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Abstract

Pigmentary glaucoma (PG) is a common glaucoma subtype that results from release of pigment from the iris, called pigment
dispersion syndrome (PDS), and its deposition throughout the anterior chamber of the eye. Although PG has a substantial
heritable component, no causative genes have yet been identified. We used whole exome sequencing of two independent
pedigrees to identify two premelanosome protein (PMEL) variants associated with heritable PDS/PG. PMEL encodes a key
component of the melanosome, the organelle essential for melanin synthesis, storage and transport. Targeted screening of
PMEL in three independent cohorts (n = 394) identified seven additional PDS/PG-associated non-synonymous variants. Five
of the nine variants exhibited defective processing of the PMEL protein. In addition, analysis of PDS/PG-associated PMEL
variants expressed in HeLa cells revealed structural changes to pseudomelanosomes indicating altered amyloid fibril
formation in five of the nine variants. Introduction of 11-base pair deletions to the homologous pmela in zebrafish by the
clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 method caused profound pigmentation defects and
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enlarged anterior segments in the eye, further supporting PMEL'’s role in ocular pigmentation and function. Taken together,
these data support a model in which missense PMEL variants represent dominant negative mutations that impair the ability
of PMEL to form functional amyloid fibrils. While PMEL mutations have previously been shown to cause pigmentation and
ocular defects in animals, this research is the first report of mutations in PMEL causing human disease.

Introduction

Glaucoma is a leading cause of blindness worldwide with an
estimated 65 million people affected (1). Pigmentary glaucoma
(PG) is a secondary glaucoma subtype estimated to account for
1-1.5% of all glaucoma cases and represents a major cause of
blindness in young adults (2). Patients may initially present
with pigment dispersion syndrome (PDS) in which pigmented
material shed from the posterior surface of the iris is deposited
into the anterior chamber. Patients with PDS exhibit corneal
endothelial pigment deposition (Krukenberg spindle), radial
mid-peripheral iris transillumination defects and dense tra-
becular meshwork (TM) pigmentation (Fig. 1A), this deposited
pigment does not directly obscure vision. Gaps in the iris
pigment epithelium (IPE) lacking melanocytes (specialized
pigmented cells) or containing dying melanocytes correlate
with depigmented zones of the iris (3-7). Normally, aqueous
humor produced by the ciliary epithelium flows into the
anterior chamber and exits through the TM via the conventional
aqueous outflow pathway. Pigment deposition in the TM is

A

associated with impaired aqueous outflow through physical
resistance to fluid flow, TM cell death or other still-to-be-
identified mechanisms (8,9). In a proportion of PDS patients,
compromised aqueous humor outflow elevates the intraocular
pressure (IOP), a major risk factor for glaucoma. A subset of
these cases progress to PG with characteristic retinal ganglion
cell death (glaucomatous optic neuropathy) (10).

The available data indicate the inheritance of PDS/PG is likely
to be genetically heterogeneous and could also be influenced
by diverse environmental factors. Deciphering the genetic basis
of PDS/PG has been complicated by several factors: first, only
an estimated 15-20% of PDS cases progress to PG over a 15-
year period, (11-13) and second, the phenotypic features of PDS
are transitory and may only be observed during the third and
fourth decades of life (10). Together, the late age-of-onset, the
transient intermediate phenotype of PDS and the low conversion
rate to PG have made assessment of PG inheritance in pedigrees
challenging. Risk factors for conversion also include vigorous
exercise and ethnic background with observed conversion rates
varying by as much as 32% over 15 years between populations
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Figure 1. Clinical features of PDS/PG and pedigree of affected Family 1. (A) Clinical features of PDS and PG. Pigment deposition onto the inner surface of the cornea
causes the appearance of Krukenberg spindle (left panel) and pigment also accumulates in the TM (center panel). Radial iris transillumination defects also occur (right
panel). (B) Pedigree of Family 1 segregating PDS/PG (filled symbols) as analyzed in this study. The individuals marked with an asterisk (*) were analyzed by whole exome
sequencing. Genotyping of the PMEL variant p.Gly175Ser is indicated below each pedigree symbol (+, WT; —, mutant).
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(11,13-17). Twenty-six to forty-eight percent of affected individ-
uals report a positive family history for glaucoma supporting a
genetic basis for PG (11). As with other forms of glaucoma, rare
variants with large effect sizes may provide significant insight
into the genetic etiology and pathophysiology of PDS/PG. Known
glaucoma-causing genes such as MYOC, FOXC1 and PITX2 have
shown no causative association with PDS/PG but potentially
act as modifiers (18-24). In this study, we used whole exome
sequencing (WES) of families affected by PDS/PG to identify PMEL
as a PDS/PG candidate gene and show that PMEL variants lead to
protein dysfunction.

Results

Detection of PMEL variants in PDS/PG index cases and
families

Family 1 (US cohort) exhibits inheritance of PDS as an autosomal
dominant trait with or without PG. To identify the causative
gene variant in this family, WES was completed for five affected
members (Fig. 1B). Variants were filtered to retain those with
presumed functional effects (nonsense, missense or splice site
mutations) that were common to all five patients. Further fil-
tering to select variants with minor allele frequencies <1% in
the Exome Aggregate Consortium database (ExAC) and predicted
pathogenicity identified the novel missense allele p.G175S in the
gene PMEL. Using Sanger sequencing, we evaluated PMEL in the

Table 1. Clinical features of affected individuals

rest of Family 1. The p.G175S heterozygous variant segregated
with all affected individuals in generations 2 and 3. In generation
1, individual I:1 was diagnosed with PDS + PG but does not
have a mutation in PMEL, which suggests that more than one
disease risk variant may be segregating throughout the family,
potentially modifying the risk and/or severity of the disease. In
that light, individual II:1, who does possess the p.G175S variant
in PMEL, did not exhibit pigment dispersion and glaucoma. How-
ever, it is also possible that he represents a case where PG had
‘burned out’ before examination (25).

