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Purpose: Primary open-angle glaucoma (POAG) is the leading
cause of irreversible blindness worldwide and mutations in known
genes can only explain 5–6% of POAG. This study was conducted
to identify novel POAG-causing genes and explore the pathogenesis
of this disease.

Methods: Exome sequencing was performed in a Han Chinese
cohort comprising 398 sporadic cases with POAG and 2010
controls, followed by replication studies by Sanger sequencing. A
heterozygous Ramp2 knockout mouse model was generated for
in vivo functional study.

Results: Using exome sequencing analysis and replication studies,
we identified pathogenic variants in receptor activity-modifying
protein 2 (RAMP2) within three genetically diverse populations
(Han Chinese, German, and Indian). Six heterozygous RAMP2
pathogenic variants (Glu39Asp, Glu54Lys, Phe103Ser, Asn113-
Lysfs*10, Glu143Lys, and Ser171Arg) were identified among 16 of

4763 POAG patients, whereas no variants were detected in any
exon of RAMP2 in 10,953 control individuals. Mutant RAMP2s
aggregated in transfected cells and resulted in damage to the AM-
RAMP2/CRLR-cAMP signaling pathway. Ablation of one Ramp2
allele led to cAMP reduction and retinal ganglion cell death in mice.

Conclusion: This study demonstrated that disruption of RAMP2/
CRLR-cAMP axis could cause POAG and identified a potential
therapeutic intervention for POAG.
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INTRODUCTION
Glaucoma is a degenerative disease of the optic nerve that is
characterized by the death of retinal ganglion cells (RGCs),
with an increase in the vertical cup-to-disc ratio and losses in
the visual field.1 This condition is a leading cause of
irreversible blindness worldwide; indeed, estimates suggest
that by 2020 there will be 79.6 million individuals affected
with glaucoma.2

Primary open-angle glaucoma (POAG) is the most common
type of glaucoma, and is diagnosed among a wide range of
ethnic groups, including whites, blacks, and Asians.2 Both

genetic and environmental factors play critical roles in the
development of POAG. From a genetic perspective, POAG can
be caused by mutations in a single gene (monogenic form) or by
combined action of genetic and environmental factors (poly-
genic form). A mutation inMYOC (encoding myocilin),3 OPTN
(encoding optineurin),4 WDR36 (encoding WD repeat domain
36),5 TBK1 (encoding TANK-binding kinase 1),6 and ASB10
(encoding ankyrin repeat- and SOCS box-containing 10)7 could
result in POAG. The genetic risk factors for POAG have been
studied in the past decade using genome-wide association
studies (GWAS), which have identified numerous associated
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genes/loci. These genes/loci include CAV1-CAV2,8,9 TMCO11,10

CDKN2B-AS1,10 SIX1-SIX6,11 ABCA1,9,12–14 PMM2,12

FNDC3B,13,15 AFAP1,14 GMDS,14 TGFBR3,16 TXNRD2,17

ATXN2,17 FOXC1,17 and the chromosomal regions include
8q22 and 11p11.2.11,13 However, genetic variants associated
with these known genes/loci account for only 5–6% of all
patients with POAG,18,19 and the pathogenic mechanisms
underpinning their role in the development of POAG remain
unclear. Although sporadic occurrences account for at least 28%
of all reported cases of POAG,20 the genes responsible for such
cases are largely unknown due to several limitations: (1)
traditional genetic studies for monogenic forms depend on large
pedigrees, (2) genetic variants identified by GWAS using chip
arrays generally are not in the coding regions of specific
genes and represent genetic risk factors. Recent advances in
sequencing techniques and algorithms have made it possible to
identify pathogenic variants in the disease-related genes from
sporadic cases.
The aims of the present study were to identify genes

associated with sporadic POAG and to determine how
disruption of their normal biological functions might cause
this condition. We performed exome sequencing (ES) analysis
using samples collected from 398 unrelated patients with
POAG and 2010 unrelated control individuals without
POAG, all of whom were Han Chinese ancestry. Then, the
pathogenesis of POAG resulting from gene pathogenic
variants identified in this study was further investigated.

