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[ Abstract] Age-related macular degeneration (AMD) seriously endangers the visual health of the elderly,and
its incidence rate is on the rise in recent years. As the aging of the population intensifies, the incidence rate of AMD
will continue to rise. Therefore, it is crucial to explore its genetic pathogenic mechanism. Genome-wide association
studies (GWAS) have identified a large number of single nucleotide polymorphisms associated with AMD. However,
most of these polymorphisms are located in noncoding regions,and their functions are unclear. Therefore ,revealing the
regulatory effects of the genetic variations on gene expression, protein levels, and metabolite abundance serves as a
powerful tool for deciphering the functions of noncoding variations discovered in GWAS. Furthermore, combining
quantitative trait loci (QTLs) with GWAS can effectively explain GWAS data and increase the likelihood of discovering
statistically significant genetic variation loci. This review summarizes research on the analysis and integration of GWAS
combined with QTL data,aiming to better understand the impact of gene variations on the occurrence and development of
AMD , thereby providing new ideas for searching for effective therapeutic targets for AMD.

[Key words] Genome-wide association study; Quantitative trait locus; Age-related macular degeneration;

Retina



- 652 - B S IR B AR

2025 4F 7 HE5 43 355 7]  Chin ] Exp Ophthalmol, July 2025, Vol. 43 ,No. 7

Fund program: National Natural Science Foundation of China ( 81970827 ); Tianjin High-Level Talent
Selection and Training Project in the Health Industry ( TJSJMYXYC-D2-042); Tianjin Key Medical Discipline
(Specialty ) Construction Project ( TJYXZDXK-037A ); Tianjin Medical University Eye Hospital High-level

Innovative Talent Program ( YDYYRCXM-B2023-01)
DOI. 10. 3760/ cma. j. cn115989-20230530-00201

R0 SIS, G B R ) I A A i A OC M R A
(age-related macular degeneration, AMD ) Z¢ | /= T 5 & A ZE A1 38
TR, UTAEK BEE A H ZE AR, AMD ¥ &0 R 2 Al
P, AMD 55t A8 IR AR, B, BR 9T Hast A% 2 K s MLl -+ 40 T
T RN H R BT 5E (genome-wide association study, GWAS)
B R 23 BT 52 2% 50 AH DG AE 8 S A ) T H . 7E Rk
P2, GWAS S5 B8 S (7 i 2 A Tl 2 A X, 0fl LA S5 3R 8
FEXT R 5 8 3 5 B0 IR A7 5 (quantitative trait loci, QTL) B¢ &
A3HT L AT LU SO0 5% 38t 4% A8 S o HE T Ui R TR SR 3K 1 R L AT
B T MR 10 A R R o R R O A VAT R
ARERIR A AMD KL AF ok GWAS Hl QTL (9 it 58 45 R 217 &
GEBRLRAS , S B AMD 0 R 425 1A 35 A% 24 AL 1 4R A8
BB

1 QTL 5 GWAS BE& &4 #7

1.1 QTL iy

QTL EFE WA Je VR WA Sy N A KB . S
I L Sax T 1923 AE4R M Rk VR AR BE M p A PR 2 1 2
LTS AR HEIR , TT QTL J2 46 Fh B P 38t 4% 4 25 5 Mot PR AR A
SEAEGETE S LA I 5L PR 20 X 38, QTL i A7 2 — i 445 95 9 A OC
7 S5k 5 5 R R 2 LA BB R R DR SR AT 1 A T O kL IR
AR AV 5 (expression quantitative trait loci, eQTL) J& 0 2 K &
KAy —Fh R, OF S0 AL AR S 5 R R R IR R, W E
Z,GWAS %3 1y 5 R B A X1 B 1 IR £ 8 1 (single
nucleotide polymorphisms, SNPs) [i] Bt 5 3 R & 3k /K SFAH 56, X
46 SNPs i Fk Hy eQTL, 5 GWAS AH Lk, eQTL k& Bl 22 5= H A 4t
PR UL AL AR RE D R . 5 eQTL #E AL,
508 3R 35 AR OC 1Y 38 A% 0 B R O AR R o BR A
(protein quantitative trait loci, pQTL) ™ ; 17ij 5 1% 4t 4 7K - 4 3¢ 1)
e 57 5 B A B PR 37 5 (mQTL)

Mk QTL B MFFE, T LA A 42 1l Motk 1 3t % 2 HL AR, 42 95
2 A VAR AR S 1 /D L s I B R R AR AL L DL AN )
e D5 W TR IR B M X FE R S A, i QTL 43 #r A B
THB R AN TR B 1 L (8] 5 5 5 VR FEE RIS, iR % s F) B
1.2 QTL 5 GWAS Bt & 4r Hr i &

