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BETHE L2 ERDEL FRHEL FASARFFR TR ¢
FHEIRAREFLED NRETRE BROE G T 0 h3F T
Bt F50p 3 AR E (7R 5 T ok R 7 (estimated glomerular filtration
rate; eGFR) < 60mI/min/1.73m? o 2% @ ¥ % {2 5% FR =1 5T Pt > ik
TG AT 0 TUEF TR gt T }F‘smﬁLT n
iR kenE & > @ B¢ G Fd fx(albuminuria)ihfe & x BT A R A
F] o 17 # National Kidney Foundation » © i3k & %0k # 5k % » 7 1 4 dp $
FE P i BiE PR * O Fed Fifr eGFR T 2 i & (eGFR slope) k i i@ S K H
EHEFITH A AT 30% N R TEBEE TE o

Fd 79 39 Fj > eGFR 12 2 eGFR slope i %] 50 2 f& ] e B 55 4 47
(genome-wide association study; GWAS)? MEHETHERF L ECES FERMETR
Iﬁamj @R e F]|F o 1T E & GWAS e i o ﬁ#&ln%ﬁd R R e E R
v GWAS g 4 - v g 5 A Frenf_Multi-Trait Analysis of GWAS (MTAG) » #
5 ¥ BB MK (0 GWAS summary & * B & i3 3 £ e 802 8 & 7(generalized
inverse-variance-weighted meta-analysis) ° j&% - @ o = k5 > d 30001 = fE4d Rk
Fl 5 AR 0 A T LA A S R R R A S 7 i
4 = 4 (principal component; PC) » £ #fig 1 PC & {7 GWAS (PC-GWAS) -

FEL 3T 8 39 k-~ eGFR fr eGFR slope - {+j¢ GWAS » 11 PC-
GWAS - %%’EJ b i&% fe 222 RFenid % » &2 L v)]?c\ fe ¥ 114 3. PC-GWAS
5320 B AT B F O ERG T AL FE S )?k Fd B ooyt es ) IF %%
e VUG TERA NS ABAM Vb 4B g TRA R R
A F R ?”&%mﬁﬁ%fmﬁ% AREFH LSBT RS AT T
TR AR AR M XD TR AL GWAS 5 % ihf £k  Jid AT g ohig
% » PC-GWAS i1 54 (618 teif & o fr e ¥ * foft -

M4t WL TR 0 6 Ry A THIREAT TG E 0 2 AT EMmA o b
sk 2 5 %) B T A 45
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Chronic kidney disease (CKD) is an important issue global-wide, as it possesses
tremendous medical resource burden - There are numerous epidemiologic studies
finding conventional risk factors for CKD, and the operational definition for CKD
patients in these studies is usually individuals with estimated glomerular filtration rate
(eGFR) <60ml/min/1.73m?. However, many patients with CKD stage 3-5 have stable
renal function for years, and thus the change of renal function with time is more
important than the current CKD stage. Proteinuria/albuminuria is the major
determinant of eGFR trajectory. National Kidney Foundation has suggested change in
albuminuria and eGFR slope fulfill criteria for surrogate end points in clinical trials
for chronic kidney disease progression.

We can apply genome-wide association study (GWAS) on complex diseases such
as CKD to find its heritable factors. Only few individuals of Taiwan biobank have
eGFR below 60ml/min/1.73m?, and thus a case-control GWAS may not be
appropriate. In addition, evaluating the risk factor for eGFR change and albuminuria
is even more important for renal prognosis.

We have performed quantitative GWASSs regarding eGFR per se, eGFR slope and
albuminuria to find risk loci for CKD progression. There were also several multi-trait
methods developed in recent years to enhance the power of GWAS. We used principal
component analysis to convert these quantitative traits in to pseudotraits (principal
components; PC), and then perform the GWAS of the pseudotraits (PC-based
GWAS). A comparison of result of different methods and literature review were done.
Twenty novel risk loci associated with kidney traits were identified by PC-based
GWAS. Subsequent post-GWAS analyses and functional analyses will be done
accordingly in future.

Keyword: chronic kidney disease, albuminuria, estimated glomerular filtration rate,

genome-wide association study, multi-trait genome-wide association study
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11 =3 % ¥

i Fe14 B s (complex disease) » 7= £ 5 % F1145 J5 (multifactorial disease) » 4p
PR HEAF AR T A SAFNERRFF I A FA[l] FHEAR
P o PR 2k FI AR %@ 44 17 (linkage analysis) 57 7% [2] » @ & 4547 fe A o 0
HIAAM AT W AR S e > A ¥ R84 47 (genome-wide association
study; GWAS)[3] -

A T M A AT L AR R 0 T B4 R (case-control) 2 Ak 7] e B U 4
¥ & 7 o gbg R 1k (quantitative trait) A 47 o - ¥ LA Fl 5 LE A TR
pm Ad FBAFIRE S ARV OURGEER KRR o8 F 2 B k-
LA AR FR[A] - e g L BREAUA B AU By E kg F Qe
AFDIFL BRI HOFEFFHFT LE R REFS B, REF 2
BTl B E AT T S ) hd T o BIEER GWAS G 2% B (odds ratio) 0
#E Bk GWAS % beta 1% #ic(beta coefficient) » = 3 4r — B AL £ 3L 71t
BeE MR gL -

zZm A PR SRETEPREIEROIAFIEYBE LT 5 2 /¢
SR ARERS (R FELRE) - C FH DL FRE mred £
FF 21 2 23 @FF[5] 0 2k SR RE - RAF R L FGR2LIE A 4 B
B E G F o R (A EEES - R) F %L FOF23 R R ta B i @ 75 o
S f 0 C BRIEE S REOE U A6 0k S ER Y- B AR
FREAREAAMEBFF D2 F 5 = o Fd FRAPM D[] 2 R A
EHOBEEFES - RFD o b0 M od BF] S 2 2 AFERBF Y 0
145 Tl EAT B 2 ek i R IR L S RS R0 S T

BECARF U F 2R R A AARANEE LR B FF o
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Ay agskfeie s v RS RERFF AT OYLKEE o - B DR
BTk hipE B PR AT ¥ AT 0 F & ¥ Hc% # (log transformation) % H
TR N RILiS 4 k(T GWAS B R M A 4T o ¥ hER 8 Fed SRin
AREPEIRY 6 v RARD S o oa A RER R KT PICREEEER 0 A A RUR
RO PRD M RGRITFEARE FE Ol > Bl R - RS Y AR
2 gk 3 aMT6s(6-sulfatoxymelatonin) 2 Ji i s frefik & k35 0 R F] 4L
PEAR P R P A 2 i T B iR S 9 X BF o R R A 1 h R R F R

R IR TR R I TR R S

12 e8P eh
dot A A A TR TR TN FSRETRBUE TS LR SR
PEEL AR RETRBL 2R EMNDERFRRIE AL ERFFRT R
HAEE[B]e e K3 F I AREFL IS NMIETH R B G T+ > hiF 3
R o BT RORE ¥ AT LA G T NIRRT E & @ (estimated
glomerular filtration rate; eGFR) < 60ml/min/1.73m?2 » & & |+ TR % = 9
P o RAaFIRETHRBEFZIFIHNL > PRT R RLHT A 0 AT
MEFLIETA P RETRRIRTAHERNEL > A H P A R
BOREPRER X AR A PETH R R HAF9) T E EREATTHALE
(National Kidney Foundation)~ & Gk 4004 E5% % > 7 M pip G 0
i BEE L * 0 F-v Sk (albuminuria)fr eGFR T *% i# & (eGFR slope) k & it & L&
g BRI T 0 S T % 30% R Bk~ T RBE E 2 5[10] -

B T A AL A R AP T Y 2 AT M RFS AP
dif @ F) 3 [11] o 2 2R 4o cnlic R BRI i ¥ i A 1 (4o eGFR) > B iE 7 BB
A GWAS J 7 chid % 4§ 1 = & i bR (Ao B TR0R 7l (B 5
eGFR< 60 ml/min/1.73m?) GWAS & » FIH &F 7 v b R4 T o d 30 Ak

2
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W2 FTHRE LR d WA HEEE Y > TR Vet eGFR €38
£.< 60 mI/min/1.73m? erdic i@ > #700 ié % i S I TOROR el 1 R K 8 (7 G
HEZZFEMBSHT7 2 6 0 B LT R RF PR [T 2wl
GIEEPR E R e IR R T 2 AT B I 4T AR O L RO R T A 4T 6 &
AF SR [12] o ¥ e BE A RS FNTH AR LE 0 Fd AR
FAF) G B A s 2] T ﬁpéorﬂwuf”xﬁﬁeGFRﬁ\ﬁ/’575

")7

albuminuria GWAS 12 2 eGFR slope GWAS kB F F %= e Bt Ea B B R T

’?;%7:[?3 i BB R F]S o

i % i B 1 (quantitative trait) & i 5 A - Ba w0 T AR

>\_
=
N

B3 EER R £ F] L iR W) g0 quantitative trait GWAS ¥ it & 45 3|38 & fo i T 7
Bl @R G TS o A RAogt o TR BN GWAS 5 S b A2

AT R TS 4 (power)F G TR A o B ok B - BRBEALER

A

H B % 3l (single-nucleotide polymorphism; SNP) v %%+ it s § 7 #2585

B BN FORRDIR AR R iz B SNP & 5 -k F st (horizontal
pleiotropy) » & E4c% B W H - e L QMBI A TREY L 2 S F A &2
HHEI o AHEBR AL 1T & F - & multiple-trait analysis =0 2 43 B 1 %k o
O S 40 e multi-trait analysis of genome-wide association (MTAG) [13] -
B - Bawe kg o s Fou¥ 444 4 47 (principal component analysis;
PCA)E f&#-g & ficd 1k L& it & 5 414k (pseudotrait) » H 4p 3% B 5] R 4514
AT ERE SRR 0 - %{é"ﬁ?ﬁrfﬁﬁﬂ RAMT o L A [14] > A £ ¥
IR 2 GWAS (PC-based GWAS) o 4443 B3k it &8 LR T %05 » 384
TR R R RIER o TR P e AP EA Y P DL A
albuminuria » eGFR - eGFR slope i& = i {4 » 22 B34 (7 v 7 B w57 GWAS >
otz Bk At A mﬁﬁﬁ%p% AR TR 2 T

Bt mipphie GWAS F i L iplg% 2 8 o K,ért? ik R 2 B en

w
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2.1 73

KET L AT 1SR o F A g Y Bd o TUIRERS 0 1A TS
WS A 5wz PERELKR D2 AT MBS YT HF 1 MTAG § (T% - f&
multitrait analysis 17 3% o ¥ = % G > $HF L F L Z BRE > D AL
e S IR AR RRRAREEF D B BAR A R ERE s
T B R AR R AT MY o Mk B A EI R AR LY
R R TR kL FRIFRETRR  THAE PN
FIFTh M AL F] 8L o

n /% A%i%ﬁ’ 'H‘}i
&QCH% B B A M B E MK X RAE
Albuminuria (n = 11,280)
eGFR (n = 85,460)
eGFR slope (n=29,480)

~

1851 88 PR 2 ¥ %
2% I 40 T 6

[ B B 5 = ik (n = 10,887)
ot B Mk 2 K B B B o
(PC-GWAS)

ZHFXBERZIER
T B AT URRA AT A HALE

) P AR & i)

22 FLH S

AT R RE kA LA A P T8 R (Taiwan Biobank)[15]  Jc s+ gk 54
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CESER S R AT L SRS LRk 21 55

B2 K G ERRY D SRR F

\\\Xr

ok Ry B R RRE o %
REAREEFLMGRI(E R WL W R B RE R RA
WRIEF R ) RHEER(Z 302 2 HFRE IS EARRESF L
GI)UE2 S FEAAM T AR S(BARAAMTHE A BYHR &KV~ 2F%%
FHB AT CBAAKBY  FERLEAEMBIHL) YR L RRBRAP
Pl Tk AT B G d R EAR R R AEEM  Z @R
e~ Bk E o~ VRERRE TR Gt SR 80T UR & dp R(C 3T UR S Al B AR
o o~ A G MR P ) TR R SRIL P ¢ 450 9 R OG0 %
BEFFART 220 HEHO LA RELMER - RHEEEIREEE - 2
BAMAFTHEER AT TR ZRERAFTANFT AT 2L G R
T e AU~ FrF L RL A ¢ %7 (No.: 202312110RINA)

d %@;f%qﬁ;;?ag\gzégﬁ%‘v*ﬁ Fo LR iE SR MT P‘wﬁ@&a‘ﬂ - Bisx FF o
Fli gty ¢ A IFW-%—#”f" BERR(R S e w83 BRp > &kt d 3

> 6.5%) % ;é'*ﬂz KRB (TADRE A $5 o

2.3 AFHFTH (genomic data)

2.3.1 2AFITA FTH (whole-genome genotyping)
CAARASFHED G S BT S TWBVLO & FIA E kst ¥
% B Thermo Fisher Scientific 2 & #TF7 3 2. FpprT & > B2 R A FHAT T ¢ o
(National Center for Genome Medicine, NCGM ) & 1F% 3+ % 4 %% L a8 -
H H Pz % A1 (Single Nucleotide Polymorphism, SNP ) 2 F] 2 3] & ¥ » $iF =
653,291 1 SNPs » 12 4 8 4 48 3 $ 7 #1 & (Taiwan Biobank, TWB)<hi < &5 %
TWB & & o #7$*iE SNPs 2. Xk » & 353 48 5 Axiom Genome-Wide CHB (Han

Chinese in Beijing) Array (525,652 SNPs) ~ 2 54 4 2 gz ip b GWAS = 3 ¢ £ 5%
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VRBZEESEB A ZY FRMAERAEL S A 0 U2 s B
Foges AR M 2 gk o

TWBv2.0 # F13) &2 8 * 5 %8 TR & TWBvLO fr 2 2 714 25 (hiF s fo
RELHR > E-HEHLTPFEHIUCRFH A PE- LTS FE- 13

Fe 5 A1H = BR(SNPs) » # i L £ 4632 foik 8 ¥ R T E L8 -

232 AFIRMEIFTHEF % #](quality control; QC)
SRCELEFZEREEEA TR 2 AFEMBE T AL 0 TR
A A TR QC ¢ FahoT (# % PLINK 1.9 [16]:& ) :
1) &FESF B6E S E Lo R Figs it s 3 - Rtk &
2) M-E G P BORA S F R k%) SNPs K G iBIRE
3) AFlE A F @ ",% Missing rate = >+ 5 %2_ SNPs
4) #f e B Al & + 5 (heterozygosity rate) ¥ ¢ F - B2 B AL F ey
WA THNRAEFFFE S BAGD S BREL) M B ERS
4
5) BFL FAREM G ,f%”e Phos — B A F - X 3(7 identity-by-
descent score < ** 0.1875 —fﬁ)
6) # “,% =X & 4L TP ¥ (minor allele frequency; MAF)-] »* 0.1 % 2. SNPs
7) 58 % =¥ T (Hardy-Weinberg Equilibrium, HWE) © #5 % HWE #& z_P &
| #% 1*e-5 2. SNPs
g) ",% 4218 10% batch % 4% 4 2. SNPs
9) TWBv1.0 array & % ¢ * Genome Reference Consortium Human Build 37
(GRCh37) i% % #L %148 A& 1% (genomic coordinate) » & #-H &3 T 74

GRCh38
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2.3.3 A F]4l4E4 (genotype imputation) 12 2 FEA4 15 2 T & F F #1(post-
imputation QC)

B2 AT AT LT REE N 2ATFI T A ATALIEL S
< & F e (reference panel) » i {7 A FIA|4EAT U 40 T A 472 (B o (& * gk G
SHAPEIT4[17]i& {7 phasing (¥t ¥ 4| haplotype 3t i2) » £ 12 IMPUTE2[ 18] 5 &
it {7 imputation ; %% A ¥l § % 4 7 1000 Genome Project ¥ 7 East Asian (EAS)
population F# (504 ~) frk p Taiwan Biobank 72> 7k F148 = & T4 (1451 £ ) °
A8 QC ¢ 454 % missing rate + % 5 %2 SNPs » ",ﬁ% MAF /] %> 1 %2

