BENRERERS

=gk
B KB E2 AR ST
BIHEZ
KRR A SRR
' RS S SR
BEEzE
s
)| E SRR S
oghe - - A - » EﬁEEZ
Jziﬁi Hﬁf‘ql7 ‘) =7 IT{ lﬁo)}ﬁvlﬁ RIRAS A RS AR
ISR S R S
BREFBE
BEAKRE AR IRE AR IR
BB RES
Ill\iﬁk;kﬂﬁ

EFERAFEPERFIZEUR

MEDICALVIEW

v




CORNTENTS
ISE—FTE | NBREMZEE tre : awseR)

ADSEract seeresserrrrrerrtsecniiiaratiiiiiiiiictiiiiititssittsrietstitttnsosantttsieans

FTTMELHNED
B B E TRIMERIC

[My Opinion] BEFRFORIR, F=LZF0THEET
JRRE | IEB BB HHE
HRAPVOCTEIRZHRATHLD
ABECERUEIRSESEMEDSE
KRR KU~ TIRIRISIZ I B SRR I EREIAIETE
Th FlETHE |
EBHBICHT DIRE

ETFELWAICANY TEEDH

[Focus] Y T7UXAVN #ER

[Focus] Y JUXV N [EEIR
BHEICHT DAE

INBEMZ Y 8L ——EE (LEE) O

Dy & S

[My Opinion] Macular Photocoagulation Studydt
ELDHED,

Sl S
FALER G > THLI= P

RERD7TE
BEDERREEROIIE

NRTA4YvRNEURY

...................................................... 10
FERHZERH coverrenenre 16
BEH EE reererrrerrenseniniinien 20
PPHIES, HHET, TG e 24
’EEE%‘E :j:E’ J—"q"é Jé‘:_(é ....................... 30
ERET T coevvrrrnen 36
ﬁ&%;@i ...................................... 46
mzlt%;i% ...................................... 50
AT 1, PR e 54
AR BE ceeeerrereeenrneeniinn 56
g&ﬁEé ...................................... 58
ERRH B HE cevvenrresressssviiiessniensirianenn 64
FHEETF creeerrereremrerrienioniinnn, 66
E*ﬁizf‘ﬁﬁ% ................................... 72
T JEETE eveeenmenneiniiiniccniin., 78
IR 3T cereceereeseesiieninnciien, 84



[Focus] PDTO#ER HRAELZEED |
[Focus] PDTO#EM HRAOHISZHED |
[Focus] PDTERE BHLESRABETD
[Focus] PDTEAER RDOULEREKFZHD
[Focus] KEICHIFDAMDBEDIIR

T EMESRERE

[My Opinion] #HUWRFHEMERDEET
SERESEDD?

BN TMEZEISHSIOERIDS

[My Opinion] ¥FEMBIREMDITHIE?
PCVASIRIEEZTS D |
TEREAIERERIETE (RAP) DL

[My Opinion] BFEADREN FENLCHELEWEHIE

HERERAICWT 297
HECHTBIO-EYaysr7To0LEE@LESELS |

BHELIODTT

¥ HEE, FIBTERR vevrreneenermeonianns 88
PR ZEHE T veerersesreeseresnnnasseesseneas 92
IR EEE e 94
FRIERTE, woevrererererssressnnnenmeneennanes 98
IR ZED ceeeerereereseeneee et 100
TR B eeeeeeeeesseresesssesnnianessennnes 102
OB TE N weerereeressensasserensnsnsensnsanes 108
BOAAHL, KEEIE A rerereerreosessneseens 110
BB weevereseneesieneesserenneninnes 116
FAER, BRER wovrrreeererensenienns 118
BREEEIIRL +overernseesnsssrssssnsssssnssassenns 124
AP EEEE wrerererensnsessessenssnenmiesusenens 132
FEFHET T ceeresereresnssesssnnnnssasassenens 136
SEREABE vererereererensesssensanasanasesans 138

HEE—RBOU Zw O TILDIRIR (R : siEEz)

RElo U ZwoITik
IREREDES
BHATFRROSES
BERBOGE

NN I RBDBE
STECRBOGS

Appendix

m*#%%?j]}ba‘-yzf—_b(:jb\twﬁoﬁ ..............................

T TR e 142
JUEZERE veeeerevrinrmmmriees 146
SRR B veeeneeemenen e, 150
BB ceeereermennernriniientioiienasinen 154
TEHJE— creeevreorenmmermmcesiinnn 156
P g ARTIF T eveemeennninnncienniniiena, 158
.................................................... 160
.................................................... 164




BiHE BIURERE
B fesR

No.5 #J5 | IN#REBIZEE

MEEF—8

BNAZELEHRMPHIE

Bl ENREEE
RIHEZ

RKRARFEARLREZ R RRR R B SRR

BiSE #EE (BHIE)
ZHER
EH E
FHER
HHEET
OigER
%HE 3h
FE BEA
BREC
EREBsE
VNS
S B
frE—%
AH X
RFIEE
SpEEaY::
FHET
REFET
Al
Ak X
B EEF
ROEE
XHEE
Al B
KEEIEA
ROBA
INRF—EB
REEY
SREA
BRERI5A
TTHRRER
BEHRT
LER{PEA

NMNRERLRERA R RIRRZ
EIRGHERRERZ VY —BREZ VYl - D FEYEREER
TUINRER ZBEE AT IRT

TR R B EA AR RREE

PPN YN S ES= 2 U R 2
BERZRFREZRMTAHERRRES
RPN N e BN SE ks
EEERIRPIRBI B 2R

HBYR = R IRER S T e S ST R BR A SR 3R
Sona BARRRRR
BREERANFEZHMIREZ
BEERBAFEFHRMFHE
WEARERERERRIFHIRR

)Y X N ER IR R

B IR PEPERMN PR

LR BRI EHRRRE S
BHIKZELERM
BEEAFEAFREZRAARREZ
KRR ZREZRIATTRIREI S
HAXRZEPERRBIZ IR
REEREALFEZ R FRR S

BAER KRR

MBS B A S B SR ERARA SR ET
HEEBALIRBIAHIR
RERAFEARFRER R TR E S
BEEMIAFRZREANLRERR 2
FRERFARFREZHFRIRR
REBRFARPIEFHRRRB PR
BERIUERAZEFIRTFARE
AR RS

L2l I b= NS R

FEEEIHRE REREEIR

B WEE (B
KB B
N £
INYE BR
BARBER
BHE—

ERFFRZ

HEER AP ERERIHE

[REB AR BREE SRR R R
BHARTFRIERAENE

BHRRREER

N TREIBER

TTECRBRER




'E?WE$<‘5O

My Opmzon

4 N

@1 VANSVYVIIRAV S
- MBS % SAEREIE DB DEIEFIZ(XABCA4, ApoE, Fibulinb&EH 5D
- MBEWREED U X BEFE11OREBAERD 13DBIEFEMNEIET D
- FHAEHEFOELRF LR EMBERZ OB EEEARIAERER SN AEEATIIERD
BNEA DT
- BRERCYVY—TEIINRENEEOEN &R AT AEMBNEERKBLU T /

o

I EBEZE M (age-related macular degeneration ; AMD) I3 SR FER L EZ SN
THEY, BENEERCERERTFSMO > THD TRETEEELSNTVBY, 2
DI=HIZE—BRFOERICI > TRETIEHAIA MO 7 1 DEIBREOEL
WIFFE & 1372 Y, AMDOEETFMATIZED & DA TN, ZHE TOE
2 AMDD R DOF26% B BENER LB SN TV B, Z0EERTLE—T
BB <BEBHFAETZZENTRBEINTNEY, TNETCRFERSNEERY R D7
1 DRKERF O in 5 AMD & OB MR E S N TV BEEF & LU TdStargardt
BORERET TH2ABCALY P ApoE?, # L TFibulins® 5% 278, 2 DORGE % 5
SEFRE D 0,

W, BN AT0Y 20 ML EREROERES D RES N, FHTITF
EERIZIDHER N DVEEEFOEVWEH : 77V (AP F (T EB&Hmb
3), WH WY DHEET SR (single nuclectide polymorphism ; SNP) #SEEa T
Efze 7/ L LIBUHET 2SNPEMAAEDE T, T NFE CRABERFOBERITHE
SNTE o mBRNT~ — A — CREBRICFIAT 22 EDXTRIC R > CE Mo TH B,
TS DB M E FNAMDOD ) 2 7 & ETFIBAL () A 7 BIZFOHET DY
AR O PRIERES N, ZOKE, Llogadikd, 2, 4, 5 9, 10, 12,
15, 16, 18, 20) DI3DEALICAMDD U X 7 BEFWHEAET B EBHEShERY,
INEHDTRNTHEDVEVRL OPOBERFER EBRERTSHAADS > TRET
BEHRENTNB™,

20



BSHEFICE T B3
(1] BEHERFD2REGE

Y402H §

AMD & DA RS SN BAEHEFESUSHIR X/ VA 20EIRET N DR MESZE
LTWVDe RENGBERFSEY402HAFRENZE7SUSHIR X 1 Y DABZERY .