Affected first cousins from Family 2, a Mennonite kindred
from western Canada had a diagnosis of PG and exhibited clas-
sical features of PDS. Additional members of this kindred were
unavailable for study, but had no reported occurrence of PDS
or PG, nor were there any known concerns of consanguinity.
Therefore, we approached the genetic analysis with the hypoth-
esis that the cousins were affected with an autosomal domi-
nant form of the disease, with reduced penetrance. Genomic
DNA from these cousins was sent for WES and their exomes
were compared against an unaffected ethnically matched con-
trol individual. PDS/PG-associated exonic variants were filtered
as above and yielded a set of 11 candidate genes that included
PMEL (Supplementary Material, Table S1). None of the candidate
genes are located in the reported PDS linkage regions, (26,27)
and only PMEL had a reported gene ontology association with
pigmentation. PG in Family 2 is thus associated with the rare

Subject Mutation Age Dx K-spindle Angle pigm. IOP > 21 VF defects Refraction Surgical tx and
other conditions

Family 1

I-1 - 51 Y Y Y

1-2 p.G175S 60 Y Y NA

II-1 p.G175S 45 NA NA Y NA

1I-2 p.G175S 41 Y Y —6.75 0U Laser tx

11-3 p.G175S 40 Y Y Y Y —7.00 OU Multiple surgeries

1I-4 p.G175S 45 NA NA NA NA Y

1I-5 p.G175S 37 Y Y Y

1I-7 p.G175S 37 Y Y Y —2.00 OU

1I-8 p.G175S 35 Y Y Y —7.00/-7.25 Laser tx

II-1 p.G175S 19 Y NA

Family 2

II-1 p.A340V 40 Y Y Y Y NA Laser tx

1I-2 p.A340V 47 Y Y Y Y NA Laser tx

Singleton patients from Panels

CA/UK p.N111S NA Y Y NA

us p.G325V 40 Y Y Y Y —7.00/-7.00  Laser tx OU

AU p.V3321 NA Y Y NA NA NA

CA/UK p.E370D NA Y Y Y NA

AU p.E370D NA Y Y NA NA NA

AU p.E370D NA Y Y NA NA NA

AU p.S371T NA Y Y NA NA NA

CA/UK p.L389P NA Y Y NA

CA/UK p.L389P NA Y Y NA

Us p.L389P 18 Y Y —1.00/-2.00  Laser tx OS

us p.Ser641_S642del 42 Y Y Y Y —4.75/-4.25

Abbreviations: Age Dx, age at diagnosis; K-spindle, presence of Krukenberg spindle, yes (Y) or no (blank); Angle Pigm., pigment visible in the TM located in the ocular
angle, yes (Y) or no (blank); IOP >21; IOP greater than 21 mmHg, yes (Y) or no (blank); VF defects, Visual field defects, yes (Y) or no (blank); refraction, spherical equivalent
refractive error, right eye/left eye, + values indicate hyperopia, — values indicated myopia; not available (NA); surgical tx and other conditions, surgical procedures (if

any) and other ocular or systemic conditions.
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Figure 2. Processing defects apparent in PMEL patient variants. (A) Schematic representation of PMEL protein, the patient variants reported here, and PMEL processing
intermediates. Colored blocks indicate protein domains. Curled lines indicate N-linked glycosylation. Sig, Signal domain; NTR, CAF, PKD, RPT, Kringle, Kringle-like
Domain; TM, transmembrane domain; Cyt, cytoplasmic domain; V5, V5 tag. The bottom of panel A presents processing intermediates detected by IB, including the
C-terminal anti-V5 and internal sialylation specific HMB45 antibodies. The lines represent intermediate processing forms detected by the different antibodies. The
HMB45 antibody binds in the RPT domain and is specific to mature sialylated PMEL while anti-V5 binds to the C-terminal tag. Nine missense mutations in PMEL were
discovered in individuals affected with PDS: one in the NTR, one in the CAF, six in the RPT and one in the Cyt. (B) Probing transfected HeLa cell lysates with anti-V5
shows that the MB band for the p.N111S sample has significantly lower relative intensity compared to WT (P < 0.05). (C) Probing transfected HeLa cell lysates with
HMB45 did not detect p.N111S or p.A340V. MaC3 was not detected in p.G325V and had low intensity in p.S371T samples. A significantly lower amount of MaC1 was
observed for p.E370D. Asterisks denote statistically significant changes, as quantified in Supplementary Material, Fig. S1B.

non-synonymous PMEL variant p.A340V in a heterozygous state,
although we cannot rule out the possibility of the disease being
modified by heterozygous or homozygous mutations in other
genes.

To identify additional PDS/PG-associated PMEL variants, we
expanded our genetic study to screen three independent cohorts
of PDS/PG patients. In a US cohort of 146 total PDS/PG cases,
three rare non-synonymous PMEL variants, p.G325V, p.L389P and
p-S641_S642del, were identified in three separate cases (Table 1).
In a Canada (CA)/United Kingdom (UK) cohort of 113 additional
cases of PDS/PG, one additional variant, p.E370D and one rare
variant, p.N111S, were detected in two separate cases (Table 1).
Additionally, the rare variant, p.L389P was detected again in
two cases. In an Australian cohort of 135 PDS/PG cases, the rare
variants p.V332I and p.S371T were found in two separate cases.

The p.E370D variant was observed again in two additional cases
in this cohort. Overall, nine different non-synonymous PDS/
PG-associated PMEL variants were identified in a total of 13
patients, with six located in the essential structural domain
called ‘RPT’ (Fig. 2A), and three located in other functional
domains. Notably, p.N111S is situated at a confirmed N-linked
glycosylation site (28). All variants were found in a heterozygous
state in the individual patients supporting a dominant mode
of inheritance. Allele frequencies of all PDS/PG-associated PMEL
variants are shown in Table 2.

