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Rare genetic variation in PTPRB is associated
with central serous chorioretinopathy,
varicose veins and glaucoma
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Central serous chorioretinopathy is an eye disease characterized by fluid
buildup under the central retina whose etiology is not well understood.
Abnormal choroidal veins in central serous chorioretinopathy patients have
been shown to have similarities with varicose veins. To identify potential
mechanisms, we analyzed genotype data from 1,477 patients and 455,449
controls in FinnGen. We identified an association for a low-frequency (allele
frequency = 0.5%)missense variant (rs113791087) in PTPRB, the gene encoding
vascular endothelial protein tyrosine phosphatase (odds ratio=2.85,
P = 4.5 × 10-9). This was confirmed in a meta-analysis of 2,452 patients and
865,767 controls from 4 studies (odds ratio=3.06, P = 7.4 × 10-15). Rs113791087
was associated with a 56% higher prevalence of retinal abnormalities (35.3% vs
22.6%, P = 8.0 × 10-4) in 708 UK Biobank participants and, surprisingly, with
increased risk of varicose veins (odds ratio=1.31, P = 2.3 × 10-11) and reduced risk
of glaucoma (odds ratio=0.82, P = 6.9 × 10-9). Predicted loss-of-function var-
iants in PTPRB, though rare in number, were associated with central serous
chorioretinopathy in All of Us (odds ratio=17.09, P = 0.018). These findings
highlight the significance of vascular endothelial protein tyrosine phosphatase
in diverse ocular and systemic veno-vascular diseases.

Central serous chorioretinopathy (CSC) is a maculopathy associated
with a thickened and dilated choroidal vasculature, retinal pigment
epithelium (RPE) detachments and subretinal fluid (SRF). CSC often
first manifests with decreased visual acuity in individuals between 30

and 50 years of age1. CSC is relatively commonworldwide, with annual
age-adjusted incidence estimates between 5.8:100,000 and
34:100,000 in different populations1,2; a prevalence as high as 1.7% has
been reported in India3,4.
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For some patients the SRF resolves spontaneously and quickly,
but for others the SRF persists or recurs leading to photoreceptor
damage and visual decline. Photodynamic therapy is a preferred
treatment for chronic CSC but is ineffective in resolving SRF in a
noteworthy percentage of patients2.

The etiology of CSC is not well understood, limiting therapeutic
development andprimaryprevention. Imaging of the choroidal vessels
via fluorescein and indocyanine green (ICG) angiography have
revealed characteristic focal leakage and staining patterns represent-
ing leakage of dye from the choroid to the subretinal space5,6. Several
risk factors have been noted, including endogenous and exogenous
corticosteroids and pregnancy7; however, none of these have a clear
known pathophysiologic mechanism causing CSC.

Original etiologic discussions focused on RPE hyperpermeability,
but this theory does not explain the notably thickened choroid with
dilated vasculature. Spaide and colleagues brought forth a convincing
mechanistic explanation in 2022 which incorporated recent enhanced
depth optical coherence tomography (OCT) and widefield ICG angio-
graphy findings and ascribed CSC at least in part to intrinsic venous
outflow insufficiency8. The dilated vasculature, delayed choroidal fill-
ing and arterio-venous anastomoses noted on ICG angiography con-
tribute toward a theory of CSC's being a venous overload
choroidopathy. The vascular remodeling in CSC has been compared
most closely to varicose veins, although the changes are on a much
smaller scale. Varicose veins are a common disease affecting
approximately 20% of the population (females more than males) and
represent a weakening of the vessel wall with resultant vascular dila-
tion in the lower extremity (typically in the greater and lesser saphe-
nous veins)9.

Genome-wide analysis of variants associated with CSC has
recently enjoyed success10–12. To date, these studies have identified 6
common variant loci linked to CSC. In a recent CSCmeta-analysis12, we
identified associated loci encoding genes that are preferentially
expressed in the choroidal vasculature, which complements the theory
of CSC's being a disorder of vascular competence. However, aside
from the well-documented Complement Factor H locus—shared
between CSC and age-related macular degeneration (AMD)10–13—no
coding variants or clearly causal non-coding variants have robustly
pointed to specific genes, and thus mechanistic understanding
remains limited.

Here, we conduct a genome-wide association study of CSC in new
data from the FinnGen study. We further evaluate the associations of a
newly identified locus with CSC and co-associated traits across 5 stu-
dies, including over 1.3 million individuals. These findings provide an
intriguing window into shared underlying pathophysiology between
ocular diseases and systemic vascular dysfunction.

Results
A genome-wide association study of CSC in FinnGen identifies a
missense variant in PTPRB
We began by conducting a case-control GWAS including 1477
patients with CSC and 455,449 controls in FinnGen (Supplementary
Data 1; Supplementary Results). The prevalence of other ocular
diseases among patients with CSC was low (Supplementary Data 2
and Supplementary Results). This analysis identified 3 loci at
genome-wide significance (P < 5 × 10-8; Fig. 1 and Supplementary
Fig. 1), 2 of which have been previously reported and are marked by
common noncoding variants at CFH (Complement Factor H) and
CD46 (Membrane cofactor protein). At the 12q15 locus, the lead
variant was a low-frequency (AF = 0.5%) missense variant
(rs113791087, 12:70559589:T:G) in the PTPRB (Protein Tyrosine
Phosphatase Receptor Type B; NCBI Gene ID: 5787) gene that
encodes the vascular endothelial protein tyrosine phosphatase (VE-
PTP) protein (UniProt ID: P23467) (Supplementary Fig. 2–3).
Rs113791087was associated with an increased risk of CSC (OR = 2.85
[2.01–4.05] per G allele, P = 4.5 × 10−9). Fine-mappingwith the sumof
single effects (SuSiE) approach identified a single credible set in the
locus that contained only the variant rs113791087 with a posterior
inclusion probability of 0.995 (Supplementary Data 3).