SNPs 2 2 # ’ﬁ &4 & #c information score -] * 0.3 2. SNPs -

2.3.4 TWB v1.0 4= TWB v2.0 34 14 Tk & #

BT R PR 2 AT TS 3 0 - e et E i * TWBvVIO - -
WA g TWBV2.0 ¥ 5 5304 4G Famg o 27 Tl RE #ips
AFMMFTHREHEL > U EE S TWBVLO s TWBV2.0 & ¥ 72 > A FM 25
FhRBREFAFY - REIEEE > TPz 2 TR L B9 SNPs & 7 2 717
- KMEanEh k- BRI - SNP A FIA A= 2 TR - RpF o g SNP #

%‘Jif“'l‘,% o B 1S Y - £ X980 F i# SNPs o

24 > A TFEMIHA T (genome-wide association study)

2401 Hibk 2 A F e ML

rERF AT BRI A 4T 0 2 PLINK 1.9 #0483 7 - 12 Genome
Reference Consortium Human Build 38 (GRCh38) % % 2 F]%8 A 4% » A snfdid &40
AT s §f t& T SNPs {riic £ {4}k (quantitative trait)hip B 14 - Hoe 2 e
FE# -~ 1w 2 PCI-PCIO0 ot *%¥ 4 & (population stratification) o & 52+ 2>
AF e MmAsr3%P ESxI08 i EER B R Fd W HEMERRREES T

8
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FIEDATARE RIMGEME > U AT EE P B3 100 i ZhR S
B2 ¥ [19] - i * linkage disequilibrium (LD)-based clumping X $* 11 £ 1@ 4f 7 T =%
H.® PR 15 B 2. SNP (top locus) » & * R $it#8[20]2. £ # qqman[21] %k ® iT & 4

®](Manhattan plot)f= Q-Q plot (quantile-quantile plot) > 4 %] * &k Z B4R > 7L 7
PERFIMOEEEE ARG E LT 3 EE LS K DR o

BT ARRE Rz Bk 2 6 B9 fi(albuminuria) 0 T IR ERTF R E
(eGFR) » 11 2 T i3k B 5 70 s B "% i# F (eGFR slope) ° v v SR 42 o7
S a5 e R end B9 Fk R iRk & (urine albumin-to-creatinine
ratio; UACR) » ¥ = %2 mg/g; d > UACR 5% fa 4~ 1% » £ F & & (7 5P 4%
(log-transformed) » # % % logUACR % AR B 4 37 o« T 5k Ip F g m B E 1 3
o S 17 PV RA Bic B (Ser) 2. f6 B * CKD-EPI 25V g3t > H2b 5 2 e
GFR (ml/min/1.73 m?) = 141 x min (Ser /k, 1)* X max (Ser /%, 1)712% x 0.9934¢° x 1.018
(if female) x 1.159 (if black), where « is 0.7 for females and 0.9 for males, o is —0.329

for females and —0.411 for males; min indicates the minimum of S¢/x or 1, and max

S

indicates the maximum of Se//k or 1 [22] » 2 3 T 53k B F 7 v BT "1k F eh

L

7% % (eGFR if il — eGFR 445 18)/ (BB » ¥ = % ml/min/1.73

m?/year o

242 AiAs s iR 2 AFIEMMA

BB AHAPTHERRBA I ERAREELY BEFFLT
albuminuria » eGFR 12 2 eGFR slope iz = B Mk Flen A » FriieF L B
albuminuria > eGFR 12 2 eGFR slope 3 = & 4 47 5 g * R #riiz p&4p 4
prcomp RiE{FL A AT c BFL T BB GV UBEEN REEL AL

(principal components; PC) » 7= ¥ j& S RiEF 2 AFIEMB LT o
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31 B R 2AFeMmMAr S %
3.1.1 Albuminuria GWAS results
Albuminuria GWAS % ¢2 -‘F*f ek A TRl Ae £ 1o H 2 k Albuminuria GWAS

¢ manhattan plot f= Q-Q plot 4- & 2 #77% » B F % % K@ 4ok 2 #7577 o

# 1 9 F-v R GWAS £ & T

i35 A i, N 11,280

& # year 48.8 + 104

5 1, N (%) 4,285 (38.0%)
UACR*, mg/g 8.355 (4.819-9.554)

*expressed as median (Q1-Q3)

10
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B2 ¢ 39 sk GWAS 1(A)& v % Bl % (B) Q-Q &l
(A)

logUACR MANHATTAN PLOT
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[ e o 2 LN @ s o
dp s 1 H AN
r-

0= [ T | T 1T T T T 1T T T TTTTTTTTN

1 2 3 4 5 6 7 8 9 10 11 12 13 15 17 19 22
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logUACR Q-Q plot
e
rc. s °
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0 2 4 6 8

Expected —logo(p)
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%2 v 30 f GWAS & ¥ th SNPs

Chr BP SNP Al A2 MAF BETA SE P Nearby gene
1 218026147 rs193129422 G T 0011 0.069 0.014 23E-06 SPATAL7
2 27512105 rs6547692 G A 0488 0015 0003 2.7E-07 GCKR
2 27598615 rs12989678 T C 0466 0.016 0.003 1.0E-07 C20rf16
2 51728241 rs190931819 G C 0.052 0.033 0.007 15E-06 ZNF512
2 123539652 rs12711641 A C 0223 0.017 0.004 3.1E-06 NRXN1
4 138579033 rs1376095 A G 0210 -0.020 0.004 5.6E-07 CNTNAP5
6 1245061 rs11970205 A G 0044 0033 0.007 9.7E-06 SLC7A11
8 82182829 rs79425178 T C 0.031 0.039 0.009 509E-06 FOXQ1
9 90576444 rs34232821 T G 0165 0.018 0.004 4.6E-06 SNX16
14 32571580 rs1155069 C T 0.038 0.040 0.008 3.7E-07 DIRAS?2

3.1.2 eGFR GWAS results
eGFR GWAS %2 ﬁ g A F o 4e £ 3o H 4k eGFR GWAS £ manhattan

plot f= Q-Q plot 4@ 3 #77+ » % % 7 210 i & ¥ top loci » 4r*ifsk-% 1 #75F

%3 TUIRiBRT T E GWAS A & T

245 A g, N 85,460
# # year 49.1 +10.7
7 4, N (%) 31,040 (36.3%)
eGFR, ml/min/1.73m? 105.9 + 13.2
12
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B3 T3 Eh 5 70 & & GWAS 1(A)E # % Bl 2 (B) Q-Q Hl

(A)

(B)

~logio(p)

Observed —logg(p)

35 —

25 —

20 —

(B)

eGFR MANHATTAN PLOT

1 2 3 4 5 6 7 8 9 10 11 12 13 15 17 19 22
Chromosome
eGFR Q-Q Plot
wn _|
[3¢]
[—i 3
(2]
‘.'. L]
.—-’/-_
.»”//-’_"
T T T T T
0 2 4 6 8 10

Expected —logo(p)
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3.1.3 eGFR slope GWAS results

eGFR slope GWAS % —*‘Ff ik A T Ao & 40 H 4k eGFR slope GWAS 1

manhattan plot f= Q-Q plot 4c B 4 #7771 > 3 ¥ % % F1@ 4o 4 5 971 o

24 TUREBRT TG E TS GWAS A & T

A7 A B 29,480
£ #2 (baseline) 49.7 £ 10.3
7 1+, N (%) 9,912 (33.6%)
Baseline eGFR, ml/min/1.73m? 105.1+13.0
i BEPE R, year 42+1.2
eGFR slope, ml/min/1.73m?/year -0.76 + 1.38
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Bld T 53k dBh 570 & &7 i ¥ GWAS 59(A)% 4 4 Bl % (B) Q-Q Bl

(A)

(B)

~logio(p)

Observed —logg(p)

eGFR slope MANHATTAN PLOT

0= [ T | I T T 1T T T T T TTTTTTTTN

1 2 3 4 5 ] 7 8 9 10 11 12 13 15 17 19 22
Chromosome
eGFR slope Q-Q plot
el
.
-
L]
&l
@
P
o -

Expected —logo(p)

15

doi:10.6342/NTU202401345



305 TIRiEIA ST e T % & GWAS A ¥ 1 SNPs

Chr BP SNP Al A2 MAF BETA SE P Nearby gene
1 161538827 rs10919543 G A 0322 0.057 0.012 2.1E-06 FCGR3A
1 230689754 rs61828618 T C 0.063 -0.100 0.023 7.7E-06 COG2
2 161565599 rs190473377 C T 0.015 -0.240 0.046 1.9E-07 SLC4A10
3 143888112 rs74521978 T A 0.014 0.227 0.047 1.5E-06 SLC9A9
5 51832131 rs202180998 G T 0.027 -0.180 0.035 3.0E-07 ISL1
6 23274391  rs34935015 A T 0.019 -0.190 0.042 6.0E-06 HDGFL1
6 145461097 rs17075195 C T 0.239 -0.060 0.013 1.3E-06 EPM2A
7 33698582  rs73308535 T C 0.010 -0.250 0.057 7.6E-06 BBS9
7 85128231 rs4537247 A G 0374 0.053 0.012 6.6E-06 SEMA3D

12 47865599 rs7965360 A G 0041 0127 0.029 8.8E-06 VDR
12 96039301 rs7966262 T A 0377 0060 0012 3.9E-07 LTA4H
15 92647833 rs12050771 A C 0.240 -0.060 0.014 1.5E-06 FAM174B
18 75090996 rs1876486 A G 0304 -0060 0.012 24E-06 ZNF407

3.2 A=A A4 5Kk 2 A FIEMN B A 7 (PC-GWAS)
3.2.1 eGFR, eGFR slope, alouminuria L = 4 & #7

oA P THERPFE G eGFR, eGFR slope, albuminuria i& = B 4%
Foe- £5 13,904 4 > igd 429 3 & A A 45T R & PCA £Tiv B 5 ¥Rk
K8 B A e e 1) o PR B o 69 10,887 2% K (& A T AL £ 6)
it 17 eGFR, eGFR slope, albuminuria 73 = 4 4 47 » ¥ g R = B 4 = 4 (PCI-
PC3) ¥ fEfB et hRB R o hod 7w o A SEA LA S A S e R

(loading vector) o & & J 4> 1254k & PC1 §o PC2 e & &1 4o S ©
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206 LA A0TSR 2 AT B A 4T h 5 il & TR
A 45 4 B, N 10,887
& &, year 48.9 + 10.3
7 1+, N (%) 3,950 (36.3%)
UACR*, mg/g 8.384 (4.839-9.587)
eGFR, ml/min/1.73m? 106.5 + 12.2
eGFR slope, ml/min/1.73m?/year -0.73 + 1.24

*expressed as median (Q1-Q3)

% 7 & i = & 32§ eGFR, eGFR slope, albuminuria = 38 R4 k2 % 8 &

frRRE L (%) AfERgrE (%)
PC1 41.4 414
PC2 33.1 745
PC3 255 100

# 8 % 2 =4 d eGFR, eGFR slope = albuminuria 7§ j7 % £ & =

PC1 PC2 PC3
logUACR 0.178286 0.981978 -0.06271
eGFR slope -0.69961 0.081688 -0.70984
eGFR 0.691925 -0.17043 -0.70156
17
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B 5 & 4514 eGFR, eGFR slope 4 albuminuria % PC1 fr PC2 15[l

. 1logUACR

0.5~

PC2
(33.1%)

e€GFR_slope

0= == mm e e e e e e m e mm e ——— - - -
eGFR

-0.5~

0.5 1.0

0.0
PC1 (41.4%)
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322314327 GWAS 2 &%
= A= & (PCI-PC3) 4 %) :E 7 GWAS 7 manhattan plot = Q-Q plot & % 4

F 6- 8 “777 o f A F Nk 4ok 9 477 o
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B 6 i &4 PClGWAS 1(A)% * % B 2 (B) Q-Q Bl

(A)

(B)

~logio(p)

Observed -logq,(p)

15

10

IUEE PC1 MANHATTAN PLOT

T T T T T T T T T TTTTTITTN
4 5 6 7 8 9 10 11 1213 15 17 19 22

Chromosome

IUEE PC1 Q-Q Plot

Expected —logsq(p)
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B 7 i &4 PC2GWAS i1(A)E * % B 2 (B) Q-Q Bl

(A)

(B)

~logio{p)

Observed —logg(p)

IUEE PC2 MANHATTAN PLOT

0= [ T | I T T T T 1T T T TTTTTTTTn

1 2 3 4 5 6 7 8 9 10 11 12 13 15 17 19 22

Chromosome

IUEE PC2 Q-Q Plot

10
|

Expected —logo(p)

21

doi:10.6342/NTU202401345



B 8 i &4 PC3GWAS i1(A)% * % B 2 (B) Q-Q Bl

(A)

(B)

~logio(p)

Observed —logg(p)

15

10

IUEE PC3 MANHATTAN PLOT

T T ! | T 1T T T T TTTTTTTIN
4 5 6 7 8 9 10 11 12 13 15 17 19 22

Chromosome

IUEE PC3 Q-Q Plot

Expected —logo(p)
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20 3 XA 5k > A T A 5 88 % o SNPs

Chr BP SNP Al A2 MAF gnomAD info score P Nearby gene
PC1 1 15586492 rs10159261 G T 0433 0.442 0.993 1.8E-07 AGMAT
1 169524475 rs9332641 T C 0.020 0.030 0.988 8.4E-06 F5
1 228258445  rs10737429 A G 0434 0.416 0.995 6.7E-06 OBSCN
2 123677383  rs10171475 C T 0.227 0.211 0.985 1.8E-06 -
4 188111676  rs67785655 T C 0.188 0.180 0.976 2.0E-06 TRIML2
8 140598947 rs4961274 T C 0.087 0.085 0.972 1.6E-06 AGO2
9 69531003 rs74445275 T A 0.020 0.022 0.957 1.8E-06 APBA1l
12 97658889 rs4762397 T C 0.399 0.401 0.994 8.6E-07 -
14 34806498 rs7147621 A G 0.217 0.217 0.997 5.0E-06 BAZ1A
18 70501770 rs76982055 C T 0.034 0.028 0.859 2.4E-06 -
PC2 1 101315274  rs77814797 A G 0.056 0.079 0.971 5.1E-06 -
1 218026147 rs193129422 G T 0.011 0.015 0.936 6.7E-06 LOC105372922
2 27512105 rs6547692 G A 0488 0.500 0.998 6.4E-06 GCKR
2 27598615 rs12989678 T C 0465 0.486 0.996 1.3E-06 ZNF512
2 51728241 rs190931819 G C 0.051 0.046 0.945 4.1E-06  LOC730100
4 60669935 rs56188710 T C 0.022 0.021 0.930 2.6E-06 -
4 116637209  rs10007743 G A 0384 0.393 1.000 6.7E-06 -
4 126787643 rs139816356 C T 0.022 0.021 0.999 8.7E-06 -
4 138579033 rs1376095 A G 0.209 0.218 0.998 1.0E-06 -
4 138588684  rs10461249 C G 0.361 0.354 0.998 7.3E-06 -
8 82182829 rs79425178 T C 0.031 0.030 0.938 7.7E-06 LOC105375930
14 32571580 rs1155069 C T 0.038 0.041 0.990 6.9E-07 AKAP6
PC3 3 54613722 rs76352818 T C 0.022 0.027 1* 4.5E-06 CACNA2D3
4 109504697 rs139161904 G A 0.021 0.022 0.906 4.2E-06 SEC24B
6 54486360 rs78828070 G A 0.090 0.088 1* 6.5E-07 -
6 54558447  rs146677015 G C 0.015 0.011 0.910 2.9E-07 -
6 141371205 rs117153205 G A 0.069 0.061 1* 9.1E-06 -
10 103868924 rs117231653 A G 0.078 0.094 0.990 5.8E-07 -
17 76196746 rs73360624 G C 0.047 0.037 1.000 6.2E-06 RNF157
20 42732473 rs8119626 T C 0.013 0.016 0.982 3.0E-06 PTPRT

gnomAD, gnomAD v4.1 Al allele frequency; info score, information score of imputed SNPs (*info score 1

denotes genotyped rather than imputed SNPs)
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3.2.3 A FA A5k > A FIM B A 45 (PC-GWAS)E *F 18 5] 2 -8k