A-4E4 F 12 Science #1232 OFRSCAGERE THRES N, FH R S THRELLT
WY T ol 85I F0ERICZONEICEIT 220083 ORI D
HESNTNDRY, 6o0BES /L —THERFERICREEL R OWFERE &
i, REARIBEOAMDY 2 7 BETFOREDORETH > Jz. T ORIZT I HRGE >
2T b DEHEN & 2R L 20 5 73 DHARIEMERERS 13T U T2 vz Pl o 2 4HATH K
F(complement factor H) T#% % [[1], 50D i3402% D7 = /AL R F P >
PO R T T 7 VICERT B ERIMPAMDE B EHT I LEREL L LBU
ZOERBRES LFUREBICHANDHEEIZ OV TR DO CHF P RG-> T
%, Haines » DY T IEHA02T 1340 H 35 (1850) T46%, B (495N) TI396% DI
ETHRNL EZMNT VB, Zareparsi S DOSC CIIEE & (275A) T34%, B3 (616
N)TOl% &R ESHEN RS, EHICEESMBEICHERARITENRITIT> 2
AT, BEEBIN) TR, BEHO6AN) T8RESTHITKELERDIENHS
MERDTz, TNFERELEFEIBLY D HDEHIZSHOERLIFRICEL >
T X 15 TH 3 D, 200546 A 14 B iR EE L IBHTFEAT (National Eye Institute |
NED CH#HE T T 2 > YR Y7 LN, I OFRICHE O AR 25
ENEF o TCINETOMRBER LS BOFMENFELEDN, T OEERRIZA >
§ — % w b - TRIBEME & 41, $FEMR b 7 = 747 b (http!//videocast. nih. gov)
TRz EMNTEBY,

21




Lt S e

NIL— 2 D

(2] BR&SREY5—EHEFRI T A

A B M

BFE AT

—.

WEBTSUHICTREAIZEAN

G \\%‘&u
\ 2‘25:3;

REZE VY —HAMDDEREMBRAEZINET DIcHIBEUIBEERRYND—oY
AT Lo ZEDAPRECEILBEEEREAR Y ND—0CSIML TS,

AMDIZFREAIN R AR LRI & Bruch ORI RV —¥ r s b ildEY
BN 2 52 2EAROEENBESI NS, AMDM T ILY /N1 7 —, RIRIK
BRZ U THRRBIIRAE GEE 72 & R TR 72 RIS ML & B BUS 1T & 5 ILoE W % 4515
LT REBICHELT B &% A /-Hageman & Anderson & ORF5E 7 0 — 712, fisiets
EEWSHFETEHEOHEET N 246> C 2 HLAFFHA U 7z, Hollyfield® & & &5
EROTEE NV Y OMBRRS 20 Uiz 2 5, RiEERABRLRELENEE
NTNBZ WML, EOEDRZ oI TRERGSHEI Z20H, R
—EYEHEERCZORBIZED LS BEHEERIZTON, FUTRL—Y 0%
RE<Z EAWAMDERRIZH < HER DD, ABBAEMOBIRIC L > T2 0%
BRSNS HREMENE V., AMDOBRADOEERRETF & U TBIENH 548, BEC
& o THEHE FOEMNEPT 22 EPREINTND, Thbb, BIEEZEED
BN T 2RAPENZ E 2 FRT 5, FESDIFRETRINEMFE > TH
WOEE L2 EEER FEMRT CHEL, ATHICRL—Er0ERe R TER
WIZIVBATH S,

22

EFES =37 TNmR JLy T %,
Server Server Server N—&— hY k
=
eon =
www kankakuki.go.jp =
n-»n (B x-n FEHF—sN—-2X Fire Wall o
Server  |C—1) Server Server Server S
= AASFRYN '
© I
KBHER
L ) WEBZ SUHICTEMEEA N



AMDO#IZEIX Z O & D ICEBEF CIREEO2REN D Z<HFAL TEITLTNS
s, ERFEBTBRMOESICE > CRENZHTOREN E S IKMEShd L F 2
5ND, SHFERSINHEHE T Z110oREHRICKRET D1I30BERFOLOTH
Y, SHERSBRETIRL EERIN, RN EEI 505, BETOSGHE
OERELUT, HEAAMDEEZEDBEMEGEBERNREL TNDEZETH B, TNETIT
FERE A ILET T AMD OB 12 K0T O T & 125, BEEFENBTICEE > T
7V, FHEOBEFERICODVTHLHEATEIEERENBERTE M-I Eh
5, TORBIZHNTZHAAELBARADEZHZERIZE L > TWNBEEEZSN, K
EREDHERERETOETEIHRANIBTER I EMNEEL L, BESRE >y — Tl
BEIAMDNANY 7 28 U T, £EOXRES & UCEREEEORBE D 5> 85
DNAZE 7 —)L U THEIZ BAAD 1= ORI 8 E R 2 s U= ([X2].

E h 23RS B OIS BRERS GRER) 2 BU TA- TL B EEZ25NTHY, i
REE CEHEBILAEITT 2 E RO quality of life (QOL) & HiEd 4 3 f= i b iEibdhic
PS> THEIET DAMDIIT B ERL XN OIFHEPEKD 5N T B,

O3k

1) Evans JR : Prog Ret Eye Res, 20:227-253, 2001. 10) Haines JH, et al. : Science, 308:419-421, 2005.

2) Klaver CC, et al. : Arch Ophthalmol, 116:1646-1651, 1998. 11)Edwards AO, et al. : Science, 308:421-424, 2005.

3) Allikmets R, et al. | Science, 277.1805-1807, 1997. 12)Hageman GS, et al. | PNAS, 102:7227-7232, 2005.

4) Klaver CC, et al. | Am J Hum Genet, 63:200-206, 1998. 13) Zareparsi S, et al. | Am ] Hum Genet, 77:149-153,2005.

5) Stone EM, et al. : N Engl ] Med, 351:346-353, 2004. 14)NIH Video Cast : http://videocast.nih.gov, NEI Sympo-
6) CS: Nature, 435:993,2005. sium: Age-Related Macular Degeneration and Complement
7) Sudha K, et al. | Am ] Hum Genet, 74:20-39, 2004. Factor H, ®4 : NEIff&Paul Sieving, B%HER | 21:R36%
8) Goncalo R, et al. : Am ] Hum Genet, 74:482-494, 2004. 23%»)

9) Klein RJ, et al. : Science, 308:385-389, 2005.

(C&H &)

23




Exp. Anim. 52(2), 129-135, 2003

Molecular Cloning of ELOVL4 Gene from Cynomolgus
Monkey (Macaca fascicularis)

Shinsuke UMEDA! 2, Radha AYYAGARI®, Michihiro T. SUZUKI4, Fumiko ONO9Y,
Fumino IWATADY, Keiko FUJIKI9, Atsushi KANAI®, Yuichiro TAKADAY,
Yasuhiro YOSHIKAWA?, Yasuhiko TANAKAD, and Takeshi IWATAD

DNational Institute of Sensory Organs, National Tokyo Medical Center, 2-5-1 Higashigaoka, Meguro-ku,
Tokyo 152-8902, 2 Department of Biomedical Science, Graduate School of Agricultural and Life Sciences,
The University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-8657, Japan, 3Department of Ophthalmology,

Kellogg Eye Center, University of Michigan, 1000 Wall Street, Ann Arbor, MI 48105, U.S.A., 9The
Corporation for Production and Research of Laboratory Primates, 1 Hachimandai, Tsukuba-shi,
Ibaraki 305-0843, Department of Ophthalmology, Juntendo University School of Medicine,
3-1-3 Hongo, Bunkyo-ku, Tokyo 113-8431, and ¥ Department of Ophthalmology,

Tokyo Metropolitan Koto Geriatric Medical Center, Tokyo 136-0075, Japan

Abstract: ELOVLA4, elongation factor of very long chain fatty acids-4, is known to be
responsible for autosomal dominant macular degeneration and Stargardt-like macular
degeneration. In this study, we cloned the monkey homologue of ELOVL4 and determined
the cellular and tissue distribution of the gene product. Sequence analysis of the monkey
ELOVL4 gene revealed a high degree of homology between human and monkey. The cloned
full-length cDNA of monkey ELOVL4 encoded 314 amino acids, the same length as human
and two amino acids longer than mouse. The monkey ELOVL4 conserved the characteristics
typical of the super family of ELO enzymes involved in the metabolism of membrane-bound
fatty acid elongation. Real-time quantitative PCR demonstrated that the monkey ELOVL4
gene was highly expressed in restricted tissue-specific fashion, not only in the retina but also
in the skin (90% of retina) and thymus (111% of retina). Immunohistochemical analysis
detected signals predominantly in the photoreceptor layer of the monkey retina.

Key words: cynomolgus monkey, ELOVL4, fatty acid, macular degeneration,
photoreceptor metabolism

Introduction by decreased visual acuity, central macular atrophy and

extensive fundus flecks, resulting in loss of central vi-

Stargardt-like macular dystrophy (STGD3) and auto-  sion between 5 and 23 years of age [1-4]. The disease
somal dominant macular dystrophy (adMD) are  locus for adMD/STGD3 was localized to 6q14 by link-
inherited forms of macular degeneration characterized  age analysis [4]. A novel gene, an elongation factor of

(Received 8 November 2002 / Accepted 24 December 2002)
Address corresponding: T. Iwata, National Institute of Sensory Organs, National Tokyo Medical Center, 2-5-1 Higashigaoka, Meguro-ku,
Tokyo 152-8902, Japan
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very long chain fatty acids-4 (ELOVL4), encoding a
protein of 314 amino acids and homologous to the ELO
gene family, was found to be associated with adMD/
STGD3. The human ELOVL4 gene is composed of 6
exons, and a 5 bp deletion in exon 6 that resulted in
frame shift and the truncation of the protein was found
in patients with adMD/STGD3 [5]. In addition, two 1-
bp deletions separated by four nucleotides were detected
in a family with macular dystrophy [6].