To ensure that this association was not confounded by AMD—
which has certain overlapping phenotypic and genotypic features with
CSC—we conducted a sensitivity analysis by excluding patients with
AMDsymmetrically frombothCSCpatients and controls andobserved
that the association of rs113791087 with CSC remained consistent
(1092patients and485,392 controls,OR = 2.95 [1.97-4.43],P = 1.8 × 10-7)
(Supplementary Datas 4–5). The effect size remained robust even after
excluding 37 diagnosis codes that reflect potentially confounding
causes of fluid maculopathy from patients and controls (769 patients
and 452,038 controls, OR = 3.15 [1.97–5.05], P = 1.8 × 10-6) (Supple-
mentary Datas 4–5)14.

Fig. 1 | Genome-wide association study of central serous chorioretinopathy in
FinnGen. A genome-wide association study of central serous chorioretinopathy
was conducted, including 1477 patients with central serous chorioretinopathy and
455,449 controls from the FinnGen study. Each genomic variant is plotted as a data
point, with P-values derived using logistic regression as implemented in Regenie
(v2.2.4) shown on the y-axis on a logarithmic scale and chromosomal position

shown on the x-axis. All P values are two-sided and were not adjusted for multiple
comparisons. The genome-wide significance threshold (P = 5×10-8) is shown with a
dashed line. In each of three loci reaching genome-wide significance, the nearest
protein-coding gene to the lead variant is labeled (blue = previously reported loci,
red = novel locus).
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Replication and meta-analysis of the association of PTPRB
rs113791087 with CSC
We carried out replication of variants in the PTPRB locus in 3 inde-
pendent studies, including newly analyzed data from the Million
Veteran Program (MVP) participants of European ancestry (706
patients with CSC and 273,198 controls, Supplementary Data 1), newly

analyzed data from All of Us participants of European ancestry (133
patients with CSC and 103,600 controls, Supplementary Data 1), and
data from a previously reported European chronic CSC cohort (521
patients with chronic CSC and 3,577 population controls)10. Patients
with AMDwere excluded from all newly analyzed studies contributing
to the meta-analysis and had been previously excluded from analyses

Fig. 2 | Associations of the PTPRBmissense variant rs113791087 with central
serous chorioretinopathy in 4 studies. The association of rs113791087 with cen-
tral serous chorioretinopathy (CSC) was examined in 4 different studies. In all
biobank-based studies (FinnGen, Million Veteran Program [MVP] and All of Us)
included in the meta-analysis, patients with CSC were identified based on Inter-
national Statistical Classification of Diseases codes, and all participants with age-
relatedmaculardegenerationwereexcluded frompatients andcontrols following a
harmonized study protocol. In the chronic CSC (cCSC) cohort, patients were
identified from ophthalmological clinics based on expert review. Odds ratios (OR)
and P-values were derived using logistic regression as implemented in Regenie
(v2.2.4) in FinnGen, SAIGE (v1.3.0) in MVP, and Regenie (v3.2.2) in All Of Us.

Association estimates and two-sided p-values were previously derived in the Eur-
opean cCSC cohort using the firth bias-corrected likelihood ratio test. An inverse-
weighted fixed-effects meta-analysis was also conducted to combine data from all
studies. The point estimates of the odds ratios are shown with circles for the
individual studies and with a square for the meta-analysis, and 95% confidence
intervals (CI) are denotedwith lines. For the All of Us cohort, the upper range of the
confidence interval is truncated (arrow). We observed no statistically significant
heterogeneity for rs113791087 in the meta-analysis (I2 = 0.48, Q-statistic = 5.8,
Q-statistic P value = 0.12). All P-values are two-sided and were not adjusted for
multiple comparisons.
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Fig. 3 | Retinal abnormalities in optical coherence tomography images by
PTPRB rs113791087 genotype status in UK Biobank. Optical coherence tomo-
graphy (OCT) images of 266 participants with the rs113791087 G allele (GG or GT
genotype) and 442 age-matched participants lacking the G allele (TT genotype)
were obtained from UKB. Images were independently evaluated by 3 retina spe-
cialists who were blinded to genotype. Each grader was tasked with identifying and
categorizing retinal pigment epithelium (RPE) abnormalities according to the fol-
lowing categories: rare drusen (1−5), drusen (>5), pattern dystrophy, pigment epi-
thelial detachment (PED) or nonspecific RPE irregularity, and other rare findings
(subretinal fluid, pachychoroid pigment epitheliopathy, atrophy, intraretinal fluid,
or evidence of central serous chorioretinopathy). Panel a depicts a B-scan superior

to the fovea showing an area of RPE irregularity and pigment migration (arrow-
head) from a randomly selected participant, who had the TT genotype. Panel
b depicts a B-scan inferior to the fovea showing a second area of RPE irregularity
and pigment migration (arrowhead) in the same participant. Panel c shows the
prevalence of abnormalities (denoted with circles) for participants with the GG or
GT genotype (red) and TT genotype (blue). Statistical significance was evaluated
using logistic regression, including age, sex, examiner and the first 10 PCs as cov-
ariates. The P-value is two-sided and not adjusted for multiple comparisons.
Binomial proportion 95% confidence intervals were calculated using the Agresti-
Coull method. Optical coherence tomography images are reproduced by kind
permission from UK Biobank ©.
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of the chronic CSC cohort10. We observed consistently significant
associations between rs113791087 and CSC in all studies (Fig. 2 and
Supplementary Data 5) and in a cross-study meta-analysis of the locus
(OR = 3.06 [95%CI 2.31-4.06], P = 7.3 × 10−15; 2452patientswithCSC and
865,767 controls) (Supplementary Fig. 4). Additionally, rs113791087
was the lead variant in its locus in the All of Us study even when
considering all variants with a minor allele count > 40 uncovered by
whole genome sequencing (Supplementary Fig. 5). The point estimate
washigher inAllOfUs (OR = 8.28 [95%CI 3.37–20.33]; 133 patientswith
CSC and 103,600 controls) compared with studies that includedmore
patients with CSC, but confidence intervals were overlapping between
all studies. All 133 patients with CSC in All of Us were unrelated.

In addition to the broad sensitivity analysis conducted in FinnGen,
the granularity of ICD-10-CMand ICD-9-CMcodes inMVP allowedus to
examine the association of rs113791087 with dystrophies primarily
involving the RPE (H35.54 and 362.76, respectively), an endpoint that
includes pattern dystrophywhich can pose a diagnostic challengewith
respect to CSC. We observed no significant association of rs113791087
with this outcome (OR = 1.20 [0.78–1.86], P =0.41; 2228 patients and
311,134 controls).