MATERIALS AND METHODS
Study participants
This study included four cohorts of patients with POAG,
characterized by high intraocular pressure (IOP), derived
from Han Chinese, German, and Indian populations
(Supplementary Table 1). Written informed consent was
obtained from all subjects. This project was approved by the
Institutional Review Board of ophthalmic clinics at the
following centers: Eye and Ear Nose Throat (ENT) Hospital,
Fudan University; Hong Kong Eye Hospital at the Chinese
University of Hong Kong; Sichuan Academy of Medical
Sciences and Sichuan Provincial People’s Hospital; Center for
Ophthalmology, University of Tuebingen; Department of
Ophthalmology at Universitätsklinikum Erlangen, Friedrich-
Alexander-Universität Erlangen-Nürnberg; and India Aravind
Hospital. All participants underwent an extensive ophthalmic
examination and were recruited according to standardized
criteria (see details in Supplementary Materials), and as
described in a previous study.12

Exome sequencing
We sequenced 2408 subjects at the first stage of the project,
including 398 POAG cases and 2010 controls, using Illumina
Truseq Enrichment System Capture (62 M) and following the
manufacturer’s instructions. The data filtering strategy was
described in our previous study21 and a data production
summary of individuals in this study is shown in Supple-
mentary Table 2.

Sanger sequencing to identify other pathogenic variants
in the replication stage
We first validated the two RAMP2 pathogenic variants in
three POAG patients by Sanger sequencing and then
sequenced more samples to identify other mutant RAMP2s.
Sequencing primers for the coding sequences of RAMP2
(NM_005854) were designed using Primer 5.0 (Supplemen-
tary Table 3).
Multiple sequence alignment of the human RAMP2 protein

was performed along with other RAMP2 proteins across
different species to examine the conservation of the residues.
The possible damaging effects of the pathogenic variant on
the structure and function of RAMP2 were predicted
using SIFT, PolyPhen2_HDIV, PolyPhen2_HVAR, LRT,
Mutation Taster, Mutation Assessor, M-CAP, Fathmm-
MKL, and CADD.

Expression constructs and mutagenesis
Human calcitonin receptor-like receptor (CRLR, NM_00579)
and RAMP2 complementary DNA (cDNA) ligated into the
SgfI/MluI sites of a mammalian expression plasmid (pCMV6-
myc/DDK) were obtained from OriGene. The RAMP2
plasmid was used as a template to generate specific mutations
of RAMP2 using the QuikChange II Site-Directed Mutagen-
esis kit (Stratagene) (Supplementary Table 4).

Cell culture and transfection
COS-7 monkey kidney fibroblast-like cells and 293 T cells
were maintained in 60-mm culture dishes (Corning) with
Eagle’s Minimal Essential Medium (Invitrogen) supplemented
with 10% fetal bovine serum (FBS; Invitrogen) and antibiotics
(1% penicillin–streptomycin; Invitrogen). Cells (105/cm2)
were transfected with the wild-type (WT) or mutant RAMP2
constructs using Lipofectamine® 3000 Reagent (Invitrogen) in
Opti-MEM® I (Invitrogen).

Expression analysis in human ocular tissues
A deceased 55-year-old Han Chinese male graciously donated
human ocular tissues. Total RNA from the optical nerve,
retina, iris, corneal, and trabecular meshwork was extracted
with TRIzol (Invitrogen). Semiquantitative polymerase chain
reaction (PCR) was performed for RAMP2. A housekeeping
gene (GAPDH; NM_001256799.2) was used as an internal
control, with its transcripts amplified in parallel reactions.
The sequences of the primers used for semiquantitative PCR
are listed in Supplementary Table 5.

