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Abstract 

Pigmentary Glaucoma (PG) is a common glaucoma subtype that results from release of pigment 

from the iris (Pigment Dispersion Syndrome) and its deposition throughout the anterior chamber 

of the eye. Although PG has a substantial heritable component, no causative gene variants have 

yet been identified in humans. Whole Exome Sequencing (WES) of two independent pedigrees 

identified the first candidate gene for heritable PDS/PG - premelanosome protein (PMEL), which 

encodes a key component of the organelle (melanosome) essential for melanin synthesis, storage 

and transport. Targeted screening of PMEL in three independent replication cohorts (n= 394) 

identified nine additional PDS/PG-associated variants. These variants exhibited either defective 

post-translational processing of the PMEL (5/9), altered amyloid fibril formation (5/9), or both 

(3/9). Suppresion of the homologous pmela in zebrafish caused profound pigmentation and 

ocular defects further supporting PMEL’s role in PDS/PG. Taken together, these data support a 

model in which protein altering PMEL variants represent dominant negative mutations that 

impair PMEL’s normal ability 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 that cause human eye disease. 
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1.1 The Eye and Glaucoma 

The human eye is a highly specialized sensory organ which, in combination with the visual 

cortex of the brain, is responsible for vision. It develops as a fusion of several distinct embryonic 

cell populations to form a complex structure which senses not only light vs dark but also a 

variety of other factors involved in high definition vision such as color and motion. At its most 

basic the human eye is a pairing between a neural sensory component (retina) and an advanced 

structural housing which not only protects the retina but participates in vision through aperture 

control, light focusing, and eye movement. Substructures of the eye are commonly subdivided 

into either the anterior or posterior segment (Figure1). The posterior segment encompasses the 

retina as well as its support structures, the vasculature, choroid, and vitreous humor. In the 

posterior segment the optic nerve, responsible for transmission of information to the brain for 

processing, meets the retina at a point called the optic disc.  

 

In contrast the anterior segment contains several structures such as the cornea, lens, ciliary body, 

trabecular meshwork, and importantly for this investigation the complex biological aperture 

known as the iris. The cornea helps focus light and provides a robust barrier between the eye and 

external environment. It is largely comprised of a mostly acellular stroma (excluding some 

resident keratinocytes and macrophages), but this structure is importantly maintained by the 

corneal epi- and endothelium. Suspensory ligaments attached to the ciliary body hold the lens in 

place and complete the focusing apparatus of the eye.  Aqueous humor is produced by the ciliary 

body and fills the intervening space between the cornea and the iris nourishing the structures of 

the anterior segment and clearing waste products from the eye.  
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Figure 1. The Eye and Glaucoma The human eye is anatomically separated into the anterior 
and posterior segments. The posterior segment encompasses the retina and associated structure 
(right side of the eye outlined above) while the anterior segment encompasses the iris, lens, 
cornea, and associated structure (left side of eye outlined above). The iris is a complex biological 
aperture (expanded panel below) composed of the stroma encased within an anterior epithelium 
and a posterior iris pigment epithelium (IPE) bilayer. Both iris sphincter muscles (located 
centrally) and iris dilator muscles (which span the iris radially) are nourished by vasculature 
which innervates the stroma. The stroma is additionally supported by keratinocytes which 
maintain the extracellular matrix and macrophages which defend the eye against pathogens. The 
anterior iris pigment epithelium is generally less pigmented than the posterior iris pigment 
epithelium (see blow out panel bottom right) which may reflect different developmental origins. 
High tension glaucoma (top right) is glaucomatous optic neuropathy associated with increased 
intraocular pressure (IOP) often caused by decreased conventional outflow in the anterior 
segment.  
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Waste removal is accommodated by outflow of the aqueous humor via either the conventional or 

uveoscleral route. Conventional outflow is responsible for the majority of outflow and involves 

removal of aqueous humor through the trabecular meshwork which both facilitates outflow via a 

series of channels and filters waste products through phagocytosis. Uveoscleral outflow does not 

have a defined pathway but involves escape of aqueous humor through the intervening spaces 

between the ciliary body, trabecular meshwork, cornea, and sclera. 