To determine if these variants were specifically associated
with PDS/PG, we evaluated the prevalence of the identified
variants in a control population. The 1799 exomes from an
ophthalmologically examined population not known to be
affected by PDS/PG were screened for the PDS/PG-associated
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Table 2. Non-synonymous PMEL variants in PDS/PG cases

Allele frequency

Protein Mutation cDNA dbSNP ID gnomAD MAF§ Current study PMEL domain*
NP_001186983.1 NM_001200054.1 (# alleles / 792)
p-AsnllliSer N111S c332A>G 15773241850 0.00000879 0.0013 (1) NTR
p.Gly175Ser G175S c.523G > A n/a n/a 0.0013 (1) CAF
p.Gly325Val G325V c974G>T 15148258956 0.00003191 0.0013 (1) RPT
p.Val332Ile V3321 €.994G > A rs748713829 0.00007064 0.0013 (1) RPT
p.Ala340Val A340V c.1019C > T 15756974126 0.00007002 0.0013 (1) RPT
p.Glu370Asp E370D c.1110G > C rs17118154 0.00247690 0.0038 (3) RPT
p.-Ser371Thr S371T c.1112G > C 1s770516374 0.00000879 0.0013 (1) RPT
p.Leu389Pro L389P c.1166T > C rs142410496 0.00075229 0.0038 (3) RPT
p-Ser641_Ser642del AS641-5642 c.1926T > C 15765828110 0.00005281 0.0013 (1) Cyt

Targeted resequencing of PMEL confirmed the p.G175S and p.A340V variants found in Families 1 and 2 and identified seven other variants in 11 isolated PDS/PG cases.
The cDNA and protein notations shown conform to the Human Genome Variation Society recommendations. gnomAD, Genome Aggregation Database (v2.1); MAF,
minor allele frequency; PDS, PG. §European (Non-Finnish) MAF. *See Fig. 2 for PMEL protein domain structure and abbreviations.

variants observed in the pedigrees and cohorts (Supple-
mentary Material, Table S5). Of the nine variants we found
in patients, only p.E370D and p.L389P (the most common
ones) were observed in the control population, matching
trends observed on larger population scales in gnomAD
(Table 2).

PMEL variants cause processing defects

To investigate whether the PMEL variants identified above
alter protein processing, PMEL-expressing plasmids (with a C-
terminal V5 epitope tag) were transiently transfected into HeLa
cells. Despite not being melanocytic in origin, HeLa cells have
been widely used to study the post-translational processing of
recombinant PMEL protein as its extensive modifications and
essential intracellular trafficking steps are largely conserved
in this cell line (29-32). PMEL is extensively modified both
proteolytically and by glycosylation (N- and O-linked) and
as such immunoblots (IB) with certain antibodies show
multiple bands representing different processing intermediates.
Immunoblot analysis of cell lysates with the anti-V5 antibody
directed against the C-terminal tag revealed the two expected
immature PMEL peptide intermediates P1 and M in wild-
type (WT) (Fig. 2A). P1, an intact form of PMEL modified with
initial N-linked glycosylation was observed for WT PMEL
and all variants (Fig.2B). P1 is proteolytically processed by
proprotein convertase in the Golgi to generate two products, Ma
(N-terminal) and MB (C-terminal) (33). The mature Mp form was
observed for WT PMEL and all variants, however, only weakly
for p.N111S. We quantified the signal intensity of the Mp band
expressed as a percentage of total PMEL intensity in each lane
to express the efficiency of processing. The p.N111S variant
was the only significantly different variant (P < 0.0001, n = 3
biological replicates, Supplementary Material, Fig. S1A) with MB
accounting for only ~3% of total intensity (compared to 28%
for WT PMEL) (Fig. 2B, Supplementary Material, Fig. S1A). No
accumulation of the short-lived protein intermediate P2 was
observed suggesting that this is not due to inefficient proprotein
convertase cleavage but instead that p.N111S prevents efficient
endoplasmic reticulum (ER) protein folding and reduces export
from the ER.

To further characterize PMEL protein processing, cell lysates
were also probed with the HMB45 antibody that is specific to
mature sialylated PMEL processing intermediate Mo and three
smaller proteolytically processed forms, MaC1, MaC2 and MaC3,

containing slight variations of the repeat domain (RPT) (Fig. 2C).
Three of the nine variants (p.L389P, p.G175S and p.V332I) were
detected and processed normally. However, HMB45-reactive
bands for p.N111S and p.A340V were not observed, suggesting
these variants impair glycosyl group maturation or render the
RPT-containing peptides unable to be detected by standard
immunoblotting (Fig. 2C). An inclusion body solubilisation
buffer was used to address whether these variants resulted
in differences in protein solubility, but it did not change the
results (data not shown) suggesting that the biochemical defects
are in post-translational modification, protein stability or that
HMB45 reactive fragments of these variants form non-fibrillar
aggregates insensitive to highly denaturing conditions. In a
subset of variants, altered ratios of the MaC1, MaC2 and MaC3
subtypes were observed (Fig. 2C). Significantly, less MaC1 relative
to Mo was calculated for p.E370D (Supplementary Material,
Fig. S1B), indicating that the variant impairs the production
of this product. For p.G325V and p.S371T, significantly more
MaCl and a concomitant decrease in MoaC3 was observed
suggesting these variants prevent or reduce the production
of MaC3 and lead to an accumulation of MaC1l. These data
are consistent with PDS/PG-associated PMEL variants affecting
protein processing.