* 7 9 PC-GWAS # 3] 30 B -8k o & 48 %k GWAS 17 2 PC-GWAS
P10 B gz ¢ oo G BB HRITHRA TS ST U E BT e TR
i 2 A mAe B o AGMAT (Agmatinase) f Fl1 &% e 2g W chF 3R A 8 2 W E
¥ 7 F[23] - GCKR (Glucokinase Regulator) # %] 2. Moo gk > ol TR
B R EHRR R 0 R AR AP M [24-26] - ZNF512 (Zinc Finger Protein
512) 78 FlA 3 IRAr B FRPL s 2 74 2 7 b 4P BE [27] - AKAP6 (A-Kinase Anchoring
Protein 6) # F1p| ¢ srfe§ 3% 7 49 M [28] -

$ 20 B AP 43 R 4o B 1k GWAS 37 ¢ B 3] chizgh o @ 2 4 A
B2 @ & 4 i e albuminuria, cross-sectional eGFR or eGFR slope GWAS (%
10) - iz 20 B #7h *& i BL2 % 32 B](regional plots)4- ] 9 - % 4 10 i intergenic
SNPs 2_ {5 » 4T 210 B AT =82 P F AT % - 54 ¢ W F5 AL 7]
(rs9332641; P = 8.39 x 10°) » =+ % — 554 4 £ 5 OBSCN # F](rs10737429; P =
6.66 x 10%) » = 5 = 554 ¢ 4 - CACNA2D3 A F](rs76352818; P = 4.54 x 10
) s =3t 5w L4 ¢ 4811 SEC24B £ F](rs139161904; P =421 x 10°) » = 5w
52 ¢ 4 n TRIML2 A F](rs67785655; P = 1.96 x 10°) » =+t % ~ 804 ¢ 8 ch
AGO2 # F](rs4961274; P = 1.62 x 10°) » =" % 4 8.4 ¢ §8 7 APBAL & 7]
(rs74445275; P = 1.84 x 10°%) » =+ % L w 5.4 ¢ 48 c BAZ1A & F)(rs7147621; P =
5.02 x 10°), » =% L = g4 ¢ §87 RNF157 & #)(rs73360624; P = 6.19 x 10)
MR A E - LB S 8 PTPRP A %)(rs8119626; P = 2.99 x 10°) - %"ﬁfé ~ ll%f:b
B o WO - B AR AR A Bl e BRI G 02 B TRORAPM o FS A&
Flehd 4 %7 @ F]F » HAR S iR e REVTH P Ed Evime
A4 o Pl fe TR 1 4p B [29] - OBSCN # e # 4+ obscurin 44 3% 5 fr““fﬁﬁ
e (sarcoplasmic reticulum)* ic 11 % o d@ P2 p 4T LS k& 5 B 0 @ OBSCN B2 #
BAFEF PR AL DRGSR § AT 2 R R[30] o B KR
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fRenfek e AR T LA R A o FAS S TRE DR OIERS FAT LR
EL AR R &4 N E G RS iR Rl eREBLE G R W3] -
% 7 UL prpa (creatine Kinase) b 2 b o sepg FH(creatining) 7 g — & Ao F]
$R 4 5 vopa(creatine)femifid # o4 (phosphocreatine) £ 3w p fmPe ff 01 5 o ¢ it =
VURGFF o e B & 0 F] S enk -9 (myoglobin) < & d PRI K SR ARG
= %] ¢ # 5 (acute tubular necrosis) [32] - %] & #& 7> & & 54 § (acute kidney
injury) ¥ & &R F > @ &g > RETECE R B E £ F1 % 2 - [33] - AGO2 (Argonaute
RISC Catalytic Component2) h& # & - A RNA % & &4 > T ,%”gc} e pF i &
o P pe(microRNA) fr B & 501 1@ %88 % fe (messenger RNA) @ & & = RNA
# Fovedf £ 4 (RNA-induced silencing complex ; RISC) - miR-429-3p & - fik
D PRPERRE > v § R0 A RARK AT T F DA RA S ERB RIS
% 5+ = (ferroptosis) [34] 5 F]¢* AGO2 e ¥ 3 i 1 2 i T %Rm ¥ it 7 4 M -
et AT 22 ¢ 4 4 B A nephQTL[35]F & ¥ & % - rs9332641 & ¥ & ¥
S SELL 4r ATPABL ¢4 £ o SELL 3-v frv i 3pfeid i N 4 fw#e 2 ¥ 4= 8
iEpa(tethering)Ap B T i 9B &3 I BE o0 U F 0 ¢ 3OS0 TR[36] -
ATP1B1 2.4k 47 §13f (Na*/K*-ATPase) i Bl = 8 1= > & gh b §if 5] 5 b £ &
hFv - 0 R FAWATF A epE AR TRl A3 nFf o
mMiR-192-5p € _ %% ]N 2 £ B ¥ F /] & F FE+: fa (microRNA; miRNA)z - >
H ¥ ATP1B1 5 mRNA iF 5 p % 5 &% ) miR-192-5p knockdown s+ B £ & {7
ATP1B1 £ 7] knockdown » # 12 jgt % szt + B4k B A7 R - /R (salt-sensitive
hypertension) sni-25[37] » T 5% L F B A A A R B g = TR E R 2 Rt
THOR[38] A B B BETHR 2 AW TRA B - A b G T [39] 5
9332641 £ e B A F] 0 JiH i b kA foBALTROR § § M o 17147621
{r CFL2 A Fleh% WA ¥ F M o Cofilin-2 (CFL2 A FlehA $+) £.7 1 foveds v
(actin)g & eh— fE k-9 > @ CFL2 R % € i = Sk Woop f[fﬁ% (nemaline rod
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myopathy) [40] - % & 7 2 ~ sop }?35‘%—‘5 gAvp B KA 0 F g
fa ek B o TR R DB BT Ay Ad v B E e g LT SR
s s o1 3% [41] © rs73360624 - STEGALNAC2 2 CYGB 4 £ 57 ¥ Ap b o
ST6GALNAC2 & - #a v 1 H#-rdj% i (sialic acid)4r » &% & 4~ (glycoconjugates) i
f % o B o IgAL & 5 sk e i (Sialylation)F B 5 IgAL & 3 chd iR g 1
(desialylation) &L A 3] & & 3 &~¢ % J5 % (I9A nephropathy; IgAN) 15 7 1% & 2
- > @ 3 F 7 % 3 ST6GALNAC2 fxc#: + (promoter) % 3 ¥ £ 7| (haplotype) = ADG
SE % B IgAN g5 4 BT B [42] ¢ 10AN 2 % bo¥ L RH T S
B e METRRE AY THRAFO- BELL R F[43] - CYGB &4 8 TR Lk
ehME s 0™ Cygb ;-*grﬂ;']v;rt JRT I FE R R e e T TR
L —'gf 4Rk 5 & 7 CYGB-dependent =& 4% e (transcriptome) 3 BLF|fc- % i
AL i e R MR RRAPM G S AT R W [44] o vt o G B
intergenic SNP rs117231653 fr COL17AL % 2 & & M2 5 kg % 4p B (GTEX
[45]) - COLL17AL 2 % & F=v XVIl ehal 4 % 30 XVII 5 &30 A g 2 o)
REwhikmefop Limie » % 75 HABKRT Y {#FoFmminT 2 R3S L
e R R IE TSR AR AT H T R o R dm e aha 3 2 B AR IR A
o F B [46] -
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10 2 =& & F7 5 ok > A TR B 4 47 18 3 e novel loci £7 eQTL 4% %

Involved gene expression

Chr BP SNP Al A2 MAF P Nearby gene
in kidney tissue
1 101315274 rs77814797 A 0.056 5.14E-06 -
1 169524475 rs9332641 T 0.02 8.39E-06 F5 SELL (glo); ATP1B1 (ti)
TRIM17, OBSCN-ASL,
1 228258445 rs10737429 A G 0434 6.66E-06 OBSCN
IBA57-AS1, MRPL55 (ti)

2 123677383 rs10171475 C T 0.227 1.82E-06 -

3 54613722 rs76352818 T C 0.022 4.54E-06 CACNA2D3

4 60669935 rs56188710 T C 0.022 2.61E-06 -

4 109504697 rs139161904 G A 0.021 4.21E-06 SEC24B

4 116637209 rs10007743 G A 0.384 6.73E-06 -

4 126787643 rs139816356 C T 0.022 8.72E-06 -

4 138588684 rs10461249 C G 0.361 7.29E-06 -

4 188111676 rs67785655 T C 0.188 1.96E-06 TRIML2

6 141371205 rs117153205 G A 0.069 9.14E-06 -

8 140598947 rs4961274 T C 0.087 1.62E-06 AGO2

9 69531003 rs74445275 T A 002 184E-06 APBAl

10 103868924 rs117231653 A G 0.078 5.82E-07 -

12 97658889 rs4762397 T C 0.399 8.64E-07 -

14 34806498 rs7147621 A G 0.217 5.02E-06 BAZ1A CFL2 (ti)

17 76196746 rs73360624 G C 0.047 6.19E-06 RNF157 ST6GALNAC?2, UBE20 (glo); CYGB (ti)
18 70501770 rs76982055 C T 0.034 2.43E-06 -

20 42732473 rs8119626 T C 0.013 2.99E-06 PTPRT
* glo, glomerulus; ti, tubulointerstitium
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Bl O 44 GWAS # 32 A7k 'k = BL0 T 2 R

(A) 1577814797

PC2_rs77814797
10+ -100

-log10 p-value

Recombination Rate (cM/Mb)

Chromosome 1 (Mb)

G\]NAS CataloH Ihi’t”s|; |for IIﬁ:Z_rs77?14797

CDC14A— VCAM1— —DPH5 S1PR1— —OLFM3
H—H—H— H HH k Hp—d
GPR88— —EXTL2
I H
SLC30A7—
Hi—H
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(B) rs9332641

PC1_rs9332641
10 -

-log10 p-value

169.00

Chromosome 1 (Mb)

GWAS Catalog hits for PC1_rs9332641

I I T | [ I 11 M
—XCL2 ATP1B1— BLZF1—  <F5 Clorf112— —KIFAP3
I 4 - W e
XCL1— —NME7 ~SELP —SCYL3 METTL11B—
i — B Hi- H
«—DPT —CCcDC181 —SELL
— — H
«—SLC19A2 «—SELE
[ —
—~METTL18
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(C) rs10737429

PC1_rs10737429

10 4 - 100

-log10 p-value

-

Recombination Rate (cM/Mb)

227 50 22400

GWAS ptalog hifs for PG1_rs10737429, | I

«—CDC42BFPA ZNF678— —WNT9A GUK1— —TRIM11 —RNA554

— H—H H H H |
SNAP47— WNT3A— OBSCN— —RNASS1
— HH - I
—JMJD4 ARF1— —TRIM17 —RNA5S13
I H | |

PRSS38— —C1orf35 —H3-4 —RNA5S6

H I | |
<—MF\I’PL 55 o—H?A w RH %}U—»
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(D) rs10171475

PC1_rs10171475
10 - - 100

-log10 p-value

Recombination Rate (cM/Mb)

Chromosome 2 (Mb)

GWAS Catalog h?ts for PC1_rs1|0171475 | T

., CNTNAPS5—
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(E) 1s76352818

PC3_rs76352818
10 - - 100
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(F) rs56188710

PC2_rs56188710
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(G) rs139161904
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(H) rs10007743

PC2_rs10007743
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(1) 1s139816356

PC2_rs139816356
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() 510461249

PC2_rs10461249
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(K) rs67785655

PC1_rs67785655
10 - - 100

8 80

-log10 p-value

Recombination Rate (cM/Mb)

GWAS Catalog hits for PC1_rs67785655

ZFP42—
[

—TRIML2
H

TRM/lfL 1—

38

doi:10.6342/NTU202401345



(L) rs117153205

PC3_rs117153205
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(M) 154961274
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W&

401 T 43R % 77 & & GWAS B % ¢ SNPs

Chr BP SNP Al A2 MAF BETA SE P Nearby gene
1 15461250 1s7546774 C T 024 0256 0.056 5.2E-06 CELA2A
1 15471175 rs4661630 A G 0314 0.378 0.052 3.2E-13 CELA2A
1 15585452 rs45619934 G T 044 0544 0.048 1.9E-29 AGMAT
1 15987690 rs9287283 T A 0209 -0.28 0.059 2.6E-06 -

1 22133715 rs10917161 C T 0224 -0.28 0.057 7.1E-07 WNT4
1 23258863 rs59613632 A G 0265 0241 0.054 9.3E-06 -

1 23313056 rs3765941 C T 0403 0305 0.049 4E-10 HNRNPR
1 23382426 rs10737472 C A 026 0.338 0.055 6.2E-10 TCEA3
1 77434854 rs1498403 G T 0.238 -028 0.056 5E-07 AK5

1 77443300 rs6658302 G A 0424 -021 0.048 9.5E-06 AK5

1 77464358 rs12066994 T C 0433 0.241 0.048 6.2E-07 AKS5

1 77604773 rs9787306 T C 0425 0379 0.049 509E-15 7773

1 77609317 rs12026939 A G 0379 -0.31 0.049 5.5E-10 7773

1 78093465 rs586680 T C 0484 0.234 0.049 1.5E-06 GIPC2
1 87400026 rs151248243 A G 001 -11 0.237 3.1E-06 LOC105378833
1 155179729 rs76872124 T C 0128 -058 0.071 3.2E-16 TRIM46
1 155185239 rs2070803 A G 0254 -044 0.055 1.2E-15 TRIM46
1 155248574 rs734073 T C 0293 -0.27 0.052 2.4E-07 FAM189B
2 27527678 rs2950835 A G 0487 0413 0.048 14E-17 GCKR
2 27621734 rs1881396 G T 0372 -024 0.05 1.1E-06 ZNF512
2 86071465 rs311578 Cc T 0456 -0.23 0.048 1.2E-06 POLR1A
2 98816726 rs149569919 Cc G 0.011 1159 0.225 2.7E-07 CRACDL
2 121190731 rs4622731 G A 0343 0.226 0.051 8.3E-06 -

2 162206710 rs117309866 A C 0113 0.383 0.075 3.7E-07 FAP

2 169177199 rs2193196 T C 0026 -0.67 015 7.7E-06 LRP2
2 169298927 rs2244407 T C 0.112 0.377 0.076 6.5E-07 LRP2

2 169335693 rs831027 T C 0.111 0612 0.076 1.2E-15 LRP2
2 169338731 rs141807916 G A 0.031 0.674 0.139 1.2E-06 LRP2