The ELOVLA gene is the fourth gene to be included
in the ELO family which is involved in the membrane-
bound fatty acid elongation system [7]. ELOI (Sscl) is
required for microsomal fatty acid chain elongation be-
tween C14 and C16 [8]. ELO2 (Ssc2), ELO3 (Cig30),
and other members of the ELO gene family are neces-
sary for producing 26-carbon, very long chain fatty acids
(VLCFA), which become precursors for ceramide and
sphingolipids {9, 10]. ELOI is ubiquitously expressed
in major tissues, while ELO2 and ELO3 show restricted
tissue-specific expression [10]. The human ELOVIL4
gene is expressed in the brain, testis and specifically in
the photoreceptor layer of the retina. Northern blot
analysis showed the presence of a 2.9 kb transcript of
ELOVL4 mRNA in the brain, testis and retina where it
was found abundantly. In situ hybridization of rhesus
monkey and mouse retinal sections demonstrated that
ELOVIA is expressed exclusively in photoreceptor cells
[5]. However, in other major tissues, the expression
levels of the ELOVL4 gene have not yet been thor-
oughly examined.

Macula is found only in primates and birds, and the
animal model for macular degeneration is currently lim-
ited to monkeys [11-14]. Thus the monkey model is
extremely important for understanding the mechanisms
and etiology underlying macular degenerative diseases
in humans [15, 16]. We have reported a monkey model,
which manifested early onset macular degeneration {17,
18]. The cynomolgus monkeys (Macaca fascicularis)
show signs, such as drusen in the macula and lipofus-
cin deposit in the retinal pigment epithelium (RPE),
consistent with the phenotype observed in age-related
macular degeneration in humans. The pattern of inher-
itance is autosomal dominance.

Monkey homologs of genes responsible for macular
degeneration in humans will serve as good candidates
for the hereditary macular degeneration in these cyno-
molgus monkeys. In this study, we describe cloning

and characterization of the monkey ELOVLA4 gene and
its expression in various tissues.

Materials and Methods

Animal and Tissue Collection

All experimental procedures including maintenance
and care of monkeys were conducted in accordance with
the Guidelines for Animal Experimentation established
by the Japanese Association for Laboratory Animal Sci-
ence (1987). Eyes and other tissues of cynomolgus
monkeys (Macaca fascicularis) including heart, liver,
pancreas, ileum, kidney, thymus, spleen, lymph node,
skin, skeleton muscle, cerebrum and cerebellum were
obtained from Tsukuba Primate Center for Medical Sci-
ence, National Institute of Infectious Diseases. These
tissues were collected from the age group between 4-6
years, and stored for 1 day at 4°C in RNA stabilization
solution (RNAlater, Ambion, Austin, TX) until RNA
extraction.

Extraction of Genomic DNA and Total RNA

Genomic DNA was prepared from minced sclera us-
ing a DNA Extraction Kit (QIAamp DNA Mini Kit,
QIAGEN, Valencia, CA) and total RNA was extracted
using a RNA extraction reagent (TRIzol, Invitrogen,
Carlsbad, CA) as directed by the manufacturer.

Analysis of the Monkey ELOVLA Gene Structure

PCR of monkey genomic DNA using gene-specific
primers (Table 1) and LA-Taq polymerase (TAKARA,
Ohtsu, Japan) was performed. Primers were designed
according to the human genomic DNA sequence submit-
ted in a public database (GenBank accession number
NT_017020). Amplified products were sequenced di-
rectly, or after being subcloned into pCRII cloning vector
(TA Cloning Kit Dual Promoter, Invitrogen, Carlsbad,
CA) using CEQ2000XL DNA analysis system and dye
terminator sequencing kit (Beckman Coulter, Fullerton,
CA). The 5’/3’-rapid amplification of cDNA ends (5°/
3’-RACE) was performed using total RNA isolated from
monkey retina and RPE. Primers were designed based
on the obtained exon sequence in such a way that both
5’- and 3°-RACE products overlapped to cover full
length cDNA. The primers used in this experiment
were 5'-AATGAGCACTAGACGCATCTGA-3’ and
5-ATGCAGTCTCCTTGGCCTAC-3’ for 5’-RACE
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Table 1. Primer sets for analysis of ELOVILA gene structure

Forward primer

Reverse primer Product

No. Position No. Position  Size (kb)
P  GGGTAGTGTCCTAAACGTAGTGTC Exonl P2 ATCCCAGAGGCTTCAAGGA Intron 4.5
P3  AACATCACCAGCTGGTAACATG Intron P4 AATGCTGCCAATGAACTCAA Intron 4.7
PS5  ATGCGATATTTAGCCTGAGAAGA  Intron P6  ACTCTGAGGACAGTTGAAGATGAG Intron 4.4
P7  AGAGAATAGGCTGCAGCAGAA Intron P8 ATCATGGAAGCTACAGTAACTGTCA  Intron 42
P9  ATTTGCATCTCATCAGAAGCAC Intron P10 AATGAGCACTAGACGCATCTGA Exon 2 43
P11  ATGCAGTCTCCTTGGCCTAC Exon 2 P12  ACATCGTACAGTGATGATACACATG  Exon4 4.7
P13  ATAGCTGCTGCTCTGTGGTG Exon 4 P14 AGTTGCAACATAGTCAGGTATCG Exon 5 24
P15 AGCCCAGTTGAATTCCTTTATC Exon 5 P16 AGGTAGCAGGGAATGAATAGCT Exon 6 47

Cgcagecgggcagecgeggttagaggtgttoeety: getcg gtcgg g ggagtca cetoteggggtetectettt 100

atttt gctcat TCCTGGACTCGGAGCCCGGTAGTGTCCTAAACGTAGTGTCCACGGCACTCAACGACACGETG 200

MW 6 L L b S E P 6 S V L RV V S T AILWDNDTV
GAGTTCTACCGCTGGACCTGGTCCATCGCAGATAAGCGTGT ATTGGCCTCTGATGCAGTCTCCTTGGCCTACACTAAGTATAAGCACTCTTTATC 300

E F ¥ R W T W S5 I A D KU RV ENWPILMOQS P WPTL S I S5 TIL YL

TCCTGTTTGTGTGGCTGGGTCCARAGTCGATGAAGGACCGAGAACC T T T TCAGATGCGTCTAGTGCTCATTATCTATAATTTTGGGATCGTTTTGCTTAR 400
L F V WL G P K WMIXD REUPVF ¢MRTILUVILTIIYUNT FGEH V L L N
CTTTTTTATCTTCAGAGAGTTATTCATCGGATCATATAATGCGGGATATAGCTATATTIGCCAGAGTGTGGAT TATTCTAATAATGTTAATGARGTCAGG 500
F F I FRELV FPFMGS Y NAGY s Y I COQS VDY S NDNUWVNEVR
ATAGCTGCTGCTCTGTGGTGGTACTTTGTTTCTAA TTCAGTATTT! CAC GTTTTTTATTCTGAGAAAGAAAAACARCCAGGTTTCTTTCC 600
I A A AL W WY FV S X GV EYUL DTV F F I LRIEKI KWNNUQQV S F L
TTCATGTGTATCATCACTGTACCATGTTTACCTTGTGGTGGATTGGAATTAAGTGGGTTGC! ACAAGC TTTTT CCC. TGAATTCCTT 700
H v YR # ¢C T4 F T L WW I G TI X ¥ VA GGG QA F F GAOQMN S F
TATCCATGTGATTATGCTACTCATACTATGCGTTAGCTGCATTTGGCCCATGGATTCAGAAATATCTT TGGTGCARAACGATACCTGACTATGTTGCAARCTG 800
I HV I M Y S Y Y G L AATVFOGD?P W I QI X Y L WWI XK®SRYUL TMILAJQL
GTTCAATTCCATGTCACCATTGGGCACACAGCACTGTCTCTTTACACTGACTGCCCCTTCCCCAAATGGATGCACTGGGCTCTAATTGCCTACGCAATCA aoo
v Q ¥ B VT I 6GHTTAULSL Y TDCPTF P KMWMMBHBW AL TIAY A I S
GCTTCATATTTCTCTTTCTTAACTTCTACATTCGGACATACAAAGAGCCTAAGAAACCAAARACTGGAAAARCAGCCATGAATGGTATTTCAGCARATGG 1000
F I P L P L ¥ F ¥ I R T Y K E P K XK P K T 6 K TAH NG I 8 A NG
TGTGAGCAAATCAGAAAAACAACTCGTGATAGAAAATGGAARAAAGCAGANAANTGGAAAAGCAAAAGGAGATTAAat tgaactgggecttaactgttgt 1100
V 5 K 8 E K QL V I E NG K K Q K KX 6 K A K G D s
tgacagtgaggaaaaactcccatgtcatatasapatttca agaagc, ggagagcttgggg: g atgtgctctatgte 1200
ctagtaactcttagaccgagtaaagtgttaataccatacccagatgttttatttatgaagtitttattttaaacatttttttaanaattagecttgatat 1300
tctgoagaccaangcaatcattatgtgactttggagattetececotgttcacatcatccagttgtctacaggatgagatttttcatgtgtatettacag 1400
teattcattetteggtotgaattttagacgatcacagaaacagtctttatgaattattttgacaaattactaattatettatotactgactgasatcagt 1500
ggtgttacattttcttgtccasagctggaaatgtgtatatatttascttgeacatttgaattcatttgotgaccagaatggtcaaatetctocaccteta 1600
gtcaggetatacttttggttgtaattaastttttaaaatctgatetetygtagaatettagaggettgatgatgatggtgttggtgaaastaagaaagaat 1700
tgcagtaaagtettgtetggtgactcagagatcaccatgactigcacaaatcactgtggggaaacaattttttgtgatgaaaaggeagecatttgaatact 1800
cctgttactagctgaaatatataaaaattcaaattattgtotgtttgaaaaatgaaacaacteatgtgtttattagtaacatcatasagatagttacattt 1800
atgtgetgttagaatatgttgatttttatecaggotttcettgtittgattiatggotgttactgatttitoatatgtggaaatatacctaccteotiotgt 2000
tggaaagaacatttaaaattaaataaattttaattaamsasatca®aggagtettctaatgtaaattttaatattaactttcaaatccattagtgttgrett 21060
ttgettttatgacasatagcatacaccaaacatttetgtgaaactattottctottteaatgtgtttaattttggagtaacgttttcocttgtgactaagt 2200
tgcaagatcttatttattaactaggtatgaagtataaacecattttggtgeaatattettgactecttggtgetaaagattgttaaattcaatgettaat 2300
attacaaggtgttgttanaacacaaaatgaataasaagtgagagtagtcagaactatgacattcaatttgetatttacagatgaagtatttcatgtaatat 2400
aagtgascaactggaasataaaataggasagaatttgtaccatgtettactacataggttaattttttaagggatgtigcasagggattactagagaaaga 2500
caaaatgtgaccaaaaasagcatgaatatctctaagtatcaacaacatgtcaaagctgcatgtgaaggatgtatgoctgtttgtacaaattatttcagaat 2600
attttgtaagctataacatatttattgtgecattaaaattaaacactttttccccaaaggcatgcagtcatgagaattacagaaaatttgocascatataaa 2700
gtagtttgatctaagaggattcaacacctttgttttgttgetcagtgtgtaatgactagagatttgtaaatetttgtgaacattctgtgectagttececcaa 2800