PDS/PG-associated PMEL variants do not cause
trafficking defects

The immunoblotting results revealed that five of the nine
tested variants (p.N111S, p.G325V, p.A340V, p.E370D and p.S371T)
result in PMEL processing defects. In animal models, several
pathological PMEL mutations (34,35) lead to altered subcellular
localization. To determine if PDS/PG-associated PMEL variants
may cause similar effects, we examined protein trafficking using
immunofluorescence microscopy of transiently transfected
HelLa cells expressing PDS/PG-associated PMEL variants. Previous
research has shown that while antibodies directed against
the C-terminus of PMEL (V5 epitope in this study) mainly
detect signals in the ER and Golgi, probing with HMB45 detects
puncta, which primarily colocalize with endosomes that contain
mature PMEL, marking the final step in trafficking to the
endosome (33,36,37). No differences between WT PMEL and
PDS/PG-associated variants were observed when comparing
the appearance of the anti-V5 and HMB45 immunostaining
(Supplementary Material, Fig. S2). Extensive subcellular colo-
calization experiments with a subset of variants comparing
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Figure 3. PMEL patient variants exhibit ultrastructural defects in fibril formation and organization. PDS/PG-associated PMEL variants were transfected into HeLa cells
where PMEL expression induces the formation of ectopic pseudomelanosomes in endosomes. These pseudomelanosomes were identified based on appearance and
scored for several features including fibril appearance, organization and overall organelle shape. Variants were compared to both WT PMEL and p.ARPT, a synthetic
deletion lacking the RPT that has previously been shown to have significant fibrillogenesis defects. Representative images for all PMEL variants are shown. WT
pseudomelanosomes mostly appeared to have straight fibrils with regular spacing and an overall ellipsoid shape. Abnormal fibrils or abnormal fibril organization
were observed for five PDS/PG-associated variants (white arrowheads): p.N111S, p.V332I, p.E370D, p.L389P and p.G325 V. Overall fibrillogenesis defects were observed
for five of the nine variants analyzed. Quantification of these defects is reported in Supplementary Material, Figure S4. Scale bar, 500 nm.

the localization of PMEL to several important subcellular
compartments (ER, Golgi and endosomes) confirmed normal
trafficking (Supplementary Material, Fig. S3). Together these data
suggest that all variants traffic normally and thus the defects in
protein processing for p.N111S, p.G325V, p.A340V, p.E370D and
p-S371T variants cannot be explained by trafficking defects.

Ultrastructural analysis reveals PDS/PG-associated
PMEL variants cause fibrillogenesis defects

The essential function of PMEL is dependent on its ability
to form amyloid fibrils in the melanosome. Ultrastructural
analysis of transfected HeLa cells through transmission electron
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sibling WT and pmela mutant zebrafish larvae. (F) Zebrafish bearing pmela mutation has reduced pigmentation at 8 dpf. (G) Ocular deformities were apparent in pmela
mutants by 8 dpf, including being more spherical. Also, anterior segment size was greater in mutants compared to WT sibling zebrafish larvae. Inset schematic sketches
how the anterior segment size was measured (plotted relative to body length). *P < 0.005 using one-tailed t-tests; WT, n = 14; mutant, n = 3. (H) pmela transcripts were
substantially less abundant in pmela mutants compared to WT siblings at 3 dpf, as measured by RT-qPCR (plotting three biological replicates consisting of pools of
larvae, which were each assessed in three technical replicates). Results plotted are means + standard error. See also Supplementary Material, Figs S5 and S6.
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microscopy (TEM) has been extensively used to assess PMEL
fibrillization potential (31). Exogenous expression of PMEL
induces ectopic pseudomelanosomes in endosomes containing
processed fibrillar PMEL. PMEL expression constructs containing
WT or PDS/PG-associated PMEL variants were transfected into
HelLa cells to examine their effects on the ultrastructure of
the induced pseudomelanosomes (Fig. 3). An artificial deletion
variant lacking the RPT domain, previously shown to lack fibril-
forming capacity in Hela cells, was used as a comparator (38).
Differences in fibril formation, fibril organization and organelle
shape were qualitatively assessed and scored for all observed
pseudomelanosomes in WT or variant PMEL expressing
cells (Supplementary Material, Fig. S4). Generally, although a
range of structures were observed, WT pseudomelanosomes
tended to have one set of straight evenly spaced fibrils in
ellipsoid organelles, as expected. A significant fraction of
pseudomelanosomes with abnormal fibril structure (jagged and
densely packed) and/or multiple sets of fibrils were observed
in cells expressing p.N111S, p.G325V, p.V332I, p.E370D and
p-L389P suggesting that melanosomes in cells expressing these
variants are different from cells expressing WT PMEL (Fig. 3).
Although p.N111S does not change the primary sequence of
the RPT domain, the previous observation that p.N111S is
inefficiently processed may have downstream consequences
causing disordered fibrils. Intriguingly, these data may indicate
that some PDS/PG-associated PMEL variants are gain-of-function
mutations.

Disruption of the PMEL homologue in zebrafish causes
pigmentation and ocular structure defects

The data above support a causal link between PMEL mutations
and PG at the level of biochemistry and cell biology. To further
test that PMEL disruption causes PG-like phenotypes in an
in vivo system, the homologue of PMEL was disrupted in
the zebrafish animal model. Mutations were engineered in
zebrafish using clustered regularly interspaced short palin-
dromic repeats (CRISPR)-Cas9 and guide RNA targeted to the
C-terminal region of the zebrafish homologue pmela (i.e. in
the cytoplasmic domain, Fig.4A). A resulting mutant allele,
designated pmelaua5022, was isolated and found to possess an
11-base pair (bp) deletion in this target region (Fig.4A). This
mutation results in a frameshift and is thereby predicted to
eliminate 17 amino acids from the C-terminus of the zebrafish
Pmela protein. This C-terminal region of PMEL is conserved
across vertebrates (e.g. in the 11 most C-terminal residues, 7
are perfectly conserved between zebrafish and human PMEL,;
these are all lost in the predicted mutant protein). In addition to
these predicted disruptions of Pmela protein structure/function,
a dramatic reduction in pmela gene product was apparent—the
pmela transcript was 20-fold less abundant in the mutant larvae
compared to WT (Fig. 4H), presumably reduced via nonsense-
mediated decay. Zebrafish larvae that were homozygous for this
pmelaua5022 mutation had reduced global pigmentation (Fig. 4B-
F), following recessive Mendelian inheritance. This reduced
pigmentation was similar to observations when larval zebrafish
were injected with a translation-blocking morpholino targeting
pmela (Supplementary Material, Fig. S5), as had been reported
previously (53), and similar to other mutant alleles of pmela
(54). Intriguingly, by 8 days of development the pmelaua5022
homozygous mutants also presented with enlarged anterior
segments (Fig.4C and G), microphthalmia (Supplementary
Material, Fig. S6B and C) and eyes that are more spherical in
shape (Supplementary Material, Fig. S6D) implicating high IOP.
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These ocular phenotypes were not as severe at a younger age
(Supplementary Material, Fig. S6E).