We also evaluated another missense variant in the PTPRB gene
(rs61758735, 12:70555234:G > A, AF =0.69%), which has previously
been suggestively associated with CSC in 2 Dutch families in an exome
sequencing study15. Rs113791087 is in linkage equilibrium with
rs113791087 based on in-sample data from FinnGen (R2 = 0.0) and the
1000 Genomes European subpopulation reference panel (R2 = 0.0)16.
In the meta-analysis of 4 studies, rs61758735 was associated with
increased risk of CSC at nominal significance although with a smaller
effect size than rs113791087 (OR = 1.63 [1.15–2.32], P =0.006142).

No evidence of association between rs113791087 and circulating
VE-PTP levels
Wedid not observe evidence of association between rs113791087 and
circulating VE-PTP (the protein encoded by PTPRB) levels in FinnGen
(Beta = -0.267 on the inverse rank normalized scale, SE = 0.205,

P = 0.71), in a query of UK Biobank protein quantitative locus sum-
mary statistics published by Sun et al (Beta = -0.082 on the inverse
rank normalized scale, SE = 0.053, P = 0.12)17, or in a Z score based
meta-analysis of the two datasets (Z = -1.36, P = 0.17).

Rs113791087 is associated with retinal abnormalities on optical
coherence tomography
Genetic risk may manifest in subclinical differences even in the
absence of diagnosed disease. To identify retinal characteristics
potentially associated with the rs113791087 variant, we extracted
optical coherence tomography (OCT) images from 266 participants
whowere heterozygous or homozygous for the G allele of rs113791087
and 442 age-matched participants with the TT allele in UK Biobank
(UKB). These images were graded by 3 ophthalmologists blinded to
genotype status.We observed a 56% relative increase in the prevalence
of retinal abnormalities at the level of the RPE in participants with the
GT or GG genotype compared to participants with the TT genotype
(35.3% vs 22.6%, P =0.00078 corrected for age, sex, examiner and first
10 PCs) (Fig. 3 and Supplementary Data 7).

Co-associations of PTPRB rs13791087 with varicose veins and
glaucoma revealed by a phenome-wide association study in
FinnGen
Weconducted a phenome-wide association study of 2,469phenotypes
in FinnGen to identify potential pleiotropic effects of the PTPRB
rs113791087 variant. We observed a genome-wide significant associa-
tion with varicose veins of the lower extremity (OR = 1.39 [1.25–1.54],
P = 3.1 × 10-10, 38,467 patients and 432,223 controls) (Fig. 4 and Sup-
plementary Data 7). Among the most significant suggestive-level
associations, we noted an increased risk of venous thromboembolism
(OR = 1.29 [1.15–1.45], P = 1.8 × 10-5, 26,333 patients and 474,015 con-
trols), an increased risk of pleural effusion (OR = 1.55 [1.24–1.94],
P = 9.5 × 10-5, 6136 patients and 479,655 controls), and a reduced risk of
glaucoma (OR =0.79 [0.69–0.90], P = 5.1 × 10−4, 26,591 cases and
23,483 controls). Locus plots for these traits, including the PTPRB
region are depicted in Supplementary Fig. 6–10. Results from fine
mapping with SuSiE for the outcome of varicose veins are given in
Supplementary Data 8; no credible sets were observed for the
suggestive-level traits, possibly reflecting limited statistical power.

In contrast with CSC and glaucoma, rs113791087 was not sig-
nificantly associated with common eye diseases including wet AMD
(OR= 1.05 [0.81–1.35], P =0.72), dry AMD (OR= 1.03 [0.82–1.29],
P =0.79), or diabetic retinopathy (OR =0.98 [0.82–1.18], P =0.59).
Because VE-PTP has been investigated as a specific target for diabetic
macular edema18, we conducted further association analyses limited to
participants with type 1 or type 2 diabetes, and observed no significant
associations of rs113791087 with diabetic retinopathy among type 1
(OR = 2.14 [95% CI 0.88–5.20], P = 0.092; 2712 patients and 1116 con-
trols) or type 2 diabetic patients (OR =0.88 [95% CI 0.66–1.16],
P =0.36; 5443 patients and 77,435 controls), or with diabetic maculo-
pathy among type 1 (OR = 1.40 [95%CI 0.53–3.71], P = 0.50; 715 patients
and 3113 controls) or type 2 diabetic patients (OR =0.79 [95% CI
0.49–1.29], P =0.35; 1724 patients and 81,154 controls).

To better understand the co-association of rs113791087 with CSC
and varicose veins of the lower extremity, we evaluated the association
of these diseases in the general FinnGen population. We observed no
difference in the risk of CSC among all participants with varicose veins
(OR =0.99 [95% CI 0.98–1.01], P =0.43), suggesting that the shared
association of rs113791087 with both outcomes may be reflective of
true causal associations with both phenotypes rather than simple
population-level correlation between the phenotypes.

The clinical manifestations of varicose veins of the lower extre-
mity are broad-ranging and include, among others, asymptomatic
venous dilation, edema, and ulceration. In analyses of ICD code-based
varicose vein subtypes in FinnGen, we observed that rs113791087 was

Fig. 4 | Phenome-wide association study of the PTPRB missense variant
rs113791087 in FinnGen. To identify potential pleiotropic associations of the
rs113791087 variant, a phenome-wide association study was conducted including
2,469phenotypes as outcomes using logistic regression as implemented inRegenie
(v2.2.4). All P values are two-sided andwere not adjusted formultiple comparisons.
Data are shown for all phenotypes thatwere at least nominally associated (P <0.05)
with rs113791087. The negative common logarithm of each P value is shown on the
y-axis. The genome-wide significance threshold (P = 5×10-8) is shown with a dashed
line. Thedirectionof associationwith the risk of eachdisease isdenotedby symbols
(arrow up = increased risk, arrow down = decreased risk).
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associated with uncomplicated varicose veins of the lower extremity
(OR = 1.39 [1.25–1.53], P = 4.3×10-10; 38,025 patients and 455,679 con-
trols), but not with ulcerated varicose veins of the lower extremity
(OR =0.93 [0.68–1.28], P =0.67; 4075 patients and 455,679 controls).