Immunofluorescence and western blotting
COS-7 cells (American Tissue Culture Collection, Manassas,
VA) and retinal sections were fixed, permeabilized, and
followed by immunostaining (see details in Supplementary
Materials). Samples were imaged with a confocal microscope
(Leica). Mouse retinas were lysed for transferring to a
nitrocellulose membrane (Millipore) and followed by anti-
body incubation (see details in Supplementary Materials).
Image Quant LAS4000 mini Luminescent image analyzer was
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used for image acquisition (GE Healthcare). The comparison
of RAMP expression in each group was analyzed by t test.

Generation of Ramp2 knockout mice
The Ramp2 knockout mice were generated using the TALEN
technique. To disrupt the Ramp2 gene in a mouse, a pair of
TALEN plasmids was constructed to target exon 2 of the
mouse Ramp2 gene. A total of 35 offspring was derived by
microinjection. After DNA sequencing, one mouse was found
to carry a heterozygous frameshift pathogenic variant
within exon 2 of the Ramp2 gene. In this mouse, an A
residue was missing within TCTCTTCCGGAGTC and a C
residue was missing at the position immediately preceding
TCTCTTCCGGAGTC. The heterozygous Ramp2 knockout
(Ramp2+/−) mice were bred for three generations to dilute
potential off-target pathogenic variants before they were used
in experiments.

Animal husbandry
All animals were treated according to the guidelines of the
Association for Research in Vision and Ophthalmology for
the use of animals in research. The Animal Care and Use
Committee of the Sichuan Provincial People’s Hospital
approved all experimental protocols.

Measurement of intracellular cAMP
Wild-type (WT) and mutant RAMP2s were cotransfected
with WT CRLR in 293 T cells (American Tissue Culture
Collection, Manassas, VA). Transfectants grown in 24-well
culture plates were incubated for 15 minutes at 37 °C with
different concentrations of adrenomedullin (AM) in Hanks’

buffer containing 20 mM HEPES, 0.2% BSA, 0.5 mM
3-isobutyl-1-methylxanthine (IBMX; Sigma). The reactions
were terminated by the addition of lysis buffer (GE
Healthcare), after which the cAMP content was determined
with a commercial enzyme immunoassay kit according to the
manufacturer’s instructions (GE Healthcare) using a non-
acetylation protocol. The difference for cAMP concentration
in each group was analyzed by t test.

RGC death analysis and cAMP assay in vivo
The WT and Ramp2+/− mice were killed at three months of
age and their eyeballs fixed using 4% paraformaldehyde.
Cryosection and immunostaining procedures were performed
as described above. The retinal sections were stained using a
TUNEL assay kit (Roche). The retinal sections were stained
with a rabbit anti-cAMP antibody (1:200, Millipore, 116820-
1ST) (see details in Supplementary Materials) and viewed
using a confocal microscope (Leica).

RESULTS
Variants in the RAMP2 gene were identified among
patients with POAG
By using the IlluminaTruSeq enrichment system capture and
the HiSeq 2000/2500 Sequencer (Supplementary Fig. 1 and 2),
an average of 9.97 Gb of raw sequence data was generated
with 112× depth of exome target regions for each individual
as paired-end 101 base pair reads in the discovery cohort
(Table 1 and Supplementary Table 2). In total, samples from
398 Han Chinese patients with POAG and 2010 unrelated
Han Chinese control individuals were successfully sequenced
and analyzed (Supplementary Fig. 1).

Table 1 RAMP2 variants identified among unrelated patients with POAG

Cohort Sample identifier Sex Age of diagnosis (years) Genomic positiona Exon Protein cDNA

