
human reference genome (hgl9)E 7IFSE Torrent Mapping
Alignment Program version 4.0.6 (Thermo Fisher Scientific) &%
g H ATt Torrent AW EFE 2z ARG 5 5, 78 g%], WHol,
F3d 4% (homozygote) N o]8 AT (heterozygote) F T ATA
Ay Aol WEHAES HI7MHY Wol FF (variant calling) >
Torrent Variant Caller (TVC) plugin WA 4.4.3.302 33},
HMol= SNVrap (http://jjwanglab.org/snvrap) & %3 FHE7E

A3 (60)

235 7| R1dE 38 B4

AdE FAYSE Biud =Fo® 201449 FovHA Ead e

A8y AT F 17 FAANA 43709 FHdPo] FEJAFHAY. 1
= ZolrJofel  HuolA MAF 1% ©]Ato]l1 SureSelect Kkitol]A

RAEA g 9 Adedstel AF AT 114 A4 237
k2|

SureSelect kit ZEAEA 9= introne X3 FYE

36 M 2 1_]| =1



SNaPshot™ Multiple Kit (Thermo Fisher Scientific) T+ SNPtype™
assay (Fluidigm, San Francisco, CA, USA)Z A XA} ZEEZF] e}
=48t CYP3A4, CYP3A5, ABCBI, NRI1I2, SLCO1B3, 18]
SUMO4 frdAtelA F 10712 43> SNaPShot assay® (Table 2),
HbH o ABCBI, ABCCZ2, ABCGZ2, CYP3A5, NRI1IZ, POR, PPARA,
PPARD, 1¥]3 SUMO4 F3AeA F 1371€] §¥3S SNPtype

assay®= w3 (Table 3).
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Table 2. The oligonucleotide primers and melting temperature (Tm)

used for SNaPShot assays

Gene

Variant

Tm
(°C)

Primer set

CYP3A7

CYP3A7

CYP3A4

CYP3A4

CYP3A4

CYP3A5

CYP3AS

rs2257401

rs12360

rs12333983

rs2242480

rs4646437

rs776746

rs15524

55

55

60

55

Forward: CTTGACATGGTGGTGAATG
Reverse: TAAGTTGCTGGGACTGTGA
SNP primer:
TCATSATGACCCAAAGTACTGGA
Forward: TGGAGCCTGATTTCCCTAAG
Reverse: AATGTGCAGGAAACATCCAA
SNP primer:
GGTGTTCTGGGRCACAGCTTTCTT
Forward: GTGGGGCCTTTGTCAGAAC
Reverse: GATCGGGGCACTAAGTGTGT
SNP primer:
GAAATTAGATTGGAATGGATGTA
Forward: CCAGCAGAAACTGCAGG
Reverse:
GAGTCAGTGAAAGAATCAGTGATT
SNP primer:
TACCCAATAAGGTGAGTGGATG
Forward:
TTTTATCCTTCAAAAGATGCACA
Reverse: TCTTTCAGGCCAGTGGCT
SNP primer:
GGCAGGTCTATGCATAAGGAGCACC
Forward: TTATGGAGAGTGGCATAGGA
Reverse: GCTGATTAAACTTCACTAGCC
SNP primer:
CTCTTTAAAGAGMTCTTTTGTCTTTCA
Forward: TGGATGGTGAGTGCTTTTA
Reverse: AGACTCTGGGAGAGCTCAA
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ABCB1 rs1045642

ABCB1 rs2032582

NRI1I2 rs2276707

SLCO1B3 rs4149117

SLCO1B3 rs7311358

SUMO4  rs237024

55

55

55

55

55

55

SNP primer:
GGAGAATGAGTTATTCTAAGGA
Forward: TCTTGTTTTCAGCTGCTTG
Reverse: AACCCAAACAGGAAGTGTG
SNP primer:
GGTGGTGWCACAGGAAGAGAT
Forward: CAAATCTTGGGACAGGAAT
Reverse: GGCCTGAAAACTGAAAAAG
SNP primer:
GAAAGATAAGAAAGAACTAGAAGGT
Forward: GTGAGGGGAGAGATGAGAG
Reverse: CTGCAGCTTCTTCAGCAT
SNP primer:
GCTTGCTGAGAAGCTGCCCCTCCAT
Forward: TTGAGGGAAGGTACAATGTC
Reverse: GGTGAAGTTGTGAAGCCTTA
SNP primer:
TGGGAAMTGGAAGTATTTTGACA
Forward: CTGGATCTACCCTTGAAAT
Reverse:
GATTATTAATGGATTTATTTCCTAC
SNP primer:
GATCTACATATCCAATATCCACGTA
Forward: AGATCAGATTCCGATTTGGT
Reverse:
CAATTGAACAAGGTATGTGAGA

SNP primer:
TACCAGYTACTTCATGTATAATAAA

SNP, single nucleotide polymorphism
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LH

S K |



Table 3. The oligonucleotide primers for the SNPtype assay

Gene Variant Primers  Oligonucleotide sequence

ABCBI rs1128503 Allele TCTGCACCTTCAGGTTCAGG
;f lerflleflﬁz CTCTGCACCTTCAGGTTCAGA
Locus
specific GCCTTGAAGTTTTTTTCTCACTCGTCC
primers
Specific
target CCACCGTCTGCCCACT
primers

ABCCZ rs2273697 Allele ACATCAGGTTCACTGTTTCTCCAAT
[S)Eierrflef;Z CATCAGGTTCACTGTTTCTCCAAC
Locus
specific CCAACTTGGCCAGGAAGGAGTA
primers
Specific
target CCATGAGCTTCTGGGCATC
primers