Given that single-variant PheWAS cannot reliably differentiate
between causal associations and confounding due to linkage dis-
equilibrium with neighboring variants, we formally evaluated the
probability that rs113791087 is the causal variant for each top trait from
the FinnGen PheWAS using Coloc adapted Phenome-wide Scan
(CoPheScan, Supplementary Methods) with in-sample linkage dis-
equilibrium (LD) information in FinnGen19. CoPheScan assigned a high
posterior probability (PP.Hc > 0.99) for rs113791087 being the causal
variant for most top traits (glaucoma, venous thromboembolism,
diseases of veins, lymphatic vessels and lymph nodes not elsewhere
classified, and pleural effusion). CoPheScan assigned a lower prob-
ability for rs113791087 being causal for the outcome of any varicose
veins (PP.Hc = 0.078) (Supplementary Data 9), but a high probability
for rs113791087 being causal for the more specific outcome of
uncomplicated varicose veins (PP.Hc > 0.99).

Cross-study meta-analyses of most significant disease associa-
tions for rs13791087
We evaluated the robustness of associations between rs113791087 and
the top 5 distinct diseases from the FinnGen phenome-wide associa-
tion study by conducting single-variant meta-analyses including data
from FinnGen, MVP, UKB, and All of Us (Fig. 5 and Supplementary
Datas 10-14). In this meta-analysis, rs113791087 was associated with an
increased risk of uncomplicated varicose veins (OR = 1.31 [95% CI
1.21–1.42], P = 2.3×10−11; 62,621 patients and 1,341,326 controls) (Fig. 5
and Supplementary Data 14). We also observed an associationbetween
rs113791087 and a reduced risk of glaucoma at genome-wide

significance (OR =0.82 [95% CI 0.76–0.88], P = 6.9×10−9; 125,075
patients and 1,290,261 controls); the effect estimate was concordant
for primary open-angle glaucoma (OR =0.82 [95% CI 0.72–0.93],
P =0.0014; 35557 patients and 1366253 controls). Consistent with this
observation, rs113791087 was also associated with 0.51mmHg [95% CI
0.26–0.76mmHg] lower mean intraocular pressure (P = 5.2×10-5)
among 77,449 UKB participants.

In addition to the genome-wide significant associations, in the
cross-study meta-analyses we observed a suggestive association
between rs113791087 and an increased risk of venous thromboembo-
lism (OR = 1.21 [95% 1.12-1.32], P = 4.6×10-6; 59887 patients and 1237762
controls). Association estimates for the constituent endpoints of pul-
monary embolism (OR = 1.24 [95% CI 1.12–1.38], P = 2.9×10-5; 36456
patients and 1395022 controls) and deep vein thrombosis (OR = 1.15
[95% CI 1.00–1.31], P =0.044; 23316 patients and 894706 controls)
were directionally concordant.

Expression of PTPRB in ocular tissues and cultured choroidal
endothelial cells
Given the broad spectrum of traits associated with rs113791087, we
asked whether PTPRB is expressed in specific ocular tissues with
plausible local disease relevance—as opposed to reflecting possible
systemic effects on multiple outcomes. Using publicly available
ocular single-cell RNA sequencing datasets, we observed pro-
nounced expression of PTPRB in the endothelial cells of capillaries,
arteries and veins, both in an integrated multi-tissue dataset of
choroid, RPE and retina and in a choroid-specific dataset (Supple-
mentary Fig. 7)20–23. PTPRB expression was also in the top 10%
of genes (1,068/13,187) ranked by bulk expression in
cultured choroidal endothelial cells from cadaveric human donors
(Supplementary Fig. 11)24.

Fig. 5 | Cross-study meta-analyses of other diseases most significantly asso-
ciated with the PTPRBmissense variant rs113791087. The distinct diseases most
significantly associated with rs113791087 in the phenome-wide association study of
rs113791087 in FinnGen were carried forward for multi-study meta-analyses,
including available data from FinnGen, UKBiobank (UKB),Million Veteran Program
(MVP), and All of Us (AoU). Pulmonary embolism and deep vein thrombosis were
examined separately as the major subtypes of venous thromboembolism, and
primary open-angle glaucoma was examined separately as a major subtype of

glaucoma. Odds ratios (OR) and P values were derived using logistic regression as
implemented in Regenie (v2.2.4) in FinnGen, SAIGE (v1.3.0) in MVP, and Regenie
(v3.2.2) in AllOfUs. Association results fromcontributing studieswere combined in
an inverse variance-weighted meta-analysis. Point estimates of the odds ratios are
shown with circles for each phenotype, and 95% confidence intervals (CI) are
denoted with lines. All P-values are two-sided and were not adjusted for multiple
comparisons.
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Predicted structural effect of rs113791087 on the interaction of
VE-PTP with VE-Cadherin
Rs113791097 is an ILE → LEU change that lies at position 1272 in VE-
PTP, the protein encoded by PTPRB. VE-PTP is a transmembrane
protein that has an extracellular domain (where the variant lies) and
an intracellular catalytic domain. The intracellular domain has been
crystalized, while the extracellular domain has not been crystalized
due to its inherently disordered nature. While the intracellular
catalytic domain has been shown to be important for depho-
sphorylation of the Tie-2 receptor, the extracellular domain has
been shown to be important in binding and stabilization of VE-
Cadherin, specifically via reversal of VEGFR-2 mediated tyrosine
phosphorylation of VE-Cadherin which leads to increased vascular
permeability25. In fact, Nawroth et al. showed that the intracellular
catalytic domain is not needed for VE-PTP to bind VE-Cadherin and
reduce the permeability of endothelial cells. Though the extra-
cellular domain has not been crystallized, we investigated whether
an in silico structural prediction of the extracellular domain sur-
rounding the VE-PTP Ile1272 amino acid is predicted to bind VE-
Cadherin using AlphaFold 326. We found that the amino acid in
question lies in a fibronectin type III-like domain and faces VE-
Cadherin (Supplementary Fig. 12). We ran structure-based network
analysis (SBNA, a published method shown to correctly assign
pathogenicity to coding variants based on predicted structural
effect27–29) to test whether Ile1272Leu in this configuration is pre-
dicted to have a pathogenic effect. The SBNA scores were in the
range of pathogenicity (average SBNA score 2.83, range 1.7—4.8,
based on five AlphaFold 3 models; SBNA scores for pathogenic
variants in Hauser et al. had a median of 0.947, with higher being
more pathogenic29).