gaactatteattccectgetacctgatttcagecacaatasatatacttectgotgtggaaaasaanaanaaaa

Fig. 1. Nucleotide sequence and encoded amino acid sequence of full-length monkey ELOVL4 cDNA.
The nucleotide sequence from the transcription initiation site to the poly(A) tail, encoding 314

amino acids, were determined by 5’- and 3’-RACE. Primers are also indicated (underlined).

The

numbering to the right refers to nucleotides and the capital single-letter below represents the corre-
sponding amino acid. Asterisks and pound indicate stop codon and polyadenylation variant, re-

spectively.

and 3’-RACE, respectively (Fig. 1). All procedures
were carried out following the manufacturer’s proto-
cols (Invitrogen). Amplified PCR products were
sequenced as described above.

Real-time Quantitative PCR
Total RNA from tissues was used to make cDNA

with a first-strand synthesis system for RT-PCR (Su-
perscript II, Invitrogen) as described by the
manufacturer. In order to evaluate expression level in
each tissue, we carried out real-time quantitative PCR
with an ABI5700 system and SYBR Green reagent (PE
Applied Biosystems, Foster, CA). The expression level
was standardized with GAPDH as an internal control.
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Table 2. The gene structure of monkey ELOVL4

S. UMEDA, ET AL.

Intron Exon Intron
Length Approx. size

CGCAGCCGGG - 1: 100 bp TCCATCGCAG gtaaagccge - 20 kb
----- ttctctatag  ATAAGCGTGT - 2: 188bp -+ CTTCAGAGAG gtatgttttt 1kb
----- ctitttccag TTATTCATGG -~ 3:  8lbp - TGAAGTCAGG gtaagtacat - 3kb
----- ctitttacag  ATAGCTGCTG - 4. 172bp -+ ~GGAGGACAAG gtgagcattt - 2kb
----- ttttctaaag  CATTTTTTGG -~ 5: 128bp - GTTGCAACTG gtgagttaaa - 2.5kb
~~~~~ tgtitttcag  GTTCAATTCC - 6: 276bp - TCTGCTGTGG

Exon-intron organization of the monkey ELOVIA gene is shown. Ten nucleotides on both sides from the exon-
intron boundaries are indicated. Open reading frame (ORF) length and approximate intron size are also indicated.

The primers P14 and P15 used for ELOVL4 are shown
in Table 1, and for GAPDH, forward primer 5°-
CAGCCTCAAGATCATCAGCAAT-3’, and reverse
primer 5’-GGTCATGAGTCCTTCCACGATAC-3’
were used. The PCR products were directly sequenced
in order to confirm that the target cDNAs were pre-
cisely amplified.

Immunohistochemical Study for ELOVL4

Antibodies were raised by immunizing rabbits with
peptide containing residues between 31 and 46 amino
acids of human ELOVL4. Antiserum was used for
immunohistochemistry on aldehyde-fixed frozen sec-
tions of monkey retina. In these experiments,
preimmune serum was used for negative control.

Results

Sequence Analysis of the Monkey ELOVL4 Gene

Sequence analysis revealed that monkey ELOVLA4
cDNA and gene structures are very similar to those of
humans (Table 2). The complete cDNA sequence of
the monkey ELOVLA gene was 2,856 bp in length. The
result from 3’-RACE indicated that an alternative splic-
ing variant existed. This variant was 813 bp shorter
and polyadenylated at the 3’ non-coding region of exon
6 (Fig. 1).

The ¢cDNA included 945 bp of open reading frame
encoding 314 amino acids, the same length as human
cDNA, and two amino acids longer than the mouse
homologue (Fig. 2). There was a seven amino acid
difference between monkey and human ELOVL4, but
the monkey ELOVL4 also conserved features typical
for members of the ELO gene family: a HXXHH motif

HGLLDSEPGS VLNVVSTALH DTVEPYRWTH SIADKRVEBNW PLHQSPWPTL rMonkey

tBuman

“AH- . -F.. B - T AD - I t House

SISTLYLLFV WLGPKWMKDR  EPFOHMRLVLI IYNFGHVLLR FFIFRELFNG 1Monkey

..... . . Lo . . L - 1Human

...... PP, . 5. . tHouse

SYNAGYSYIC EVRIAARALWW  YFVSKGVEYL DTVFPILRKK 1Honkey

tBuman

...D.. P e B tHouse

NRQVSPLAVY HECTMPTLWR TGIKWVAGGQ AFPFGAQMHSF IBVIMYSYYG j1Monkey

L. --- .+ - 1Buman

1House

LAARFGPWIQK YLWWKRYLTH LQLVQFAVTI GHTALSLYTD CPFPKWMEWA tMonkey

.. e e s B TR .. 1Humao
o PR s o . o 1Mouse

LIAYAISFIF LFLHFYIRTY KEPEKPKTGK TAMNGISANG VSKSEKQLVI 1Monkey
........... AL e .. .H. 1Buman
ceiTe.. Ne @S- B DR “N-- .__AL tHouse

tHonkay

tHuman

tHouse

Fig. 2. Comparison of monkey amino acid sequence of ELOVL4
protein with human and mouse. Monkey ELOVLA4 protein
has a seven residue difference from human ELOVLA pro-
tein and is two residues longer than the mouse homo-
logue. Dioxy iron-binding HXXHH motif and the
carboxy-terminal dilysine signal, responsible for reten-
tion in endoplasmic reticulum, are also present in the
monkey ELOVLA protein (shown bold).

identified in fatty acid desaturase and other dioxy iron
cluster proteins [19]; and a KXKXX motif shown to be
a strong signal for the retention of proteins in endoplas-
mic reticulum [20], where VLCFA are synthesized (Fig.
2) [21].
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Fig. 3. Real-time quantitative PCR demonstrating tissue-re-
stricted expression of ELOVL4. Abundant expression
was observed not only in the retina but also in the thy-
mus and skin at the same expression level. Expres-
sion level for each tissue is shown as a relative ratio
compared to the retina.

Expression of the Monkey ELOVL4 Gene in Various
Tissues

Real-time quantitative PCR was performed on cDNA
synthesized {rom total RNA from monkey retina, heart,
liver, pancreas, ileum, kidney, thymus, spleen, lymph
node, skin, skeletal muscle, cerebrum and cerebellum.
The expression level in each tissue was calculated based
on the standard curve created by PCR using a diluted
plasmid containing ELOVL4 cDNA fragment. The cal-
culated values were evaluated after standardization with
the expression level of GAPDH obtained in the same
way.

The highest level of the ELOVL4 gene expression
was observed in the retina. Remarkable expressions
were also detected in the thymus and skin. The expres-
sion levels in the thymus and skin were 111% and 90%
of that in the retina, respectively. On the other hand,
expression in the brain was shown to be less than 9%
of that in the retina. In the other tissues, very low
expression levels, just under 3% of that in the retina,
were observed. In particular, in the liver and skeletal
muscles, expression of the ELOVL4 gene could not be
detected (Fig. 3).

ELOVLA Expression in Monkey Retina
Immunohistochemical analysis of monkey retinal sec-

tions showed prominent staining in photoreceptor inner

segments (Fig. 4). These results are consistent with the

T Ly b St ,@}m“f RPE
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|
x
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Fig. 4. Immunohistochemical analysis of monkey retina. a.
Predominant signal is detected in the photoreceptor
layer. b. Control hybridized with pre-immune se-
rum, showing no signal. RPE, retinal pigment epi-
thelium; OS, outer segments of photoreceptors; IS,
inner segments of photoreceptors; ONL, outer
nuclear layer; OPL, outer plexiform layer; INL, in-
ner nuclear layer; IPL, inner plexiform layer; GCL,
ganglion cell layer.

observations made on the localization of the ELOVL4
expression using in situ hybridization [5]. The pres-
ence of ELOVL4 was detected in both rod and cone
photoreceptor cells.

Discussion

In this study, the genomic sequence and complete
cDNA of the monkey ELOVL4 gene, the fourth known
homologue of the ELO gene family which encode en-
zymes involved in membrane-bound fatty acid
elongation systems, were determined. The structure of
the monkey ELOVL4 gene is similar to the human
ELOVL4 gene (Table 2). These two genes share 97%