Discussion

This report establishes variation in PMEL as a cause of PDS/PG
based on several mutually supporting lines of evidence. First,
WES of two families affected by PDS/PG and having pedigrees
consistent with dominant modes of inheritance led to iden-
tification of heterozygous non-synonymous variants in PMEL.
Second, expanding this genetic study to include three large inde-
pendent cohorts of PDS/PG patients identified seven different
additional non-synonymous PMEL variants associated with this
disease. Third, only the most common variants were observed
in a large (n = 1799) ophthalmologically examined control pop-
ulation supporting the association of the rare variants with
PDS/PG in our affected pedigrees and cohorts. Fourth, seven of
the nine PDS/PG-associated PMEL variants caused significant
biochemical defects in protein processing, fibril formation or
both. And fifth, CRISPR-Cas9 gene editing in zebrafish confirmed
that pmela plays a critical role in pigmentation, ocular structure
and function. Thus, taken together these data strongly support
PMEL genetic variation being a cause of PDS/PG in humans.

Interestingly, mutation of glycoprotein non-metastatic melanoma
B (Gpnmb), a close homologue of PMEL with conservation of many
functional domains (39), induces iris pigment dispersion in the
DBA/2J murine model of glaucoma (40). DBA/2] mice are homozy-
gous for mutations in both Gpnmb (R150X) and tyrosinase-related
protein 1 (b allele). In mice, >10 genes involved in melanosome
biogenesis, melanin synthesis or melanosome transfer have
been implicated in iris pigment dispersion and iris atrophy (40-
44). However, association between TYRP1 and GPNMB variants
and PDS/PG has not been observed in humans (40). Consistent
with our data, PMEL variants have been shown to be responsible
for impaired pigmentation and developmental ocular defects in
animals. Silver dapple horses present with multiple congenital
ocular anomalies (MCOAs) (45), blue merle dogs exhibit dap-
ple pigmentation and MCOAs (46), silver mice have misshapen
melanosomes of the retinal pigment epithelium (RPE) and uveal
melanocytes (47) and the fading vision zebrafish displays reduced
pigmentation in the body and RPE accompanied by disrupted
photoreceptor morphology and visual deficits as measured by
optokinetic response (48). Melanin synthesis is a tightly reg-
ulated process that can generate cytotoxic melanin synthesis
intermediates (49), and melanosomal dysfunction could lead to
melanocyte death in the IPE.

Indeed, when an 11-bp deletion was introduced to the
cytoplasmic domain of a zebrafish homologue of PMEL, pigmen-
tation defects were seen in both the body and the RPE in homozy-
gous mutants. When messenger RNA (mRNA) levels of pmela
were analyzed, the abundance of transcripts was dramatically
reduced, implying that the mutation has changed the sequence
to a degree where the process of nonsense-mediated decay
occurs and the protein product would be mostly absent. Upon
closer inspection at 8 days post-fertilization (dpf), well beyond
the time morpholinos injected into embryos would have been
turned over, the larval zebrafish also developed ocular structure
defects not apparent in 3 and 6 dpf morphants or homozygous
mutant larvae. The sequence of these events is important in
determining whether the loss of pigment due to mutations in
pmela could cause the ocular defects in the zebrafish and there-
fore if mutations in PMEL could cause PDS/PG in humans. Intrigu-
ingly, the eyes of pmela mutant zebrafish had enlarged anterior
segments and were more spherical compared to WT siblings;
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this is consistent with pmela disruption producing increased IOP
and thus reminiscent of a key risk factor in glaucoma.

We hypothesized that the observed variants in PMEL may
cause defects in PMEL protein processing, trafficking or function
ultimately resulting in defective melanocytes. PMEL is initially
synthesized as an integral membrane protein in the ER but is
extensively post-translationally modified. During trafficking
to endosomes/stage 1 melanosomes PMEL is proteolytically
processed and modified with both N- and O-linked glycosylation
(Fig. 2A) (29,50,51). Within these organelles, mature PMEL
fragments oligomerize to form intraluminal fibers that give
melanosomes their distinct ellipsoidal morphology (36,52,53).
These fibers uniquely represent an example of a functional
amyloid in physiological conditions (31,54-57). The following
three PMEL domains (Fig. 2A) comprise these fibrils: the core
amyloid fragment (CAF), the polycystic kidney disease domain
(PKD) and the RPT so named because it consists of 13 imperfect
10-amino acid repeats (30,31,55). PMEL fibers function as a
scaffold for melanin synthesis with reaction intermediates
adsorbing onto the fibers and greatly increasing the efficiency
of synthesis (56,58,59). As such, PMEL protects melanocytes from
harmful melanin synthesis intermediates that generate reactive
oxygen species (ROS) when released into the cytosol (29,35,40,47).