 

Finally, the iris is a complex biological aperture which dynamically controls light access to the 

retina. It is composed of several layers including a transparent anterior epithelium, a bilayer 

posterior pigment epithelium, and intervening heterogenous stroma. The stroma contains 

vasculature that nourishes the iris dilator and sphincter muscles which function together with 

innervating nerves to control contraction or dilation of the pupil. Iris sphincter muscles are key to 

rapid contraction of the iris in response to intense light due to their unique photosensitive 

properties, acting as non-neural photoreceptors in the human body. The iris pigment epithelium 

(IPE) is a bilayer composed of an anterior layer of melanocytes derived from neuroectoderm 

sharing a developmental origin with the RPE and a posterior layer of melanocytes derived from 

the inner layer of the optic cup and sharing a developmental origin with the neural retina. There 

is limited information detailing the functional differences between these two layers, but 

developmentally the iris sphincter and dilator muscles are derived from the posterior IPE or 

anterior IPE respectively. Additionally, the posterior IPE often appears more highly pigmented 

and may contribute more to the light blocking function of the iris. Melanocytes contain 

specialized membrane bound pigmented organelles called melanosomes which synthesize and 

contain melanin, a pigment which absorbs both visible and damaging UV spectrum light. 
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Combined, the IPE and muscles of the iris allow strict control over the amount of light entering 

the retina. 

 

The complexity of the eye is mirrored in the myriad of medical conditions which impair vision. 

Diverse in their pathology, epidemiology, genetics, and patient impact it is important to 

acknowledge the heterogeneity of conditions vision scientists and medical professionals face. 

However, by far the most impactful eye disease globally, alongside diabetic retinopathy and age-

related macular degeneration, is glaucoma. With a combined world-wide prevalence of 3.54% in 

individuals 40-80 years of age1, glaucoma affects more individuals than any other inherited eye 

disease even without including earlier onset cases. An umbrella term, glaucoma describes a 

heterogenous set of diseases with unique pathologies phenotypically converging on death of 

retinal ganglion cells and optic nerve atrophy (together termed glaucomatous optic neuropathy) 

leading to vision loss. Although commonly associated with elevated intraocular pressure (IOP), 

both high (IOP>20 mm Hg) and low-tension forms of glaucoma exist2.  The true diversity of 

glaucoma subtypes has been challenging to quantify statistically, but high-pressure forms of 

glaucoma are the most common subtypes with primary open-angle glaucoma (POAG) alone 

making up an estimated 87.57% of all glaucoma cases1. ‘Primary’ refers to glaucoma with an 

unknown biological origin (most cases) as opposed to ‘secondary’ glaucoma which has a 

definable cause such as trauma. ‘Open angle’ refers to subtypes in which the space between the 

trabecular meshwork and cornea remains open, allowing access to conventional outflow whereas 

in angle-closure glaucoma this space is restricted physically preventing conventional outflow2. 

Management strategies for high-pressure glaucoma include both surgical and pharmacological 

interventions, mostly targeted at managing pressure through improved outflow or reduced humor 
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production. Usually an IOP reduction of 20-50% is enough to prevent the progression of vision 

loss but depends on the extent of existing damage. Despite progress in the treatment of 

glaucoma, the pathophysiological diversity between subtypes can make management of certain 

cases challenging. 

 

1.2 An Introduction to Pigment Dispersion Syndrome and Pigmentary Glaucoma 

Pigment Dispersion Syndrome (PDS) is the shedding of pigment from the posterior surface of 

the iris into the anterior segment following the flow of aqueous humour. This shedding does not 

independently impair vision in most affected individuals. However, a subset of patients with 

PDS progress to Pigmentary Glaucoma (PG) with high intraocular pressure (IOP) and 

glaucomatous optic neuropathy. To date, although several population studies have established a 

relationship between these two disorders, the underlying pathology remains cryptic3–6. A 

heterogenous and possibly complex genetic component appears to underlie at least a proportion 

PDS/PG cases7. Understanding this genetic component can not only provide insight in the 

underlying pathology of PDS/PG but also forms the basis for rationally designed therapeutics for 

this important cause of blindness worldwide. 
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1.3 Pathophysiology  

The defining characteristic of PDS is the bilateral shedding of pigment from the posterior iris 

pigment epithelium (IPE) and the subsequent deposition of this pigment in the anterior segment, 

first described in 18998.  Pigment lost in this way can be visualized using gonioscopy as iris 

transillumination defects which describe depigmented zones that abnormally allow light to pass 

through them9. These slit-like depigmented zones tend to be observed radially in the mid-

peripheral iris and, according to ultrasound biomicroscopy studies, patients with PDS often have 

abnormal irido-zonular contacts10,11. As described in more detail below, these abnormal contacts 

have previously been proposed to be responsible for pigment shedding via a mechanical rubbing 

model10. Iris transillumination defects are observed in approximately 86% of patients with 

PDS12. Liberated pigment is transported into the anterior segment via aqueous humour flow. 