homology in cDNA sequence and 98% similarity in
predicted amino acid sequence. Although the function
of the human ELOVL4 gene still remains unclear, the
monkey ELOVL4 gene also conserves features typical
of members of the ELO gene family (Fig. 2). In addi-
tion, remarkable expression of the ELOVL4 gene was
detected in the monkey retina (Fig. 3). These findings
suggest that the monkey ELOVL4 gene also has an im-
portant role in biosynthesis of VLCFA in the retina.
The retina is known to have the ability to synthesize



134 S. UMEDA, ET AL.

fatty acid with carbon chain lengths up to 36 [22, 23],
and this fact might be explained by the highly expressed
ELOVL4 gene. Furthermore, the ELOVL4 gene in the
retina was found to be expressed predominantly in cone
and rod photoreceptor cells (Fig. 4). Based on the
predicted function of ELOVL4 and its tissue and cellu-
lar localization, it could be hypothesized that ELOVL4
is associated with the biosynthesis of fatty acids, espe-
cially in photoreceptors, and play a crucial role in
photoreceptor cell functions.

Real-time quantitative PCR also revealed that the
monkey ELOVL4 gene was expressed in the skin and
thymus. This is the first report to indicate that the
ELOVLA4 gene is expressed abundantly not only in the
retina but also in the skin and thymus. The expression
level in the brain, previously reported [5], was com-
paratively high among the other tissues, but was only
about 9% of that in the retina. No significant expres-
sion was detected in the other tissue tested (Fig. 3).
Tissue-restricted expression patterns have been reported
for the ELO2 and ELO3 genes in rodents [10]. In
rodents, the ELO2 gene is reported to be expressed in
the liver and testis, on the other hand, the expression of
the ELO3 gene is observed in the liver, skin and the
brown fat of cold-exposed mice. These findings
strongly suggest that different components of mem-
brane-bound fatty acid elongation systems are involved
in each tissue, and that the ELOVL4 gene may have a
particularly important role in the systems of brain, skin,
thymus and retina.

It is reported that VLCFA are found at especially
high levels in the brain and skin [24]. In the brain,
sphingolipids, which contain VL.CFA are considered to
have an important role in the enhancement of electric
insulation of myelin [25]. Sphingolipids are also be-
lieved to contribute unique structural properties to the
epidermal water barrier in the skin [26]. Although the
functional role of VLCFA and membrane-bound fatty
acid elongation systems in the retina remains to be de-
termined, growing evidence indicates that the lipid
environment influences photoreceptor function [27-29].
This study does not give any insight into the function
of the ELOVL4 gene in the retina. However, the ob-
tained information may be useful for evaluating the
normal function of ELOVLA in the fatty acid chain elon-
gation systems in the retina using non-human primates.
Furthermore, the obtained gene sequence makes it pos-

sible to investigate the involvement of the ELOVL4
gene in non-human primate macular degeneration.

The nucleotide sequence data reported in this paper
have been submitted to GenBank and have been as-
signed the accession numbers AF461182, AF461183,
AF461184, AF461185, AF461186 and AF461187.
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Early-Onset Macular Degeneration with Drusen in a
Cynomolgus Monkey (Macaca fascicularis) Pedigree:
Exclusion of 13 Candidate Genes and Loci

Shinsuke Umeda,"? Radba Ayyagari,® Rando Allikmets,* Michibiro T, Suzuki,’
Athancios J. Karoukis,” Rajesh Ambasudban,” Jana Zernomt,‘i Haru Okamoto,’
Fumiko Ono,® Keiji Terao,® Atsushi Mizota,” Yasubiro Yoshikawa,”> Yasubiko Tanaka,'

and Takeshi Iwata'

Purrose. To describe hereditary macular degeneration ob-
served in the cynomolgus monkey (Macaca fascicularis),
which shares phenotypic features with age-related macular
degeneration in humans, and to test the involvement of candi-
date gene loci by mutation screening and linkage analysis.

MeTHODS. Ophthalmic examinations with fundus photography,
fluorescein angiography (FA), indocyanine green angiography
(dA), electroretinography (ERG), and histologic studies were
performed on both affected and unatfected monkeys in the
pedigree. The monkey orthologues of the human ABCA4,
VMD2, EFEMP1, TIMP3, and ELOVL4 genes were cloned and
screened for mutations by single-strand conformation polymor-
phism (SSCP) analysis or denaturing high-performance liquid
chromatography (DHPLC) and direct sequencing in six af-
fected and five unaffected monkeys from the pedigree and in
six unrelated, unaffected monkeys. Subsequently, 13 human
macular degeneration loci including these five genes were
analyzed to test for linkage with the disease. Nineteen affected
and seven unaffected monkeys in the pedigree were analyzed
by using human microsatellite markers linked to the 13 loci.
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Resurts. Yellowish white spots were observed in the macula
and fovea centralis, and in some cases the spots scattered to
the peripheral retina along the blood vessels. FA showed hy-
perfluorescence corresponding to the dots except in the fove-
ola. No anomalies were found by IA and ERG. Histologic
studies demonstrated that the spots were drusen. Mutation
analysis of the ABCA4, VMD2, EFEMP1, TIMP3, and ELOVL4
genes identified a few sequence variants, but none of them
segregated with the disease. Linkage analysis with markers
linked to these five gencs and an additional eight human
macular degeneration loci failed to establish linkage. Haplo-
type analysis excluded the involvement of the 13 candidate loci
for harboring the gene associated with macular degeneration in
the monkeys.

Concrusions. Significant homology was identified between
monkey and human orthologues of the five macular degener-
ation genes. Thirteen loci associated with macular degenera-
tion in humans or harboring macular degeneration genes were
excluded as causal of early-onset macular degeneration in the
monkeys. It is likely that none of these loci, but rather a novel
gene, is involved in causing the observed phenotype in this
monkey pedigree. (Inwest Ophthalmol Vis Sci. 2005;46:
683-691) DOIL:10.1167/iovs.04-1031

he inherited macular dystrophics comprise a heteroge-

neous group of blinding disorders characterized by central
visual loss and atrophy of the macula and underlying retinal
pigment epithelium (RPE).' The complexity of the molecular
basis of monogenic macular disease is being elucidated
through identification of many of the disease-causing genes. > ®
Because of limitations associated with studies in humans, non-
human species with phenotypes similar to human macular
degeneration have been used as model systems to study these
diseases. Rodent models generated by altering the genes ho-
mologous to the disease-causing genes in humans are most
extensively used in such studies; however, rodents do not have
a defined macula and, hence, the clinical symptoms observed
in humans with macular degeneration cannot be fully repli-
cated.’"'! Because the macula is found only in primates and
birds, a monkey model of macular degeneration would be
extremely valuable for studies elucidating the mechanism and
etiology underlying these diseases. A primate model for macu-
lar degeneration is much needed to develop sensitive diagnos-
tic techniques and potential therapeutic strategies to cure or