Of the nine different PMEL variants detected in patients
here, one is in the CAF domain and six are in the RPT domain,
which are both integrated into the mature heteropolymeric
melanosome fibrils (Table 1, Fig. 2A). One other variant, p.N1118S,
is predicted to abolish an N-linked glycosylation site in the N-
terminal region (NTR) (UniProt). The NTR domain coordinates
processing, trafficking and assembly of PMEL fibrils despite not
participating in the final structure (37,54). Expression of the
p-N111S construct resulted in a reduction of proteolytic products
(Fig. 2) but it is not clear whether the loss of glycosylation
or the presence of the serine residue is responsible. We used
electron microscopy to determine that five of the PMEL variants
studied here produce disordered fibrils in pseudomelanosomes
or affect fibril organization in transfected HeLa cells, confirming
that organellar structure is sensitive to missense mutations
in critical residues of this gene. We hypothesize that iris
melanocyte health or longevity is affected by melanosome
function and that pigment integrity in the lifespan of a human
eye is thus susceptible to PMEL variation. We expected to observe
relatively subtle defects in fibrillogenesis because PDS/PG is not
associated with non-ocular pigmentary defects. The functional
impairments described in this study are consistent with the
hypothesis that the observed heterozygous PDS/PG-associated
PMEL variants are gain-of-function mutations that cause PDS/PG
with dominant inheritance, albeit with incomplete penetrance
over the timescales observed. While our zebrafish model clearly
shows that loss of PMEL impacts ocular function, and that some
disease causing variants may be loss-of-function, our data also
supports a hypothesis that aberrant protein fibrils or aggregates
are also an important mechanism of melanocyte damage.

The principal defect in PDS/PG is thought to be detachment
of pigmented cells from the posterior iris with deposition of
pigmented material in the TM leading to increased IOP and
ultimately glaucoma (10). An initial mechanical explanation
proposed that posterior iris bowing created inappropriate
contact with the lens zonule, leading to abrasion and liberation
of pigment from the IPE. Although irido-zonular contact was
indeed demonstrated in a subset of PDS patients (4,5), it
remained puzzling why this would occur in a disorder character-
ized by increased irido-lenticular separation (myopia), yet this
is never observed in either hyperopia or microphthalmia. Since

surgical intervention to relieve posterior iris bowing does not
prevent progression to glaucoma, (60,61) other mechanisms are
likely to contribute. Our data are consistent with the hypothesis
that the primary cause of pigment release is melanocyte cell
death and consequent detachment in accordance with previous
observations in mice (62). Given that human ocular pigment
deposition is commonly juvenile onset and progresses gradually
over decades, we hypothesize that dysfunctional melanosomes
lead to the accumulation of ROS and/or cytotoxic melanin
synthesis intermediates in iris melanocytes. Iris melanocytes
represent a unique population that undergo continuous
melanosome biogenesis but do not transfer those melanosomes
to keratinocytes as in the hair or skin. This may make them
particularly susceptible to mutations that affect melanosome
function, as mildly damaging effects can accumulate over time.
Accordingly, the relatively more pigmented melanocytes of the
posterior IPE are predicted to be the first iris melanocytes
to show signs of damage. Other melanocytes in the stroma
and anterior IPE would also be affected but over longer
timescales proportional to the degree of pigmentation. Although
the structural role of PMEL in melanosomes has been well
established, it has previously been suggested that the primary
function of PMEL is to sequester these ROS and cytotoxic
melanin synthesis intermediates to protect the cell (63). Since
the factors regulating pigmentation and ROS response are
diverse [several of which have been previously implicated in
glaucoma (64-66)], this process could be influenced by many
genetic and environmental factors explaining the observed
genetic heterogeneity for PDS/PG. As a corollary to this model,
we anticipate that genetic variants that dramatically affect these
processes could lead to simpler PDS/PG inheritance modes due
to a larger pathological contribution, whereas combinations
of genetic variants with subtle effects could underlie complex
inheritance modes. The PMEL variants characterized here cause
defects in processing and/or fibrillogenesis that likely impair
PMEL'’s ability to protect melanocytes from ROS generated during
melanin synthesis and storage. Simultaneously, PMEL variants
that cause a transition from functional to pathogenic amyloid
may also cause cell death through an alternative pathway due to
the formation of protein aggregates. The most likely mechanism
by which PMEL variants contribute to PDS/PG is melanocyte
dysfunction causing an increase in pigment-containing cellular
debris in the aqueous humor. Phagocytosis of this material by TM
cells causes the accumulation of pigmented material in the TM,
which is known to cause TM cell detachment and/or death (67-
71). The resultant loss of aqueous humor homeostasis is then
associated with increased IOP-mediated retinal ganglion cell
death and high-pressure glaucoma. Considering the important
role of melanosomes in protecting the RPE from ROS generated
during photoreceptor outer segment turnover, it is intriguing to
consider whether PMEL variants also simultaneously alter RPE
function thereby contributing to PDS/PG retinal phenotypes as
has been suggested previously (72,73). Further study is expected
to elucidate how these variants contribute to the pathology of
PDS/PG and impact melanocyte health.

Materials and Methods
Subjects and clinical evaluation

All study subjects were Caucasian with European ancestry and
provided written informed consent. All probands and isolated
cases underwent a complete ocular examination. The diagno-
sis of PDS was based on the presence of characteristic iris



transillumination defects detected by slit lamp examination.
Other features of PDS including corneal endothelial cell pigment
(Krukenberg spindle), zonular pigment deposition and excess
pigmentation of the TM on gonioscopy were noted but were not
required for case definition. As PDS is a predisposing condition
for glaucoma (PG), clinical features defining glaucoma were also
recorded including elevated IOP above 21 mmHg and presence
of visual field defects characteristic of glaucoma-related optic
neuropathy. Clinical information for some family members was
obtained from clinical notes. Other clinical features, includ-
ing refractive error, were noted if available. The research was
approved by the following separate Institutional Health Research
Ethics Boards: Flinders Medical Centre, Massachusetts Eye and
Ear Infirmary and the University of Alberta.

Family 1 and the US cohort (28 additional multiplex families
and 118 isolated cases) were comprised of Caucasian PDS/PG
patients with European ancestry and were recruited from the
Massachusetts Eye and Ear Infirmary, the New York Eye and Ear
Infirmary of Mount Sinai and Bascom Palmer Eye Institute.