Aqueous humour convection currents driven primarily iris vasculature and blinking13 then 

deposit this pigment in a vertical stripe on the cornea known as a Krukenberg spindle8,14 (Figure 

2). This phenotype is observed in around 90% of PDS patients, and does not correlate with 

differences in corneal thickness or density15,16. Possibly the most important clinical sign in the 

pathophysiology of PDS is the observation of dense trabecular meshwork pigmentation14. PDS 

patients tend to have a diffuse and uniformly dense pigmented trabecular meshwork, unlike 

patients with the phenotypically-related pseudoexfoliation syndrome where punctate deposits of 

material in the trabecular meshwork are observed17.  
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Figure 2 – Phenotype of Pigment Dispersion Syndrome and Pigmentary Glaucoma Loss of 
pigmented material from the iris pigment epithelium (IPE, pictured in green) results in deposition 
of pigment in the anterior segment. Available histology suggests this pigment loss is the result of 
melanocyte death and detachment causing fragments of these cells to follow the flow of aqueous 
humor into the anterior chamber. This can be visualized as a transillumination defect (top left 
panel, Edward S. Harkness Eye Institute) wherein the light shone through the pupil reflect off the 
retina and back through the iris abnormally in a usually slit-like and radially distributed pattern. 
Pigment phagocytosed by the corneal endothelium presents as a stripe called the Krukenburg 
spindle (center left panel Edward S. Harkness Eye Institute) whose appearance is a by-product of 
convection currents in the anterior chamber aqueous humor driven by iris vasculature blinking. 
Pigment is also phagocytosed by the trabecular meshwork which can be pictured as a dark ring 
of pigment localized around the edge of the pupil (bottom panel, Courtesy of Dr. Ordan J. 
Lehmann). Death of cells in the trabecular meshwork leads to decreased conventional outflow, 
increased intraocular pressure (IOP), and glaucomatous optic neuropathy.   
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Histologic examination has revealed that pigment granules are phagocytosed by both corneal 

epithelium cells and trabecular meshwork cells rather than being adsorbed onto their surface18–21. 

Phagocytic stress causes alterations to trabecular meshwork extracellular matrix structure and 

adhesion22,23 which could explain the trabecular meshwork dysfunction observed in PDS/PG 

patients21. In PDS/PG patients, trabecular meshwork cells die and exhibit localized necrosis24. 

This necrosis leads to a collapse of channels in meshwork and a concomitant decrease in the 

essential filtering function of trabecular cells which aids in waste removal.  The resultant reduced 

outflow is likely the primary mechanism in conversion from PDS to PG. as reduced outflow is an 

established mechanism for IOP increase and glaucomatous optic neuropathy24,25. However, the 

degree of trabecular meshwork pigmentation does not directly correlate with conversion risk, but 

is however related to the severity of optic neuropathy in PG patients5,26. The lens and iris have 

been suggested to function together in a ball-valve pressure mechanism, called the reverse 

pupillary block, maintaining one way aqueous humour flow27. Elevated anterior segment 

pressure may bend the iris posteriorly, increasing irido-zonular contact and as a result exacerbate 

pigment shedding6,28.  However, the iris bending cannot be solely due to pressure as a study 

using ex vivo iris explants showed that iris bowing is a normal feature of iris dilator muscle 

activity and position29. Hyperplastic iris dilator muscles have been observed in several patients 

with PDS and this dysfunction may contribute to posterior iris bowing30–32.  

 

Although currently limited, some evidence has accrued to support the involvement of the retinal 

pigment epithelium (RPE) in PDS/PG. Patients with PDS have significantly lower Arden ratios 

than patients with primary open-angle glaucoma (POAG) or ocular hypertension (OHT) which 

may indicate RPE degeneration33. Arden ratios express the result of an electrooculogram which 
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measures the standing potential between the RPE and choroid. Lower ratios reflect RPE 

dysfunction as the retina is less capable of adapting to the variable light stimulus in the test. 

Lattice retinal degeneration occurs in 22-33% of PDS/PG cases which is high, despite the known 

association between PDS and myopia34–36. An estimated 12% of eyes with PDS also experience 

retinal detachment; occurring in 5.5-6.6% of total PDS cases6,36,37. Together these data support a 

more general involvement of pigmented cells in the pathology of PDS/PG, but further 

characterization of possible RPE dysfunction associated with PDS/PG is necessary. 