Disease associations of predicted rare loss-of-function variants
in PTPRB
To identify other genetic variation in PTPRB that might be associated
with ocular or vascular systemic diseases, and to inform whether
rs113791087might act in a loss-of-function or gain-of-functionmanner,
we identified participants who had rare pLOF PTPRB variants in UKB
(n = 120 participants with a pLOF variant) and All of Us (n = 75 partici-
pants with a pLOF variant). While statistical power was limited, among
traits highlighted by the rs113791087 phenome-wide association study,
participants with a PTPRB pLOF variant had increased risk of CSC
(OR = 17.09 [95% CI 1.93–63.49, P =0.018), venous thromboembolism
(OR = 2.22 [95% CI 1.29–3.83], P =0.0039), pulmonary embolism
(OR = 2.90 [95% 1.51–5.57], P =0.0014), and deep vein thrombosis
(OR = 2.15 [95% CI 1.08–4.27], P =0.029) (Fig. 6 and Supplementary
Data 15).

Discussion
Despite progress in characterizing commonvariant genetic risk loci for
CSC, pointing to specific genes and mechanisms that explain patho-
physiology remains challenging due to the inherent hurdles faced
when interpreting noncoding lead variants inGWAS12. In contrast, here
we identified a low-frequencymissense variant (rs113791087) in PTPRB,
the gene encodingVE-PTP, that is associatedwith amarkedly increased
risk of CSC (OR 3.06) and is prioritized as the likely causal variant by
statistical fine-mapping. Unexpectedly, rs113791087 was also asso-
ciated with an increased risk of varicose veins and with a reduced risk
of glaucoma. These previously uncharacterized genetic associations
point directly to VE-PTP and demonstrate its relevance in ocular and
systemic vascular diseases, support a role for vascular dysfunction in
CSC, and may eventually inform therapeutic development.
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Fig. 6 | Disease associations of predicted loss-of-function variants in PTPRB
among UK Biobank and All of Us participants. The risk of ocular and vascular
diseases of interest was evaluated for participants with a predicted loss-of-function
(pLOF) variant in PTPRB in All ofUs andUKBiobankusing logistic regression among
unrelated individuals. Due to lack of ophthalmological outpatient clinic data in UK
Biobank participants, patients with central serous chorioretinopathy were only
evaluated in All of Us. Examined diseases were selected based on the most sig-
nificant associations observed for rs113791087 in FinnGen. Pulmonary embolism

and deep vein thrombosis were examined separately as the major subtypes of
venous thromboembolism, and primary open-angle glaucoma was examined
separately as a major subtype of glaucoma. Association results from UK Biobank
and All of Us were combined in an inverse variance-weighted meta-analysis. Point
estimates of the odds ratios (OR) are shown with circles for each phenotype, and
95% confidence intervals (CI) are denoted with lines. All P-values are two-sided and
were not adjusted for multiple comparisons.
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VE-PTP is predominantly expressed as a membrane-bound pro-
tein in venous and arterial vascular endothelial cells where it functions
as an important regulator of angiogenesis, vascular integrity, and
vascular permeability25,30,31. Among its binding partners, the actions of
VE-PTP via Tie-2 and VE-cadherin are best characterized. Through its
intracellular catalytic domain, VE-PTP acts as a dephosphorylating
inhibitor of the tyrosine kinase receptor Tie-2, an essential regulator of
angiogenesis and vascular maintenance. VE-PTP additionally acts as a
supporting regulator of VE-cadherin—a key adhesion molecule of
adherens junctions between vascular endothelial cells25,31,32—poten-
tially through both dephosphorylation and direct non-enzymatic
transmembrane binding. We hypothesize that the effect of
rs113791087 is via interference with extracellular binding of VE-PTP to
VE-Cadherin.

We are not aware of previous genome-wide significant associa-
tions between PTPRB variants and CSC, varicose veins, or glaucoma.
Previously, a suggestive association with CSC—but not with varicose
veins or glaucoma—has been reported for a different missense variant
(rs61758735) in PTPRB based on an exome sequencing study of two
families, and common intronic variants in the gene encoding the
related VE-cadherin protein have been suggestively linked with CSC in
patient cohorts15,33, but none of these reached genome-wide sig-
nificance. An exome-wide significant association between rare genetic
variants in PTPRB in aggregate and intraocular pressure has also been
identified amongUKB participants, although no direction of effectwas
reported34. In general, the role of PTPRB in humandisease has not been
well characterized, potentially reflecting intolerance to pLOF variation
in humans (consistent with embryonic lethality observedwith deletion
of VE-PTP in mice) and a relative scarcity of common variant signals in
the region30,31,35. Low-frequency variants such as rs113791087may thus
represent unique genetic instruments for assessing the associations of
VE-PTP with clinical outcomes.

This genetic finding has illuminated the Tie-2 and VE-Cadherin
pathways as important in CSC, an area of study that was not under
investigation previously but that may be important for therapeutic
advancement. At least partial relevance of Tie-2 signaling for glaucoma
and venous dysfunction is suggested by the earlier identification of
loss-of-function variants in the gene encoding Tie-2 in patients with
primary congenital glaucoma36 and activating variants in patients with
familial venous malformations with dilated vascular channels37,38. In
mice, genetic insufficiency of Angiopoietin-1—a ligand of Tie-2—can
inhibit normal formation of Shlemm’s canal and raise intraocular
pressure39, genetic insufficiency of Tie-2 during embryogenesis may
arrest venous development, and postnatal deletion of Tie-2 may lead
to retinal venous degeneration with hemangioma-like vascular tufts40.
In CSC, support for the potential benefit of increasing Angiopoietin-1
or Tie-2 activity comes from previous observations that patients with
both acute and chronic forms of CSC have low circulating levels of
Angiopoietin-1, the primary agonist of Tie-241. We note that following
the discovery of this variant and the illumination of the importance of
these pathways in CSC, we published a case series of patients with
chronic CSC who were treated with intravitreal faricimab, an Ang-2
blocker (and thus a Tie-2 activator) that is proven to be safe and is FDA-
approved for several other vascular eye diseases but has not been
tested in CSC42. 14/16 treated eyes were found to have reduced disease
activity in response to the medication, providing additional evidence
that this genetic finding is highly relevant. Further randomized con-
trolled trials are needed, however.