ABCCZ rs2804402 Allele ACTCCAGGCTTCAACAATCCTC
;fierrcl‘efi ACTCCAGGCTTCAACAATCCTT
Locus
specific GCTCATGCCTGCAATCCCAG
primers
Specific
target GCCCAGGCTGGTCTCAAA
primers

ABCCZ2 rs3740066 Allele ACCTACCTTCTCCATGCTACCA
;‘; lerfl‘ef;z CCTACCTTCTCCATGCTACCG
Locus
specific CCTGAGCTGGATCTGGTCCT
primers
Specific
target AGGCCTTCCTTCACTCCA
primers

ABCGZ rs2231142 Allele CCGAAGAGCTGCTGAGAACTT
specific 0 A AGAGCTGCTGAGAACTG
primers
Locus
specific TGATGGGCACTCTGACGGT
primers
Specific
target CATGATTCGTCATAGTTGTTGCAAG
primers

CYP3A5 rsl15524 Allele iETAAGTGGAGAATGAGTTATTCTAAGG
SPecific 00 A GTGGAGAATGAGTTATTCTAAGG
primers

AT
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Locus
specific GGCACAGCTTTCTTGAAGACCA
primers
Specific
target GTGGATTCAAGAGATGGAACCC
primers

NR1I2 rs3814055 Allele TCATTTTTTGGCAATCCCAGGTTC
zfierfllef;‘; TCATTTTTTGGCAATCCCAGGTTT
Locus
specific GGAGACCACGATTGAGCAAACA
primers
Specific
target ATGTTCACCTGAAGACAACTGTG
primers

NR1I2 rs6785049 Allele CCATCCTCCCTCTTCCTCTCA
;Eierrflef:; CATCCTCCCTCTTCCTCTCG
Locus
specific GCACCAGCAGCCATCCCATA
primers
Specific
target AGTCATCCTCAGGGAAAGGAG
primers

POR rsl1057868 Allele CGCCGTTCTCCCCGG
;fierrcl‘ef;z CGCCGTTCTCCCCGA
Locus
specific GGCCGCATCAACAAGGG
primers
Specific
target GAACATGGGCACCAGCG
primers

FPOR rs2868177 Allele GACTTTGGATCCTACACAGTGAGT
specific
primers
Locus
specific GTCTCCCTGCCTCAGCCT
primers
Specific
target AGCCCTGGATCCTGTGG
primers

PPARA rs4823613 Allele ATCCATTAAAAGCCACATTTAACCCAA
specific 1 CCATTAAAAGCCACATTTAACCCAG
primers
Locus
specific TGCCCGGCCTGCTTT-TAATTT
primers
Specific
target TGCATACTAGCCTTGTGGTCTA
primers

PPARD rs2267668 Allele TGAGTTTGAGCTGTCGGTAAAATATCTA
specific GAGTTTGAGCTGTCGGTAAAATATCTG

ACTTTGGATCCTACACAGTGAGC
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SUMO4

rs237025

primers
Locus
specific
primers
Specific
target
primers
Allele
specific
primers
Locus
specific
primers
Specific
target
primers

GCATCTGTGGGACCC—-CAAC

AAAATGATGGGTTCTGTTTGGATAGA

CAAATCGGAATCTGATCTGCTTCAC
CAAATCGGAATCTGATCTGCTTCAT

TGTGAACCACGGGGA-TTGTCA

TTGTCTGTTCCACTGATTGGTTG
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false
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0.05
MAF7} 1%
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K

p kol

Fof

Benjamini—Hochberg
e}
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FDR) .2 ®ZH
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discovery rate,
2 7h%
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N
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!
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oF
No
N
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-
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(polymerase chain reaction, PCR)
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AAE PCR 9=Zg 28 A xALe] TR EFo| wel BigDye Terminator
v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, Waltham, MA,
USA)Z AEAEHAY. o] ®AS 3130xl  Genetic Analyzer

(Thermo Fisher Scientific, Waltham, MA, USA)S E3& A3 5 glc}.

zd & A0 ] of] A stolel TR A=+ (linkage
disequilibrium) 9 #AZ A= s} FHEH uwEbd S
golg s JhsAol or=w  Ax EA(linkage analysis) &

3183l tl. Haploview software (v4.2, Massachusetts Institute of

Technology, Cambridge, MA, USA)E %3 duwjals (haplotype)<

goldity, 718 A7k Al F7HH (Confidence intervals, Gabriel et
a2 Ay E=2S BEANu. dA#Ead 3 A= 1o oA

AF3E (complete linkage) Ao 2 0.6 — 0.8° A AAAAV} &

sow ey 7k oA [diplotype) o) WEsh olMAHe] e
Bazeta okl 9 Y] A 4Y #9 BA A
s,
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Table 4. The oligonucleotide primers used for Sanger sequencing

Gene Variants RefSeqid Location Primer set
CYP3A7 rs2257401 NG_007983.1 g.31137C>G  Forward:
ATGATACTGTGC
Reverse:
CTGTGACTGGCTATAG
RefSeq, reference sequences
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7 Age w3y HAS 98] AIC, BIC, 2 log-—likelihood 3%to]
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W= (categorical variable) 2F €143 W= (continuous variable) o] T3l

Faste] k=AM p kol 0.05 mNERl AS EAAHOE Fo3h
Aoz #{A}FY. =4 AL R TZ W (version 3.3.4. www.r—
project.org) al IBM SPSS Statistics g 23.0

3 7] A] (International Business Machines Co., NY, USA) & A}-&3}3ic}.
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Chapter 3. Results

AR el ol (46.2 = 13.0 vs 48.0 £ 124, p = 0.386),
AZF(60.8 + 11.8 vs. 60.3 £ 9.3 kg, p = 0.778), AH(ZA vl&
61.3% vs. 66.7%, p = 0.759)¢ 7] ARE Fgsto] WA
dNAsk W AgssrA QA WG grell fsh Apolrb Holx| kit
Bl R P oFFste] ou QA JEFES A= WEokE XA