A5 GWAS Bog i i A SNP 1y 2 1F [m) 4 H 2 (1 15 & B
RIATHITE , AL B B Iy, 17 HAR Mk 3L 5 98 5 AR OC 1) 21 32
B BTN BT I R A BT, A A A
B —MoIR AR S 1 B T RE P, PR Ay i 0k A DR 1E i 0 K] Y 2
REM AW, MILZ T, QTL iR = DA & A1, Wik % & QTL
BFFe 45 B 0T LUAT ) GWAS B o047 o R R 5% o 1 %
HA AT GWAS I QTL 43 #7 i 8 & 1 & 73 5L E A B G R 9 A8

53 :GWAS K SNPs J5 , W] fff i QTL iH 53X 26 SNPs %f 5k H &
A M VR A P T A7 e GWAS BT % BRIY SNPs 7 T 4 5 X
{19 1) A5, QTL 7] 4 g GWAS (14 b 32 1 563
1.3 QTL 5 GWAS Bt & /M1 J5 i

F AT, QTL 5 GWAS B i 7 ik A 3 Fh' ' 45 1 Ry
00 T 57 A S 0, S 0 7 o T BRI — A S [ A
S I B 2 P R T i TR 2 3k M A TR S A1 3% TIE 1)
TR LA B LR, A5 2 Ry i 00 I T A 56 5 R I A 4
SE B L5 10 AR 5 4 B, T 6 R R 2 A K T 5 o ok
Z [ B0 S, 6 QTL % g 78 36 PR 2k i T30 (R 7, 0
PR 7T DL VT4 456 26 9 5 GWAS T F 5 5 006 1 G BB o 465 3
7 U 8 42 00 P OB 6 TR R0 4% 1 205 40 R 00 s A T
B 1) 8 2 LT T S AL B F) 0 A S R I

2 E-F GWAS f1 QTL {§ AMD iz & % & &5 #l #l #ff 5%

AMD #4595 175 HE J5& 7T 73 S 00 L b e 0 AMD, HC v e
W] AMD 245 2 R R T AMD R dE AMD, T
AMD HR i R LA 0I5 TR W (B3 MRS ) 0 A I S €5 R |
F 4 et AMD 32 503 By Jok 4% I8 B A o 48 A n, R0 R B
15 LR B R ek AMD & LR Ak h B
At il W R LR 3R 2l o T4 ok, 2 IR AT AMD 33t % 24 L] 1
BRFEAFLATF IR L AR A B s Y e A
Rz M SR A0 o A AR T N B ALY A
Y5 AMD iy & A S VIAH % . AMD 19 % 9 XU 5 4MA R Ge 1
BMEERURZ BB, AR T H B EES AER.S
JIEE AR A AR DG I =R I 45 & s i AL SFEERE S
AMD PRI AR K o (EAHE RS2, AMD & —Fp 52 Ze i, Ho Rk
C-F 2 VS IE AT S S N N VN A SR e 7 A
2R BB IR B 1 T BRI YT 7 % .
2.1 ARMS2/HTRAI {3 55 AMD

TE5 AMD A5G HY eQTL Hr & 3L, AF e AH 5C 14 28 BE s 718 5 ok
% H (age-related maculopathy susceptibility 2,ARMS2) / & 1575 3R
{7 A1(high temperature requirement A1, HTRAI) 5 #MA 2 4
B SNP fif (5 55 2, 0 S A6 78 S oh A dee 2 i K
ARMS2 I HTRAT J& i T N 10q26 Je (A fA FAHARAY 2 LR, H
) AFTERIEYIA T, X2 D EEMNEZEHAGTSHFER
(9L R R, 55 AMD i K 5 17 76 38 S 1605 53 A i 15
ARMS2/HTRAT (53750486 ) B Pl 58 7% J2 ik 4 R £F 1048 1y XU
AESE 5 AMD SERATE T o BEAh, PR AN S IR K B ARMS2/
HTRAT 1 W KB {9 AT A JF 5% hn AMD (g 5 gk #4175 B 15
ARMS2/HTRAI X3 b, 5 F# 58 AMD £7 7E PR 56 & 19 2k A o
Ho ARFFEERY AL T HTRAL LB, AL T ARMS2 K&K A 5}
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AT HY SNPs By Ak B i 2 0 A5 BF ST & B, 7E 450 AMD 5 KU
WAL S R FH P BT HTRAT SR 3 3k 18 L Sz ARMS2 3£
23k T EH A LIS AMD i 5¢ 1) Bl i 48 ARMS2 SE 1A
Fih 1 eQTL | X 48 7% HTRAI W] §E & AMD HE IF it 5 Jk 3
. 7€ ARMS2 ) 3' 3 N & F 0, 7 46 3k A8 5% rs36212732 Fil
rs36212733 , 0] 5% Wi 4% 5 PR T B 45 45, AR TR ) HTRAT B 36 1M 32
5,45 AMD 1 & KU A 5 AN, 7E ARMS2 SRR I 3R
PR GEAEFE—A> 54 bp A% 1T FR 4 A /443 bp B9 8% 1T B8 ik 2%
GAR PR AR A/ R 284S i R A8 TR A A] LA 4 A Gu2i-B
Gtf2i-3 s -, fff HTRAL SR 363k i, 5 5 Jok 4% 5 A 1t
B KGR — B IESC T HTRAL JE R 75 S 4E AMD %
AEMEREPEEAEN, W, #5450 HTRAL v BB &R Y7 AMD,