Two Canadian Mennonite patients, first cousins (Family 2),
were assessed on multiple occasions at the Royal Alexandra
Hospital Eye Clinic (Edmonton, AB), with comprehensive oph-
thalmological assessments that included automated perimetry
(visual field testing) and disc imaging (optical coherence tomog-
raphy and Heidelberg retina tomograph (HRT)) (Table 1). Both
patients fulfilled the diagnostic criteria for PDS and PG. The
second cohort consisted of PDS/PG patients recruited in CA and
the UK (three additional families and 110 isolated cases). The
third cohort (Australian) consisted of 135 PDS/PG cases recruited
from the Australian and New Zealand Registry of Advanced
Glaucoma.

Whole exome sequencing

WES was performed on selected members of Family 1 with an
Agilent SureSelect V5 + UTR (74.4 Mb target sequence) library
preparation kit and the HiSeq2000 sequencer (Illumina). Reads
were aligned to the human reference sequence (hgl9) with
Burrows-Wheeler Aligner v0.6.2-r126, (74) and SAMtools v0.1.18
or r982:295 (75) was used to remove potential duplicates and
to make initial single nucleotide polymorphism (SNP) and indel
calls that were refined using a custom program (76). Resulting
variant calls were annotated using a custom human bp codon
resource (76,77). Overall, between 19 200-22 254 exonic sequence
alterations were identified in each family member. The average
sequencing depth was 110x and 99% of the targeted regions were
covered with a minimum read depth of 40x.

Genomic DNA from Family 2 was submitted to the Beijing
Genome Institute for WES with the Ion Proton AmpliSeq
Exome RDY kit, followed by standard bioinformatics analysis
to provide lists of annotated variants. Between 20 573-20 652
exonic variants were detected in each individual (BGI Americas).
Ninety-two percent of targeted exons were sequenced with an
average of 203x coverage, with 80% of bases at a quality score of
Q20 or higher.

WES variants and PMEL screening of the US and Australian
cohort was completed using Sanger sequencing as previously
described (78).

Targeted high-throughput sequencing

To rapidly and economically genotype the CA/UK cohort a
high-throughput targeted next generation sequencing approach
was developed. Polymerase chain reaction (PCR) primers were
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designed using Primer3 (79) and SNPCheck3 to amplify all coding
exons of PMEL, avoiding or minimizing the number of poly-
morphic base-pairing sites (Supplementary Material, Table S2).
Primary PCR products were amplified in 20 pl reactions
using 0.2 pm of each forward and reverse primer, 1x FailSafe
Premix ] (Epicentre Biotechnologies), 40 ng genomic DNA
and 1 U Taq polymerase (New England Biolabs), using a
standard touchdown cycling protocol as follows: denaturation
at 95°C for 3 min followed by five cycles of 95°C for 30 s,
64-56°C for 30 s (2°C decrease per cycle), 68°C for 30 s and
then 24-33 cycles (optimized per primer pair to produce all
bands of similar intensity) of 95°C for 30 s, 54°C for 30 s
and 68°C for 30 s, with a final extension at 68°C for 5 min.
After confirmation of successful amplification using agarose
gels, PCR products were pooled for each individual, purified
enzymatically (ExoSAP-IT, Affymetrix USB) and subjected to
secondary ‘barcoding’ PCR with unique pairs of Nextera XT
v2 index primers (Illumina) as follows: denaturation at 95°C
for 3 min followed by eight cycles of 95°C for 30 s, 55°C for
30 s, 68°C for 30 s, with a final extension at 68°C for 5 min.
Samples were then bead purified (AMPure XP, Agencourt), with
confirmation on a QIAxcel (Qiagen). Samples were then pooled
and the library was quantified with a Qubit 2.0 fluorometer
(ThermoFisher Scientific) and sized with a Bioanalyzer 2100
(Agilent Technologies) before being analyzed on a MiSeq
desktop sequencer (lllumina) at The Applied Genomic Core
at the University of Alberta. The 360 Mb of sequence was
generated with 90% of the 1.4 million reads (2 x 250 bp) at
a Phred quality score of >Q30. The FASTQ files were aligned
to the human genome (GRCh38) with the Burrows-Wheeler
Aligner v0.6.1-r104 (74) and indexed with SAMtools v1.3.1.
(75). Variants were called with VarScan v2.4.2 (80) using a
minimum variant allele frequency threshold of 0.35 and
annotated with Ensembl’s Variant Effect Predictor (81). The
identified variants were confirmed by conventional Sanger
sequencing.

Cloning

A complementary DNA (cDNA) encoding WT PMEL17-i, the most
abundant protein isoform (NP_008859.1) (38) was purchased
from the DNASU Plasmid Repository and subcloned into pGEM-
T plasmid (Promega) with an in-frame C-terminal V5 epitope
(GKPIPNPLLGLDST). Site-directed mutagenesis was performed
(QuikChange Lightning Site-Directed Mutagenesis Kit, Agilent
Technologies) to generate plasmids for each patient variant. All
plasmid inserts were then subcloned into the pCI mammalian
expression vector (Promega) and the full insert sequences were
confirmed.

Cell culture

Hela cells were grown in high-glucose Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum
and 1x antibiotic-antimycotic solution (ThermoFisher Sci-
entific). Cells were transfected with the plasmid constructs
using Lipofectamine 2000 (ThermoFisher Scientific), per the
manufacturer’s protocol.

Immunoblotting

HeLa cell lysates were harvested 48 h post-transfection using
lysis buffer [0.1% sodium dodecyl sulfate (SDS), 0.5% sodium
deoxycholate, 1% IGEPAL CA-630, in phosphate buffered saline]
for analysis by denaturing SDS-polyacrylamide gel electrophore-
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sis (PAGE). Insoluble fractions were suspended using inclusion
body solubilisation buffer (8 M Urea, 100 mm g-ME, 100 mMm
Tris/HCl). PMEL proteins were detected by immunoblotting using
anti-V5 antibody (Sigma-Aldrich) or HMB45 (Novus Biologicals)
and visualized by chemiluminescence (SuperSignal West Femto
Maximum Sensitivity Substrate, ThermoFisher Scientific).