prevent the disease. Furthermore, such models are of particu-
lar value if their genetic basis is understood.

Macular degeneration in monkeys was first described by
Stafford in 1974.%* He reported that 31 (6.6%) of eyes of elderly
monkeys showed pigmentary disorders and/or drusen-ike
spots. In 1978, El-Mofty et al.'® reported a high incidence
(50%) of maculopathy in a closed rhesus monkey colony at the

683
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Caribbean Primate Resecarch Center of the University of Puerto
Rico. The latest report from the center states that specific
maternal lineages have a statistically significant higher preva-
lence of drusen.'# Although they suspected the involvement of
hereditary factors, genetic analysis of the macaque population
has not been reported.

We have reported a high incidence of macular degeneration
in one of the cynomolgus monkey (Macaca fascicularis) col-
onies at the Tsukuba Primate Center.'®!% This macular degen-
cration originated from one affected male monkey, which
showed phenotypic characterization of macular degeneration.
The disease affects the central retina specifically, with vellow-
ish white dots in the macula and lipofuscin deposits in the RPE,
consistent with the phenotype observed in the early stages of
age-related macular degeneration (AMD). These symptoms ap-
pear at the age of ~2 years and progress slowly throughout life.
Mating experiments have demonstrated that this familial mac-
ular degeneration is segregating as an autosomal dominant
trait.'”

AMD is currently considered a multifactorial disorder in-
volving both environmental and genetic factors, Recent studies
have substantiated the evidence for AMD as a complex genetic
disorder in which one or more genes contribute to an individ-
ual’s suscepiibility to the development of the disease.*®* " To
date, full-genome scan studies have indicated that some regions
of the genome harbor AMD-predisposing genes.?'?? However,
most genes associated with susceptibility to AMD have not
been identified, presumably because of a complex pattern of
inheritance, late age of onset, and difficulties in obtaining large
pedigrees for standard linkage analysis. Genes implicated in
monogenic macular dystrophies that occur earlier in life with
a clear pattern of inheritance have been considered as good
candidates for susceptibility to AMD.?>"2¢ To date, 15 macular
degencration gencs have been linked or cloned for human
macular degeneration (RetNet; http://www.sph.uth.tmc.edu/
Retnet/home. htm; provided in the public domain by University
of Texas Houston Health Science Center, Houston, TX). How-
ever, with the exception of ABCA4, none of these genes has
shown a convincing association with AMD.

Because the monkey macular degeneration model we
present here shares phenotypic similarities with the early
stages of AMD, the identification of the gene involved in this
monkey pedigree may provide critical clues to the understand-
ing of the mechanism of AMD. In this study, monkey ortho-

™
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logues of the human genes responsible for Stargardt macular
degeneration 1 (ABCA4),” Best macular degeneration (VMD2),>7
Doyn honeycomb dystrophy (EFEMPI),* Sorsby fundus dystro-
phy (TIMP3),? and Stargardt macular degeneration 3 ELOVL4)*S
were cloned and screened for mutations in the affected monkeys.
Subsequently, 13 human macular degeneration loci, including
these five genes, were analyzed to test for linkage with the disease
in the pedigree. During this process, we evaluated the nature and
utility of human microsatellite markers in the cynomolgus mon-
key for linkage studics. This article also describes the gene struc-
ture and evolutionary conservation of the five human macular
degeneration genes in the cynomolgus monkey.

MATERIALS AND METHODS

Maintenance of Monkeys

The cynomolgus monkeys in the pedigree with macular degeneration
were reared at the Tsukuba Primate Center for Medical Science (Na-
tional Institute of Infectious Discascs; Tokyo, Japan). All monkcys were
treated in accordance with the rules for care and management of
animals at the Tsukuba Primate Center®” under the Guiding Principles
for Animal Experiments using Non-Human Primates formulated and
enforced by the Primate Society of Japan (1986). All experimental
procedures were approved by the Animal Welfare and Animal Care
Committee of the National Institute of Infectious Diseases of Japan.
These animal protocols fulfill the guidelines in the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Rescarch.

Clinical Studies

Fundus photographs, fluorescein angiography (FA), and indocyanine
green angiography (TA) were performed with a fundus camera (TRC50;
Topcon, Tokyo, Japan) in animals under anesthesia. Electroretinogra-
phy (ERG) was recorded in four affected and six normal monkeys with
a white/color LED stimulator and contact lens ¢lectrode (LS-W; Mayo,
Aichi, Japan). After 20 minutes of dark adaptation, rod ERG, combined
ERG, and oscillatory responses were recorded, and single-flash cone
response and 30-Hz flicker ERG were recorded after 10 minutes of light
adaptation. The stimulus and recording conditions conformed to the
standards for clinical electroretinography recommended by the Inter-
national Society for Clinical Electrophysiology of Vision,”®

Genomic DNA and RNA Isolation

Peripheral blood was collected from 19 affected and 11 unaffected
monkeys from the pedigree (Fig. 1, asterisks, pound signs) and an
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TABLE 1. Primer Scts Used for Cloning of the Monkey Homologues

Early-Onset Macular Degeneration in Monkeys 685

Amplified
Size
Gene Region  Name Forward Primer Position Name Reverse Primer Position (kb)
vMD2 Exon 1 PIF GACCAGAAACCAGGACTGTTGA Intron PIR GAACTCGCCATATAGCAGCTT Exon 2 2.1
Exon 2 P2F GCTCTGACCAGGGTGTCTGA Intron P3R CCGCACCTTTCCCTGAACTA Intron 4.5
Exon 3 P3F CTAGACCTGGGGACAGTCTCA Intron P3R CCGCACCTTTCGCCTGAACTA Intron 0.3
Exon 4-5 P4F CACGGAAGAACAACAGCTGA Exon 3 PSR ACACCAGTGGGATACTAATCCAG Exon 6 23
Exon 6 PGF  GCCAGGAATGGACCATGAGTA Intron P6GR  GAGCCACTTAGCGCTCTAGGTGA Intron 0.3
Exon 7-8 P7F CCTGGAGCATGCTGATTTCA Intron P8R TGAGGCCTCCCTACAGAACA Intron 2.3
Exon 9 POF TGGCAGAGCAGCTCATCA Exon 8 POR AGCTTCCAGGCCTTGITG Exon 10 3.0
Exon 10 P10F AAGGGAGAAGGCCAGGTGTT Intron PIOR TTTCCTGTAGTGCTTGGGTAGCTA Intron 1.2
Exon 11 P11F TGCCCTCCTACTGCAACATT Intron P11R ATGCAATGGAGTGTGCATTA Intron 1.1
EFEMPI Exon 1 PIF TTCTAGAACCCTCTGGTCTCTIGA Intron PIR CCCTTTCTTAACAGCAAGCTAAC Intron 0.9
Exon 2 P2F GATTGGAAGTTGAGTATGGTGGA Intron P2R CATTCTAGGGATAATGTGGTACCAA Intron 13
Exon 3-4 P3F AAGATGGTAGTGGGCAACTGTACG Intron P4R ACATCTGTAGAGTAGCTTGACAGCA Intron 1.4
Exon S P5F CTACACAGGCTAGAGGAATATGATCA  Intron PSR GACACAGGATTTAAGTAACTTGCTCA Intron 1.3
Exon 6-7 PGF CACTGAATGGCATGAACATTG Intron P7R TAGAACAGAATTCCCATGGGTAA Intron 1.6
Exon 8 P8F AATAGGACAAGAAGCCAGATCTCT Intron P8R TTCCTGGTTAAAACTAAATACCTAACA Intron 0.4
Exon 9-10 POF AACAGATGAACAATAGGTGCTTGA Intron P10R TATCTATCTGGCAGTGTTACCAAGA Intron 0.9
Exon 11 P1IF GTATTAGACAAGGGATAAGAGCCAA Intron P1IR CAGAGGTTATGCATATATGCTGTGA Intron 1.7
TIMP3 Exon 1 P1F  CCCAGCGCTATATCACTGG Intron PIR  AGCCACTGTGAGTTTCCTCTG Intron 0.7
Exon 2 P2F CAATGGCTCTAACAGGAGAAGTAG Intron P2R CTTGACCAAGGTCTCATGGTTA Intron 0.8
Exon 3-4 P3F  TCCAGTTCCAGCTGCATTG Intron P4R  AGTTAGTGTCCAAGGGAAGCT Exon5 2.6