2 169344929 rs831036 G C 0472 0.404 0.048 3.9E-17 LRP2

2 169354867 rs2389557 G A 0461 0237 0.049 1E-06 LRP2
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2 176141029 rs1348807 C T 0372 -028 0.05 1.6E-08 HOXD-AS2
2 176156673 rs4972505 G A 0288 -0.24 0.053 4.8E-06 HOXD3
2 178866928 rs11893004 A G 0077 -042 0.09 3.3E-06 CCDC141
2 216819113 rs2541381 G T 0488 0.306 0.048 1.4E-10 IGFBP-AS1
3 32841917 rs997519 T C 013 0.317 0.071 8.5E-06 TRIM71
3 38393532 rs1069267 T A 0251 -0.26 0.056 3.9E-06 XYLB
3 38474878 rs762318 A C 0483 -0.29 0.048 9.2E-10 ACVR2B
3 38532255 s7647657 G A 039% 0.227 0.049 4E-06 -
3 38550915 rs1805126 A G 0453 -0.25 0.048 3.1E-07 SCN5A
3 126190826 rs1992855 Cc T 0.283 -0.26 0.053 5.4E-07 ALDHI1L1-AS2
3 141376400 rs77316854 A T 0173 -031 0.063 6.1E-07 ZBTB38
3 141402972 rs2871960 Cc A 0339 -03 005 3.6E-09 ZBTB38
3 169382329 rs16853620 G A 0423 0.258 0.048 8.6E-08 MECOM
3 169396966 rs10804832 G T 0425 -031 0.048 1.6E-10 MECOM
3 169437688 rs62294340 A G 0343 0.245 0.05 1.1E-06 MECOM
3 186719129 rs5029975 T C 0336 -027 0.051 1.1E-07 KNG1
3 186727263 rs2304456 G T 0173 -0.36 0.063 1.6E-08 KNG1
4 10016355 rs12500805 C T 019 -027 0.061 9.8E-06 SLC2A9
4 23721585 rs73260452 A G 004 0726 0122 2.6E-09 LOC105374528
4 76273320 rs768981 A G 038 -0.23 0.049 2.1E-06 FAMA4TE
4 76330768 rs117223770 A G 0059 -053 0102 2E-07 CCDC158
4 76371648 rs6853408 C T 0296 -032 0.052 1.6E-09 CCDC158
4 76430579 rs80309664 T C 0.022 -0.74 0.162 4.6E-06 SHROOM3
4 76446535 rs1398016 A G 011 -06 0.076 3.2E-15 SHROOM3
4 76463939 rs76123685 A G 0026 -0.72 0.153 2.1E-06 SHROOM3
4 76472865 rs28394165 C T 0232 -057 0.056 7.7E-24 SHROOM3
4 76480042 rs6532414 G A 0474 0.245 0.048 3.3E-07 SHROOM3
4 76497920 rs4859683 C T 0442 0.248 0.048 2.4E-07 SHROOMS3
4 80263187 rs16998073 T A 0418 0.309 0.048 1.6E-10 FGF5
4 88004244 rs72873442 T G 0446 0.219 0.048 5.2E-06 PKD2
4 88105276 rs2725263 A C 0462 0.245 0.048 3.4E-07 ABCG2
4 88108714 rs34472643 A G 0264 0.293 0.055 9.4E-08 ABCG2
4 88110434 rs11939579 G T 0334 0.323 0.051 2.6E-10 ABCG2
4 88123028 rs149027545 C G 0316 -0.31 0.051 2.3E-09 ABCG2
4 88146855 rs2725248 C A 0213 0.322 0.058 3.5E-08 ABCG2
4 88197859 rs10022955 G A 0336 0.245 0.051 1.8E-06 ABCG2
4 89341870 rs13108493 T C 035 -025 0.05 6.8E-07 -
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4 99901474 rs75911653 A T 0018 -0.84 0.182 4.5E-06 DNAJB14
4 102777629 rs223471 C G 0382 0254 0.049 23E-07 LOC102723704
4 102827786 rs223389 A G 0206 0.298 0.059 5.4E-07 UBE2D3
4 103053903 rs7688014 T C 0472 -029 0.048 3.3E-09 SLC9B2
5 53491081 rs12518560 A T 0345 0.227 0.051 9.4E-06 FST
5 53822988 rs10072767 A G 0234 0289 0.056 2.9E-07 LINC02105
5 177352688 rs34316179 A G 0.068 -054 0.095 1.2E-08 LMAN2
5 177371305 rs11746443 A G 0135 -066 0.07 23E-21 RGS14
5 177388123 rs5030873 Cc T 0205 -055 0.06 3.3E-20 SLC34A1
6 25812564 rs141559354 A G 002 -092 0187 7.9E-07 SLC17A1
6 27530802 rs12208078 A G 0493 -028 0.05 1.2E-08 -
6 27820212 rs12196939 A G 0027 -0.78 0.163 2E-06 H4C11
6 27877387 rs9348780 T C 0.296 0.253 0.055 4.2E-06 H4C13
6 27962858 rs839776 A G 035 027 0.053 4.3E-07 OR2B6
6 28020989 rs140674470 G C 0.192 0.349 0.063 2.8E-08 -
6 28148926 rs140323706 Cc T 0.045 0598 0.116 2.7E-07 ZKSCANS
6 28240757 rs1150711 T C 0456 -026 0.05 1.7E-07 ZKSCAN4
6 28247668 rs1233710 T C 0.372 0.363 0.053 8.9E-12 ZKSCAN4
6 28306874 rs75426794 G A 0374 0.282 0.052 5.4E-08 PGBD1
6 28417930 rs187072630 A T 0.018 -0.83 0.188 9.4E-06 ZSCAN23
6 28509805 rs35403242 A G 0357 0.257 0.053 1.1E-06 GPX6
6 28515813 rs6921021 A G 0468 -0.25 0.052 1.8E-06 GPX6
6 28896337 rs144048344 A T 0.046 0612 0.116 1.5E-07 HCG14
6 29404107 rs10946988 A T 0.238 0.257 0.058 8.4E-06 -
6 29472964 rs12206077 A G 0.138 0.433 0.074 4.8E-09 LOC105375008
6 29516743 rs117442778 C T 0.062 0.642 0.102 3.3E-10 -
6 29635267 rs62392944 T C 0121 043 0.082 1.8E-07 GABBR1
6 30008063 rs3765607 A G 0078 053 0.095 2.2E-08 ZNRD1ASP
6 31281350 rs2253487 A G 0412 -0.28 0.055 5.5E-07 -
6 31593738 rs9357135 T C 0.118 0.501 0.089 2.1E-08 NCR3
6 31713383 rs385306 A G 0373 -0.27 0.055 9.3E-07 LY6G6D
6 31802019 rs9461726 T C 0.043 -0.67 0.145 3.5E-06 LSM2
6 32320099 rs513095 G T 0.095 -042 0.081 2.3E-07 TSBP1
6 32320913 rs9394085 A G 0.144 0.397 0.076 1.6E-07 TSBP1
6 32363432 rs2223636 A T 045 -022 0.05 9.2E-06 TSBP1
6 32372459 rs9268399 A G 0403 0.246 0.051 1.6E-06 TSBP1
6 32413684 rs3129967 T C 0316 -0.24 0.052 3.7E-06 -
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6 32617972 rs75483390 A G 0025 -0.77 0.16 1.5E-06 -

6 32658953 rs34386495 T C 0.049 -06 0.133 5.8E-06 HLA-DQB1

6 32666194 rs3830060 G A 0239 0284 0.06 24E-06 HLA-DQB1

6 34268653 rs9469762 A G 0085 -043 0.086 5.9E-07 -

6 41690374 rs9471627 C G 0388 0.22 0.049 6.8E-06 TFEB

6 43837625 rs744103 T A 0218 0.335 0.058 6.6E-09 LOC105375069

6 54486360 rs78828070 G A 0.089 -053 0.084 25E-10 -

6 54558447 rs146677015 G C 0.014 -138 0.2 5.1E-12 -

6 55178438 rs4454139 A C 0257 -03 0.055 4.4E-08 HCRTR2

6 65644556 rs200330129 T C 0.011 -1.03 0.226 5.5E-06 EYS

6 106724525 rs3827648 T C 0.153 -0.35 0.066 1.4E-07 LINC02532

6 130181238 rs7356793 T C 0.017 -0.87 0.185 2.8E-06 SAMD3

6 133628177 rs2636626 A G 0429 0.228 0.048 2.2E-06 TARID

6 160131975 rs4646275 T C 0435 -024 0.048 4.1E-07 SLC22A1

6 160134722 rs594709 G A 0259 0.282 0.054 2.1E-07 SLC22A1

6 160245769 rs9766047 T G 0.079 -0.69 0.089 5.2E-15 SLC22A2

6 160253525 rs316010 Cc T 0.032 0716 0.136 1.3E-07 SLC22A2

6 160283880 rs3127586 C T 0.084 -054 0.087 6.4E-10 LOC105378088

7 26901856 rs213519 T A 0294 -024 0.053 4.7E-06 -

7 41018175 rs17715435 T C 0.166 -0.36 0.064 2.8E-08 SUGCT

7 46687365 rs856560 T C 0.083 0414 0.086 1.7E-06 LOC730338

7 46714086 rs700753 C G 0.143 0.352 0.068 2.3E-07 -

7 77762950 rs6952760 C G 0312 -0.25 0.052 8.8E-07 RSBN1L

7 77922810 rs848486 G A 0206 -035 0.059 5E-09 PHTF2

7 155869487 rs28591492 A G 0075 -055 0.091 1.3E-09 -

7 156318624 rs10230170 T C 0413 0.23 0.049 2.8E-06 -

7 156482785 rs80153796 T C 0.095 0.397 0.082 1.2E-06 RNF32-DT

8 23841808 rs310311 G C 0432 0221 0.048 4.3E-06 STC1

8 23863584 rs1436148 C T 0293 -036 0.053 1.4E-11 -

8 23899888 rs1705689 G C 0409 -035 0.049 5E-13 -

8 32527258 rs6651145 T C 0.263 -0.26 0.054 2.6E-06 NRG1

8 32578102 rs10102889 C G 0394 -025 0.049 4.7E-07 NRG1

8 86338721 rs7820234 A C 0447 -0.22 0.048 3E-06 WWP1

8 101620345 rs6992430 G A 0.248 -0.25 0.055 6.6E-06 GRHL2

8 101663059 rs4734038 T C 0347 -023 0.05 3.2E-06 GRHL2

8 137598087 rs77766076 T G 0.015 -0.89 0.199 7.5E-06 -

9 68816258 rs7042786 T A 0499 0332 0.048 3.4E-12 PIP5K1B
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9 68836044 rs10869396 A C 0334 033 0051 7.3E-11 PIP5K1B
9 68855195 rs7041004 T C 0373 -025 0.049 2.4E-07 PIP5K1B
9 94999231 rs10993449 G A 022 -028 0.058 1.3E-06 AOPEP
9 95302247 rs356664 T C 019 -0.27 0.061 8.7E-06 FANCC
9 99104830 rs10819636 T G 0435 -0.26 0.048 7.6E-08 TGFBR1
9 109353249 rs1857050 A T 0214 0.263 0.058 6.4E-06 -
10 823912 rs74876360 G C 0.096 -0.47 0.081 9.6E-09 LARP4B
10 68192084 rs10823156 C G 0214 0.293 0.058 4.7E-07 MYPN
10 68205718 rs61854764 Cc A 011 -0.35 0.077 5.7E-06 MYPN
10 87121419 rs9421590 G A 0371 -0.23 0.049 2.3E-06 SHLD2
10 124715572 rs4962687 G A 0379 0.222 0.049 6.1E-06 FAM53B
10 124784740 rs2947343 Cc G 0228 0271 0.057 1.8E-06 EEF1AKMT2
11 2144346 rs35506085 G A 0439 -0.27 0.048 2.1E-08 IGF2
11 30747131 rs10767873 T C 0363 0555 0.05 3.6E-29 LOC101928338
11 30948660 rs163874 T C 044 0226 0.048 2.8E-06 DCDC1
11 64639913 rs10400348 A C 0.297 0.238 0.052 5E-06 NRXN2
11 78229029 rs2450128 A G 0378 0.276 0.049 1.8E-08 GAB2
11 78265429 rs4415799 T C 0291 -0.24 0.052 6.6E-06 GAB2
11 78429327 rs12277503 C A 0406 0.218 0.049 8.8E-06 LINC02728
12 236203 rs2080403 G C 0.099 -0.38 0.08 2.6E-06 SLC6A13
12 246676 rs7969761 T C 0.205 -0.35 0.059 2.8E-09 SLC6A13
12 3270736 rs3782768 A G 0076 -04 009 8.6E-06 TSPAN9
12 48002581 rs1635527 C G 0271 0251 0.054 2.8E-06 COL2A1
12 65845505 rs61425523 A G 0225 -0.26 0.057 6.2E-06 HMGA2
12 65983657 rs61409219 C T 0.074 0457 0.092 6.3E-07 -
12 111269073 rs4766566 C T 0324 -024 0.051 3.2E-06 CuUXx2
12 112030402 rs11066132 T C 0279 -032 0.053 1.3E-09 NAA25
13 42128575 rs1170155 T C 0406 -0.23 0.049 2.4E-06 DGKH
13 42165097 rs9525588 G A 0358 -024 0.05 2.4E-06 DGKH
13 42201055 rs2324889 T C 0318 -0.26 0.052 4.5E-07 DGKH
13 42207571 rs67354544 T C 041 0276 0.048 1.2E-08 DGKH
13 44122774 rs147604452 T C 0.015 -093 0.193 1.4E-06 SMIM2-AS1
13 47969823 rs12864691 C T 0277 -026 0.054 9.4E-07 SUCLA2
13 48093742 rs9567994 G C 0467 -0.24 0.048 6.2E-07 MED4
13 71774636 rs500830 C T 0123 -047 0.073 1.5E-10 DACH1
14 34778642 rs78657356 G A 0176 0.323 0.063 2.7E-07 BAZ1A
15 45348900 rs2467864 T C 0168 0.39 0.064 9.1E-10 -

61

doi:10.6342/NTU202401345



15 53644221 rs10518731 T A 0482 0.277 0.048 5.5E-09 WDR72
15 57437769 rs7181770 C A 0.066 0.443 0.096 3.9E-06 CGNL1
15 57495352 rs77319829 A C 0.1 0373 0.08 27E-06 CGNL1
15 57524384 rs6493932 A G 0051 0572 0.109 1.4E-07 CGNL1
15 75131994 rs7172205 A G 0242 0.256 0.056 4.3E-06 LOC124903530
15 75922879 rs78653469 A G 0068 0479 0.095 5.1E-07 FBX022
15 75928941 rs75629444 T C 0.155 0.499 0.066 3.8E-14 FBX022
15 75946679 rs11636251 T C 0477 -035 0.048 1.3E-13 NRG4
15 82666511 rs182066759 G A 0026 -068 0.15 5.9E-06 AP3B2
15 83095928 rs118002544 A G 0047 -0.61 0.113 8.4E-08 LOC124903543
15 84771166 rs17534709 Cc G 0114 0349 0.075 3.7E-06 ZNF592
15 98704789 rs4966014 Cc T 024 -038 0.056 1.3E-11 IGF1R
15 98741451 rs4966020 G A 0451 -04 0.049 5.8E-16 IGF1R
15 98771392 rs12437561 T C 029 -031 0.052 1.9E-09 IGF1R
16 20373822 rs34495073 Cc T 0139 0.38 0.069 3.8E-08 PDILT
16 51737193 rs7190448 Cc G 0388 -0.26 0.049 1.1E-07 LOC105371257
16 51743034 rs67157068 G T 0172 0.291 0.063 4.3E-06 LOC105371257
16 53283844 rs17303428 A G 0268 -0.25 0.054 3.2E-06 CHD9
17 36561039 rs8068351 C T 0311 0.242 0.051 2.4E-06 GGNBP2
17 39358417 rs12935933 G T 0248 -04 0.055 5.3E-13 FBXL20
17 61155004 rs11655024 T C 0.089 0.384 0.085 5.7E-06 BCAS3
17 61161860 rs11868441 A G 022 0363 0.057 2.6E-10 BCAS3
17 61370008 rs11653176 T C 0489 -046 0.048 1.2E-21 BCAS3
17 61408032 rs2240736 T C 0415 049 0.048 4E-24 TBX2
17 61420889 rs9905385 A G 0281 -048 0.053 4.1E-19 -
18 5592780 rs1719939 C T 0242 -0.26 0.056 3.2E-06 EPB41L3
19 32789837 rs10409119 G A 0471 -0.21 0.048 9.3E-06 TDRD12
19 32869463 rs7252778 A C 0299 -0.26 0.052 9E-07 SLC7A9
19 32939910 rs12461782 T G 0413 0.242 0.048 5.7E-07 CEP89
20 10705728 rs2423512 C A 0482 -0.22 0.048 4.3E-06 -
20 58901754 rs8121252 T C 0272 -024 0.054 6.2E-06 GNAS
22 40489495 rs73167082 C T 0.213 0.362 0.058 5.7E-10 MRTFA
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Genome-wide association study
for circulating fibroblast growth
factor 21 and 23

Gwo-Tsann Chuang¥%*4, Pi-Hua Liu®*%, Tsui-Wei Chyan®, Chen-Hao Huang®,
Yu-Yao Huang*®¢, Chia-Hung Lin*’, Jou-Wei Lin8, Chih-Neng Hsu?, Ru-Yi Tsai®,
Meng-Lun Hsieh®, Hsiao-Lin Lee®, Wei-shun Yang%®°, Cassianne Robinson-Cohen??,
Chia-Ni Hsiung', Chen-Yang Shen'**3 & Yi-Cheng Chang?°*?**

Fibroblast growth factors (FGFs) 21 and 23 are recently identified hormones regulating metabolism
of glucose, lipid, phosphate and vitamin D. Here we conducted a genome-wide association study
(GWAS,) for circulating FGF21 and FGF23 concentrations to identify their genetic determinants.