S w4 BANA BgEA e o] Hgt,
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Table 5. Baseline demographic characteristics for included subjects

Discovery Replication P value

patients patients

(N= 75) (N= 72)
Age (years) 46.2 £ 13.0 48.0 £ 124  0.386
Male, N (%) 46 (61.3) 48 (66.7) 0.759
Body weight (kg) 60.8 £ 11.8 60.3 £ 9.3 0.778
Deceased donor, N (%) 44 (58.7) 41 (53.9) 0.354
Origin of kidney disease, N (%)
Diabetes 19 (25.3) 13 (18.1) 0.112
Hypertension 6 (8.0) 10 (13.9) 0.147
Glomerulonephritis 26 (34.7) 26 (36.1) 0.603
PKD 7 (9.3) 7 (9.7) 0.512
Others 7 (9.3) 4 (5.6) 0.544
Unknown/CGN 10 (13.3) 12 (16.7) 0.470
Clinical variables
Hematocrit (%) 34.8 £ 39 339 £ 3.6 0.114
Total cholesterol 151.8 + 152.3 £ 40.2 0.928
(mg/dL) 36.1
Albumin (g/dL) 3.5 * 05 3.5 * 0.6 0.995
Total bilirubin (mg/dL) 0.7 £ 0.3 0.7 * 04 0.913
Alanine transaminase 15.2 £ 10.2 16.3 = 10.3 0.494
(U/L)
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32. NAA ¥4 2%

OB OR 74,569,5269 ol xAEHGL, EAANY
AANEE FAgk 48,194,415(31,278,758 — 93,723,614) 9] #&5 7}
vhgkoh Ho AWElA] depthi  57.78x(41.09 -  105.5) %1,
AW A7 20xE HeE #5S H 87.87%(77.87 - 96.09) Atk
(Table 6). Wo] &% A3 F 293,531 Wo|7} A, £ Holz}
A=dre Aol ol&Htt FIFAFT Wole TSt 256,321
(253,001-258,746) 7, ©l@F WHol= 37,211(34,785-40,530) 7N

g1t 1 ] ¥4 A3} Table 69 AAE A
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Table 6. Summary of exome

metrics (N = 75)

sequencing quality and exome variant

Quality measure

Median (range)

Total reads (N)

Base in target reads (N)
Number of mapped reads
(N)

Percent base in target reads
(%)

Average base coverage
depth (x)

Uniformity of base coverage
per target (%)

Captured  regions  with
coverage > 20 (%)

Mean coverage of target
region (x)

Homozygous variants (N)

Heterozygous variants (N)

6489589247 (4430895977 —
10858208267)
74569526

48194415 (31278758-93723614)

66.78 (47.69-72.28)

57.78 (41.09—-105.5)

95.14 (94.38-95.8)

87.87 (77.87-96.09)

75.38 (53.11-79.74)

256321 (253001—258746)
37211 (34785—40530)
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Al NRI1I22} TR @A PTCDI1, CPSF4, ZNF789, ZKSCAND,

FAMZ200A, ZSCANZ25, CYP3A5, CYP3A7, Z18lal CYP3A4 7}
A At (Figure 3). 19 FAPS] Wo] &5 I wiFo]
getstz] gelstr] &l ¥ (alignment) A¥E dlolg o)A AL}
]

Bl Folrjol A WIEet v wEH Itk (Table 7). 1671 F3132

jus}
R
ol

tol gtk (Figure 4). RE wWolt shr-njelm=a Bol

FDR H4 ©]% p gk 0.05 vgoe=z 1due Z AHe] elazef~
logC/DeF  FolstAl A#AE AT (Figure 5, Table 8). CYP3A79
rs2257401 C>G uiAl7E A7z 7FE fos WolZ I o=
Bl R AEE S7HATE ole oAF 3UAelE st

3

n 2= Gds FAYo|tk(p = 1.74 x1077 ~ p = 0.0138,

ftlo

Figure 6, Table 8). ©& 147] #F3d3& old% 74HFH 1dA7HA
o] AlFAA  BaReF A0l AdAo] HAHUAT(CPSFI
rs883403, rs1043466; ZNF789 rs6962772; FAMZ0O0A rs10238965;
ZSCANZS rs1859690, rs3735453; CYP3A5 rsl15524, rs776746;
CYP3A7 1rsl10211, rsl12360, rs2257401; CYP3A4 rs12333983,

rs2242480; 183 NRIIZ rs3814055). <FE thAy &4 ¢ 34
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Figure 3. Manhattan plots of variants associated with dose adjusted
tacrolimus trough concentrations on day 7 after transplantation. The
dotted horizontal line shows the cutoff for p = 0.05 after the false

discovery rate correction.
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% 6 AGGANECTYTCYTCAGGE T CECTCCAGTACTTIYLG6GG6TCATGR