Exon 5 PSF  ATGTACCGAGGCTTCACCAA Exon3 PS5R  AGGTGAGCTAAACACTATTCTGGA Intron 3.5

additional six unrelated normal monkeys, and genomic DNA was ex-
tracted (QIAamp DNA Blood Maxi Kit; Qiagen, Valencia, CA). A normal
monkey outside the pedigree was killed for bilateral eye enucleation,
and enucleated eyes were immersed and stored in RNA-stabilization
solution (RNAlater; Ambion, Austin, TX) at —80°C until RNA isolation.
After thawing on ice, the eyeballs were dissected to separate the neural
retina and choroid followed by extraction of total RNA.

Histologic Studies

An affected 14-year-old male monkey (Fig. 1, monkey B) was killed for
histologic studies. Enucleated eyes were fixed in 10% neutralized
formaldehyde solution at 4°C overnight, dehydrated, and embedded in
paraffin. Four-micrometer-thick sections were prepared and stained
with hematoxylin and eosin (HE) or periodic acid-Schiff (PAS). Serial
sections were used for immunohistochemical analysis with anti-com-
plement 5 (C5) antibody. After pretreatment with 0.4 mg/mL protein-
ase K in phosphate-buffered saline (PBS) for 5 minutes and blocking
with 5% skim milk in PBS for 20 minutes at room temperature, the
sections were incubated with rabbit anti-human C5 polyclonal anti-
body (Dako, Glostrup, Denmark) diluted to 1:200 dilution in PBS for 2
hours at room temperature. Alexa 488 - conjugated goat anti-rabbit IgG
(Molecular Probes, Eugene, OR), diluted to 1:200 in PBS, was used as
the secondary antibody. The negative control experiments were per-
formed using normal rabbit immunoglobulin fraction (Dako) instead of
anti-C5 antibody.

Characterization of the Genomic Organization
and cDNA Sequence of the Monkey ABCA4, VMD2,
EFEMP], and TIMP3 Genes

Gene-specific primers of the human macular degeneration genes

ABCA4, VMD2, EFEMP1, and TIMP3 were designed based on the
human genomic DNA sequence to amplify exons of monkey genes

TABLE 2. Primers for 5'-3’-RACE

(Table 1). Amplified products were directly sequenced. For all genes
except ABCA4, the 5'/3'-rapid amplification of ¢cDNA ends (5'/3'-
RACE) was performed using total RNA isolated from the monkey
retina, Amplification of partial cDNAs by both 5'- and 3'-RACE was
designed to generate overlapping PCR products to obtain a full-length
¢DNA sequence, Primers were initially designed based on the exonic
sequences obtained by genomic sequence (Table 2). RACE products
were subcloned into the pCRII cloning vector (TA Cloning Kit Dual
Promoter; Invitrogen, Carlsbad, CA) and sequenced directly. The ob-
tained nucleotide sequence data have been submitted to GenBank, and
assigned accession numbers: TIMP3: AY207381-207385, AH012631;
EFEMPI: AY312407-312415, AH012997; VMDZ2: AY357925-357930,
AHO013172; ELOVL4: AF461182-461187, AH012403; ABCA4; AY793687
(http://www.ncbi.nlm.nih.gov/Genbank; provided in the public domain
by the National Center for Biotechnology Information, Bethesda, MD).

Mutation Analysis

Coding regions and adjacent intronic sequences of the monkey
ABCA4, VMD2, EFEMPI, TIMP3, and ELOVI4 genes were analyzed for
sequence variants by single-strand conformation polymorphism (SSCP)
or denaturing (DYHPLC (for the ABCA4 gene) analysis in parallel with
direct sequencing. Genomic DNA from six aftected and five unaffected
monkeys from the pedigree (Fig. 1, pound signs) and six unrelated
normal subjects were used for mutation analysis. Primers located in the
intronic regions were designed to amplify coding sequences of indi-
vidual genes (Table 3). Large exons were divided into smaller segments
to obtain amplification products suitable for SSCP analysis. The purified
amplicons were analyzed by SSCP or DHPLC analysis, as previously
described **3° All the samples were also analyzed by bidirectional
sequencing with the PCR primers. Exons 2, 7, and 10 of the VMD2
gene were screened for sequence variants only by direct sequencing.

Gene 5'-RACE Position 3'-RACE Position
VMD2 GTATACACCAGTGGGATA Exon 6 AGAGCAACAGCTGATGTTTGAGAA Exon 3
EFEMP] GGATGGTACATTCATCTA Exon 7 GATCCTGTGAGACAGCAATGCA Exon 3
TimMrP3 ATCATCTGGGAAGAGTTA Exon S GATGAAGATGTACCGAGGCTTCA Exon 2-3
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Length Size
Gene Exon No. (bp) Name Forward Primer Name Reverse Primer (bp)
ABCA4 1 66 O1F TCTTCGTGTGGTCATTAGC 01R ACCCCACACTTCCAAGCTG 152
2 94 02F AAGTCCTACTGCACACATGG 02R CTAGACAAAAGGCCCAGACG 266
3 142 O03F TTCCCAAAAAGGCCAACTC 03R CACGCACGTGTGCATTTCAG 301
4 139 04F GCTATTTCCTTATTAATGAGGC 04R GGGAAATGATGCTTGAGAGC 212
5 128 05F CCCTTGAACACCCTGTTCTT 05R TTCTTGCCTTTCTCAGGCTGG 237
6 198 0GF GTATTCCCAGGTTCTGTGG 0GR TACGCCAGGAATCACCTTG 330
7 88 O7F AGCATATAGGAGATCAGACTG 07R GGCATAAGAGGGGTAAATGG 241
8 238 O8F GAGCATTGGCCTCACAGCAG 08R CCCCAGGTTTGGTTTCACC 397
9 139 Q9F AGACATGTGATGTGGATACAC 09R GTGGGAGGTCCAGGGTACAC 271
10 117 10F AACACTAAGTGATAGGGGCAGAA 10R GGCCTGCTTGTTGTATTTTGAT 344
11 198 11F AGCTCAGTCGCTCTTTAGGG 11R TTCAAGACCACTTGACTTGC 406
12 206 12F TGGGACAGCAGCCCTTATC 12R CCAAATGTAATTTCCCACTGAC 362
13 177 13F AATGAGTTCCGAGTCACCCTG 13R CCCATTAGCGTGTCATGG 308
14 223 14F TCCATCTGGGCTTTGTTCTC 14R AATCCAGGCACATGAACAGG 407
15 222 15F AGAGAGTAAGTAACAGGCTCGTG 15R GGACTGCTACAGACCCTTCC 386
16 205 16F CTGTTGCATTGGATAAAAGGC 16R GATGAATGGAGAGGGCTGG 330
17 65 17F CTGCGGTAAGGTAGGATAGGG 17R CACACCGTTTACATAGAGGGC 232
18 90 18F CAGCTCCCGGTGGTAGAGTA 18R CCCTTGCCATGAGATGTTTT 222
19 175 19F TGGGGCCATGTAATTAGGC 19R TGGGAAAGAGTAGAGAGCCG 322
20 132 20F GCATGTTGCTAAAGGCCATC 20R TATCTCTGCCTGTGCCCAG 293
21 140 21F GTAAGATCAGCTGCTGGAAG 21R GAAGCTCTCCTGCTCCAAGC 301
22 138 22F CCCTCCACAGTCCCTTAACTC 22R GAGAGTGGGGACCAGAGGTA 244
23 194 23F TTTTGCAACTATGTAGCCAGGA 23R AGCCTGTGTGAGTAGCCATG 384
24 85 24F GCATCAGGGAGAGGCTGTC 24R CCCAGCAATATTGGGAGATG 212
25 206 IVS24F GTAAGGACTGGACGGGCCATACTTGG IVS24R  TCCAGCTCTCTGAAAAGGCTGGCATA 2 kb
IVS25F AAAGCTGGTGGAGTGCATTGGTCAAG IVS25R  CCTGAATCAGAATCGCTGCCGTGACCTTC 500
26 49 26F TCCCATTATGAAGCAATAGC 26R ACCCAGCCCCTTAGACTTTC 228
27 266 IVS26F  GGATTCTGATTCAGGACCTCTGTTTGC 1IVS26R  CTGGGGATGGTGTGTTGGAATCTCTT 2 kb
IVS27F TCCCAGAGAGAAGGCTGGACAGACAC TVS27R  CCCATATATCCAGGGGTGAAGGGTCA 1 kb
28 125 28F TGCACGCGCACGTGTGAC 28R TGAAGGTCCCAGTGAAGTGGG 291
29 99 29F CAGCAGCTATCCAGTAAAGG 29R AACGCCTGCCATCTTGAAC 263
30 187 30F GTTGGGCACAATTTCTTATGC 30R ACTCAGGAGATACCAGGGAC 347
31 95 IVS30F GAGAAGGTCACCATGGCTGCCAGAGT IVS30R  GAGATGTTCCTGTCCGTCAGGTCTTG 2 kb
IVS31F CGCAGCACGGAAATTCTACAAGAGCT IVS31R  CCTCTGTTCATTGACCCAGAATTTGCT 700
32 33 32F ACGGCACTGCTGTACTTGTG 32R TCAACATGGCTGTGAGGTGT 182
33 106 IVS32F  GAGCAAATTCTGGGTCAATGAACAGAGG TVS32R  CGCTTAAAAACCCAACAAGTGCTTCC 1.2 kb
IVS33F  AGGTATGGAGGAATTTCCATTGGAGGA IVS33R  CTTTAGAGGCCTCTCTAGTGATAGG 300
34 75 34F AAACCGTCTTGTTTGTTTGTTT 34R AGGAGGGAGGGAATTCAATG 208
35 170 IVS34F  GGCCCTATCACTAGAGAGGCCTCTAAAG  IVS34R  GGTTGGCTAATGACGGTGATTCCATAC 550
IVS35F CATGCCCTGGTCAGCTTTCTCAATGT IVS35R  GAGAAAATCACGCAGATGGCAACCAC 2 kb
36 178 36F TGTAAGGCCTTCCCAAAGG 36R TGGTCCTTCAGAGCACACAC 346
37 116 37F CATTTTGCAGAGCTGGCAGC 37R CTTCTGTCAGGAGATGATCC 260
38 158 38F GGAGTGCATTATATCCAGACG 38R CCTGGCTCTGCTTGACCAAC 302
39 125 39F TGCTGTCCTGTGAGAGCATC 39R CTTCCAGCCCAACAAGGTC 344
40 130 IVS39F  CTGCTCATTGTCTTCCCCCACTTCTG IVS39R  CAGCAGGGTCAGGAGGAAGTACACCA 700
IVS40F GTGAGGAGCACTCTGCAAATCCGTTC IVS40R  AGATGAGGAAAAGGGGTCAGGATTGG 3.5 kb
41 121 41F GAAGAGAGGTCCCATGGAAAGG 41R GCTTGCATAAGCATATCAATTG 299
42 63 42F CTCCTAAACCATCCTTTGCTC 42R AGGCAGGCACAAGAGCTG 214
43 107 43F GGTCTCTAGGGCCAGGGTA 43R CACATCTTTCAGGGCCTCAG 271
44 142 44F GAAGCTTCTCCAGCCCTAGC 44R TGCACTCTCATGAAACAGGC 277