We enrolled 5,000 participants from Taiwan Biobank for this GWAS. After excluding participants
with diabetes mellitus and quality control, association of single nucleotide polymorphisms (SNPs)
with log-transformed FGF21 and FGF23 serum concentrations adjusted for age, sex and principal
components of ancestry were analyzed. A second model additionally adjusted for body mass index
(BMI) and a third model additionally adjusted for BMI and estimated glomerular filtration rate (eGFR)
were used. A total of 4,201 participants underwent GWAS analysis. rs67327215, located within RGS6
(a gene involved in fatty acid synthesis), and two other SNPs (rs12565114 and rs9520257, located
between PHC2-ZSCAN20 and ARGLU1-FAM155A respectively) showed suggestive associations with
serum FGF21 level (P=6.66x1077,6.00x10”7 and 6.11 x 10~ respectively). The SNPs rs17111495

and rs17843626 were significantly associated with FGF23 level, with the former near PCSK9 gene
and the latter near HLA-DQA1 gene (P=1.04x1072° and 1.80 x 10~ respectively). SNP rs2798631,
located within the TGFB2 gene, was suggestively associated with serum FGF23 level (P=4.97 x107).
Additional adjustment for BMI yielded similar results. For FGF23, further adjustment for eGFR had
similar results. We conducted the first GWAS of circulating FGF21 levels to date. Novel candidate
genetic loci associated with circulating FGF21 or FGF23 levels were found. Further replication and
functional studies are needed to support our findings.

Fibroblast growth factor (FGF) superfamily includes 22 family members. Except for the endocrine FGF19,
FGF21, and FGF23, other family members act as autocrine or paracrine factors'. Recent evidence showed that
FGF21 exerts metabolic effects by acting both centrally and peripherally, mostly in the liver, adipose tissue and
pancreas. In prolonged starvation, FGF21 is secreted by the liver to promote gluconeogenesis, increases hepatic
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Characteristic

Total participants (N) 4,201

Age, year 49.54+10.82
Males (%) 1,446 (34.42)
BMI, kg/m? 24.32+6.67
Serum glucose, mg/dl 93.01+8.26
eGFR (MDRD), ml/min/1.73 m? 106.80+£24.98
FGF21, ng/ml 0.16 (0.10-0.27)
FGF23, ng/ml 0.36 (0.11-1.74)

Table 1. Study characteristics of participants. Data are mean + SD, median (IQR) or number (%), as
appropriate. Age is at specimen collection. BMI body mass index; MDRD modification of diet in renal disease

equation.
FGF21 Increasing FGF21 increasing Lttt Ll 2
SNP Chr | Position Nearest gene allele Other allele | allele frequency P value Beta (SEM) P value Beta (SEM)
rs12565114 1 33,921,202 PHC2-ZSCAN20 G A 0.69 6.00x107 | 0.048 (0.010) |4.69x107 | 0.049 (0.010)
1s9520257 13 107,631,394 | ARGLUI-FAM155A | C T 0.85 6.11x107 |0.062 (0.012) |3.96x107 | 0.063 (0.012)
1567327215 14 72,694,874 RGS6 G A 0.62 6.66x1077 | 0.046 (0.009) | 6.93x107 | 0.046 (0.009)

Table 2. Top genetic polymorphisms associated with log-transformed FGF21 level. Model 1 was adjusted for
age, sex and the first ten principal components of ancestry. Model 2 was additionally adjusted for BMI. SNP
single nucleotide polymorphism; Chr chromosome. rs12565114 and rs9520257 are genotyped. rs67327215 is
imputed with high info score (0.984).

fatty acid oxidation and ketogenesis?, enhances secretion of glucocorticoid, and reduces behaviors that waste
energy such as ovulation®. In contrast, in fed status, FGF21 promotes glucose uptake by fat cells and increase heat
production of brown fat. In the pancreatic islet, FGF21 preserves the survival of beta-cell and restores insulin
synthesis under the stress of nutrient excess’. Of note, FGF21 acts on the brain to induce sympathetic nerve activ-
ity, thereby increasing energy expenditure and promoting weight loss®. FGF21 is regulated by both peroxisome
proliferator-activated receptor (PPAR) y and PPARa and is an important mediator of the downstream effects of
PPARy and PPARa®’. FGF21 is currently a drug target for treating lipid disorders and fatty liver®.

FGF23 is the physiological regulator of phosphate and vitamin D serum levels. FGF23 lowers apical membrane
expression of sodium-dependent phosphate co-transporter 2A and sodium-dependent phosphate co-transporter
2C in the kidney, both of which primarily mediate renal tubular phosphate reabsorption. Furthermore, FGF23
lowers serum 1,25-dihydroxyvitamin D; (1,25(OH),D;) levels, thereby preventing hyperphosphatemia and
hypervitaminosis®. FGF23 has structure and biological features similar to those of FGF19 and FGF21, which
were known to regulate glucose and lipid metabolism'®. FGF23 level was also found to be associated with obesity
and dyslipidemia in studies of elderly cohorts'!. FGF23 is also an important drug target for treating phosphate
disorder and bone disease'>. Robinson-Cohen et al. performed a genome-wide association study (GWAS) of
circulating FGF23 concentrations among people of European ancestry, and found five genome-wide significant
loci®.

To understand better the regulation of circulating FGF21 and FGF23 levels, we performed a GWAS to identify
genetic determinants of circulating FGF21 and FGF23 levels in Taiwanese population.

Results

Of the 5,000 subjects enrolled from Taiwan Biobank, one withdrew from the study, 559 were excluded due to
their having diabetes mellitus, and 239 were excluded by quality control procedures. A total of 617,073 genotyped
autosomal SNPs remained. After imputation and post-imputation quality control, 7,897,704 SNPs remained. We
performed GWAS analysis in the remaining 4,201 subjects, where log-transformed FGF21 or FGF23 level was
the quantitative phenotype. Study characteristics are shown in Table 1.

The results of association testing for FGF21 and FGF23 are listed, showing SNP with strongest association in
each region (Tables 2 and 3, respectively). Manhattan plots and quantile-quantile plots of log-transformed FGF21
and FGF23 are shown in Figs. 1 and 2, respectively. Regional GWAS plots of each SNP are shown in Figs 3 and
4. For FGF21, no significantly associated SNP is found. One suggestive locus is located at the intergenic region
between PHC2 and ZSCAN20 genes on chromosome 1 (rs12565114; P=6.00 x 1077, Fig. 3a), another is between
ARGLUI and FAM155A genes on chromosome 13 (rs9520257; P=6.11 x 107, Fig. 3b), and the other is within the
RGS6 gene on chromosome 14 (rs67327215; P=6.66 x 107, Fig. 3c). For FGF23, two significant loci are found.
One locus is near gene PCSK9 on chromosome 1 (rs17111495; P=1.04 x 10-'°, Fig. 4a), and the other is near the
HLA-DQA1 gene on chromosome 6 (rs17843626; P=1.80 x 1075, Fig. 4b). There is also a suggestive locus within
the TGFB2 gene on chromosome 1 (rs2798631; P=4.97 x 1077, Fig. 4c). The array-based heritability estimates for
FGF21 and FGF23 were 0.1171 and 0.1104 respectively. Proportion of variance in serum FGF21 level explained
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FGF23 Model 1 Model 2 Model 3
FGF23 increasing
Increasing allele
SNP Chr | Position Nearest gene | allele Other allele | frequency | P value Beta (SEM) | P value Beta (SEM) | P value Beta (SEM)
o | 0463 o | 0.458 o | 0.458
rs17111495 |1 55,500,706 | PCSK9 G C 0.98 1.04x 10 (0.071) 1.57x10 (0.071) 1.55x10 (0.071)
0.117 0.117 0.117
- -8 8 8 ;
rs17843626 |6 32,621,013 | HLA-DQA1 |G A 0.49 1.80x 10 (0.021) 1.70x 10 (0.021) 1.75x10 (0.021)
0.115 0.116 0.116
_7 -7 N
152798631 1 218,611,878 | TGFB2 G A 0.75 4.97x10 (0.023) 3.73x 10 (0.023) 3.71x10 (0.023)

Table 3. Top genetic polymorphisms associated with log-transformed FGF23 level. Model 1 was adjusted
for age, sex and the first ten principal components of ancestry. Model 2 was additionally adjusted for BML
Model 3 was additionally adjusted for BMI and eGFR. SNP single nucleotide polymorphism; Chr chromosome.
rs17111495, rs2798631 and rs17843626 are imputed with high info scores (0.809, 0.997 and 0.990 respectively).

by rs12565114, rs9520257 and rs67327215 were 0.5%, 0.6% and 0.5% respectively; for serum FGF23 level, pro-
portion of variance explained by rs17111495, rs2798631 and rs17843626 were 1.0%, 0.6% and 0.7% respectively.

Further excluding two more subjects with severe renal impairment (éGFR <30 ml/min/1.73m?) did not alter
the results of top SNPs associated with FGF23 level (Supplementary Table S1).

We looked for the association of the five SNPs identified to be associated with serum FGF23 levels by Rob-
inson-Cohen et al."* in the European population but failed to found significant association with the FGF23 level
in our cohort (Supplementary Table S2). In view of low minor allele frequency of rs17216707, we performed
gene-based association analysis using MAGMA v1.07b** and still found no significant association (CYP24A1,
P=0.18). The regional plots regarding association with serum FGF23 levels in Taiwan Biobank at the five loci
identified previously by Robinson-Cohen and colleagues are shown in Supplementary Fig. Sla—e. We also per-
formed meta-analysis pooling our results and those reported by Robinson-Cohen et al.'* using METAL'® but
the results were not significant as shown in Supplementary Table S3 (P values were 0.00070, 0.0010 and 0.00029
for rs17111495, rs2798631 and rs17843626, respectively).

Discussion

In this GWAS for evaluating both circulating FGF21 and FGF23 levels, we identified several loci for each trait
that showed associations. SNP rs67327215, associated with FGF21 level, is located within RGS6 (Regulator of G
protein signaling 6). RGS6 belongs to the R7 subfamily of RGS proteins'® and is expressed in a variety of organs
and tissues, including the central nervous system and liver'”. RGS proteins regulate G protein-coupled receptor-
initiated signaling by acting as GTPase-activating proteins for Ga subunits, which hydrolyze GTP and restore
the inactive Ga gpp Py heterotrimer'®. A previous study has shown Rgs16 knockout mice expressing increased
Fgf21 expression in the liver while overexpression of Rgs16 decreased Fgf21 expression. It was postulated that
RGS16 inhibits Ga;/Ga,-mediated fatty acid oxidation, thereby decreasing the induced Fgf21 expression by
peroxisome proliferator-activated receptor alpha (PPARa)". RGS6 knockout mice revealed lower mRNA levels
of PPARa and PPARy?. These data support that RGS6 may also act as a regulator of circulating FGF21 levels
through fatty acid synthesis and oxidation.

The SNPs rs12565114 and rs9520257, also suggestively associated with FGF21 level, are intergenic SNPs
on chromosome 1 and 13 respectively. rs12565114 is located between PHC2 (Polyhomeotic Homolog 2) and
ZSCAN20 (Zinc Finger And SCAN Domain Containing 20) genes. PHC2 is associated with conventional
angiosarcoma®'. ZSCAN20 is associated with diabetic neuropathic pain®. rs9520257 is located between gene
ARGLUI (Arginine And Glutamate Rich 1) and FAM155A (Family With Sequence Similarity 155 Member A)
genes. ARGLU1 acts in cooperation with MED1 (Mediator Complex Subunit 1) and is required for estrogen-
dependent gene transcription and breast cancer cell growth?. FAM155A is associated with diverticulitis**. None
of the genes above were related to FGF21 according to our current understanding. There might be microRNAs
or long non-coding RNAs encoded in these intergenic regions affecting FGF21 levels.

SNP 1517111495, strongly associated with FGF23 levels, is located upstream of PCSK9 (Proprotein convertase
subtilisin/kexin type 9). PCSK9 is a member of proprotein convertase family PCSK (subtilisin-like proprotein
convertases previously) and is synthesized as a soluble zymogen that undergoes autocatalytic intramolecular
processing in the endoplasmic reticulum?®. FGF23 is inactivated when being cleaved intracellularly by PCSK
at the minimum consensus sequence RHTR'” between Arg'’® and Ser'#2%?’. Autosomal dominant hypophos-
phatemic rickets is caused by gain of function mutations in FGF23 that renders it resistant to PCSK cleaving at site
RHTR', thus resulting in elevated circulating FGF23 level and the consequent renal phosphate wasting, rickets,
and osteomalacia®. Hyperphosphatemic familial tumoral calcinosis due to GALNT3 mutation involves defi-
cient O-glycosylation of the threonine residue in the RTHR!” proprotein convertase-processing site, thus favor-
ing intracellular degradation of intact FGF23 by PCSK and the resulting reduced phosphate renal excretion?.
Collectively, previous studies and our findings suggest that PCSK is a critical regulator of FGF23 secretion.

SNP rs17843626, significantly associated with circulating FGF23 levels, is located between HLA-DQA1 and
HLA-DQBI (Human Leukocyte Antigen, Class II, DQ Alpha 1 and Beta 1). In general, these HLA class II loci
are known to be associated with autoimmune diseases such as type 1 diabetes, multiple sclerosis and rheumatoid
arthritis®. No literature has reported association between these loci and FGF23 level or its regulators, parathyroid
hormone and vitamin D. This is also a new finding.
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Figure 1. Manhattan plot of the GWAS results for FGF21. SNPs are plotted on the x axis according to their
chromosome position against association with (a) log FGF21 or (b) log FGF23 on the y axis. The red horizontal
line represents the suggestive threshold of P=1.0x107°.

SCIENTIFICREPORTS|  (2020)10:14578 |

doi:10.6342/NTU202401345
https://doi.org/10.1038/541598-020-71569-8



www.nature.com/scientificreports/

(a) Circulating FGF21 levels
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Figure 2. Quantile-quantile plots of (a) log FGF21 and (b) log FGF23.

SNP rs2798631, suggestively associated with circulating FGF23 levels, is located within TGFB2 (Transform-
ing growth factor beta-2), which is involved in cell proliferation, differentiation, inflammation and apopto-
sis. A recent study has demonstrated that TGF-p2 directly enhanced FGF23 production in rat osteoblast-like
cells through increasing calcium entry®. 1,25(OH),Ds, the active vitamin D metabolite which induces FGF23
production, also inhibits TGF-f downstream signaling®. Downstream TGF-f and 1,25(OH),D; signaling are
characterized by intense crosstalk®. The expression of FGF23 by both modulators also seemed to be subjective
to this crosstalk®.

For more comprehensive bioinformatic annotations of these top SNPs, we used GRASP v2.0 to search for doc-
umented associations between these SNPs and phenotypes®. One study showed association between rs12565114
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Figure 3. (continued)

and schizophrenia®. Several studies demonstrated association between rs17111495 and serum lipid levels***”.

rs2798631 was associated with height®, refractive error*® and Parkinson’s disease*’. There were no results for
r$9520257, rs67327215 and rs17843626.

The absolute circulating FGF23 levels measured in this study were different from that obtained by Robinson-
Cohen et al. This study used Duoset ELISA Development kit (R&D system, Inc.) to measure intact FGF23 levels;
and the median intact FGF23 level in the studied population was 360 (110-1,740) pg/ml (expressed as median
and interquartile range). For published researches using this ELISA kit, the median of intact FGF23 level was
269.9 (109.2-1,014.0) pg/ml in Chinese renal transplant donors*!, and 150 (46-583) pg/ml in Mexicans with
normal kidney function*’. In contrary, Robinson-Cohen et al. used a different ELISA kit (Kainos Laboratories,
Inc., Tokyo, Japan), and the population for their study was of European ancestry. Their mean intact FGF23 level
was around 40-50 pg/ml"’. The variations in FGF23 level obtained may be attributed to ethnicity of the studied
populations and different ELISA kits used.