T CT T GAAGACCAAMNGTAGAAMARATCECCETTAGAATAACTCATTCT

Figure 4. Alignment of exome sequences showing (A) CYP3A7
rs2257401 variant, (B) CYP3A7 rs12360 variant, and (C) CYP3A5

rs15524 variant by Integrative Genomics Viewers
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Table 7. Allele frequencies of variants associated with daily dose—

adjusted tacrolimus trough levels in the discovery set

SNP Position Allele Gene Conseq MAF HWE p
uence value

rs28495024 Chr7 G>C  PTCDI 3" UTR 0.300 0.034
rs883403 Chr7 A>G  CPSF4 i{iosny 0.313 0.228
rs1043466  Chr7 T>G  CPSF4 3" UTR 0.273 0.020
rs6962772  Chr7 A>G  ZNF789 5 UTR 0.313 0.228
rs3137 Chr7 C>T  ZKSCAN5 3 UTR 0.280 0.119
rs10238965 Chr7 C>T  FAM200A rsnfjri“y 0.313 0.228
rs1859690  Chr? T>C  ZSCAN25 rSrf;rLoSny 0.213  0.230
rs3735453  Chr7 A>G  ZSCAN25 3 UTR 0.273 0.245
rs15524 Chr7 C>T CYP3A5 3 UTR 0.293 0.230
rs776746  Chr7 A>G  CYP3A5 Intron  0.273 0.245
rs10211 Chr7 G>A  CYP3A7 3 UTR 0267 0.181
rs12360 Chr7 C>T CYP3A7 3 UTR 0267 0.181
rs2257401  Chr7? C>G  CYP3A7 g“ssenc 0.307 0.397
rs12333983 Chr7 A>T CYP3A4 3 UTR 0.260 0.358
rs2242480  Chr7 T>C CYP3A4 Intron  0.207 0.863
rs3814055  Chr3 T>C  NRI1I2 5 UTR 0.233 0.737
. SR
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rs2242480
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Figure 5. Heat map plots of variants commonly associated with dose
adjusted tacrolimus trough concentrations from day 3 to 1 year after
transplantation. The color was rescaled on the basis of adjusted P
value of variants associated with dose adjusted tacrolimus trough
concentrations (black, high significant association; white, low

significant association).
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Figure 6. Dose adjusted tacrolimus trough concentrations in patients
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rs2257401 GG carriers, CYP3A7 rs2257401 CG carriers, and
CYP3A7 rs2257401 CC carriers, respectively
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Table 8. Association of variants with daily dose—adjusted tacrolimus trough levels by the analysis of variance of linear

regression in the discovery set (N=75)*

Variants Day 3 Day 7 Day 14 Month 1 Month 3 Month 6 Month 12
rs28495024 1.38x10°°"  6.51x10° 97 5.42x10°%7  5.42x10°°7  7.18x10°°T  9.26x10°9FT  9.26x10 V"
rs883403 1.38x107°"  3.73x107%*  1.03x107Y%  1.03x107Y%  3.37x107Y*  3.37x107Y*  4.93x107Y*
rs1043466  5.96x107Y%  1.58x107"*  9.23x107%*  9.23x107Y*  5.97x107Y*  5.97x107"*  8.25x107Y9
rs6962772  1.38x107Y"  3.73x107"*  1.03x107%  1.03x107Y?  3.37x107Y*  3.37x107"*  4.93x107Y%
rs3137 1.38x107V! 2.26x107Y2 1.28x107V! 1.28x107V! 1.18x107% 1.18x107%%  3.56x107"!
rs10238965 1.38x107 ! 3.73x107%* 1.03x107%° 1.03x107%%  3.37x107%* 3.37x107%  4.93x107Y%
rs1859690  1.38x107Y"  2.72x107%  1.39x107Y°  1.39x107Y>  1.03x107"* 1.03x107%*  1.29x107Y%
rs3735453  1.38x107Y"  1.99x107%  1.07x107%  1.07x107Y°  2.48x107Y°  2.48x107"  3.94x107Y9
rs15524 1.07x107V! 7.94x107Y6 1.87x107Y 1.87x107Y%  2.48x107%° 2.48x107%  3.84x107Y
rs776746 1.38x107V! 3.51x107%  7.79x107Y%  7.79x107"¢ 1.03x107%4 1.03x107"*"  5.01x107%
rs10211 1.07x107%Y  546x107Y%  1.55x107Y%  1.55x107Y%  4.08x107Y%  4.08x107Y%  9.43x107Y*
rs12360 1.07x107%Y  546x107Y%  1.55x107Y%  1.55x107Y%  4.08x107Y%  4.08x107Y%  9.43x107Y*
rs2257401  1.38x107Y% 1.74x107%"  4.90x107%"  4.90x107Y" 1.53x107% 1.53x107%%  9.39x107"*
rs12333983 1.38x107Y! 1.34x107% 1.77x107% 1.77x107%  4.08x107Y° 4.08x107%  9.43x107Y*
rs2242480  1.07x107"! 4.14x107%  2.94x107"*  2.94x107""  9.18x107Y 9.18x107%  3.87x107Y%
rs3814055  1.38x107Y!  4.37x107%  1.02x107%  1.02x107Y°  3.42x107Y*  3.42x107"*  1.51x107Y%
*Pvalue was adjusted by a false discovery rate correction.
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Table 9. Tacrolimus trough levels over time according to genotypes in the discovery set (N=75)