Discovery K148 Female 62 chr17:40913871 2 p.Glu39Asp c.117G>C

Discovery K441 Male 70 chr17:40913871 2 p.Glu39Asp c.117G>C

Discovery K182 Female 77 chr17:40914680 4 p.Asn113fs c.338_339insA

Replication 1 KQ202 Male 66 chr17:40913871 2 p.Glu39Asp c.117G>C

Replication 1 K728 Male 72 chr17:40913871 2 p.Glu39Asp c.117G>C

Replication 1 K-906 Male 48 chr17:40913871 2 p.Glu39Asp c.117G>C

Replication 1 G898 Female 73 chr17:40914680 4 p.Asn113fs c.338_339insA

Replication 1 KQ001 Male 65 chr17:40914769 4 p.Glu143Lys c.427G>A

Replication 1 KQ054 Female 64 chr17:40914769 4 p.Glu143Lys c.427G>A

Replication 1 KQ016 Male 45 chr17:40914769 4 p.Glu143Lys c.427G>A

Replication 1 GL146 Male 65 chr17:40914769 4 p.Glu143Lys c.427G>A

Replication 2 NTG97 Female 60 chr17:40913914 2 p.Glu54Lys c.160G>A

Replication 2 G347 Female 48 chr17:40913914 2 p.Glu54Lys c.160G>A

Replication 2 G9807 Male 79 chr17:40914769 4 p.Glu143Lys c.427G>A

Replication 2 G6507 Male 42 chr17:40914853 4 p.Ser171Arg c.511A>C

Replication 3 ICG-61 Female 13 chr17:40914650 4 p.Phe103Ser c.308T>C

Total 16 variants in 4763 cases of POAG, 0 variant in 10,953 controls
The present study analyzed a total of 4763 cases and 10,953 controls. Discovery cohort: Han Chinese (398 cases, 2010 controls); replication cohort 1: Han Chinese
(3194 cases, 7880 controls); replication cohort 2: German (721 cases, 653 controls); replication cohort 3: India (450 cases, 410 controls).
cDNA complementary DNA; POAG primary open-angle glaucoma.
aGenomic positions are according to NCBI build 37.
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We used both joined call and individual call methods for
variant calling. The average summary data output of each
sample is shown in Supplementary Table 2. Overall, 677,000
variants were detected in the samples, including 328,000
coding variants, among which 201,000 were not silenced and
143,000 were rare coding variants with a minor allele
frequency (MAF) of <0.001. Each participant had an average
of 75,000 variants, including 20,000 variants in coding
regions, of which there were 9515 nonsynonymous changes
and 404 coding indels. No population stratification was found
by principal component analysis of their genotypes (Supple-
mentary Fig. 3).
We selected candidate genes that met all the following three

standards to be considered as causative of POAG. First,
candidate genes represented nonsilent variants only in the 398
POAG cases but not in the 2010 control individuals;22,23

second, candidate genes harbored at least one “disruptive”
variant (nonsense, frameshifts, or in splice sites);24 and third,
the variant was present in at least two cases of POAG. In all,
three genes including receptor activity-modifying protein 2
(RAMP2), serine incorporator 1 (SERINC1), and histone
cluster 1 H4 family member D (HIST1H4D) were identified to
meet our stringent criteria (Table 1 and Supplementary
Table 6). We further validated the three genes in the
replication cohorts and found that the variants identified in
the ES discovery stage in the SERINC1 and HIST1H4D genes
were present in controls in the replication stage, and thus the
two genes were excluded. Further replication of the RAMP2
gene showed that the variants identified in the ES discovery
stage were present only in the POAG patients and not in the
controls in the different cohorts including Han Chinese,
German, and Indian populations. Results of the functional
study further evidenced RAMP2 as a potential POAG
gene. For these variants in the RAMP2 gene, patient K182
had an insertion variant (c.338_339insA, p.Asn113Lysfs*10),
and patients K148 and K441 were found to carry a
missense variant in this gene (c.117G>C, p.Glu39Asp, Table 1,
Fig. 1a, d). The two variants in the three POAG patients were
confirmed using Sanger sequencing. All of the RAMP2
variants identified in our ES analysis are shown in
Supplementary Table 7.
Then, we screened variants by direct Sanger sequencing of