Our study has some unique strength and some limitations. It is the first known study identifying suggestive
genetic determinants of circulating FGF21 level. We also evaluated SNPs associated with circulating FGF23
level from a population of ancestry different from those studied in previous GWAS, and novel candidate loci
were found.

As mentioned above, our findings differed from those of Robinson-Cohen et al.’?, possibly due to differences
in ethnicity, differences in gene-environment and gene-gene interactions, and our relatively small sample size.
As rs17216707 minor allele frequency was low in our cohort, gene-based association analysis was conducted as
an alternative way in effort to replicate the findings but the result was not significant. A meta-analysis conducted
on both this study and that of Robinson-Cohen et al. found no statistically significant results either.

Regarding the lack of replication in an external cohort of the study findings, we searched for GWAS sum-
mary statistics of circulating FGF21 or FGF23 phenotypes in UK Biobank and Biobank Japan but found them
unavailable. Further replication may be needed in the future.

In conclusion, this study is the first GWAS on circulating FGF21 level to date. Novel candidate genetic loci
possibly related to circulating FGF21 and FGF23 levels were found. Further replication and functional studies
are needed to support the present findings.

Materials and methods

Study population. Five thousand subjects were enrolled from Taiwan Biobank by random sampling as
study population. Subjects are aged between 30 and 70 years, without cancer history and volunteered to join
the Taiwan Biobank study population. Eating and drinking were refrained before blood samples were drawn.
Delinked databases including biological specimens, personal data and clinical information were used in this
investigation. The estimated glomerular filtration rate (eGFR) was calculated using the 4-variable equation from
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Figure 4. Regional association plots of log FGF23.
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Figure 4. (continued)

the Modification of Diet in Renal Disease (MDRD) Study*. There were only two individuals with severe renal
impairment (eGFR <30 ml/min/1.73 m?), and their serum FGF23 levels were 0.259 and 0.709 ng/ml.

All subjects provided written informed consent. Individuals diagnosed with diabetes mellitus (either as stated
in the questionnaire or HbAlc>6.5%) were excluded.

FGF21 and FGF23 measurements. Intact circulating FGF21 and FGF23 levels in serum of Taiwan
Biobank subjects were measured using Enzyme-Linked Immunosorbent Assay (Duoset ELISA Development
kit, R&D system, Inc.). The assays have high sensitivity and exhibit no interference or cross-reactivity with
recombinant human FGF R1a/Fc Chimera, FGF R2a/Fc Chimera, FGF R3/Fc Chimera, FGF R4/Fc Chimera and
Klotho. All standards by serial dilution were assayed in duplicates.

Genotyping, quality control and imputation. Genome-wide genotyping of all subjects was carried
out at the National Center for Genome Medicine of Academia Sinica using the Axiom-Taiwan Biobank Array
Plate (TWB chip; Affymetrix Inc, Santa Clara, California)**. TWB chip consists of 653,291 SNPs, and was spe-
cifically customized for the Taiwanese population, who are mainly of Han-Chinese lineage, by including SNPs
with detected polymorphisms in Taiwanese-based genotyping results from the Axiom Genome-Wide CHB 1
Array plate (Affymetrix Inc). SNPs from ancestry information panels, GWAS and cancer studies, as well as
pharmacogenetics arrays were also incorporated into the TWB chip. PLINK (version 1.07), an open-source
whole-genome association analysis toolset was used for quality control®. Genotypes for SNPs with batch effect
were set as missing. Individuals with high missing genotype rate (> 5%), with extreme heterozygosity rate (above
or below 5 standard deviations of mean heterozygosity rate) or being closely related as assessed by Identity-By-
Descent (IBD) estimation (IBD >0.1875) were excluded from analyses. SNPs with high missing genotype rate
(>5%), low frequency (minor allele frequency <1%), or deviation from Hardy-Weinberg Equilibrium (HWE)
(P value < 10-°) were excluded, with 617,073 SNPs remaining. Population structure was assessed using principal
component analysis. Using PLINK, we computed the principal components on an LD-pruned (r*<0.2) set of
autosomal variants obtained by removing high-LD regions. Genome-wide genotype imputation was performed
by SHAPEIT*® and IMPUTE2* with 1,000 Genomes Project (1000GP) Phase 3 East Asian (EAS) population as
reference panel. Quality control after imputation was as follows: We filtered the SNPs with imputation quality
score of IMPUTE2 (info score*®) greater than 0.3 for further analysis. Indels were removed with VCFtools*.
SNPs with low frequency (minor allele frequency < 1%) were excluded.

Statistical analyses. Age, body mass index (BMI), glucose level and eGFR were expressed as mean and
standard deviation. FGF21 and FGF23 levels were expressed as median and interquartile range. GWAS analyses
were performed using an additive genetic model in PLINK v1.07. Skewed variables including serum FGF21
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and FGF23 were logarithmically transformed to approximate normal distribution. We performed regression
diagnostics plots to check the assumptions of linearity, normality, and homoscedasticity, as well as to identify
the influential observations for each outcome of interest (logFGF21 and logFGF23) and SNPs, adjusting for
covariates. We did not find any severely violations of assumptions. Further, variance inflation factor (VIF) was
used to check for multicollinearity. No correlations between independent variables were found. Linear regres-
sion was employed to analyze association between SNPs and log-transformed FGF21 and FGF23 levels. Popula-
tion stratification was not obvious (A =1.002 for FGF21, A=0.999 for FGF23). Age, sex and the first ten princi-
pal components of ancestry were adjusted in Model 1, and BMI was additionally adjusted in Model 2. For log
FGF23, BMI and eGFR were additionally adjusted in Model 3. The threshold for genome-wide significance was
set at P=5x1073%. In view of the relatively small sample size and to avoid false negative results caused by too
stringent threshold®, the P value threshold for suggestive results were set at 1.0 107%*%. Manhattan plots and
quantile-quantile plots were drawn using the qqman R package®**. Regional association plots were generated
by LocusZoom?®?. 1,000 Genomes Project Phase 3 East Asian Ancestry was used for the reference population and
Genome Reference Consortium Human Build 37 was used for gene annotation. The array-based heritability was
calculated by linkage disequilibrium (LD) score regression®. The proportion of phenotypic variance explained
by single SNP was estimated by the following formula:

2B%*MAF*(1 — MAF)
282 * MAF % (1 — MAF) + SE? % 2N % MAF * (1 — MAF)

where B, SE, N, and MAF are the effect size estimate of each minor allele on the relative concentration of FGF21/
FGF23, standard error of the effect size, sample size, and minor allele frequency for the SNP, respectively”’. Gene-
based association analysis was performed using MAGMA v1.07b'* with LD information retrieved from 1,000
Genomes Project Phase 3 East Asian Panel. Meta-analysis pooling our study and those reported by Robinson-
Cohen et al. was performed using by METAL using a random effects model °.

Bioethics statement. All methods were carried out in accordance with relevant guidelines and regula-
tions. The experimental protocols were approved by the Institutional Review Board of National Taiwan Univer-
sity Hospital.
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A genome-wide association study
for melatonin secretion

Pi-Hua Liu'%1¢, Gwo-Tsann Chuang**¢, Chia-Ni Hsiung®, Wei-Shun Yang*“®, Hsiao-Chia Ku’,
Yi-Ching Lin?, Yi-Shun Chen’, Yu-Yao Huang?*2, Chia-Hung Lin*®°, Wen-Yi Li%’, Jou-Wei Lin?,
Chih-Neng Hsu'?, Juey-Jen Hwang'%?, Karen Chia-Wen Liao'3, Meng-Lun Hsieh'?,
Hsiao-Lin Lee!?, Chen-Yang Shen'*'* & Yi-Cheng Chang*1214>

Melatonin exerts a wide range of effects among various tissues and organs. However, there is
currently no study to investigate the genetic determinants of melatonin secretion. Here, we
conducted a genome-wide association study (GWAS) for melatonin secretion using morning urine
6-hydroxymelatonin sulfate-to-creatinine ratio (UMCR). We initially enrolled 5000 participants from
Taiwan Biobank in this study. After excluding individuals that did not have their urine collected in
the morning, those who had history of neurological or psychiatric disorder, and those who failed

to pass quality control, association of single nucleotide polymorphisms with log-transformed
UMCR adjusted for age, sex and principal components of ancestry were analyzed. A second model
additionally adjusted for estimated glomerular filtration rate (eGFR). A total of 2373 participants
underwent the genome-wide analysis. Five candidate loci associated with log UMCR (P value ranging
from 6.83 x 1077 to 3.44 x 10-°) encompassing ZFHX3, GALNT15, GALNT13, LDLRAD3 and intergenic
between SEPP1 and FLJ32255 were identified. Similar results were yielded with further adjustment
for eGFR. Interestingly, the identified genes are associated with circadian behavior, neuronal
differentiation, motor disorders, anxiety, and neurodegenerative diseases. We conducted the first
GWAS for melatonin secretion and identified five candidate genetic loci associated with melatonin
level. Replication and functional studies are needed in the future.

Melatonin is a pleiotropic hormone primarily synthesized and secreted from the pineal gland. Many other tis-
sues can also produce it, including leukocytes, bone marrow, gastrointestinal tract, neuronal cells, and gonads'—.
Melatonin regulates various physiological processes, including circadian and seasonal rhythms, energy and
glucose metabolism, antioxidant effects, anti-inflammatory actions, and immune function'-°, There are many
studies showing associations between melatonin and many disorders, including certain types of mental illness,
cancer, cardiovascular disease, metabolic syndrome, type 2 diabetes, and obesity®™'!. Melatonin is secreted into
the circulation following a circadian rhythm with peak levels at night'?. Aging was once thought to be directly
associated with decreased melatonin secretion. However, there was no significant difference between circadian
amplitude of the plasma melatonin between healthy elderlies and young adults'. Instead of aging, the degree of
pineal calcification was associated with melatonin excretion amount.
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Substantial evidence suggests genetic factors also play a significant role in melatonin secretion'>!. Genome-
wide association study (GWAS) has been introduced as a powerful tool to identify common genetic variants
of complex diseases or quantitative traits'’. Currently, there is no published GWAS regarding melatonin levels.
Here, we conducted the first GWAS of urine melatonin metabolite, 6-hydroxymelatonin sulfate (aMT6s), which
surrogate the circulating melatonin level'®.

Materials and methods

Study population. Five thousand individuals aged 30-70 years old and without cancer history were
enrolled from Taiwan Biobank. Biological specimens, personal and clinical information as delinked data were
used in this study. Individuals with a record of neurological disorders or psychiatric illnesses were excluded
from this study as these conditions may affect melatonin secretion'*?. This study was approved by the Institu-
tional Review Board of Chang Gung Medical Foundation and the Institutional Review Board of National Taiwan
University Hospital. All subjects have provided written informed consent, and all methods were carried out in
accordance with relevant guidelines and regulations.

Urine aMT6s and creatinine measurement. It is infeasible to draw blood samples from volunteers in
the middle of the night for serum melatonin levels. Urinary aMT6s is the major metabolite of melatonin excreted
from the kidneys®!. Thus, measuring morning urine aMTé6s level is a practical alternative for serum melatonin
level at night'®. For better correlation, spot urine aMT6s level should be creatinine-corrected to adjust the effect
of variable urinary dilution??. Urine aMT6s-to-creatinine ratio (UMCR) was calculated from urinary aMT6s
divided by urine creatinine level. The concentration of aMT6s was measured in the urine of Taiwan Biobank sub-
jects by an enzyme-linked immunosorbent assay (ELISA) kit using the manufacturer’s protocol (Human Mela-
tonin Sulfate ELISA kit, Elab science). No significant cross-reactivity or interference between melatonin sulfate
and analogs was observed. All standards via serial dilution were assayed in duplicates. The urine creatinine level
was measured using a chemistry analyzer (AU5800, Beckman Coulter) with compensated Jaffe method.

Genotyping, quality control and imputation. Genotyping with the Axiom-Taiwan Biobank Array
Plate (TWB chip; Affymetrix Inc, Santa Clara, California) was performed at the National Center for Genome
Medicine of Academia Sinica**. We use PLINK (version 1.9), an open-source whole-genome data analysis tool-
set, for quality control procedures®. For SNPs with batch effect, their genotypes were set as missing. SNPs were
excluded if missing genotype rate was high (>5%), minor allele frequency was low (<1%) or deviated from
Hardy-Weinberg equilibrium (P value<107°). Individuals with discordant sex (self-reported sex incongruent
to genetic sex, where genetic male or female was defined by X chromosome homozygosity estimate above 0.8 or
below 0.2), high missing genotyping rate (>5%), extreme heterozygosity rate (more than 5 standard deviations
away from the mean) or high identity-by-descent score (>0.1875) implying close relatedness were excluded
from subsequent analyses. We computed the principal components on a linkage disequilibrium (LD)-pruned
(r*<0.2) set of autosomal variants obtained by removing high-LD regions via PLINK. Genotype imputation was
carried out with SHAPEIT* and IMPUTE2*. We applied1000 Genomes Project Phase 3 East Asian Ancestry
as the reference population. For gene annotation, Genome Reference Consortium Human Build 37 was used.
Imputed SNPs with low-quality scores (info score?” lower than 0.8) were excluded. Indels were removed by using
VCFtools®.

Statistical analyses. Age and estimated glomerular filtration rate (eGFR) were expressed as mean and
standard deviation. Urine aMT6s and UMCR were expressed as median and interquartile range. Logarithmic
transformation of UMCR was done to normalize the data. GWAS analysis was carried out via PLINK v1.9 with
an additive genetic model. We applied linear regression for analyzing associations between SNPs and log UMCR.
Covariate adjustment in Model 1 included age, sex, and the first ten principal components of ancestry. eGFR was
additionally adjusted in Model 2. We used a genome-wide significance threshold of P<5.0x 107%. Since this
threshold is very conservative for small sample size, we set the level for suggestive significance at P<5x 1075031,
The Manhattan plot and quantile-quantile plot were generated by the ggman R package®**’. Regional associa-
tion plots were made via LocusZoom?*. The proportion of phenotypic variance explained by SNP was calculated
using the following items: effect size estimate of each minor allele on log UMCR, standard error of the effect size,
sample size, and minor allele frequency for the SNP¥. The statistical power of this study was calculated using
methods for quantitative GWAS®*®.

Bioethics statement. This study was approved by the Institutional Review Board of Chang Gung Medi-
cal Foundation and the Institutional Review Board of National Taiwan University Hospital. All subjects have
provided written informed consent and all methods were carried out in accordance with relevant guidelines and
regulations.

Results

Five thousand subjects were enrolled from Taiwan Biobank initially. One withdrew from the study. 2361 did
not have their urine collected in the morning and were excluded. 128 people had documented neurological
or psychiatric illness. 137 individuals did not pass quality control procedures. After imputation and quality
control, 7,897,704 autosomal SNPs remained. After log transformation of UMCR, data is still not normalized,
but the shape of the histogram is better. We performed a GWAS analysis for log UMCR in the remaining 2373
subjects. The characteristics of our study population are listed in Table 1. Age is not significantly associated with
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Characteristics

Total participants, N 2373

Age, year 50.75+10.83
Males, N (%) 890 (37.51)

eGFR, ml/min/1.73 m? 108.20+£27.83
Urine aMT6s, ng/ml 20.41 (11.88-30.19)
UMCR, ng/mg 16.98 (10.32-27.33)

Table 1. Descriptive characteristics of study subjects. Data are mean + SD, median (IQR) or number (%), as
appropriate. Age is at specimen collection. eGFR estimated glomerular filtration rate (by modification of diet in
renal disease equation), UMCR urine aMT6s/creatinine ratio.