TR YE AMD B — Fh % R T g 0
2.2 MEBBEAMEIENA S5 AMD

MRS EEASME Z TR S AMD 19 k£ %)
A5, fE 5 AMD JSr AHSE 1) 52 AL A8 A 19 A F b
TR Z G5 AR 5 3 I 9 SO, X Se & $5 CFH CFB,C3.C9,
CFI I VINY' . — T pQTL AFFE % %€ t 3 5 AMD #i 56 #4
s G R X S S AT C2/CFB . TMEM97/VTN D)} CFI 3
|2 s 1 KSR AN N O a5 = S U R NS W 5
BA £,

CFH J T e 5 43 ) g — 2R 50 A+ IR X 7 46 B
T H KT H M K& H (FHR-1~ FHR-5) | X 46 8 4 7 i
SAMEIR > C3b G54, i a4 ik b 1A 2R S i i Y 5 b
RNE S FMATE I — /\E%Hf#ﬂ} bﬁ‘éﬁ%ﬁf’féﬂiﬂﬂﬂtﬁum—
W0 5 s R 7 AMD S R R R E AR . —
XF AMD %%E‘Jﬂﬂ(%%’@?ﬁikﬁﬂ,FHR-4 HEHKFEY CFH %
[HJA2 f) SNPs %5 U AH 5, 1 H FHR-4 /KE /9 & 5 AMD i %
JUB 4 A5 5 , Herf 1s570618 (1s187328863 S AMD F % 5 KU
AR T rs10922109 , rs61818925 N BE % [ Ik AMD {19 % %5 R
B, GWAS FIEE [ 5 2127 1 4 4 BB 45 SR W L 3X 5 F FHR
B ETEW W AMD 85 005 7 R (S E ) th R B, B
CFH {ii 15 1) SNPs 5‘ 5 % FHR & [ /9 vk 5 % U AH 5C 5 o 18
IRBEMLAL 73 At 1875, 3% 5 F FHR 25 1 5 AMD 8 5 R A
%Y MeAh  FHR 3B A7 AE — SR 45 48 57, 4015 FHR-2 ¥k Ji WIS
A B AR A5 AR 57 p. CysT2Tyr F1 p. Tyr264Cys, LA & 5 FHR-5 ¥
JE REARA S AR ARAS 53¢ p. Cys208Arg, 3X £6745 53 55 1 ] AMD AH
P S

Iﬂaﬁ%%,HEJﬁﬁﬁJ‘%%bM%%ZI‘Eﬂﬁﬁ*ﬁE?ﬁﬁﬁ,/\H
Z: 5 AMD W R0 . —TURHAEL R AMD BAF B 5% 25 2R 7K, 60
PR 5 AMD 34 56, Fodh 57 B 55 b AR B00E B 3E A OG
JRiE S GWAS £l 5] 7 4~ SNPs 5 34 B Qi K- 1 B S 5
5,5 6 4~ SNPs fi F 4 A~ 5 15 Jot Qi #H 5¢ & H )38 (ABCAL
CETP APOE \LIPC) [ff 355 ; [R) s}, % A% %5 B JIg 26 (1 /K 1 19 B A1 A
T 5 9% 5 NG 3 1K TH 8 75 5 AMASOE S5 AR 5 T

MR R G5 ARMS2/HTRAI 15 %F AMD 5 Bt 19 %2 Wi 5 Tai
FE7E B Pk . Schmitz-Valckenberg %5 Ho# T #5745 AMD KUK
L CFH-CFHRS (rs1061170) F1 ARMS2/HTRAI ( rs10490924) 1)