the whole exomes of RAMP2 in three replication cohorts: a
Han Chinese cohort (3194 cases and 7880 controls), a
German cohort (721 cases and 653 controls), and an Indian
cohort (450 cases and 410 controls) (Supplementary Table 1).
Among these participants, no close relatives were included
based on calculation of genome-wide identity-by-state and
identity-by-descent among all the samples by Plink. In the
Han Chinese cohort, the p.Asn113Lysfs*10 and p.Glu39Asp
variants, plus a novel heterozygous variant (p.Glu143Lys),
were observed in 8 of the 3194 POAG cases (Table 1 and
Fig. 1). In the German cohort, the p.Glu143Lys variant,
along with two novel heterozygous variants (p.Glu54Lys and
p.Ser171Arg), were found in 4 of the 721 POAG cases
(Table 1 and Fig. 1). In the Indian cohort, 1 novel variant

(p.Phe103Ser) was identified in 1 of the 450 POAG cases
(Table 1 and Fig. 1c). No amino acid changes in the RAMP2
protein were detected among the control groups included in
either the discovery or the replication cohorts. In total, six
variants that affected the RAMP2 protein (p.Glu39Asp,
Asn113Lysfs*10, Glu54Lys, Phe103Ser, Ser171Arg, and
Glu143Lys) were identified among 16 of the 4763 POAG
cases analyzed in the present study (Table 1 and Fig. 1). The
main features of the POAG patients with the RAMP2 gene
variants are listed in Supplementary Table 8. Of the six
RAMP2 variants, two had CADD score of >20 and one was a
frameshift mutant, suggesting that the three variants may
affect RAMP2 function. The remaining three RAMP2 variants
were very rare and were not found in the controls, whilst they
did not have a high CADD score. Thus, we speculated that
these variants identified in our study may affect RAMP2
function (Supplementary Table 9).

Mutant RAMP2 proteins aggregated in transfected cells
and disrupted cAMP signaling pathway
The genetic analysis indicated that variants in RAMP2 were
strongly associated with POAG. To examine if the RAMP2
variants found in POAG might potentially affect the protein
function, we performed multiple sequence alignments among
orthologs and functional predictions for different species of
RAMP2 using different prediction tools (Fig. 1 and
Supplementary Table 7). This analysis showed that the amino
acids corresponding to most of the RAMP2 variants were
highly conserved during evolution (Fig. 1).
RAMP2 encodes a single-domain transmembrane protein.25

Five of the variants identified in this study were located within
the extracellular region of RAMP2, whereas the sixth variant
(Ser171Arg) was located in the cytoplasmic region of this
protein (Supplementary Fig. 4). To explore the mechanisms
through which the mutant forms of RAMP2 are involved in
the pathogenesis of POAG, we first investigated the expres-
sion profile of RAMP2 in different human tissues. The
semiquantitative PCR results indicated that RAMP2 was
ubiquitously expressed in all human tissues, including optic
nerve head and retina (Supplementary Fig. 5). We then
investigated the intracellular distribution of RAMP2 in the
COS-7 cells transfected with the recombinant myc-DDK
(Flag)-tagged RAMP2 plasmids. Compared with the diffused
distribution of WT RAMP2 in cytoplasm, all six RAMP2
mutants aggregated in the cells (Fig. 2), implying that the
variant may disrupt the normal trafficking of RAMP2 and
thus have adverse effects on the function of RAMP2.
Upon binding AM, the RAMP2-CRLR (calcitonin receptor-

like receptor) complex activates the cAMP signaling
pathway25,26 and leads to accumulation of cAMP in cultured
cells.27,28 The presence of cAMP seems to be beneficial toward
the survival of retinal ganglion cells (RGCs).29,30 Therefore,
we hypothesized that RAMP2 variants could cause POAG,
affecting the RAMP2-CRLR complex and thus interrupting
the cAMP signaling. To investigate whether the observed
RAMP2 variants disrupt the normal biological functions of
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RAMP2, we cotransfected mutant RAMP2 proteins with
CRLR and analyzed intracellular cAMP expression in 293
T cells stimulated with AM. In the cells expressing mutant
RAMP2 proteins, the cAMP concentration in the cells
expressing mutant RAMP2 Asn113Lysfs*10 and Phe103Ser
was significantly lower compared with that in the cells
expressing WT protein after AM (10−7 mol/L) treatment
(P= 0.001) (Supplementary Fig. 6). Therefore, the mutant
RAMP2 proteins indeed disrupt the AM-RAMP2/CRLR-
cAMP signaling pathway in vitro.