SNP Allele N Daily dose adjusted tacrolimus trough levels (ng/mL per mg/day)
(Gene) Day 3 Day 7 Day 14 Month 1 Month 3 Month 6 Month 12
rs15524 TT 40 3.24£2.68 259*x1.37« 2.13E£1.04x 2.06x£1.05% 2.26%X1.41x 2.31E£1.61*% 2.43%E1.54x
(CYP3AD) CT 26 1.99*f1.12 1.48%*0.93 1.19£049 1.35£0.89 1.40X1.06 1.39£0.89 1.64%+0.99
CC 9 1.08%£0.47 0.74£0.39 0.76%£0.25 0.86%£0.40 0.80£0.25 0.78£0.26 0.83%£0.28
rs776746 GG 42 3.19%£2.62 2.53%x1.30%x 2.09E£1.02%x 2.04*x1.04%x 2.26%X1.38% 2.31E£1.58% 2.47X1.54x
(CYP3AD) AG 25 1.94£1.20 1.40*£0.94 1.16£049 1.32+£0.91 1.32£1.05 1.30£0.84 1.49£0.81
AA 8 1.11£0.49 0.74*£0.42 0.73£0.25 0.85*042 0.78%£0.26 0.78£0.28 0.84%0.30
rs10211 AA 43 3.21%£2.59 258%1.33x 2.11EX1.02%x 2.11*0.13* 2.35X1.48+ 2.37E£1.61* 2.51%X1.56%
(CYP3A7) GA 24 1.84*£1.12 1.26%£0.65 1.09£0.35 1.15*£0.39 1.13£0.41 1.15£0.34 1.36%£0.51
GG 8 1.11£0.49 0.74£0.42 0.73£0.25 0.85*£0.42 0.78%£0.26 0.78£0.28 0.84%0.30
rs2257401 GG 38 3.47£2.65% 2.77£1.30% 2.23E1.02% 2.23*x1.16% 2.48E£1.52%x 2.45X1.70%+ 2.63%E1.60%*
(CYP3A7) CG 28 1.76£1.07 1.25£0.61 1.11£0.34 1.17*£0.37 1.18£0.40 1.26%X0.44 1.42%£0.58
CC 9 1.15£0.48 0.78£0.40 0.78£0.29 0.87*£0.40 0.79£0.24 0.81£0.28 0.86%0.29
rs12333983 TT 43 3.17£2.60 257%x1.32% 2.12FX1.02%x 2.08%x1.11% 2.35X1.48+ 2.38E£1.61*% 2.52+X1.55%
(CYP3A4) AT 25 1.92*£1.15 1.27x0.73 1.07%£0.34 1.20x0.60 1.11£0.39 1.12£0.34 1.32%£0.50
AA 7 1.02£0.45 0.75*0.45 0.73£0.26 0.84*£0.46 0.77£0.28 0.80*£0.29 0.84%+0.33
rs2242480 CC 47 3.14£253 2.46E£1.30% 2.02E1.02% 1.98*x1.11x 2.21E£1.48% 2.24L1.60+% 2.42F+1.53
(CYP3A4) CT 25 1.66£0.91 1.19£0.82 1.02£0.35 1.21*£0.63 1.12*£0.46 1.10£0.41 1.24%0.50
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TT 3  0.78%£0.20 0.58%*0.18 0.69*£0.20 0.69*0.27 0.79£0.38 0.89£0.42 0.89*0.41
rs3814055 CC 45 279259 2.10x1.34% 1.65%£1.00%« 1.72%£1.14% 1.90E1.50% 1.96*1.64* 2.14*1.58
(NR112) CT 25 2.19*149 1.81*1.31 1.65*1.00 1.59*£0.90 1.59*1.02 1.58%0.99 1.74%1.02

TT 5 2.20*1.21 1.52*0.81 1.52*0.68 1.61*0.65 1.81£0.70 1.65*0.59 1.56*0.68

Data are presented as mean with standard deviation. *P value < 0.05 by ANOVA of linear regression adjusted based on the

FDR correction
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3.4. AR FA FFsty dujAF e AFAAA

TH A NA FHPol g FlFo] AujAE 9 LD #Ao]
ANt 7 AR CPSF1, ZNF789, FAM200A, ZSCANZS5,
CYP3A5, CYP3A7, 181l CYP3A4914 &<l9 1370 F38d ths)
A Ax, 7 oY AR EFol A EHAH(Figure 7). shue
CPSF1 rs8834033 rs1043466, ZNF789 rs6962772, FAMZ00A
rs10238965, 1#li  ZSCAN25 rs18596900]1%la, t©& LB
ZSCANZ5 rs3735453, CYP3A5 rs155243 rs776746, CYP3A7
rs10211, rs123603 rs2257401, 18|31 CYP3A4 rsl12333983=
TAHAY. 1 F ZNF789 rs69627723 FAM200A rs10238965,
83l CYP3A7 rs102113 rs123609 A o] ¢ A3 w3it) o]
INF789 rs69627723 CYP3A7 rs12360% o]% ®Aeo] 185X
Fokth. CYP3A7 rs2257401% CYP3A5 rs776746 Z+9] &2
ABBAASE BATGGE = 0.79). CYP3A4 rs22424803 CYP3AS5
rs776746% TSR ARBAE BATGC = 0.50). CYP3A +9
F48  CYP3A5 rs155248F  rs776746, CYP3A7 rs10211%)

rs2257401, 12]3l CYP3A4 rs12333983¢f ol CAGCA—CAGCA 2}

|

TGAGT-TGAGTE &3 olumAd HxE F4

ot

A3 Table
108 #ok omiAld  CAGCA-CAGCAS® TGAGT-TGAGTE 2zt
9.3%%} 45.3%% At olmiAlE TGAGT-TGAGT+= CAGCA-
CAGCAc°l vl Btazelf-2 ofkFst A% gk S7kel A7|3bel A8

A#E ATk (Table 11).
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Figure 7. Haplotype plots of variants on chromosome 7 commonly

associated with tacrolimus trough concentrations from day 7 to 1

yvear after transplantation
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Table 10. Diplotype frequencies of CYP3A5 rs15524 and rs776746,
CYP3A7 rs10211 and rs2257401, and CYP3A4 rs123339839 in the

discovery set (N=75)

Frequency
Group Diplotype N %)
TGAGT — TGAGT TGAGT-TGAGT 34 45.3
TGAGT — CAGCA TGAGT-CGAGT 21 28.0
CAGCA — CAGCA AGCA—-AGCA 7 9.3
Other TGAGT-TGACT 5 6.7
TGAGT-CGAGT 2 2.7
TGAGT-TAAGT 1 1.3
TGAGT-TGAGA 1 1.3
TGAGT-CAGCT 1 1.3
TGACT-CAGCA 1 1.3
CAGCA-CAGCT 1 1.3
CGAGT—-CAGCA 1 1.3
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Table 11. Tacrolimus trough levels over time according to haplotypes of CYP3AD rs15524 and rs776746, CYP3A7
rs10211 and rs2257401, and CYP3A4 rs123339839 in the discovery set (N=75)

