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Age-related macular degeneration (AMD), a complex multigenic disorder and the most common cause of
vision loss in the elderly, is associated with polymorphisms in the LOC387715/ARMS2 and HTRA1 genes
on 10q26. Like humans, macaque monkeys possess a macula and develop age-related macular pathologies
including drusen, the phenotypic hallmark of AMD. We genotyped a cohort of 137 unrelated rhesus macaques
with and without macular drusen. As in humans, one variant within LOC387715/ARMS2 and one in HTRA1
were significantly associated with affected status. HTRA1 and the predicted LOC387715/ARMS2 gene were
both transcribed in rhesus and human retina and retinal pigment epithelium. Among several primate species,
orthologous exons for the human LOC387715/ARMS2 gene were present only in Old World monkeys and
apes. In functional analyses, the disease-associated HTRA1 polymorphism resulted in a 2-fold increase in
gene expression, supporting a role in pathogenesis. These results demonstrate that two genes associated
with AMD in humans are also associated with macular disease in rhesus macaques and that one of these
genes is specific to higher primates. This is the first evidence that humans and macaques share the same
genetic susceptibility factors for a common complex disease.

INTRODUCTION

Age-related macular degeneration (AMD) has an incidence of
almost 25% in those over 75 years of age (1). The hallmark of
the condition is the accumulation of drusen, extracellular lipid
and protein deposits under the central retina (macula). In the
late stages of the disease, central blindness occurs due to
invasion of new blood vessels from the choroid resulting in
hemorrhage and gliosis (neovascularization or ‘wet AMD’)
or degeneration of the retinal pigment epithelium (RPE) and
photoreceptor cells (geographic atrophy or ‘dry AMD’) (2).

AMD is a complex disease with both genetic and environ-
mental susceptibility factors, including several recently ident-
ified genetic variants. In particular, increased risk of the
development and progression of AMD is associated with
single nucleotide polymorphisms (cSNPs) in the complement

factor H gene on chromosome 1q and a locus on chromosome
10q comprising LOC387715/ARMS2 (3–5), a transcribed
sequence with as yet unknown function (6), and the adjacent
promoter region of HTRA1, the gene for a serine protease
(7–9). The two SNPs on 10q have been shown to confer similar
increased AMD risk and to be in complete linkage disequilibrium
in the Caucasian, Chinese and Japanese populations (7,9).

The rhesus macaque eye closely resembles the human eye in
almost all respects. Most importantly, the macaque retina has a
macula, a specialization shared only by monkeys, apes and
man. The macula in both macaques and humans includes a
foveal pit with several features underlying high spatial
acuity, including the highest concentration of cone photo-
receptors, displacement of inner retinal cell layers and
vessels and a capillary-free zone; it is also marked by the pre-
sence of macular pigment. Furthermore, age-related drusen

�To whom correspondence should be addressed at: Casey Eye Institute, Oregon Health and Science University, 3375 SW Terwilliger Boulevard,
Portland, OR 97239, USA. Tel: þ1 5034181627; Fax: þ1 5034947233; Email: francisp@ohsu.edu
†The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.

# The Author 2008. Published by Oxford University Press. All rights reserved.
For Permissions, please email: journals.permissions@oxfordjournals.org

Human Molecular Genetics, 2008, Vol. 17, No. 17 2673–2680
doi:10.1093/hmg/ddn167
Advance Access published on June 4, 2008

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/17/17/2673/633135 by guest on 20 August 2022



and pigmentary changes closely mimicking early to inter-
mediate human AMD have been identified in a number
of macaque colonies (10–13), including a population we
phenotypically characterized at the Oregon National Primate
Research Center.

In light of the identification of human genes conferring
increased AMD risk, we hypothesized that the orthologous
macaque genes would be similarly involved with age-related
maculopathy and drusen formation in these animals. Further-
more, we hypothesized that the size of the genetic effect
would be similar to that observed in humans, making it statisti-
cally feasible to detect an association in our sample. Currently,
the regulators of complement activation (RCA) locus, a 388 kb
interval which encompasses complement factor H and several
related genes, is not well resolved in the rhesus genome. For
this reason, we chose to focus here on potential genetic associ-
ations in the 10q region.

RESULTS

Representative examples of the spectrum of age-related macu-
lopathy in the rhesus macaques are shown in Figure 1. Just as
in human AMD, drusen accumulate over time, increase in size,
become more indistinct or ‘soft’ and are accompanied by
macular pigmentary changes. Two populations of rhesus
monkeys, those originating from India and China, exhibited
somewhat distinct phenotypes, with most rhesus of Chinese
origin having the clinical and fluorescein angiographic charac-
teristics of human ‘basal laminar drusen’.