Ramp2+/− mice displayed glaucoma features of RGC death
Immunohistochemical analysis also indicated that RAMP2
was strongly expressed within the mouse RGC layer, where it
colocalized with the RGC marker Brn3a (Fig. 3a). This is
consistent with previous reports,31,32 and suggests that
RAMP2 might have an important function in RGC survival.
Subsequently, we investigated whether disruption of Ramp2
in mice would mimic the clinical features of glaucoma. We
used TALEN technology to generate a Ramp2+/− mouse
model (the homozygous Ramp2 knockout [Ramp2−/−] mice
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Fig. 1 Chromatograms of the pathogenic variants detected in the RAMP2 gene and multiple sequence alignment of RAMP2 proteins across
species. (a) Glu39Asp(c.117G>C), (b) Glu54Lys (c.160G>A), (c) he103Ser (c.308T>C), (d) sn113Lysfs*10 (c.338_339insA), (e) Glu143Lys (c.427G>A), (f)
Ser171Arg (c.511A>C). Vertical red arrows denote nucleotide changes. The red boxed amino acid residues indicate that most of them occurred at highly
conserved positions among all species analyzed.

GONG et al ARTICLE

GENETICS in MEDICINE | Volume 21 | Number 10 | October 2019 2349



Myc DAPI Merge

WT

a

c

e

g

Myc DAPI Merge

f

d

b

E39D

F103S

E143K

E54K

N113fs

S171R

Fig. 2 Mutant RAMP2 proteins formed intracellular aggregates. A lower magnification (myc staining, green) showed the expression of wild-type (WT)
RAMP2 (a) and mutant RAMP2s (b–g) in COS-7 cells. (a) WT RAMP2 was diffusely distributed within the cytoplasm; (b–g) mutant RAMP2s formed
intracellular aggregates. Each experiment was replicated in triplicate. Nuclei were stained with 4’-6-diamidino-2-phenylindole (DAPI). Scale bar: 10 μm.

WT

a

b

RAMP2 Brn3A DAPI Merge

Ramp2+/–

20 kDa Anti-RAMP2

Anti-β-actin

293T cell Mouse
80

60

R
A

M
P

2 
ex

pr
es

si
on

no
rm

al
iz

ed
 b

y 
β-

ac
tin

40

20

0

*
*WT Ramp2+/–

c d

Mouse

WT Ramp2+/–

pCMV-WT-RAMP2 –

293T cell

pCMV-WT-RAMP2 –

43 kDa

Fig. 3 RAMP2 expression in mouse retinal layers.(a, b) Immunofluorescence analysis showed that RAMP2 (green) is expressed in the RGC layer
and internucleus layer in WT mice and is colocalized with Brn3A (red) in the RGC layer. RAMP2 expression was largely reduced in the retina of Ramp2+/−

mice, compared with WT mice. (c, d) Western blotting analysis showed reduction of RAMP2 expression in the retina of Ramp2+/− mice when compared
with that in WT (P= 0.01). The asterisk indicates a P < 0.05 by t test. The expression of the housekeeping protein β-actin was shown as a reference;
transfected and nontransfected 293 T cells were used for positive and negative controls. Each experiment was replicated in triplicate. Nuclei were stained
with 4’-6-diamidino-2-phenylindole (DAPI). RGC retinal ganglion cell, WT wild-type. Scale bar: 20 μm.