Daily dose adjusted tacrolimus trough levels (ng/mL per mg/day)
Diplotype N

Day 3 Day 7 Day 14 Month 1 Month 3 Month 6 Month 12

TGAGT -

34  350*£2.79% 2.73+1.32x 2.29T1.05%« 2.14*1.06% 2.55F1.12% 242*1.47+« 2.43+1.71%
TGAGT

Others 34 1.92*1.11 1.44+0.92 1.18%0.45 1.37£0.88 1.39£0.61 1.37£0.94 1.40+0.82
CAGCA —

CAGCA 7 1.02£0.45%  0.75%£0.45%  0.73£0.26% 0.84*0.46+ 0.77*0.28+« 0.80*0.29%*  0.84*0.33%

Data are presented as mean with standard deviation. *Pvalue<0 by ANOVA of linear regression.
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Bl R FA Co =7 FAHEAT AdE Tk 3427 — 7D
FREA HEeA FdE FH3 F CYP3A & dld FH3d 77
CYP3A5 rs155243 rs776746, CYP3A7 rsl10211, rs123609%}
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ATl WEE wEFTry fAeRtH(Table 12). 7 71PE

FAge da eBFAZF 2 logC/D g Table 13l A|A = At}
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Table 12. Allele frequencies of CYP3A4, CYP3A4, and CYP3A7 in

the replication set (N=72)

Frequency?®, MAF HWEP
Gene Variants Genotype
N (%) (%) value
CYP3A5 rs15524 cC 6 (8.3) 29.2  0.865
CT 30 (41.7)
TT 36 (50.0)
rs776746 AA 6 (8.3) 27.8  0.939
AG 28 (38.9)
GG 38 (52.8)
CYP3A7 rsl0211 GG 6 (8.3) 27.8  0.939
AG 28 (38.9)
AA 38 (52.8)
rs12360 cC 6 (8.3) 27.8  0.939
CT 28 (38.9)
TT 38 (52.8)
rs2257401  CC 6 (8.3) 29.9  0.944
CG 31 (44.4)
GG 35 (47.2)
CYP3A4 rs12333983 AA 5 (6.9 29.2 0.674
AT 32 (44.4)
TT 35 (48.6)
rs2242480 TT 5 (6.9 27.1 0.916
CT 29 (40.3)
cC 38 (52.8)

®Frequency is given as the number of patients, with the percentage

of patient cohort given in parenthesis. MAF, minor allele frequency;

HWE, Hardy—Weinberg equilibrium
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Table 13. Tacrolimus trough levels over time according to genotypes in the replication set (N=72)

SNP Allele N Daily dose adjusted tacrolimus trough levels (ng/mL per mg/day)
(Gene) Day 3 Day 7 Day 14 Month 1 Month 3 Month 6 Month 12
rs15524 TT 36 3.49*£1.88 2.72*x157 2.31%£1.20 2.59£1.07 2.26%X0.86 2.20£0.77 2.39%x0.87
(CYP3AD) CT 29 1.58%*1.19 1.24+x0.73 1.07%£0.56 1.17x0.58 1.18£0.74 1.15£0.76 1.32%£1.02
CC 6  0.74£0.34 0.60£0.25 0.67£0.22 0.68*0.22 0.76£0.35 0.62£0.16 0.75%£0.17
rs776746 GG 38 3.38%1.8 268154 2.30%£1.20 2.56*x1.07 2.28X0.95 2.22+0.89 2.45%X1.08
(CYP3AD) AG 28 1.57%£1.89 1.16£0.68 0.98041 1.10*x0.47 1.06£0.38 1.02£0.31 1.14%£0.39
AA 6  0.73£0.34 0.60£0.25 0.67£0.22 0.68*0.22 0.76£0.35 0.62£1.60 0.75%£0.17
rs12360 TT 38 3.38%11.89 2.68*x1.54 2.30X£1.20 2.56*£1.07 2.28E£0.95 2.22£0.89 2.45+1.08
(CYP3A7) CT 28 1.57£1.19 1.16£0.68 0.980.41 1.10*x0.47 1.06£0.38 1.02£0.31 1.14%£0.39
CC 4 0.85%£0.36 0.71£0.19 0.72£0.19 0.76*£0.18 0.83£0.31 0.68£0.11 0.75%£0.19
rs2257401 GG 35 3.34%£1.91 2.63%£1.57 1.23£2.20 248*1.09 2.20£0.98 2.15£0.92 2.32%+1.09
(CYP3A7) CG 31 1.78%£1.40 1.36£0.95 1.21£0.78 1.33*£0.82 1.27£0.69 1.23£0.64 1.43%£0.84
CC 6  0.74£0.34 0.60£0.25 0.67£0.22 0.68*0.22 0.76£0.35 0.62£0.16 0.75%£0.17
rs12333983 TT 36 3.256£2.01 2.62*x1.63 2.22*X1.27 248%1.17 2.20£1.02 2.16£0.97 2.31*1.16
(CYP3A4) AT 32 1.75%£1.31 1.29+0.79 1.11£0.61 1.24*x0.64 1.21£059 1.14£0.50 1.35%0.71
AA 4 0.87£0.35 0.61£0.13 0.75%£0.18 0.76%x0.18 0.86%£0.32 0.70£0.09 0.86%=0.04
rs2242480 CC 38 3.23%£1.95 256*f1.62 2.12%+1.27 2.39*1.18 2.07£0.93 2.06%£0.84 2.20£0.91
(CYP3A4) CT 29 1.67£1.34 1.19£0.73 1.10£0.58 1.21*x0.62 1.20£0.63 1.13£0.55 1.30%£0.76
69 | -__:J'|

21

11!