Association analyses

Sequencing confirmed that in the macaque, as in humans,
LOC387715/ARMS2 and the HTRA1 promoter region lie
adjacent to each other. In rhesus monkeys of Indian origin
(68 affected and 48 unaffected, Table 1), sequence analysis
of this region identified eight previously undescribed

polymorphisms, two in LOC387715/ARMS2 and six in the
HTRA1 promoter region including a common deletion
(Fig. 2). Adjusted unconditional logistic regression showed
that homozygosity ‘CC’ for the 50 rhesus LOC387715/
ARMS2 SNP (low risk allele ‘T’) and homozygosity ‘AA’
for the fourth SNP (wild-type allele ‘C’) in the promoter
region of HTRA1 were associated with the presence of
drusen in the monkey population, P ¼ 0.002 and P ¼ 0.02,
respectively (Table 2). Heterozygosity conferred no significant
increased risk of age-related maculopathy. There were no sig-
nificant deviations from Hardy–Weinberg equilibrium. The
two maculopathy-associated SNPs were not in complete
linkage disequilibrium (D0 0.88). Figure 3 shows the alignment
of the human and rhesus LOC387715/ARMS2 and HTRA1
sequences with the relative positions of the age-related macu-
lopathy SNPs. In rhesus monkeys of Chinese origin, five of the
same SNPs were found, including the drusen-associated SNP
in LOC387715/ARMS2. The HTRA1 SNP and the deletion
were not observed in these animals, but their numbers were
not sufficient to permit meaningful estimations of association
within this subpopulation alone.

The two specific SNPs (rs10490924 and rs11200638)
associated with human AMD were not polymorphic in Indian
and Chinese rhesus macaques; the low-risk sequences were
conserved in each case. As in humans, it is unknown whether
the SNPs associated with maculopathy are themselves patho-
logical or are in linkage disequilibrium with other functional
variants.

Figure 1. Age-related maculopathy in rhesus primates. Left image shows color photograph of retina with normal macula. Middle and right images show
age-related macular drusen (yellow–white subretinal deposits).

Table 1. Rhesus macaques included in this study

Rhesus macaque
origin

Age-related
maculopathy

Unaffected
controls

Total

Indian 68 48 116
Chinese 13 8 21
Total 81 56 137
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Evolution of the coding region of the primate
LOC387715/ARMS2 gene

Consensus primers were designed to human and chimp gDNA
and tested for amplification in a variety of apes (Pan paniscus,

Pan troglodytes, Gorilla gorilla, Pongo pygmaeus), Old
World monkeys (Macaca mulatta, Macaca nemestrina), New
World monkeys (Lagothrix lagotricha, Ateles geoffroyi, Sagui-
nus labiatus) and a prosimian (Lemur catta). Primers designed
to exon 1 of LOC387715/ARMS2 amplified products of the
expected size from all apes and monkeys, but no product was
obtained from the prosimian. Comparison of all primate exon
1 products indicated 77.2% sequence identity to each other.
Pan paniscus, P. troglodytes, G. gorilla and the New World
monkeys have the same predicted ATG start site as human.
Pongo pygmaeus has a CTG codon, whereas both macaques
possess a GTG codon at the equivalent site. Primers designed
to exon 2 of LOC387715/ARMS2 amplified products of the
expected size from apes and Old World monkeys only, and
the predicted TGA stop codon at codon 108 within exon 2 is
only present in humans and apes. The human and P. paniscus
LOC387715/ARMS2 sequences are predicted to code for 107
and 106 amino acid proteins, respectively. The Gorilla sequence
has a premature TGA stop at codon 38. The macaques have a
CGA at codon 108 and an alternative in-frame TAA stop
codon 24 bp downstream (Table 3). At the human AMD suscep-
tibility SNP locus, the wild-type codon is conserved in both Old
and New World lineages.

Characterization of the LOC387715/ARMS2 transcript
in rhesus monkeys

Reverse transcriptase (RT)–PCR using exon-spanning primers
yielded products of the predicted size for a transcribed and
spliced gene from rhesus RPE and placenta (Fig. 3A).

Figure 2. A schematic of the LOC387715/ARMS2 locus and the HTRA1 promoter region, situated 6102 bp apart in humans. The positions of the AMD-associated
human SNPs within exon 1 of LOC387715/ARMS2 (rs1049024) and within the HTRA1 promoter (rs11200638) are indicated with blue boxes. The position of the
new SNPs identified in all rhesus (Chinese- and Indian origin), and in the Indian-origin population only, is indicated with yellow and green highlighted boxes,
respectively. The two new SNPs that are associated with drusen development in rhesus are indicated with a highlighted box outlined with a brown line.