ARTICLE GONG et al

2350 Volume 21 | Number 10 | October 2019 | GENETICS in MEDICINE



displayed embryonic lethality31). As shown by western
blotting and immunofluorescence, the expression of RAMP2
protein was decreased in the Ramp2+/− mice compared with
WT littermate controls (P= 0.01, Fig. 3b–d). Meanwhile, we
found that 74.7% of RGCs were Brn3A-positive in each
staining section of the retinas in Ramp2+/− mice, whereas
78.4% of RGCs were Brn3A-positive in the WT mice,
indicating loss of RGCs in the Ramp2+/− mice.
Haploinsufficiency has been demonstrated for the Ramp2

gene, with the ablation of one allele leading to embryonic
lethality among mice with a C57/BL6 background.31 To avoid
this problem, we used the CD-1 genetic background to
generate Ramp2+/− mice (see “Materials and Methods”).
Because ablation of one Ramp2 allele could affect survival of
mice, we hypothesized that the retina of Ramp2+/− mice
would display reduced sensitivity in response to stimulation
by AM. Our results showed that upon an in vivo treatment of
the retina with AM, less cAMP was present in the RGCs of
Ramp2+/−, compared with the WT mice (P= 0.01, Fig. 4a, b),
suggesting that both alleles of Ramp2 are required for cAMP
function in the retina in vivo, which is consistent with the
in vitro results.

RGC death is a characteristic feature of glaucoma. We thus
examined Ramp2+/− mouse retina by TUNEL assay. Six of
the ten Ramp2+/− mice tested at three months of age were
found to have RGC death, whereas no apoptosis was found in
WT controls. AM can regulate normal vascular development,
and AM−/− mice exhibit defective vascular development.31,33

Furthermore, the AM-RAMP2 system protects nerve cells
from both acute and chronic cerebral ischemia.31,34 AM has
been shown to be up-regulated in retina under hypoxic
conditions, and may play a protective role during retina
ischemia.35 Normal oxygen levels are critical for proper
development of mouse retina and RGCs are sensitive to
oxygen fluctuation. RAMP2, as an AM receptor, may also
protect RGCs from ischemic injury. To address the impact of
hypoxic stress on RGCs of Ramp2+/−, the mice were placed
under a hypoxic condition with 9% O2 for three months. The
death of RGCs (green signal indicated by red arrows) was
evident in all the treated Ramp2+/− mice as shown by the
TUNEL assay (Fig. 4c). We found that 5.1% of all RGCs were
TUNEL-positive in each staining section of the retinas of the
Ramp2+/− mice. By contrast, no apoptosis was observed
among the WT control mice subjected to the same treatment.
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an apoptosis signal. Each experiment was replicated in triplicate. Nuclei were stained with 4’-6-diamidino-2-phenylindole (DAPI). INL inner nuclear layer, ONL
outer nuclear layer, RGC retinal ganglion cell, WT wild-type. Scale bar: 20 μm.
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Taken together, the data suggest that disruption of one Ramp2
allele in mice could lead to RGC death and display a
glaucoma-like phenotype.

DISCUSSION
In this study, RAMP2 was identified as a novel POAG gene by
exome sequencing and our results showed that RAMP2
pathogenic variants account for approximately 0.34% of all
POAG cases. Among the 16 mutations, it is noted that p.
Glu39Asp and p.Glu143Lys each occurred in four and five
patients, respectively, while p.Glu54Lys, another missense
mutation that also involves glutamic acid, was found in two
patients (Table 1). All were due to a glutamic base change in
the nucleotide sequence that affected the coding for glutamic
acid. The local sequence context could cause mutational bias
of genes.36 The respective positions in exons 2 and 4 of the
RAMP2 gene are likely susceptible sites of mutational changes
and give rise to hotspot mutations. We further investigated
alterations in the biological function of the mutated RAMP2
protein that potentially underpin the pathogenesis of sporadic
POAG by in vitro and in vivo assays.
The RAMP family comprises a group of single-

transmembrane domain proteins, including RAMP1, RAMP2,
and RAMP3. RAMP2, ubiquitously expressed in various
human tissues, is highly conserved across orthologs and is
required to transport CRLR to the plasma membrane.25 In the
presence of RAMP2, CRLR functions as an AM receptor that
can activate the cAMP signaling pathway. Among the various
Ramp knockout mice reported to date, only the Ramp2−/−

mouse has an embryonic lethal phenotype with cardiovascular
abnormalities that closely resemble AM−/− mice, suggesting
that the AM-RAMP2 pathway plays a vital part in the
cardiovascular system.31,34