TT 3 0.83*£0.52 0.54*0.29 0.68*£0.32 0.70+0.34 0.77%£0.47 0.62%£0.25 0.78*0.14

Data are presented as mean with standard deviation. *P value < 0.05 by ANOVA of linear regression adjusted based on the

FDR correction
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3.6. CYP3A5 & T oA 2] CYP3AT rs2257401¢] & 3}

Fo3t Zozw HAMEQ oL o= V|EY Fo3HA dHR CYP3AS
rs7767463 AAETH TAY] gorF o] 23| oyl Ao=

B 4 gtk olo] CYP3A7 rs2257401 489 oS RA4387)
Adl  CYP3AS W& (CYP3AS#1/+1  Hx  CYP3A5+#1/+3) 3}
AT (CYP3AS*53/+3)  ZYZYelAl CYP3A7 rs2257401 f% w®ol7b
dgol YA AP CYP3AS TaAFANM CYP3A7 rs2257401
T wet eazeFA logC/Del fFodt Aols: dERTH(p <
0.001). ¥y CYP3A5 HTdHATAE  CYP3A7 rs2257401
A Fs Aol7b yERA] @SktH(p = 0.180, Table 14).

CYP3A5 HE&E o A= CYP3A7 CC A8 o] Felx=x okgrr).
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Table 14. Tacrolimus dose—adjusted trough concentrations in CYP3A7 rs2257401 genotypes classified by different

patients expressing CYP3AS

Daily dose adjusted tacrolimus trough concentrations (ng/mL per mg/day)
CYP3AS rs2257401 N

Day 3 Day 7 Day 14 Month 1 Month 3 Month 6 Month 12

GGorCG 52 1.61%£0.99 1.23%£0.75 1.05*0.43 1.15+0.69 1.20£0.78 1.17*£0.65 1.33%=0.66

Expressers*

CC 15 0.99£0.46 0.70£0.35 0.74£0.26 0.82£0.35 0.78*£0.28 0.74*=0.25 0.82%*0.25
Non-— GG 71 3.26%x2.29 258%1.39 2.17£1.09 2.09x0.97 2.25%£1.23 2.18%1.33 2.37%£1.36
expressers CG 9 211161 1.80*1.23 1.83£1.05 2.04*£1.29 1.84%£0.92 2.00x0.87 2.16%x1.29

Data are presented as mean with standard deviation. *P<0.05 analyzed by a mixed effect model after adjusted by patient

age, serum albumin, and creatinine. CYP3ADb expressers are carriers with CYP3A5x*1/%1 or CYP3AbB*1/%3
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Table 15. Blood biochemistry data of patients at different time points after transplantation

Variables Day 3 Day 7 Dayl4 Month 1 Month 3 Month 6 Month 12
Discovery group
Hematocrit (%) 31.9+3.9 32.1+4.3 32.3+3.9 35.0t4.2 36.314.0 38.9t4.1 40.4*t4.4
Total cholesterol (mg/dL) 152.8+30.2 165.7+336 164.4+264 187.6*354 177.4+t324 176.3+31.7 179.4+286
Serum albumin (g/dL) 3.570.3 3.570.4 3.6T0.4 4.0+0.4 4.3%0.3 4.4+0.3 4.4+0.3
Total bilirubin (mg/dL) 0.5%0.1 0.6*+0.2 0.6*0.2 0.6*+0.3 0.6+0.2 0.6+0.2 0.7%0.2
Serum creatinine (mg/dL) 3.3%2.1 1.6+1.1 1.3£0.7 1.3£0.7 1.4%£0.5 1.3+0.4 1.3£0.5
Alanine transaminase (U/L) 13.3%9.2 2411247 357+t420 29.4%+245 204*128 18.3F10.8 19.7+t12.8
Replication group
Hematocrit (%) 31.6*3.4 31.8£3.9 32.0*£3.7 33.8£3.5 36.1£3.9 39.2+14.2 41.1*t4.7
Total cholesterol (mg/dL) 148.5+30.7 163.6+296 164.2%+359 188.9£39.3 182.3+t315 178.9+31.9 181.5+278
Serum albumin (g/dL) 3.4%0.3 3.5%10.4 3.56%0.3 4.0t0.4 4.2%0.3 4.3%0.3 4.3%0.3
Total bilirubin (mg/dL) 0.6+0.4 0.6+0.2 0.6+£0.3 0.6+0.3 0.6+£0.3 0.7£0.3 0.8%0.3
Serum creatinine (mg/dL) 3.5%+2.2 1.8+1.5 1.4%+1.1 1.3+0.4 1.3+0.3 1.3+0.3 1.3+0.3
Alanine transaminase (U/L) 11.4+4.8 29.1t241 38.6+t49.4 28.8*+249 21.1F124 20.6*151 20.0f11.1
Data are presented as mean with standard deviation.
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Table 16. Linear mixed model with clinical wvariables for

transformed tacrolimus dose—adjusted trough concentrations

log

Estimate 95% CI
(Intercept) -1.275 —1.994, —0.557
Age 0.026 0.014, 0.039
Hematocrit 0.032 0.021, 0.044
Creatinine 0.124 0.088, 0.159
Albumin —0.160 —0.267, —0.053
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Table 17. Results of the final linear mixed model for tacrolimus dose—adjusted trough concentrations in kidney

transplant recipients

LMM Variation of AIC BIC logLik
logC/D
Discovery  Base model
set 1: Simple time trend model 0.7315 958.9256 976.5133 —475.4628
2: CYP3AS5 expression 0.5746 927.4357 949.4204 —458.7179
31 rs2257401 0.4790 905.0985 931.4801 —446.5492
Model with clinical variables
4: Clinical Variables 0.6738 882.0296 917.2051 —433.0148
5: C + rs2257401% 0.4167 819.8344 859.4067 —400.9172
6: C + rs776746" 0.4847 839.2719 878.8443 —410.636
Replication Base model
set 1: Simple time trend model 0.7836 822.2771 839.4433 —407.1385
2: CYP3AS5 expression 0.4792 762.7806 784.2384 —376.3903
31 rs2257401 0.4814 763.3588 784.8166 —376.6794
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Model with clinical variables