 

1.4 Epidemiology  

At a population scale, there are several long-standing questions to answer about PDS and PG. As 

PDS is the underlying condition, it is important to know how many people are affected as well as 

details regarding their demographic characteristics. The incidence of PDS has been estimated to 

be between 1.4 per 100,000 to 4.8 per 100,00012 in the United States. However, some estimates 

place prevalence as high as 2.45% in the United States38. Screening for PDS however is 

complicated by its subclinical nature, the fact that pigment dispersion is more easily observed in 

lightly pigmented eyes, and the phenomenon of symptom abatement known as ‘burn-out’ where 

pigment stops being shed12,26. People affected by PDS may not seek out eye exams since their 

vision is not impaired and affected individuals, may be asymptomatic for obvious pigmentary 

defects due to ‘burn-out’, together leading to an underestimation of PDS prevalence. Burn-out 

typically occurs in older individuals and it is possible some patients who present with 

glaucomatous optic neuropathy, who are then diagnosed with POAG, may be more accurately 

described as PG cases with burn-out. PDS is known to affect young myopes which may explain 

some of the structural iris pathologies associated with the disease14,36,39. North American studies 
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have established a higher prevalence of PDS in white patients and a lower than expected 

incidence of PDS in black patients39–41, but the aforementioned ability to more readily detect 

aberrantly located pigment in light coloured eyes might lead to an ascertainment bias. 

 

Conversion from PDS to PG is a highly variable and heterogeneous phenomenon impacted by 

both genetic and environmental factors. For example, despite the prevalence of PDS being 

approximately equal in both men and women, more males progress to PG5,6,13,36 and that 

conversion occurs about a decade earlier in men than women3,13,27,36,39. PDS patients have an 

increased family history (4-21%) of glaucoma12,36,42 however that percentage increases greatly in 

patients with PG (26-48%)12,39,43,44. Rigorous exercise has been shown to induce pigment 

dispersion, enhance posterior iris bending, and increase IOP which all contribute to conversion 

risk45–48. IOP is a major risk factor for PDS to PG conversion, with the increase in risk being 

proportional to increase in IOP12,49. The actual rate of conversion is highly variable between 

studies and seems to in part depend on the ethnic background of patients. Conversion rates as 

high as 35-50% have been reported in US populations3–5. However in another study which 

evaluated conversion over time, the conversion rate was estimated at 10% at 5 years and 15% at 

15 years12. In a Latin American cohort conversion rate was observed to be 37.5% at 50 months 

which is in good agreement with US studies49. However, in a Pakistani cohort the observed 

conversion rate was only 4% at 15 years which may support ethnicity as a risk factor for 

conversion50. Ultimately the diversity in conversion rates supports the observation of 

heterogenous genetic and environmental risk factors. In the Western world, PG represents 1-

1.5% of total glaucoma cases and, due to its early age of onset, is the most common cause of 
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non-traumatic glaucoma in young adults38,51 making it an important cause of debilitating 

blindness. 

 

1.5 Human Genetics 

Current research on the genetic component of PDS/PG supports a genetically heterogeneous and 

possibly complex inheritance model. Analysis of four 3-generation pedigrees with Irish or mixed 

western European ancestry affected by PDS/PG supported an autosomal dominant mode of 

inheritance given the identification of affected individuals in every generation without a sex 

bias52. In 1997 using microsatellite markers, a chromosomal region named GPDS1 (glaucoma-

related pigment dispersion syndrome 1) (OMIM ID 600510) was mapped to human chromosome 

7 (7q35-q36; 2-point lod score ZAmax: 5.72 at theta = 0) in a subset of patients affected by PDS. 

To date this linkage has not been replicated by other mapping studies. Additionally, no candidate 

genes in this region have been successfully associated with PDS/PG. Of several genes in the 

region, the most promising candidate is likely human endothelial nitric oxide synthase (NOS3) as 

it is known to play a role in maintaining vascular tone and dysfunction may contribute to 

structural abnormalities of the iris53–55. However, mutations in NOS3 have not been reported to 

be associated with PDS/PD to date. 

 

Another region, on chromosome 18, has also been associated with PDS/PG in several studies. 

Using a single pedigree, significant linkage to the 18q11-q21 region was observed56 and later 

analysis of four additional pedigrees not linked to GPDS1 found significant linkage to the 18q21 

region, assuming an autosomal dominant mode of inheritance57. Finally, there exists one case 

study of an Estonian man with PDS harbouring novel deletions on both the nearby 18q22 and 
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2q22.158. However, as for the GPDS1 locus, no genes in these regions have been associated with 

PDS/PG. 

 

Two candidate genes associated more broadly with other subtypes of glaucoma, myocilin 

(MYOC) and lysyl oxidase homolog 1 (LOXL1), have shown limited association with PDS/PG. 