Interaction of CRLR with RAMP2 is critical for AM binding
and activation of downstream cAMP signaling pathway. In
the present study, mutant RAMP2 proteins aggregated in
cytoplasm in the cultured cells, which might lead to affecting
its interaction with CRLR and disruption of CRLR-mediated
signaling pathway. As shown, a decrease of cAMP was found
in the RAMP2 mutant-expressing cells upon stimulation by
AM. Apart from its important function in the cardiovascular
system, RAMP2 has been demonstrated to function in RGC
survival. A recent study indicated an overlapping distribution
of CRLR, RAMP2, and AM in the retina, especially in the
somata of the inner nuclear and RGC layers among normal
mice.32 This finding suggests that AM, CRLR, and RAMP2
colocalize in normal RGCs to exert their usual biological
functions. Additionally, a clinical study showed that mean
AM levels in aqueous humor in POAG patients were
substantially higher compared with control individuals,
implying the AM-RAMP2/CRLR-cAMP axis may play an
important role in the development of POAG.
Oxygen level is a factor that may affect RGC survival. This

could be due to the fact that RGCs are relatively high
energy–demanding cells and are more sensitive to metabolism
change.35 We observed increased RGC death among Ramp2+/−

versus WT mice. This finding suggests that RGCs in
individuals carrying RAMP2 pathogenic variants may be more
susceptible to ischemia and hypoperfusion. The disruption of
one allele of the Ramp2 gene in mice may affect the biological
functions of RGCs, thereby leading to increased apoptosis of
these cells and the development of POAG. The RGC death
might be due to inadequate activation of the RAMP2-cAMP
signaling pathway in the RGCs of the mutant mice, as cAMP
levels were decreased in the RGC of Ramp2+/− mice after AM
treatment. Our results further supported previous studies
indicating cAMP might be important for RGC survival.37 We
measured the IOP of these Ramp2+/− mice and found that the
IOP was not elevated in the Ramp2+/− mice, suggesting that
the mutant Ramp2s could cause disease independent of
IOP. This could explain in part why some patients carrying
these RAMP2 variants displayed normal tension glaucoma
(Supplementary Table 8).
Two previous independent studies reported embryonic

lethality in mouse when one allele of Ramp2 was ablated in
the C57Bl6 background, suggesting that a normal dosage of
RAMP2 protein is essential for maintaining normal function
of RAMP2. Therefore, deletion of one Ramp2 allele in mouse
may affect its function in RGCs and thereby lead to RGC
death. Similarly, our results in this study showed that RGC
death was found in Ramp2+/− mice and RAMP2 mutants
exhibit a dominant genetic pattern in POAG patients. RGC
death, as a major clinical feature of POAG, poses an
appreciable clinical problem that can lead to irreversible
visual impairment. Unfortunately, no effective therapy for
POAG currently exists. Our results provide evidence that the
pathogenesis of POAG could be associated with cAMP
reduction in RGC death, as demonstrated in Ramp2+/– mice.
These findings increase the possibility that cAMP could be
used therapeutically to prevent the apoptosis of RGCs in
POAG. Indeed, forskolin, a potent adenylatecyclase agonist to
induce production of cAMP,38 has been shown to protect
RGCs from death both in vitro and in vivo.29,30

In conclusion, this study demonstrated that genetic disrup-
tion of RAMP2 might disturb the AM-RAMP2/CRLR-cAMP
axis and prevent RGCs from responding to AM stimulation,
resulting in RGC death. This finding supports that cAMP plays
an important role in RGC health, thus it could offer a potential
target for the treatment of POAG.
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