4: Clinical Variables 0.7576 772.0932 806.6594 —378.0466
5: C + rs2257401° 0.4454 705.4409 744.3278 —343.7204
6: C + rs776746° 0.4225 699.0206 737.9076 —340.5103¢
Combined  Base model
set 1: Simple time trend model 0.7623 1805.089 1825.299 —898.5443
2. CYP3AS expression 0.5492 1718.919 1744.182 —854.4594
31 rs2257401 0.5029 1695.99 1721.254 —842.9951
Model with clinical variables
4: Clinical Variables 0.7204 1651.826 1692.248 —-817.913
5: C + rs2257401° 0.4415 1524.531 1570.005 —753.2653
6: C + rs776746" 0.4684 1539.5613 1584.987 —760.7564

C: clinical variables adjusted with age, hematocrit, albumin included, LMM: linear mixed effect models

2 LMM constructed with rs2257401 variants, ® LMM constructed with rs776746 variants, ©

square test with LMM C+rs2257401 in replication set(model 5 vs model 6)

non-—significance of chi
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Table 18. Final linear mixed effect model with rs2257401 adjusted

with clinical variables

Estimate 95% CI
(Intercept) —2.837 —3.332, —2.341
Age 0.018 0.012, 0.024
Hematocrit 0.030 0.023, 0.038
Creatinine 0.111 0.088, 0.134
Albumin —0.187 —0.261, —0.112
rs2257401 0.862 0.744, 0.980
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Chapter 4. Discussion
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A 37 2ol EAEAdY. CYP3A7  rs22574010] 717k
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Adletelde]  AARSTE  RAstd  BAaEgYA~ oksd AolE
A str]el golgict

CYP3A7 &zt ®o} ztellA F23 CYP &iolth 18y, &4
o] 1 oJuf o]9] WHo] FAS] FHidte o HIEHSITH(61)
Sim et al. A= AU A CYP3A7 = whdo] CYP3AS5
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RUHAT(62) CYP3A7E 17.1kb Z4olo] AZRE 7g22.1¢ 91X
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rlr
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T FNAE CYP3A49t CYP3A5el ulsl] oial &Ado] uekth.(64)
Baculovirus7} ®&#3= CYP =®AoAx EAZRZFA ot
CYP3A79 WA 4%+ CYP3ASHU o el zg|FAo] ot
3}e (Michaelis value, Ky)©] CYP3ASR T} =3k} (30)
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‘
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30.7%% 712 =l S A WEel {ARSESITH (65— 68)
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Abstract

Identification of novel variants
associlated with tacrolimus
concentrations in kidney
transplant patients by next
generation sequencing

Minji Sohn
College of Pharmacy, Clinical Pharmacy

The Graduate School

Seoul National University

Although tacrolimus have been studied widely for variation of its

pharmacokinetics (PK), there is currently no consensus on the best

individualized dosing method of tacrolimus. The purpose of this study

was to identify genotypes associated with tacrolimus dose—adjusted

trough concentration (C/D) in Korean kidney transplant recipients

using whole—exome sequencing (WES).
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A total of 147 patients administering tacrolimus in seventy—five
of the discovery set and seventy—two of replication set. Data was
collected retrospectively from 80 kidney transplant recipients
treated with tacrolimus for the first year. Tacrolimus trough
concentrations measured by LC—MS/MS were collected. Average
tacrolimus C/D were calculated and log transformed for PK
parameters (logC/D) in each period. The genomes of the patients in
the discovery set were sequenced using WES. Known tacrolimus
pharmacokinetics related intron variants were genotyped. Genetic
variants associated with logC/D were analyzed by ANOVA and
adjusted by false discovery rate. Haplotype was tested with the
variants in same chromosome by Haploview software. Linear mixed
effect model was constructed with clinical variables and identified
variants in R ver3.4.4.

Ten genes, NKRI1/2 on chromosome 3 and CYP3A7, CYP3A5,
CYP3A4, PTCD1, CPSF4, ZNF789, ZKSCANb5, FAMZ00A, ZSCANZ25
and on chromosome 7, were identified. Among the 16 identified
variants, CYP3A7 rs2257401 was found to be the most significant
variant among the periods (between p = 1.74 x10™" and p = 0.0138).
Haplotype was tested with the 13 variants in chromosome 7 showing
two linkage disequilibrium blocks. One block included CYP3AS
variants with CYP5A4 and CYP3A7 variants. CYP family diplotype
also showed significant difference in each group. Further, CYP3A7

rs2257401 genotype variant showed a significant difference in
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tacrolimus C/D for those expressing CYP345 showing its own effect.
The linear mixed effect model was used to account for effect of

variants and clinical factors. In linear mixed effect model, age, serum

albumin, creatinine, hematocrit and CYP3A7 rs2257401 was included.

The results suggest that CYP3A7 rs2257401 may serve as a
significant genetic marker for tacrolimus pharmacokinetics in kidney

transplantation.

keywords : next generation sequencing, linear mixed effect model,

tacrolimus, concentration, genotype, kidney transplantation
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