The underlying cause of CSC is unknown, but an analogy between
CSC and varicose veins has been drawn based on findings of delayed
choroidal filling, venous dilation, and vascular hyperpermeability in
choroidal angiography of patients with CSC, as highlighted by Spaide
et al.8. Statistical evidence exists for an overall enrichment of genes
expressed in choroidal vascular endothelial cells among common
variant CSC risk loci discovered to date12. Corticosteroid exposure—

one of the classical triggers for CSC—may induce downregulation of
VE-cadherin33, and VE-PTP may in general modulate vascular perme-
ability in the context of increased inflammatory mediators43–45. Toge-
ther with the identification of a CSC risk-increasing variant in VE-PTP in
this study, these converging findings provide support for a primary
role of choroidal vascular incompetence in CSC. In contrast, other
features that are commonly observed in patients with CSC, such as
disruption at the level of the RPE,may represent downstream sequelae
of vascular dysfunction46.

In addition to the potential of this pathway in CSC, VE-PTP is also
an existing investigational treatment target for more common ocular
diseases. Angiopoietin/Tie-signalling is implicated in the pathogenesis
of glaucoma36,39,47, and recent phase II clinical studies have evaluated
razuprotafib (AKB-9778), an inhibitor of VE-PTP, as a novel treatment
for glaucoma and diabetic macular edema, delivered through oph-
thalmic drops and subcutaneous injections, respectively18,48–50. The
current findings and those of a recent exome sequencing study of UKB
participants provide genetic support for VE-PTP as a therapeutic target
for glaucoma34. The 18% reduction in the odds of glaucoma per minor
allele of rs113791087 is greater than the effect estimate for any coding
lead variant in a recent glaucomaGWASmeta-analysis and comparable
with effect estimates reported for rare variants inANGPTL751,52, another
recent geneticallymotivated therapeutic target.However, wenote that
the discordant effect directions for CSC and glaucoma warrant further
study and potential caution in therapeutic design to avoid unintended
chorioretinal adverse effects with the use of VE-PTP inhibitors.

Lastly, somatic mutations in VE-PTP are implicated in
angiosarcoma53, and inhibition of VE-PTP has been proposed as a
potential treatment for selected high-grade cancers54–56. The
rs113791087 variant has not to our knowledge been implicated as a
somatic cancer driver mutation57. Germline genetic variants are gen-
erally not ideal instruments for complex oncological outcomes, and
the lack of significant associations of rs113791087 with cancer end-
points in this study does not constitute strong evidence against the
potential usefulness of VE-PTP inhibition in cancer treatment. How-
ever, the increased risk of varicose veins and venous thromboembo-
lism in participants with rs113791087 raises concern for unintended
venous dysfunction from systemic VE-PTP inhibition, particularly as
many patients with cancer are already at high risk of venous
thromboembolism58.

Our findings should be interpreted in the context of study
design. First, the ascertainment of CSC patients in most of the study
datasets was based on ICD-10 codes. Reassuringly, significant
associations for rs113791087 across different healthcare systems
and in an outpatient clinic cohort based on expert clinician review
support a true association with CSC. Second, while directionally
concordant associations of PTPRB pLOF variants with CSC suggest
that rs113791087 may act via a loss-of-function mechanism, the
functional impact of rs113791087 is not known, and mechanistic
studies are needed to understand its potential effects on the
expression and activity of VE-PTP in the choroid. Third, it is uncer-
tain whether the mechanisms that underlie the observed disease
associations are limited to early development or have continued
relevance during later growth or adulthood. Fourth, analyses of
rs113791087 were limited to patients of genetically inferred Eur-
opean ancestry due to the low frequency of the variant in other
populations; however, we included all participants fromUKB and All
of Us when assessing rare pLOF variants.

In summary, we identified a low-frequencymissense variant in the
gene encoding VE-PTP that was associated with a significantly
increased risk of CSC and varicose veins and with a reduced risk of
glaucoma. Our findings provide support for a central role of venous
dysfunction in CSC and implicate the interconnected vascular endo-
thelial function regulators VE-PTP, Tie-2 and VE-cadherin as potential
therapeutic targets in diverse ocular and systemic vascular diseases.
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Methods
Study design
FinnGen is a public-private partnership research project that combines
genotype data from newly collected and legacy samples administered
by Finnish biobanks (https://www.finngen.fi/en) to provide novel
insight into human diseases. This study includes genotype data from
500,348 individuals fromFinnGenData Freeze 12. Thedatawere linked
by unique national personal identification numbers to the national
hospital discharge registry (available from 1968) and the specialist
outpatient registry (1998–).

The Million Veteran Program is a population-scale biobank within
the Department of Veterans Affairs. Voluntary enrollment of veterans
receiving care in the VA began in 201159. All samples were scanned on
theMVP 1.0 Axiom array (ThermoFisher); details on the design andQC
are provided elsewhere60. Samples were phased using SHAPEIT4 and
imputed to the TOPMed reference panel (version r2;
N = 97,256 samples) using Minimac4. Phenotypes were based on
electronic health record data with follow-up through the end of 2022.

The All of Us Research Program opened for enrollment in May
2018 and plans to enroll at least 1 million persons in the United States,
collecting electronic health record data and biospecimens to advance
the prevention and treatment of diseases61. In the current project, we
used genetic data from 245,394 short-read whole genome-sequencing
samples in the v7 release (Supplementary Methods), and excluded
participants who did not have any electronic health record data.