R B2 30 B W ) AMD BB ), 25 SRR HE A 2 R X
% 3L (rs1061170 F1 rs10490924 ) [y 4fi 4 I B 35 3F & by i
AMD (i (8] fe e, LR 2 H #E 7 ARMS2/HTRAI (110490924 )
A HE R 4l T iR 3, R a CFH-CFHRS (rs1061170) X
B (W2l A R B H I R R o A, CFH-CHFRS () 55 R 25
A2 Fh AL M SNPs, — B2 7 Ak A 3k R B AR 1Y CFHI62V
(rs800892), 7 — Fp Ry 3 B & 4 % W B K 1 CFHR3/1
(rs12144939) ,ix 2 Fh SNPs [ 20 & GEWE B E &% CFHY402H Fi
ARMS2/HTRAT {7 575 S BT S 80y AMD 25 B KUk 0 .
2.3 JRICHHICHERZER 5 AMD

BT H E AMD & 958 AL APk 56 B4 T, 22 4% IR [
T [ M 56 R TR 1 22 A5 P 5 R S AMD S B0 56 L Bl 2 AR I
ﬁitﬁ PR B8 2 b PR S BIRE A B R AR A 0RL

UURL, S B K R B A B R A AR HE AMD f R A

ﬂﬁﬁ%‘f‘ﬂaﬁETLM;\%MHH%@%L&@M@WHEEE’JﬁFtﬂ,
ARG (1 BOR TA . Neale 2551 X 0639 AMD JFJ& — 5
GWAS #5% , K I IF RS Wi lF C( Lipase C,hepatic type, LIPC) J&
T R A AR A A L N, LA R W R T LIPC 3R
ik, 5 AMD & A OC ;A BF 5 25 A e T & B LIPC Bk
A rs10468017 Z &P T 7 3 H 55 AMD & 2% A 56, af B A%
AMD ) & /B R . Lains %40 28 AT AIAY ML 3% mQTL &
AMD [ B A5 B il 47 T M@ A2 4 BT, B0 H Wik g L LIPC | 3 %
SR A ASPM JER BT & KRGS, Hoh LIPC 3L &4
1 mQTL $t i i £, 48R LIPC 3L 48 AMD 1 % 3 L il ke 3=
R
2.4 5 AMD #1356 5 HAth XU SNPs

2016 4F JF J& 1 — T KRB GWAS TF 58 25 Bk , 34 A
MR S2 AN S AMD HISGIE Y X B S TR
AMD {8t A B HLHT B T BB LR, HILR K2 AMD /95
TN A R G, BT GWAS B i
18 12 SIS0 BT AN W T B

— I eQTL 153 76 W 19 B o 35 5 6 > 2 PR O] 42 2 0 N
AMD B KB =2 [] 38 1 o 80 9 I B S0 5 (retinol
dehydrogenase 5, RDHS ) RE % £ 40 5 J& 1) ok 11-J050 2000 2 e 4
kg 11 BT WESE R WT, 2 4> AMD JE K g SNPs
5 RDH5 FEW W) FR @ AL . X 2 4~ SNPs 4351y “ C” [
TR a” 3k PR, op“ a” 356 R B 1 7 SR AR ZE 09 U)o AR R Bkl T

RDHS ¥ sk AW ER 3 DA, 7 A T RIS R AL IF TR e S A
4NH TR S SR T LT A R T T K A R

W AR R A, 6 155 5 4 P IE W 9 RDHS mRNA = Ji
WA, 4k T3 i AMD 8055 XU . Han 2570 58 53 GWAS, %
SE T A5 AMD G H 12 A JE B i 25 IR eQTL, 25 5L i
7% PMS2P1 1 BLOCISI 3 [ ) % 3k 5 AMD z—zrﬂmaaeo
Strunz 25 5 S0 311 A HLI B RE A (1) GWAS % i, 3t 2%

Hi 403 151 4> eQTL, X 46 eQTme%ﬁ?ﬁfKH%IQEElﬁ,A
P4 3 007 AN K IR, I @ L eQTL 55 AMD ) GWAS Jt 5
740 BT S 5 6 AP B AR 6 9 5 A eQTL,



- 654 - B S IR B AR

2025 4F 7 HE5 43 355 7]  Chin ] Exp Ophthalmol, July 2025, Vol. 43 ,No. 7

3 NG

GWAS Bt& QTL 204 € Al A fift A 5 A% 1 AR 38t 4% HL ) By 1)
it , GWAS JX Ay eQTL pQTL Al mQTL { F 55 # il 5 5 i T8 A Hh
i e DR 5 748 o 4T DI BE R 2 A 9 2 1 5 {ELTE B TR B4
KPR, Fr A2 AMD BTESE )7 B 2 M 808 S0 HF . B 3
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