Immunofluorescence and colocalization analysis

HeLa cells, grown and transfected on glass coverslips, were
fixed with 2% paraformaldehyde 48 h post-transfection, then
incubated with the indicated cell localization markers for 1 h:
ER (anti-Calreticulin, a generous gift from Dr. Marek Micha-
lak), Golgi (anti-GM130, product #AF8199, Novus Biologicals)
and endosomes (anti-LAMP1, product #GR314073, Abcam).
Fluorescent secondary antibodies (Jackson ImmunoResearch
Laboratories, Inc.) were incubated at 1:5000 dilution for 1 h.
Nuclei were visualized by staining with 4/, 6-diamidine-2-
phenylindole (DAPI) dye (10 pg/ml). Slides were imaged using
a confocal microscope [Olympus IX-81 microscope, Yokagawa
CSU 10 spinning disk confocal, Lumen Dynamics X-Cite 120,
Hamamatsu EMCCD (C9100-13), acquisition using Perkin Elmer’s
Volocity].

Transmission electron microscopy

Ultra-thin sections with a thickness of 60 nm were generated
using a Leica UC7 ultramicrotome (Leica Microsystems, Inc.)
and contrasted with 2% uranyl acetate and Reinold’s lead cit-
rate. Sections were imaged using a Hitachi H-7650 transmis-
sion electron microscope (Hitachi-High Technologies) at 60 kV
and a 16-mega pixel TEM camera (XR111, Advanced Microscopy
Techniques). Images were qualitatively assessed by scoring each
observed pseudomelanosome for the following three morpho-
logical features using WT PMEL and p.RPTdel as known normal
or aberrant examples, respectively: 1) fibril appearance, where
WT fibrils appear straight and uniform, 2) fibril organization,
where WT fibrils have regular spacing and only one cluster of fib-
rils per pseudomelanosomes and 3) organelle shape, where WT
organelles appear ellipsoid. If pseudomelanosome features were
ambiguous, they were assumed to be normal. A Student’s t-test
(two-tailed, P < 0.05) was used to compare PDS/PG-associated
PMEL variants to WT using the percent of pseudomelanosomes
observed to be abnormal for those features.

Zebrafish CRISPR and reverse transcription quantitative
PCR

All zebrafish husbandry and experimentation were completed
under Protocol #AUP00000077 approved by the University of
Alberta Animal Care and Use Committee: Biosciences under the
auspices of the Canadian Council on Animal Care. Zebrafish (WT
AB strains) were maintained at 28.5°C in standard conditions
(82,83).

Antisense morpholino oligonucleotides (MOs) purchased
from Gene Tools, LLC were delivered to embryos using pro-
cedures described previously (83). The MOs used in the
experiments are shown in Supplementary Material, Table
S3. Quantification and statistical analysis of pigmentation
was performed by binarization of images, as described previ-
ously (84).

To produce guide RNA, the CRISPR binding sequence for
the cytoplasmic domain of pmela (Supplementary Material,
Table S3) was designed in Geneious 9.1.8. An SP6 promoter

was added to this sequence and then annealed to the constant
oligomer (Supplementary Material, Table S4) (85). The oligonu-
cleotides were ordered from Integrated DNA Technologies,
Inc. The resulting oligonucleotide was then transcribed into
guide RNA with T4 DNA polymerase (New England Biolabs),
purified (QIAquick PCR Purification Kit, Qiagen) and further
transcribed and purified using the mMESSAGE mMACHINE SP6
transcription kit (ThermoFisher Scientific). Zebrafish embryos
at the one-cell stage were injected with 1 nL of a cocktail
containing 1 pl of guide RNA (at >2000 ng/pl) mixed with
2 pl of Cas9 protein stock (New England Biolabs), 0.5 ul
Cas9 buffer (New England Biolabs) and 1.5 pl 1.5 M KCL
After cutting of the target genomic region was confirmed in
injected embryos, other injected embryos were raised and
their progeny were assessed for mutations surrounding the
target region using primers listed in Supplementary Material,
Table S4.

The morphology of zebrafish was assessed and documented
with a Leica MZI16F stereo-dissection microscope with a
mounted 12.8 megapixel digital camera (DP72, Olympus).
Quantification and statistical analysis of pigmentation was
performed by binarization of images, as described previously
(84). Quantification of morphology utilized Image] (Wayne
Rasband, National Institutes of Health).

Reverse transcription quantitative PCR (RT-qPCR) on zebrafish
larvae followed the MIQE guidelines (86) for primer validation
and RNA quality control. RNA was extracted from 3 dpf WT
and mutant embryos with an RNeasy Minikit (Qiagen) and
DNase I (Qiagen) and assessed for high quality on an RNA
6000 NanoChip and 2100 Bioanalyzer (Agilent Technologies).
The RNA was then synthesized into ¢DNA with qScript
Supermix (Quantabio). The SYBR green system was used for
gPCR on a 7500 Real-Time PCR system (Applied Biosystems)
using primers (Supplementary Material, Table S4) validated
to produce a single clean peak and maintain a linear ampli-
fication over a broad dilution range. qPCR was performed
in three technical replicates on each biological replicate.
Transcript abundance was reported as relative to B-actin
levels (87).

Supplementary Material

Supplementary Material is available at HMG online.

Web resources

ExAC - http://exac.broadinstitute.org

Primer3 - http://bioinfo.ut.ee/primer3

SNPcheck - https://secure.ngrl.org.uk/SNPCheck/snpcheck.htm
Variant Effect Predictor — https://uswest.ensembl.org/info/docs/
tools/vep/index.html

gnomAD - http://gnomad.broadinstitute.org
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