Details for the European chronic CSC cohort have been reported
previously10. For the genomic study, 521 European patients were
recruited from the outpatient clinics of the Radboud University Med-
ical Center (Netherlands), University Hospital of Cologne (Germany),
and Leiden University Medical Center (Netherlands). Controls inclu-
ded 3,577 participants in the Nijmegen Biomedical Study. The patients
with chronic CSC had subretinal fluid in at least one eye, retinal pig-
ment epithelium irregularities with characteristic leakage on fluor-
escein angiography and corresponding hyperfluorescence on ICG.

UK Biobank (UKB) is a deeply phenotyped and genotyped pro-
spective population-level cohort, which recruited approximately
500,000 participants aged 40–69 in the UK between 2006–201062.
UKB participants were genotyped on the Affymetrix Applied Biosys-
tems UK BiLEVE Axiom Array and the Affymetrix Applied Biosystems
UKB Axiom Array. Sample and variant QC are described in detail by
Bycroft et al. 62. rs113791087 was directly genotyped with high-quality
statistics (missingness rate of 0.00198). PCA was performed using
fastPCA asdescribed and thefirst 10 PCswere downloaded andused as
covariates in further analysis62. OCT imaging was performed for a
subset of UKB participants63. For this study, UKB data was accessed
under applications #50211 and #17488.

More details for genotyping, imputation and sequencing in the
different studies are described in the Supplementary Methods.

Ethics statement
Study subjects in FinnGen provided informed consent for biobank
research, based on the Finnish Biobank Act. Alternatively, separate
research cohorts, collected between the Finnish Biobank Act coming
into effect (in September 2013) and the start of FinnGen (August 2017),
were collected as described in the Supplementary Methods. No
compensation was provided for participating in the study.

TheMVP024 study protocol was approved by the Veterans Affairs
(VA) central Institutional Review Board (IRB). MVP participants pro-
vided written informed consent. No compensation was provided for
participating in the study.

The general All of Us protocol has been approved by the All of Us
Institutional Review Board. Use of All of Us data for this study was
approved under a data use agreement between the Massachusetts
General Hospital and the All of Us research program. Study partici-
pants provided written informed consent. No compensation was

provided for participating in the collection of the data used in
this study.

The study of European patients with chronic CSC was carried out
in accordance with the tenets of the Declaration of Helsinki and was
approved by the local ethics committees of the Radboudumc, Leiden
UniversityMedical Center, andUniversityHospital of Cologne.Written
informed consent was obtained for all participants.

The UKB OCT substudy was approved by the North West Multi-
centre Research Ethics Committee in accordancewith the principles of
the Declaration of Helsinki. Written, informed consent was obtained
for all UKB participants.

Phenotype ascertainment
For the discovery GWAS, we identified patients with CSC based on the
presence of at least one instance of the Finnish version of the Inter-
national Classification of Diseases 10th revision (ICD-10) diagnosis code
H35.7. Additionally, controls with retinal or choroidal disorders were
excluded using the ICD-10 codes H30-H36, the ICD-9 codes 3610-3611,
3613, 3618-3619, 3621, 3622X, 3623A-3623D, 3624A, 3625, 3626, 3627,
3628 A, 3628A, 3628X, and 3630-3639, and the ICD−8 codes 3610-
3611, 3626, 365, 3670, 376, 37701-37703, 37705, 37709-37712, 37798,
and 3785.

We conducted additional sensitivity analyses to evaluate bias due
to potential confounders. In these analyses, instead of control-specific
exclusion criteria, we applied the following exclusion criteria to both
patients and controls: 1) at least one instance of an ICD-10 code cor-
responding to age-related macular degeneration (H35.30 or H35.31),
and 2) at least one instance of any ICD-10 code corresponding to a
larger set of potentially confounding causes of fluid maculopathy
(Supplementary Data 3).

InMVP andAll ofUs, patientswithCSCwere identified based on at
least one instance of the ICD-10-CM code H35.71* or ICD−9-CM code
362.41, and all participants with AMD (ICD-10: H35.1*, H35.2*, H35.3*;
ICD-9: 362.5, 362.51, 362.52) were excluded. Case definitions for the
European chronic CSC cohort have been described previously10. Ages
of individuals in All of Us were calculated at 2022/7/1 or date of death.

Genome-wide association study and regional meta-
analysis of CSC
All FinnGen GWAS were conducted using Regenie v 2.2.464, with sex,
age at death or end of follow-up, principal components (PCs) 1–10,
genotyping array, and genotyping batch as fixed-effect covariates. An
approximate Firth correction was used for variants reaching nominal
significance (P <0.01) in initial tests, and standard errors were com-
puted based on the Firth beta estimate and Firth P-value. Finemapping
of 95% credible sets in FinnGen was performed using 3megabase (Mb)
windows around each lead variant (1.5Mb in both directions) in
genome-wide significant loci (lead variant P < 5×10-8) using in-sample
dosage LD computed with LDstore 265, and the Sum of Single Effects
(SuSiE) model with the maximum number of causal variants in a locus
(L) set to 1066.

Genomic analysis of CSC in MVP was performed using SAIGE
v1.3.067 on the set of samples classified as European ancestry using the
HARE (Harmonized Ancestry and Race/Ethnicity) method68. We used
leave-one-chromosome-out (LOCO) model fitting and enabled Firth
effect size estimation for variants with P <0.05. Sex, age at enrollment,
mean-centered age-squared, and the first ten within-ancestry PCs were
included as covariates.

Genomic analysis of CSC inAll of Uswasperformedusing Regenie
v3.2.2 with age at death or end of follow-up, (age at death or end of
follow-up)2, sex, and PCs 1−5 and 15 (based on association with CSC at
p <0.05 in a separate association test).

To evaluate whether rs113791087 was the lead variant in its locus
on chromosome 12 even when combining data from 4 different stu-
dies, we performed an inverse variance weightedmeta-analysis of CSC
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for all genomic variants in the region of rs113791087 with GWAMA
(v2.2.2). LocusZoom was used to generate locus plots for the meta-
analysis using the European ancestry reference panel69.

More detailed methods for participating cohorts are described in
the Supplementary Information.