UMCR increasing UMCR increasing Model 1 Ll
SNP Chr | Position Nearest gene allele Other allele | allele frequency P value Beta (SEM) P value Beta (SEM)
rs17681554 16 73,016,768 | ZFHX3 A C 0.804 6.86x1077 | 0.068 (0.014) | 6.83x1077 | 0.068 (0.014)
15142037747 3 16,121,712 | GALNT15 G A 0.989 7.82x1077 | 0.256 (0.052) | 7.73x1077 | 0.256 (0.052)
1s7571016 2 155,166,873 | GALNTI13 A G 0.617 1.53x107° | 0.056 (0.011) | 1.54x107° |0.056 (0.012)
159645614 11 36,159,947 | LDLRAD3 A G 0.953 2.90x107° | 0.124 (0.026) |2.91x107° | 0.124 (0.026)
156451653 5 42,915,584 | SEPP1-FL]32255 | G A 0.869 3.44x107° | 0.080 (0.017) |3.42x107° | 0.080 (0.017)

Table 2. Association of genetic loci with log UMCR in a Taiwan Han Chinese population. Model 1 was
adjusted for age, sex and the first ten principal components of ancestry. Model 2 was additionally adjusted for
eGFR. SNP single nucleotide polymorphism, Chr chromosome. SNPs are imputed with high info score (0.831,
0.988 and 0.946 for rs142037747, rs9645614 and rs6451653, respectively).

log UMCR (Pearson’s r=0.031; P=0.137). There is no significant gender difference of log UMCR shown by T
test (males 1.208, females 1.205; P=0.857). eGFR is also not significantly associated with log UMCR (Pearson’s
r=0.001; P=0.973). Variants with the strongest association in each region regarding to log UMCR are shown
in Table 2. Melatonin production is known to be decreased with advanced chronic kidney disease®’; thus, we
adjusted eGFR additionally in Model 2. There was no evidence of liver disorders in these 2373 individuals, and
thus no additional model was generated. Figures 1 and 2 are the Manhattan plot and quantile-quantile plot. The
genomic inflation factor, defined as the median of the observed chi-squared test statistics divided by the expected
median of the corresponding chi-squared distribution, was 1.006. Regional association plots of the top SNPs
are shown in Fig. 3. Five loci showed suggestive significance, with one within the ZFHX3 gene on chromosome
16 (rs17681554; P=6.83x 1077, Fig. 3a), another near the GALNTI5 gene on chromosome 3 (rs142037747;
P=7.82x1077, Fig. 3b), a third within the GALNT13 gene on chromosome 2 (rs7571016; P=1.53 x 1075, Fig. 3¢),a
fourth within the LDLRAD3 gene on chromosome 11 (rs9645614; P=2.90 x 107, Fig. 3d), and the other between
SEPP]1 and FLJ32255 on chromosome 5 (rs6451653; P=3.44 x 107, Fig. 3e).

Proportion of variance explained by the individual SNPs are 0.98%, 1.01%, 1.08%, 0.95% and 0.92% for
rs17681554, rs142037747, rs7571016, rs9645614 and rs6451653 respectively. The calculated power of this GWAS
was 56%.

Discussion
In this first GWAS on melatonin secretion, we identified five suggestive loci associated with variation in log
UMCR. rs17681554 is located within ZFHX3 (Zinc Finger Homeobox 3). ZFHX3 is a transcriptional regula-
tor which contains four homeodomains and seventeen zinc fingers®. During neuronal differentiation, there
is a preferential expression pattern of ZFHX3 isoforms®. In addition, circadian behavior alteration is shown
in inducible conditional Zfhx3 knockout adult mice®’. Further studies are needed to elucidate a direct linkage
between ZFHX3 and melatonin.

rs142037747 and rs7571016 are located near GALNT15 (polypeptide N-acetylgalactosaminyltransferase 15)
and within GALNT13 (polypeptide N-acetylgalactosaminyltransferase 13), respectively. These two polypeptide
N-acetylgalactosaminyltransferases of the same family catalyze initiation of mucin-type O-linked glycosylation
by adding N-acetylgalactosamine to serine or threonine residues of the polypeptide chain*"*?. Glycosylation is
associated with cell adhesion, signal transduction, molecular trafficking, and differentiation in central nervous
system development®’. Whether and how GALNT15 or GALNT13 significantly affects melatonin levels remains
determined.

rs9645614 is located within LDLRAD3 (low density lipoprotein receptor class A domain containing 3). LDL-
RAD3 alters the proteolysis of amyloid precursor protein and increases the production of amyloid beta-peptide
(AB)*. The primary pathogenesis of Alzheimer’s disease (AD) has been attributed to the extracellular aggrega-
tion of AB*. Melatonin levels are altered in AD patients, possibly due to decreased suprachiasmatic nucleus cell
number and functional pineal gland volume®®. Patients with neurodegenerative disorder such as Alzheimer’s
disease exhibit reduced serum and cerebrospinal fluid melatonin levels comparing to age-matched controls*”.
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Our present unbiased genetic study, revealing the LDLRAD3 variant associated with melatonin secretion from
pineal gland, provides additional evidence for potential mechanistic explanation in AD patients with altered
melatonin levels.

rs6451653 is located between SEPPI (selenoprotein P, or SELENOP) and pseudogene FLJ32255. SEPP1 serves
as a phospholipid hydroperoxide glutathione peroxidase and thus protect the plasma membrane from oxidative
damage and is expressed in all brain tissues®. SEPP1 is secreted from astrocytes to neurons for prevention of
oxidative damage™. Several studies demonstrated that SeppI knockout mice displayed cerebellar ataxia, anxiety,
impaired spatial memory, and widespread neurodegeneration in various studies®~>*. Also, deletion of SEPPI in
dogs resulted in central nervous system atrophy and cerebellar ataxia®. It is convincing that the SEPPI variant
is associated with melatonin levels.

This study also showed borderline significance regarding the positive correlation between age and log UMCR.
Since aging causes sarcopenia, the subsequently decreased creatinine excretion from urine increases the sub-
stance-to-creatinine ratio. Our results support the current concept that aging itself will not cause a decrease in
melatonin secretion or excretion.

There was a concern that aMT6s excretion may be altered when renal function declines. A previous study
enrolling 20 elderlies demonstrated that 24-h urine aMT6s was a reliable surrogate for plasma melatonin level,
at least among individuals with GFR 24.6 ml/min or above®’. Our study confirmed that morning UMCR is not
significantly correlated with eGFR, and adjusting eGFR in GWAS analysis essentially did not influence the results.

There are limitations to our study. First, it lacks replication of the result in another cohort. We searched in the
UK Biobank, but melatonin as phenotype does not exist in the database. Moreover, the sample size is relatively
small; thus, for the time being, these SNPs can only be seen as suggestive signals. The statistical power of this
GWAS is only 56%, and therefore there are true loci that remain to be identified and validated. Also, there might
be individuals receiving medications that can affect melatonin levels but not documented in the Taiwan Biobank
data due to the imprecise nature of the questionnaire survey. However, production or selling of melatonin pills
is illegal in Taiwan, and thus this important confounding factor may not be significant in our study.

In summary, we have performed the first GWAS regarding melatonin secretion to date. This GWAS identi-
fied five highly suggestive genetic loci encompassing genes that demonstrated potential functional connectivity
between the genes-associated melatonin level and circadian behavior, neuronal differentiation, cerebellar ataxia,
neurodegeneration and Alzheimer’s disease. Replication and functional studies of these genetic variations are
warranted to understand better the regulation of melatonin secretion and related clinical disorders.

Data availability
Individual researchers may request to use the data for specific projects on a collaborative basis. Our data has
been submitted to the NHGRI-EBI GWAS Catalog (accession ID: GCST90101875).
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Abstract

Introduction: Chronic kidney disease, which is defined by a
reduced estimated glomerular filtration rate and albumin-
uria, imposes a large health burden worldwide. Ethnicity-
specific associations are frequently observed in genome-
wide association studies (GWAS). This study conducts a
GWAS of albuminuria in the nondiabetic population of
Taiwan. Methods: Nondiabetic individuals aged 30-70 years
without a history of cancer were enrolled from the Taiwan

Biobank. A total of 6,768 subjects were subjected to a spot
urine examination. After quality control using PLINK and
imputation using SHAPEIT and IMPUTE2, a total of
3,638,350 single-nucleotide polymorphisms (SNPs) re-
mained for testing. SNPs with a minor allele frequency of less
than 0.1% were excluded. Linear regression was used to
determine the relationship between SNPs and log urine
albumin-to-creatinine ratio. Results: Six suggestive loci are
identified in or near the FCRL3 (p = 2.56 x 107°), TMEM161
(p = 443 x 107°), EFCABI (p = 2.03 x 1079, ELMOD1
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(p =297 x 107°), RYR3 (p = 1.34 x 1079), and PIEZO2 (p =
2.19 x 1077). Genetic variants in the FCRL3 gene that encode
a secretory IgA receptor are found to be associated with IgA
nephropathy, which can manifest as proteinuria. The PIEZO2
gene encodes a sensor for mechanical forces in mesangial
cells and renin-producing cells. Five SNPs with a p-value
between 5 x 107 and 5 x 107> are also identified in five
genes that may have a biological role in the development of
albuminuria. Conclusion: Five new loci and one known
suggestive locus for albuminuria are identified in the non-
diabetic Taiwanese population. © 2023 S. Karger AG, Basel

Introduction

Chronic kidney disease (CKD) is a significant health
burden worldwide and increases the risk of other co-
morbidities including cardiovascular disease (CVD), in-
fection, and malignancy. CKD, which is defined by a re-
duced estimated glomerular filtration rate (eGFR) and/or
albuminuria, affects 8-16% of the global population [1].
Patients with the lowest eGFR and highest albuminuria are
at greatest risk of developing CVD or mortality. Albu-
minuria is a significant predictor of a decline in renal
function, end-stage renal disease, CVD, or all-cause mor-
tality [2-5], and the risk is proportionate to the amount of
total urinary protein that is excreted [6, 7].

Genome-wide association studies (GWAS) are used to
detect disease variants and can account for different
ethnic backgrounds. Several ethnicity-specific variants
have been identified. Genetic variants in the PAX4 gene
(R121W) are associated with early-onset diabetes, but
only for East Asians [8]. The East Asian-specific genetic
variant rs671 in the ALDH2 gene is associated with
coronary artery disease [9] and elevated blood pressure
[10]. Genetic variants rs9565164 in the TBC1D4 gene are
associated with muscle insulin resistance and post-
prandial glucose in Greenlandic Inuits [11, 12]. Ge-
netic variant rs7903146 in the TCF7L2 gene is strongly
associated with type 2 diabetes in populations with Eu-
ropean ancestry [13] but not in East Asian populations
[14, 15]. Genetic variant rs2237892 in the KCNQI gene is
strongly associated with type 2 diabetes in North Asia but
not in Europe [16]. These examples demonstrate the
necessity to identify ethnicity-specific variants, especially
in the East Asian population, which has a relatively
isolated genetic variant [17, 18].

Previous large-scale GWAS have identified hundreds
of loci that are significantly associated with kidney disease
traits in databases that include UMOD and serum cre-
atinine, and eGFR [19-21] and CUBN are associated with

360 Am J Nephrol 2023;54:359-369
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urine albumin-to-creatinine ratio (UACR) [22]. Some of
these findings were validated using in vitro or in vivo
experiments. A transgenic mouse model with noncoding
UMOD variants develops salt-sensitive hypertension and
kidney damage [23]. However, these results are not
replicated in other ethnic populations, such as North
American Indians [24] and East Asians [25-27]. Genetic
background, lifestyle, diet, and environmental factors are
possible causes of these discrepancies.

This study conducted a GWAS of albuminuria in 6,768
participants and of eGFR in 101,073 nondiabetic
Taiwanese participants that were enrolled from the
Taiwan Biobank. Five new genetic loci for TMEM1I161B,
EFCABI, ELMODI, RYR3, and PIEZO2 genes and one
locus near gene FCRL3 are identified.

Methods and Materials

Study Population

The Taiwan Biobank enrolls volunteers aged 30-70 years who
have no history of cancer [28]. Urine was collected in the morning
from a total of 6,768 subjects. Biological specimens and ques-
tionnaires about personal and clinical information were analyzed
as de-linked data.

Serum, Urine Creatinine, and Urine Albumin Measurements

Serum and urine creatinine levels were measured using the
compensated Jaffe method and a chemistry analyzer (Hitachi
LST008). Urine albumin was measured using an automatic
quantitative immunoturbidimetric assay. Albuminuria is pre-
sented as the UACR in spot urine and is log-transformed because it
is not normally distributed.

Genotyping, Quality Control, and Imputation

Genotyping using the Axiom-Taiwan Biobank Array Plate
(TWB chip; Affymetrix Inc., Santa Clara, CA, USA) was performed
at the National Center for Genome Medicine of Academia Sinica
[28]. PLINK (version 1.9), which is an open-source whole-genome
data analysis toolset, was used for quality control procedures [29].
Genotypes of SNPs with batch effect were set as missing. SNPs
were excluded if there were a large number of missing genotypes
(>5%), minor allele frequency was low (<0.1%), or if the values
deviated from the Hardy-Weinberg equilibrium (p value <107°).

Individuals with discordant sex (self-reported sex incongruent
with genetic sex, where genetic male or female is defined as an X
chromosome homozygosity estimate of more than 0.8 or less than
0.2), a large number of missing genotypes (>5%), an extreme
incidence of heterozygosity (more than 5 standard deviations away
from the mean), or a high identity-by-descent score (>0.1875) so
close relatedness is excluded from subsequent analyses. The
principal components on a linkage disequilibrium-pruned (r* <
0.2) set of autosomal variants were identified by removing high-
linkage disequilibrium regions using PLINK.

Genotype imputation was performed with SHAPEIT [30] and
IMPUTE2 [31] with a reference panel, using combined whole-
genome sequencing data from the 1,000 Genome Project East
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Table 1. Significant loci (p < 5 x 1079) associated with albuminuria in 6,768 Taiwanese

Chr  BP SNP Albuminuria- Other Albuminuria- Beta SE p value Nearest gene
increasing allele increasing
allele allele frequency
Known
1 157,675,915 rs141851930 A T 0.0275 0.0733 0.0156 2.56x 107 FCRL3
Unknown
5 88,363,221 rs140005329 G C 0.0150 0.0957 0.0208 4.43x 105 TMEM161B
(TMEM161B-AST)
8 48,593,061 rs72639070 A G 0.0780 0.0344 0.0072 2.03x 107 EFCABI1
11 107,623,478 rs1939894 C T 0.1715 0.0245 0.0052 2.97x10™ ELMODI1
15 33,323,086 rs12101967 G A 0.3250 0.0204 0.0042 1.34x10°® RYR3
18 10,721,279  rs4796904 T A 0.1045 0.0344 0.0066 2.19x 1077 PIEZO2

Chr, chromosome; BP, base pair position in build GRCh38, albuminuria-increasing allele frequency in Taiwan Biobank; beta,
regression coefficient; SE, standard error of regression coefficient.

Asian population and the Taiwan Biobank. Imputed SNPs with
low-quality scores (info score [32] less than 0.3), a missing ge-
notype rate >5%, or a low frequency (minor allele fre-
quency <1%) were excluded. Indels were removed using VCF
tools [33].

Validation

A GWAS using data from CKDgen and the UK Biobank was
used to validate the results of this study. Subjects with or without
DM and with different ancestry backgrounds were considered
separately, if possible.

MR of UACR Using the eGFR

To determine the relationship between the six suggestive loci of
UACR and the eGFR, we performed a Mendelian randomization
analysis using R package Mendelian Randomization. The rela-
tionship between all six SNPs and eGFR was determined. A GRS
was generated using these SNPs, which considered the effect size

n
and the estimated variation. GRS is defined as GRS = )’ BiSi. The

i=0
Bi value is the individual UACR-level regression coefficient for the
ith SNP and Si indicates the allele dosage for the ith SNP. The
correlation between GRS and UACR level is determined, and then
MR analysis, including the proportion of UACR changes that is
explained, uses the coefficient that is calculated using the GRS
regression. A MR-Egger regression is used to determine possible
pleiotropic effects. MR also assumes that the SNPs/GRS are not
associated with confounding variables, all of which are defined
with respect to the statistical significance of the association be-
tween GRS and these confounding factors. To allow the as-
sumption that SNPs/GRS are not associated with confounding
variables, the relationship between GRS and confounding factors,
including age, sex, body mass index, systolic blood pressure (SBP),
and diastolic blood pressure, is determined. A logistic regression is
used for sex and linear regression for the remainder of the con-
founding factors.

GWAS for Albuminuria in Taiwan

Statistical Analyses

Age and eGFR are expressed as mean and standard deviation.
The UACR is expressed as a median and an interquartile range.
The results of the GWAS are analyzed using PLINK v1.9 with an
additive genetic model. Linear regression is used to determine the
relationship between SNPs and logUACR. Covariate adjustments
include age, sex, and the first ten principal components of ancestry.