45 135 IV§844F  ACATCTTTACCTTTATGCCCGGCTTCG IVS44R  AATGAGTGCGATGGCTGTGGAGAGTT 4 kb
IVS45F TTAAGAGCCTGGGCCTGACTGTCTACG IVS45R  GAATCTCTTGCCTGTGGGATGTGAGG 1 kb
46 104 48F GAAGCAGTAATCAGAAGGGC 46R GCCTCACATTCTTCCATGCTG 257
47 93 47F TCACATCCCACAGGCAAGAG 47R TTCCAAGTGTCAATGGAGAAC 258
48 250 48F ATTACCTTAGGCCCAACCAC 48R ACACTGGGTGTTCTGGACC 365
49 87 49F GGTGTAGGGTGGTGTTTTCC 49R ACTGCCTCAAGCTGTGGACT 187
VMD2 2% 152 P2F GCTCTGACCAGGGTCTCTGA P3R CCGCACCTTTCCCTGAACTA 4.5 kb
3 95 P3F CTAGACCTGGGGACAGTCTCA P3R CCGCACCTTTCCCTGAACTA 325
4 234 MP4aF TGGGAGACAGAACCCTTGGA MP4aF  GTCCTTGCCTTCCACGAA 302
MP4bF  TGGTGGAACCAGTACGAGAA MP4bF  TCCACCCATCTTCCATTGTT 286
5 155 MPS5F  AAAGGAGTGCTGAGGTTCCTATA MPSR CTTGTTTCCTGTGAACCACAA 330
6 78 PGF GCCAGGAATGGACCATGAGTA P6R GAGGCACTTAGCCTCTAGGTGA 292
7* 153 P7F CCTGGAGCATCCTGATTTCA P8R TGAGGCCTCCCTACAGAACA 2.3 kb
8 81 MP8F  GCATCATGTGGTGTGGAAAT P8R TGAGGCCTCCCTACAGAACA 27
9 152 MPOF  CAAGTCATCAGGCACGTACAA MPIR CTAGGCAGACCCCTGCTACTA 286
10* 639 P10F AAGGGAGAAGGCCAGGTGTT P10R TTTCCTGTAGTGCTTGGGTACTA 1.2 kb
11 19 P11F TGCCCTCCTACTGCAACATT MPI11R AAGTAGTCCTGGACTGCTGATTT 270
EFEMPI 2 81 MP2F CCGCAGCAGATACTAAATATCAG MP2R CCGCTGAACCGTACTTATTTCG 173
3 49 MP3F  CTTAGGGAATGGACACACCAA MP3R  ACAGAAGGCCAAAGATCACAT 155

(continues)
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TABLE 3. (continued).
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Length Size
Gene Exon No. (bp) Name Forward Primer Name Reverse Primer (bp)
4 387 MP4aF CCCTCTTAGAAGATTCCTGACTTA MP4aR ACACTCCACTGGTTGCCAT 249

MP4bF  ATGAACAGCCTCAGCAGGA MP4bR  GCAAAAGCTTTCGATGGTTA 316

5 123 MPSF  GGAGGCAATATCAACATCTTCA MPSR  TGCTTGAGGTTGAAACAGTTAAG 248

6 120 MP6F  GCAAACAGCAATGCTAATTCA MP6R  GAAATACTGCAACATGGCATG 250

7 120 MP7F  CAGCTAGGGAATTATTTATCAGCA MP7R  CAGGGATTGGACTTTATTCCA 279

8 120 MP8F  ATATCCAAAGTAGTGGTGCACAA P8R TTCCTGGTTAAAACTAAATACCTAACA 235

9 124 MP9F  TGCAAACAGAATCTGCCAGTA MP9R  TTTGGCTTGGTAAGACCAGAA 265

10 196 MP1OF CTTACCAAGCCAAACTGCTAACTA MPIOR AACAAACTCCCATCTTTCTCAATAG 289

11 162 MP11F AAAGCATAGAAACTCCAATGCA MP1IR AGGTAACAATATTCTTTGGCTGACT 281

ELOVI4 1 100 MPIF CCGCGGTTAGAGGTGTTC MP1IR  GAGACCAGGGGTCGGTGAC 281
2 188 MP2aF TTGAGAGATCTTGATTCCTAGAAAG MP2aR AAGTTAAGCAAAACCATCCCA 252

MP2bF CTGGGTCCAAAGTGGATGAA MP2bR  AGCTAACAGTTATGTCTGGGTACAA 213

3 81 MP3F  GCAATTGGAATGCATGACA MP3R  TTTCAGAGATTGGGGCCTATA 304

4 172 MP4aF  AAATGATTCCATGCCTTGTACA MP4aR  AACGCAAGCAGTATATTCCTGA 330

MP4b  TGGTGTTTATAACACGCTTTCC MP4bR  CTCATTGCTTTCCACTGAACA 271

5 128 MPSF  ATCTCGGTGGCTTACTGCTTA MPSR  AATAAGTCGGCTGGAGTCAACT 356

6 276 MPGaF  TTGGGGCTGTGATAGCTATG MP6aR TTAGGCTCTTTGTATGTCCGAA 247

MPGbF  CTCTAATTGCCTACGCAATCAG MPGbR  GGGAGTTTTTCCTCACTGTCA 242

TIMP3 i 121 MPIF AACTTTGGAGAGGCGAGCA MPIR  CCTAAGCAGCGCTGCAGTC 233
2 83 MPZF  TGAGATGCTGTTCCTGATGTG MP2R - GGCTGGTGCTTAGACACACA 266

3 112 MP3F  AGCAGTGGGATTATGGATCATAC MP3R  ACATTTGGTGAGTCAGCTACTCA 267

4 122 MP4F  TGGGCTAAGTGGGAACATAGTA MP4R  GTTTCTAGGGCTGCAAGTCA 274

5 198 MPSF  TACCATGGCAGATTCCATCA MP5R  AGTTAGTGTCCGAGGGAAGCT 306

*Exon 2, 7, and 10 of the VMD2 gene were screened for sequence variants only by direct sequencing.

Linkage Analysis

Linkage analysis wuas performed on DNA from 19 affected and 7
unaffected members of the pedigree. Individuals used for the analysis
are indicated by asterisks in Figure 1. Human microsatellite markers
linked to human macular degeneration loci were analyzed with mon-
key genomic DNA used as the template. Details of microsatellite mark-
ers and their primer sequences were obtained from the genome data-
base. Microsatellite marker analysis was performed by two methods:
Markers linked to candidate gene loci and included in a linkage map-
ping set (ver. 2.5MD10; Applied Biosystems, Inc. [ABI}, Foster City,
CA) were analyzed on the a DNA sequencer (model 3100; ABD with
fluorescence-labeled primers. Additional microsatellite markers were
analyzed by *?P dCTP incorporation into the amplified product.®
Two-point linkage analysis was performed between the disease locus
and microsatellite markers with the MLINK program of the LINKAGE
package, as described elsewhere,**** Linkage was assessed under the
conditions of autosomal dominant inheritance of the disease trait with
a frequency of 0.001 for the disease-causing allele, by using the affect-
eds-only model, as published earfier.>* Linkage analysis was performed
assuming equal frequencies for marker alleles. Haplotypes were con-
structed with genotypes of microsatellite markers according to their
order on human chromosomes.

Resurrs

Clinical and Histologic Findings

Fundus photographs and FA of a 14-year-old female affected
monkey (Fig. 1, monkey A) are shown in Figure 2. Fine,
yellowish white dots were observed in the maculae (Figs.
2a-d), scatterced in the peripheral retina along blood vessels in
this monkey (Figs. 2a, 2b). However, in most cases, the loca-
tions of the lesions fell within the region centered on the fovea
centralis with the same diameter as one optic disc. FA showed
hyperfluorescence corresponding to these dots, except foveola
(Figs. 2e, 2f). No abnormalities were found in the optic disc,
retinal blood vessels, or choroidal vasculatures in any cyes
examined. The amplitude and peak latency of both dark- and
light-adapted ERG showed no alteration compared with normal

control eyes, indicating that global rod or cone degeneration
was absent. Histologic studies demonstrated that there were
various-sized drusen, weakly stained by PAS (light purple),
between the RPE and choriocapillaris in the macular region
(Figs. 3a, 3D, asterisk). These drusen were strongly reactive
with antibodies against complement C5 (Figs. 3¢, 3d). This
finding was consistent with the property of drusen reported in
patients with AMD.>> Accumulation of lipofuscin in RPE cells
was also obvious by PAS (Figs. 3a, 3b, deep purple, arrows).

Mutation Analysis of the ABCA4, VMD2, EFEMPI,
TIMP3, and ELOVL4 Genes

To evaluate the involvement of the ABCA4, VMDZ2, EFEMP1,
TIMP3, and ELOVL4 genes in disease, we first determined the
genomic sequence and the complete cDNA sequence of the
orthologous genes in the monkey. Subsequently, these genes
were screened for sequence variants in affected and unaffected
monkeys in the pedigree, in addition to unrelated, unaffected
animals by SSCP, or by DHPLC for the ABCA4 gene, analysis
and direct sequencing.

ABCA4. The monkey ABCA4 gene consists of 50 exons,
with its translation stop codon in exon 50, similar to the human
gene. The complete 6819-bp cDNA encodes a protein of 2273
amino acids. ABCA4 is a member of the superfamily of ATP-
binding cassette (ABC) transporters, which are associated with
membranes and transport various molecules across extra- and
intracellular membranes of all cell types. ABC genes typically
encode four domains that include two conserved ATP-binding
domains and two domains with multiple transmembrane seg-
ments. Comparative sequence analysis revealed that the mon-
key ABCA4 protein was only 1.8% (41 amino acids) different
from the human orthologue, whereas the sequence was iden-
tical in the two adenosine triphosphate (ATP)-binding do-
mains. Five of the 41 nonconserved amino acids in the monkey
protein (codons 223, 423, 1300, 1817, and 2255) involve
polymorphisms in the human. Surprisingly, the Lys223Gln and
Arg1300GIn changes reported to be associated with Stargardt
disease in humans were observed in the homozygous state in