Analysis of Optical Coherence Tomography images in UKB
Deidentified OCT images of patients with the rs113791087 G allele (GG
or GT) along with age-matched controls lacking the G allele (TT) were
obtained fromUKB (642 GG/GTOCTs, 1,058 TTOCTs; 10 age-matched
participants with the TT genotype were pulled for every 1 participant
with theGTorGGgenotype, ofwhich ~16%hadanOCT)63. RepeatOCTs
from the same patient were removed. Images were randomly chosen
and independently evaluated by 3 retina specialists who were blinded
to genotype. Because the scope of manual OCT review has practical
limitations, only the left eye of eachpatient underwent assessment and
708 OCTs were reviewed. Each grader was tasked with identifying and
categorizing various types of RPE abnormalities (drusen, pattern dys-
trophy, pigment epithelial detachment or nonspecific retinal pigment
epithelium irregularity, subretinal fluid, pachychoroid pigment epi-
theliopathy, atrophy, intraretinal fluid and/or evidence of CSC). Sta-
tistical significance was evaluated using logistic regression in R,
including age, sex, examiner and the first 10 PCs as covariates.

Phenome-wide association study, replication andmeta-analyses
We evaluated the association of rs113791087 with 2,469 traits in
FinnGen using Regenie v2.2.4 similarly to the association analyses for
CSC64. Phenotype definitions and the characteristics of study partici-
pants for these traits are publicly available on https://risteys.
finregistry.fi/.

For top traits identified in this phenome-wide association study,
wepursued single-variant replication andmeta-analyses including data
fromFinnGen,UKB,MVP andAll ofUs.Wherepossible, customdisease
definitions to match these outcomes were created in UKB (Supple-
mentary Data 11), All of Us (Supplementary Data 12), and Million
Veteran Program (Supplementary Methods).

Weevaluated the associationof rs113791087with eachoutcome in
unrelated participants of genetically inferred European ancestry
(excluding second-degree or closer relatives inUKBiobank andMillion
Veteran programs, and based on a kinship score cutoff of 0.1 in All of
Us) with Firth logistic regression. Covariates in UK Biobank included
genotyped sex, age, the first 10 PCs and genotyping array. Covariates
in All of Us included age, age squared, sex, first 5 PCs, and additional
outcome-related PCs (P <0.05 in separated models). Covariates for
analyses of uncomplicated varicose veins in MVP included age, age2,
sex and the first 10 PCs. For other phenotypes in MVP, we used
European-ancestry (HARE) summary statistics generated by the
genome-wide PheWAS (gwPheWAS) project70. Briefly, outcomes were
derived from phecodes following standard definitions71, surveys dis-
tributed to all MVP enrollees59, and clinical laboratory and vital signs
measurements. A linear or logistic regressionGWASwasperformed on
each phenotype in a modified version of SAIGE using sex, age, age2,
and the first 10 PCs as covariates.

Results from different studies were combined in an inverse var-
iance weighted meta-analysis as implemented in the metagen() func-
tion of the meta package (v6.5-0) in R (v4.2.0).

We additionally evaluated the association of rs113791087 with the
mean of the left and right eye corneal-compensated intraocular pres-
sure (IOP) measurements in UKB participants. Participants with a his-
tory of surgery for glaucomawere excluded and IOP readings less than
5 or greater than 60 were excluded. Linear regression analyses were
adjusted by genotyped sex, age, the first 10 PCs and genotyping array.

Lastly, we identified rare predicted loss-of-function (pLOF) var-
iants in PTPRB among UKB and All of Us participants by using the
LOFTEE algorithm, excluding low-confidence or flagged pLOF variants

and variants present at a frequency above 0.1% in either biobank or
across gnomAD v2 super-populations35. Associations with disease
outcomes were evaluated with Firth logistic regression using similar
analysis designs as for rs113791087, except all individuals were inclu-
ded regardless of genetically inferred ancestry.

Additional epidemiological analyses
The association of CSC and varicose veinswas evaluated in all available
FinnGen participants using logistic regression as implemented in the
glm function in R (v4.3.2) with CSC as the outcome and varicose veins,
sex, and age at death or end of follow-up as independent predictors.

Analyses of RNA expression
We evaluated the expression of VE-PTP (PTPRB) using two single-cell
sequencing datasets made publicly available by Voigt et al: an inte-
grated dataset of studies between 2019–2020 (93,526 total cells from
the retina, RPE and choroid) and a choroidal-specific dataset (37,070
cells from the choroid of 6 adults and 2 infants)20–23. Additionally, we
evaluated the relative absolute bulk RNA expression level of VE-PTP
(PTPRB) compared with all other detectable genes in a dataset of cul-
tured choroidal endothelial cells from 10 human postmortem donors
(five males and five females), protocols of which have been described
previously24.

Structural protein analysis
The amino acid sequences for VE-cadherin and the Fibronectin type
III-like domains 14, 15, and 16 of VE-PTP were used as inputs in
AlphaFold 326. AlphaFold 3 generated 5 structural predictions of the
binding between the two protein structures. Structure-based net-
work analysis (SBNA) was performed on each of these structural
predictions individually as previously described27–29. Briefly, atomic-
level interactions were analyzed computationally to evaluate the
extent to which altering a particular amino acid within the protein
structure could affect the overall structure of the protein. The SBNA
scores corresponding to these effect estimates were considered for
Ile1272 in VE-PTP across the 5 structural prediction models. Visua-
lizations of the structural prediction models were generated using
PyMOL72.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The source data from FinnGen, UK Biobank and All of Us are available
under restricted access due to the sensitive nature of the individual-
level genotype and phenotype information. Individual-level genotypes
and register data from FinnGen participants can be accessed by
approved researchers via the Fingenious portal (https://site.
fingenious.fi/en/) hosted by the Finnish Biobank Cooperative FinBB
(https://finbb.fi/en/). Access to individual-level UKB data may be
requested by researchers in academic, commercial, and charitable
organizations (https://www.ukbiobank.ac.uk). This study used data
from the All of Us Research Program’s Controlled Tier Dataset v7,
available to authorized users on the Researcher Workbench (https://
www.researchallofus.org). The raw Million Veteran Program data are
protected and are not available due to data privacy laws. Summary-
level association data from MVP used in this study are available
through dbGaP, under accession code phs001672.v11.p1 [https://www.
ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs001672.
v11.p1].

Code availability
No custom software or analysis tools were created for this study; all
analyses used existing software and tools as described in theMethods.
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