Table 2. Unconditional logistic regression results for the novel SNPs identified
in this study

Rhesus gene and SNP position Genotypes Odds ratio P -value

LOC387715 10682 TT 1.00
CT 1.66 (0.49–6.10) 0.55
CC 8.76 (1.96–47.38) 0.002

LOC387715 10704 AA 1.00
AG 0.40 (0.05–1.91) 0.29
GG 1.10 (0.11–7.99) 1.00

HTRA1 16943 CC 1.00
CT 1.01 (0.44–2.32) 1.00
TT 2.17 (0.45–17.23) 0.46

HTRA1 16968 GG 1.00
GT 1.35 (0.60–3.09) 0.542
TT 0.83 (0.08–8.30) 1.00

HTRA1 17052 CC 1.00
CG 1.07 (0.40–2.81) 1.00
GG 0.67 (0.22–1.99) 0.59

HTRA1 17076 CC 1.00
AC 0.94 (0.42–2.11) 1.00
AA 1 0.02

HTRA1 17158 CC 1.00
CG 1.05 (0.45–2.47) 1.00
GG 0.95 (0.33–2.78) 1.00

HTRA1 17171 AA 1.00
AT 1.01 (0.17–5.27) 1.00
TT 1.56 (0.25–8.54) 0.68
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However, in repeated experiments, the product from neural
retina could not be amplified consistently. This contrasts
with our consistently negative findings for human neural
retina (Fig. 3). Sequence analysis confirmed the presence
of the exon 1 donor splice position identical to human.
However, the rhesus monkey utilizes an alternative exon 2
acceptor splice site situated 18 bp further downstream, equiv-
alent to codon 106 within the human sequence. Thus, the first
two codons of exon 2 in the rhesus monkey (codons 100 and
101) align to codons 106 and 107 in the human sequence. The
rhesus monkey also uses an alternative termination codon situ-
ated 21 bp downstream relative to the human stop codon. The
human and rhesus predicted coding region of exon 1 share
90% identity (Fig. 4A). Exon 1 has an in-frame deletion result-
ing in loss of codon 37. This corresponds to a 330 bp open-
reading frame (ORF), from the predicted GTG start codon to
the TAA termination codon. The 32 bp ORF of rhesus exon
2 aligns with 93% identity, corresponding to codons 106–
108 and 24 bp of the 30-UTR of human LOC387715/ARMS2.
The human and rhesus predicted coding region of exon 1
share 90% identity (Fig. 4A).

Rhesus HTRA1 tissue expression and pSEAP reporter
assay of promoter activity

Using primers that spanned an intron, designed to the consen-
sus human and rhesus HTRA1 exonic sequence, RT–PCR con-
firmed the presence of HTRA1 expression within rhesus
neural, RPE/choroid and placental tissue (Fig. 3B). An align-
ment of the relevant human and rhesus promoter region is
shown in Figure 4B.

The low- and high-risk alleles of the associated HTRA1 pro-
moter SNP were then assayed using the pSEAP:luciferase repor-
ter method to evaluate the functional effects on gene expression
in 293T human microvascular endothelial cells. Each exper-
iment was repeated four times. Clones with the ‘A’ high-risk
allele consistently showed double the expression level of
pSEAP when compared with wild-type ‘C’ clones (P ¼ 0.001).

DISCUSSION

Over several years, we have prospectively ascertained and seri-
ally examined the eyes of a large cohort of aged rhesus monkeys.
We have observed that a large proportion over the age of 18
years (equivalent to age 54 in humans) develop drusen and
retinal pigmentary changes clinically identical to those seen in
intermediate AMD in humans. Drusen typically start as small
‘hard’ yellow subretinal deposits that become more numerous
and increase in size over time. The borders of larger drusen
become indistinct or ‘soft’ in appearance. Interestingly, differ-
ences were found between rhesus originating from India and
China, two populations that exhibit distinctive morphological,
physiological and genetic characteristics (14).

In humans, increased risk of the development and pro-
gression of AMD is associated with cSNPs in the complement
factor H gene on chromosome 1q and a locus on chromosome
10q26 in which reside LOC387715/ARMS2 (3,4,6) and HTRA1
(7–9). We hypothesized that the same genes may be involved
in determining age-related maculopathy in our rhesus cohort.
Currently, the RCA locus, a 388 kb interval which encom-
passes the complement factor H gene, is not well resolved in
the rhesus genome. For this reason, we chose to evaluate the
potential genetic associations in the 10q region.