The conventional genome-wide significance threshold of p <
5.0 x 1078 [34] is very conservative for a small sample size, so the
level for suggestive significance for this study is p < 5.0 x 107 [35,
36]. The threshold for the validation study is 0.05 divided by 6,
according to the Bonferroni correction. A Manhattan plot and
quantile-quantile plot are generated using the qgman R package
[37]. Regional association plots are generated using LocusZoom
[38, 39]. The Genome Reference Consortium Human Build 38 is
used for gene annotation.

Results

The results of the GWAS were analyzed for albu-
minuria for 6,768 subjects from the Taiwan Biobank.
After imputation and quality control, 3,638,350 autoso-
mal SNPs remain. The baseline characteristics for the
study population are listed in online supplementary
Table 1 (for all online suppl. material, see https://doi.org/
10.1159/000531783). Suggestive variants for albuminuria
are listed in Table 1. Figure 1 and online supplementary
Figure 1, respectively, show the Manhattan plot and the
quantile-quantile plot. The genomic inflation factor,
which is defined as the median of the observed x> test
statistics divided by the expected median of the corre-
sponding x* distribution, is 0.985.
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Fig. 1. Manhattan plot for SNPs that are associated with albuminuria.

Regional association plots for the top SNPs are shown in
Figure 2. Six candidate loci are identified: rs141851930 near
the FCRL3 gene on chromosome 1 (beta 0.0733, p = 2.56 X
107 Fig. 2a), rs140005329 in or near the TMEM161(T-
MEM161-AS1) gene on chromosome 5 (beta 0.0957, p =
443 x 1075 Fig. 2b), rs72639070 near the EFCABI gene
on chromosome 8 (beta 0.0344, p = 2.03 x 1076 Fig. 2¢),
rs1939894 in the ELMODI gene on chromosome 11
(beta 0.0245, p = 2.97 x 107 Fig. 2d), rs12101967 near
the RYR3 gene on chromosome 15 (beta 0.0204, p =
1.34 x 107% Fig. 2e), and rs4796904 in the PIEZO2 gene
on chromosome 18 (beta 0.0344, p =2.19 x 1077; Fig. 2f).

The respective proportion of variance that is explained
by the individual SNPs is 0.33, 0.31, 0.34, 0.33, 0.35,
and 0.4 for rs141851930, rs140005329, rs72639070,
rs1939894, rs12101967, and rs4796904. These six loci
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explain 2.06% of the logUACR level. A list of studies to
determine the role of suggestive loci with a p value be-
tween 5*107> and 5*107°® with a common renal trait is
shown in online supplementary Table 2.

The sample size is small, but the results for SNPs with
association signals of p values between 5 x 107 and 5 x
107> show 5 SNPs in 5 genes that are plausibly biolog-
ically implicated in the development of albuminuria.
These include TAL1, GRM?7, IGF2R, SLCOI1A2, and
LTA4H (online suppl. Table 2). As well as the 6 suggestive
genes in Table 1, the RYR3 and GRAM?7 genes overlap
with those that were identified by a previous GWAS for
albuminuria in a Japanese population [40].

The MR-Egger slope shows that there is a pleiotropic
effect between logUACR and eGFR (p = 0.035 for MR-
Egger intercept) (Table 2). If SNP rs12101967 (RYR3),

Yang et al.

doi:10.6342/NTU202401345

20z Atenuer z|. uo Josn Ayisieniun uemie] [euolieN Ad Jpde8/ LES000/069LSOF/ESE/0L-6/+G/1Pd-ejoine/ule/woo sabiex/:dny wouy pepeojumod


https://doi.org/10.1159/000531783

()
£
=

log UACR log UACR °
Potted SMPs | |/ S 8 S S 0 S 1 1 Plottedd SMFS 100 ) S 011100 0 N 0 3
10 oo 0 - =1 100 %
08
g g 04 g
B 6 51418.51930 é 8 02(1— 80 2 Z
£ g g 8
= 3 e 3 <
7 4 ] E] o
g 5 g 97 rs140005329 Bl
. : & o g
L= 2 2
0 g 4+ a0 ®
s T g
[=NES -‘—AEFII’ -'9_1 4—!;.*_2 %ﬂ- mzh-lv Ml?ﬂfﬁ -\z-._
R RS QR LOGHEND ORI g
| o= IS0 -e_nu "w W:O"' -qur?
WI-A- I;\’w “C;“ Wl:“' S=OREYY
<srrL “-coi8  +-0fEP1 | 3 ganes
[Hioar CoE-= ORIl omitted
PREC— oRToRz-=
-u—SJ-:EN WWZ‘I"-- -R.Iﬂl-— !—YEU““IS S LINCOOHET MEF2C-AST—+
N&T* "—&Pﬂ_" ‘;Gmi TMEMIE1B-AS1—= -—ll_ﬂ}!
- “tocwmuze e
T T T T | | T T
157 157.5 158 1585 87 875 88 885
Position on chrl (Mb) Pasition on chr5 (Mb)
log UACR log UACR
Plotted SNPs Plotted SNPs I (EREDEE | 000 0] |- | D N
10 - i3
8 E
7 2
g = g
T F ] g
g 5 1572639070 o0 Z 3 3
4 . 8 i g
& F = ]
k5 = =] 2
- W 2 ®
L= @© - _—
¥ g ' 2
z g
=
LOCIOTgIT 0 GnaL |
1 T T T T
49 495 50 505 10 105 11 15
Position on chré (Mb) Position on chri8 (Mb)
log UACR log UACR
Plotted SNPs n Plotted SNPs
Wil [~ 100 10 7 i 100
038 a 08
8 {|B-os L 80 8 08
s 04 g s od| oo
2 rs12101967 g 02 3
g 6 . 60 B
{ E . :
2 s | 2 6 151939894 60
g o * =
Fi 5 T g
1 % o 3
2 - 2 5 e Fl
= = T
g g id
0 - 0 &
g
~-GOLGABK  GREMI—= ~TMCOsE SAVEN =-KATNEL T =
- ULKAFY ﬂ'@-’-’ "-\I.Wi?‘Miy Gm-" EMCH—=
+-vLxerz = FuNT RYRI—= ~EncT
- ULKAPT mnpc—— p
~coLaaso —seoqas,] 1 gene
WAL omitted — GUCYIAZ —CWFIRT —EN  RAGMM—~  —PAT ~Cirems
M.G-HM M_;r-t &t-]'!-t -—l@ﬂ
Akﬁh-l‘ﬂa- lm‘nm:-'
T T T T T T T
a3 335 34 345 106.5 107 1075 108
Position on chr15 (Mb) Position on chri11 (Mb)
Fig. 2. Regional association plots for the top SNPs.
GWAS for Albuminuria in Taiwan Am J Nephrol 2023;54:359-369 363

DOI: 10.1159/000531783

doi:10.6342/NTU202401345

20z Asenuer z|, uo Jasn AysiaAun uemie] [euoleN Aq Jpd-€8/1£5000/0694S0Y/6SE/01L-6/yS/APd-ajon1e/ulE/wod 19b1es//:d)Y WOy papeojumoq


https://doi.org/10.1159/000531783

Table 2. Mendelian randomization results and sensitivity analyses for logUACR on eGFR

Number of SNPs Beta 95% Cl MR-Egger regression intercept Weight median beta
(95% Cl) (95% Cl)

6 SNPs (<1 x 1079) —-1.961 —6.013-2.091 0.254 (—18.521 to —0.296) —2.83 (-7.910-2.249)

5 SNPs* —3.094 —7.210-1.022 0.269 (-17.658 to —1.740) —2.385 (-6.840-0.070)

*SNP (rs12101967) removed due to pleiotropic effect.

Table 3. Characteristics of SNPs used in Mendelian randomization sensitivity analysis for logUACR on eGFR

logUACR eGFR
SNP location beta SE p value beta SE p value
rs141851930 Chr1:157675915 0.0733 0.0156 256 x 10-6 —0.7718 03097 0.01272
rs140005329 Chr5:88363221 0.0957 0.0208 443 x10-6 —0.1569 04164 0.7063
rs72639070 Chr8:48593061 0.0344 0.0072 203 x10-6 —0.09699 0.1503 0.5188
rs1939894 Chr11:107623478 0.0245 0.0052 297 x 10-6  0.06436 0.1049 0.5395
rs12101967*  Chr15:33323086 0.0204 0.0042 1.34x10-6 0.07889 0.0869 0.3639
rs4796904 Chr18:10721279 0.0344 0.0066 2.19x 10-7 —0.09976 0.1322 0.4504

UACR, urine albumin creatinine ratio; eGFR, estimated glomerular filtration rate; Chr, chromosome; BP,
base pair position in build GRCh38; beta, regression coefficient; SE, standard error of regression coefficient.

which has a dominant association with eGFR and CKD, is
excluded, then of the remaining SNPs, only rs1939894
(ELMODI) is positively associated with eGFR (Table 3).

Using an estimated MR, the MR-Egger method shows
that logUACR is associated with eGFR (95% CI = -17.658
to —1.740, p = 0.043) without a pleiotropic effect (p =
0.138 for MR-Egger intercept) (Table 2; Fig. 3). The GRS
is not associated with confounding factors, including age
(beta = 3.60, 95% CI = -3.862-11.067, p = 0.344), sex
(odds ratio = —0.67, 95% CI = -2.168-0.847, p = 0.386),
body mass index (beta = 1.36, 95% CI = —1.296-4.0142,
p=0.316), SBP (beta = 8.32, 95% CI = —4.433-21.066, p =
0.201) or diastolic blood pressure (beta = 6.10, 95%
CI = —1.488-13.680, p = 0. 115) (Fig. 4).

Discussion

This study identifies five suggestive new variants of
albuminuria and replicates one known locus for nondi-
abetic Taiwanese. Many of the identified genes and alleles
are significantly implicated in renal function.

This study shows that rs141851930 in the FCRL3 gene
may be related to logUACR. The FCRL3 gene encodes a
receptor that is expressed in lymphocytes, which binds
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secretory IgA [41]. SNPs in the FCRL3 gene are reported
to be associated with IgA nephropathy in the Chinese
population [42-44]. A large-scale GWAS showed ethnic
heterogeneity of genetic susceptibility to IgA nephropa-
thy. This meta-analysis of 9,507 patients and 20,582
controls with Chinese ancestry and 1,039 patients and
1,289 controls with European ancestry shows that only 17
of the 24 confirmed risk SNPs for IgAN have a consistent
association between the two ancestries. The remaining six
SNPs are heterogeneous between the ancestries and one
(DEFA locus) is Chinese-specific [44]. Previous GWAS
studies for albuminuria in the European population did
not identify loci in the FCRL3 gene as risk alleles, possibly
because of the lower susceptibility to IgAN in this
population.

The SNP rs140005329 is an intron variant in the
TMEM]161B-AS1 gene that encodes a long noncoding
RNA and near a protein-coding gene TMEM1I161B. The
SNP 15710375 between the CCNH-TMEM161B genes is
associated with diabetic nephropathy [45], but the
function of TMEM161B remains unclear.

The SNP rs72639070 is located near the EFCABI gene.
The results of a large GWAS involving 1.5 million in-
dividuals [46] show that genetic variants near the EF-
CABI gene are strongly associated with eGFR. The
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EFCABI gene encodes a Ca**-binding dynein-associated
protein that regulates flagellar and ciliary movement [47].
Variants in the EFCABI gene were also associated with
elevated blood pressure in the Japanese population [39].
The EFCABI gene may have a pleiotropic effect on ar-
terial blood pressure and renal function.

The ELMODI gene encodes a protein that belongs to
the Arf family GTPase, which affects renal ciliogenesis
and cystogenesis by regulating exocytosis [48]. The role of
ELMODI in albuminuria is currently unclear.

Ryanodine receptor 3, which is encoded by the RYR3
gene, releases intracellular calcium and is involved in
various cellular processes and human disorders, including
heart failure and diabetes [49]. The Family Investigation
of Nephropathy and Diabetes (FIND) study reported that
the SNP rs2596230 in the RYR3 gene is associated with
diabetic kidney disease in the African-American pop-
ulation [50]. A closely related gene, RYR2, is associated

Am J Nephrol 2023;54:359-369
DOI: 10.1159/000531783

366

with various nephropathies due to intracellular calcium
imbalance [51]. A multiethnic study showed that variants
in the RYR3 gene are associated with a higher eGFR in
a population with African ancestry. However, it is not
known whether the higher eGFR value indicates glo-
merular hyperfiltration, which often proceeds proteinuria
[52]. These results show that the RYR protein family may
have a role in proteinuria and renal disease.

PIEZO2 encodes a sensor for mechanical forces in
mesangial cells and renin-producing cells [53]. During
dehydration, PIEZO2 expression is down-regulated in
mesangial cells and up-regulated in juxtaglomerular
renin-producing cells, and there is overproduction of
renin and renin-producing cell proliferation. The ex-
pression of renin is also reduced by PIEZO2 knockdown
in juxtaglomerular cells, which demonstrates that PIE-
Z02is an important regulator of glomerular filtration and
body fluid status [53]. PIEZO2 is also a mechanical sensor
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for bladder tension [54, 55]. Humans and mice lacking
functional PIEZO2 experience impaired bladder control,
and patients who lack PIEZO2 report an impaired sen-
sation of a full bladder [54]. PIEZO?2 is also involved in
enterochromaffin cell response to mechanical forces for
regulating the release of serotonin [56].

This study is limited by sample size, so we looked up
possible biological role in the development of albuminuria
of 5 more SNPs that have association signals with p values
between 5 x 107® and 5 x 107>. These include TALI,
GRM7, IGF2R, SLCO1A2, and LTA4H (online suppl.
Table 2). Inserting retrotransposon in the Tall gene causes
severe renal disease, which is characterized by progressive
glomerulosclerosis, an increase in the glomerular me-
sangial matrix, deposition of immune complexes, and
glomerular enlargement in mice [57, 58]. Genetic variants
in the GRM? gene are associated with albuminuria in the
Japanese population, and a meta-analysis of a GWAS
shows that they are also implicated in recovery from acute
kidney injury [40, 59]. Genetic variants in the IGF2R gene
are associated with concentrations of 139 serum metab-
olites and 41 urine metabolites in patients with CKD, and
genetic variants in the SLCOIA2 gene are associated with
urinary concentrations of 1,172 metabolites in another
GWAS [60]. Lta4h knockout in mice decreases renal fi-
brosis and the progression of CKD [61].

This study has limitations. Early enrollees in the Taiwan
biobank did not have spot urine collected, so the total
number of cases for albuminuria analysis is relatively small.
Testing numerous SNPs in a small population increases the
possibility of overfitting, but candidate loci for albuminuria
are identified, and an MR study confirms that logUACR is
associated with eGFR. As the number of samples in the
Taiwan biobank increases, future replication and validation
will be possible. The results of this study are not replicated
in databases including CKDgen [62, 63] and the UK Bi-
obank. The former contains data for DM patients that are
admixed with non-DM subjects, and study subjects are
mostly of European ancestry. The UK Biobank has 3,841
cases with Asian ancestry, 2,429 of whom are nondiabetic,
so the results of this study are not replicated (data not
shown) for this sample or for trans-ethnic non-DM sub-
jects in the UK Biobank (online suppl. Table 3).

The results of this study are not replicated by either
dataset, possibly because there are discrepancies in the
minor allele frequency for different populations or the
limited number of Asian subjects that these datasets
contain. Therefore, the results of this study must be in-
terpreted with caution. However, this study shows that the
RYR3 and GRMY7 genes overlap with the 14 loci identified
by a GWAS for albuminuria in a Japanese population of

GWAS for Albuminuria in Taiwan

7,805. The FCRL3 gene is associated with IgA nephropathy
in the Chinese population [42-44]. IgA nephropathy is a
frequent cause of albuminuria in nondiabetic populations,
which supports the results of this study. A large-scale
GWAS or a meta-analysis of the East Asian population
is required to determine any association.

Conclusion

This study is the first GWAS on albuminuria for a
Taiwanese population with Han ancestry, providing new
understanding of possible common pathogeneses for
albuminuria and possibly CKD progression also.
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