Sequencing confirmed that in the macaque, as in humans, the
LOC387715/ARMS2 and HTRA1 genes lie adjacent to each
other. Direct sequencing revealed several novel SNPs, two of
which were associated with the presence of age-related maculo-
pathy in the rhesus macaques of Indian origin: one in the coding
region of LOC387715/ARMS2 and one in the promoter region of
HTRA1. These associated SNPs were not in complete linkage
disequilibrium (D0 0.88), unlike the situation in humans. The
relatively small numbers of animals available for analysis in
this study precluded further analysis that might identify which
of the two SNPs conferred the risk of AMD. Furthermore, the
two SNPs (rs10490924 and rs11200638) associated with
human AMD were not polymorphic in rhesus macaques; the
low-risk sequences were conserved in each case.

In humans, it is as yet unknown whether the SNPs associ-
ated with maculopathy are themselves pathological or are in
linkage disequilibrium with other functional variants. To
begin to address this question of allelic causality in the
rhesus, we first examined the evolution of the two-exon

Figure 3. LOC387715/ARMS2 and HTRA1 transcripts are present within
human and rhesus tissue. RT–PCR was performed using intron-spanning
primers designed to consensus human and rhesus (A) LOC387715/ARMS2
and (B) HTRA1 exonic sequence; (C) b-actin was used as a positive control.
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LOC387715/ARMS2 gene, which shows no homology to other
non-primate mammalian genomic sequences and is reportedly
not present in rodents (3). Our data show that the LOC387715/
ARMS2 sequence appeared in the genome after the split of
prosimians and simians 60–65 million years ago and therefore
generally corresponds with the evolution of the macula. The
second exon, which is conserved in apes and Old World
monkeys only, appears to have evolved after the division of
Old and New World monkeys 40–50 million years ago
(Fig. 5).

We observed that the rhesus sequence contains an alternative
acceptor splice site that is equivalent in position to human
codons 99 and 100 (data not shown). The rhesus sequence
includes a CGA arginine codon at the predicted TGA termin-
ation codon position observed in human. An alternative TAA
stop codon present in rhesus, 21 bp downstream of the CGA
codon, may be used for protein termination.

Whether the LOC387715/ARMS2 transcript is translated in
vivo in rhesus macaques is still unknown. mRNA transcript
has been detected in human placental, neural retinal tissue and
retinal pigment epithelial (RPE) cells, and we found similar
tissue expression in rhesus macaque. Although orangutan and
rhesus monkeys possess CUG and GUG codons, respectively,
instead of the classic AUG start codon, the CUG and GUGT
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Figure 4. An alignment of human and rhesus (A) exon 1 LOC387715/ARMS2
sequence and (B) HTRA1 promoter. The position of maculopathy-associated
SNPs in rhesus monkeys (#) compared with humans (+) is shown.
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codons are used in other mammalian genes (including humans)
as alternative non-AUG initiation codons (15). Thus, of the
species examined, only humans, the two species of
chimpanzees, orangutan and rhesus monkeys possess a
sequence that is predicted to be transcribed and translated into
a protein. An alternative explanation is that the ARMS2 region
in non-human primates is a pseudo-gene. It is also possible
that the LOC387715/ARMS2 gDNA sequence acts as a distant
enhancer or cis-regulatory element for the HTRA1 gene and
therefore that polymorphisms within the LOC387715/ARMS2
region influence transcription of HTRA1.

Dewan et al. (7) reported that homozygosity for the minor
allele in the human HTRA1 SNP resulted in a small but signifi-
cant increase in promoter activity. Similarly, in the pSEAP
reporter assay used to evaluate the effect of the ‘A’ allele in
the associated rhesus SNP, we found a consistent doubling
of promoter activity.

In summary, we conclude that LOC387715/ARMS2 may be
a newly evolved and transcribed gene found only in higher
primates, a pseudogene, or a recent HTRA1 promoter develop-
ment. Our analysis shows that novel SNPs in both the
LOC387715/ARMS2 and HTRA1 genes are associated with
the development of drusenoid maculopathy in monkeys and
that the HTRA1 variant has functional consequences for gene
expression. A hypothesis consistent with our promoter func-
tional analyses and the human studies of Dewan et al. (7) is
that elevated expression of HTRA1 increases the risk in both
humans and macaque monkeys.

Our findings demonstrate for the first time that macaque
monkeys and humans share the same susceptibility genes for
a common complex disorder. Thus, this study strengthens

the value of an important non-human primate model to inves-
tigate the genetic factors that lead to AMD and to develop
potential therapies for this blinding disorder. Since
LOC387715/ARMS2 appears to be present only in animals
with a macula and its polymorphisms are associated with
disease in this part of the retina, we speculate that this tran-
scribed locus may have a role in macular function.

MATERIALS AND METHODS

All studies were approved by the Institutional Animal Care and Use
Committee of the OregonNationalPrimate ResearchCenter/Oregon
Health and Science University and conformed to NIH guidelines.

Ascertainment and phenotyping

Older members of the colony of 4000 rhesus monkeys (M.
mulatta) at the Oregon National Primate Research Center
were surveyed for age-related eye disease. Stereoscopic
color retinal fundus photographs were obtained from over
700 colony members, including 245 of those 18 years of age
and older (equivalent to human age 54 years using the gener-
ally accepted 3:1 ratio for human:rhesus age). Selected cases
also were evaluated by fluorescein angiography. From these,
we identified a cohort of 81 unrelated monkeys with macular
drusen (Table 1), a phenotype indistinguishable from early
to intermediate human AMD (Fig. 1) and occurring with
similar prevalence. The retinal photographs were formally
graded for the number and size of macular drusen using classi-
fications based on the AREDS AMD grading system (16),

Figure 5. A schematic indicating the evolution and appearance of LOC387715/ARMS2 exons within the primate lineage. Exon 1 sequence with a putative ATG start
codon arose about 43 million years ago after the split from prosimians; it was maintained in apes but not in Old World monkeys. Exon 2 appeared within Old World
monkeys after the split from New World monkeys; a putative TGA termination codon in exon 2 arose within the hominid group, i.e. it is present only in apes and humans.
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using a scaling factor of 7% to adjust for differences in eye
size and photograph magnification. Monkeys were classified
as affected when six or more drusen ,108 mm in diameter
(equivalent to ,125 mm in humans) or more than one druse
.108 mm were present. Phenotype was determined in all
cases by three independent observers (MLK, NL and PJF).
For comparison, we selected a control population of 56 simi-
larly evaluated, unrelated rhesus macaques, all �18 years
of age, with no drusen, including 48 of Indian origin
(39 females, nine males) and eight of Chinese origin (five
females, three males).

Genotyping and sequencing

DNA was extracted from venous blood drawn from all
affected and unaffected subjects. As the rhesus sequence at
the pertinent genomic interval was unknown, consensus
human and chimp primers were designed to successfully
amplify this region and were tested for amplification in
a variety of apes, Old World Monkeys, New World
Monkeys and a prosimian. Sequencing was performed at
the Oregon Health and Science University Sequencing
Core Facility.

Statistical analyses

Adjusted unconditional logistic regression analysis was per-
formed to determine the relationship between the genotype
and phenotype. Estimates of Hardy–Weinberg equilibrium
and linkage disequilibrium were also calculated.

RT–PCR of rhesus LOC387715 and HTRA1

Cultured RPE cells harvested from adult human donors and
rhesus macaques were homogenized, and total RNA was iso-
lated from neural retina, RPE and placenta using the RNAqu-
eous kit (Ambion Inc., Austin, TX, USA). RT–PCR with
oligo-dT primers was then performed. First-strand cDNA
was amplified using forward primers situated in exon 1 and
reverse primers within exon 2. PCR products were visualized
in an agarose gel under UV light, excised, purified and
sequenced. Full-length cDNA spanning the region from the
predicted initiation codon to the termination codon was
cloned into an expression vector.

pSEAP reporter assay of rhesus HTRA1 promoter activity

A 350 bp fragment of the rhesus HTRA1 promoter region with
the low-risk ‘C’ allele at position 17076 (Fig. 2) and a similar
fragment with the high-risk allele ‘A’ at the same position
were cloned into a pMetLuc-Reporter vector (Clontech, cat.
#631729) using XhoI and BamHI restriction enzyme sites.
The vector uses a dual secreted reporter system with luciferase
as a control for transfection efficiency and SEAP for the
promoter under study.

In four separate experiments, 293T cells were nucleofected
(AMAXA, cat. #VCA-1003) with clones containing either the
wild-type or risk allele. Media were collected from each assay

at 24 h. The pMetLuc-Control vector provided with the kit was
used as an internal positive control, and blank wells were
assayed for background signal. pSEAP signal was assayed
according to manufacturer’s instructions (Clontech protocol
#PT3940-2) and normalized using the corresponding lucifer-
ase signal in each well.
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