MYOC is well known for association with several subtypes of glaucoma including juvenile open-

angle glaucoma (JOAG) and primary open-angle glaucoma (POAG)59–61. Several cases of 

potentially damaging mutations in MYOC in patients with PDS/PG have been observed62–64 and 

MYOC is expressed in several ocular tissues including the iris which makes it biologically 

plausible, despite its still cryptic biological function. However, the very small number of MYOC 

variants found associated with PDS/PG suggest that MYOC is either a very infrequent cause of 

PDS/PG or that this association is due to chance. Given the phenotypic similarities between 

pseudoexfoliation syndrome (PXS) and PDS (deposition of material in the anterior segment) 

several studies have investigated a possible association between LOXL1, a gene strongly 

associated with PXS65–69, and PDS/PG. To date no causal association of PDS/PG and LOXL1 

variants has been observed70,71 but variants in LOXL1 could act as a modifier of both of disease 

risk and age of onset70,72. Interestingly, a patient with coexisting73 PXS and PDS has been 

described, supporting again the idea that these related disorders are separate clinical and genetic 

entities.  

 

There may be also some overlap between PDS and the rare recessive disease Knobloch 

syndrome (OMIM # 267750) caused by mutations in COL18A174,75. Knobloch syndrome is a 

developmental disorder with ocular abnormalities and severe skull formation defects. Recently it 



14 
 

has been reported that PDS and PG are a hallmark sign of Knobloch syndrome and that 

understanding PDS/PG is important for management of Knobloch syndrome76. However, given 

the severity of the other diagnostic symptoms of Knobloch syndrome, variants in COL18A1 are 

unlikely to cause a large proportion of PDS/PG cases. Two case reports have associated Marfan 

syndrome (OMIM # 154700) with PDS/PG and suggested that FBN1 variants, while not 

causative for PDS, may contribute to conversion to glaucoma77,78. Although glaucoma generally 

has been associated with Marfan syndrome79 there currently exists insufficient evidence to 

associate PDS/PG directly with Marfan syndrome or variants in FBN1. 

 

1.6 Animal Studies 

Whereas human studies have failed to elucidate any gene associated with PDS/PG, animal 

research has successfully identified several genes associated with similar phenotypes. 

Undoubtedly the most significant progress has been made using the DBA/2J mouse glaucoma 

model which has proven invaluable to both PDS/PG research and understanding of glaucomatous 

optic neuropathy as a whole80–84. DBA/2J mice were observed to sporadically develop iris 

atrophy, pigment dispersion, increased IOP, and glaucoma-like retinal ganglion cell death84. 

Later the genes responsible for these sporadic phenotypes were mapped to two main genes; 

Tryp1 and Gpnmb which accounted for the iris atrophy and pigment dispersion respectively80. 

Iris pigment dispersion and associated atrophy have also been observed in several other mouse 

models and causative genes together implicate melanosome genes as playing a central role in iris 

pigment dispersion pathogenesis80,85–87. 
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Melanin synthesis is a tightly regulated process whereby potentially cytotoxic intermediates88 

polymerize onto structural protein fibrils in melanosomes, the specialized pigmented organelle in 

melanocytes. Several genes involved in melanin synthesis have been implicated in iris pigment 

dispersion and atrophy in mice studies. Tyrp1 encodes tyrosinase-related protein 1, an important 

melanosome membrane-bound structural component of the tyrosinase complex that oxidizes 5,6-

dihydroxyindole-2-carboxylic acid (DHICA), has catalase activity, and modulates tyrosinase 

(Tyr) function89–91. In a screen of coat color variants, the Tyrp1b-lt (light coat) allele (which 

contains a single missense Tyrp1 mutation) was associated with iris pigment dispersion in the 

LT/SvEiJ inbred mouse85,92. The Tyrp1b  (brown coat) allele has two missense mutations and has 

been shown to cause iris atrophy in both the DBA/2J and YBR/EiJ inbred mouse strains80,87,93. 

Mutation of essential cysteine residues in both Tryp1b-lt and Tyrp1b alleles causes release of 

cytotoxic melanin synthesis intermediates from melanosomes leading ultimately to melanocyte 

cell death90,92. A spontaneous coat colour variant nm2798 is caused by the dopachrome 

tautomerase (Dct) allele Dctslt-lt3J, and is associated with iris pigment dispersion85. Dct is another 

protein in the Tyrosinase complex and also participates in melanin synthesis by converting 

dopachrome to DHICA94. Mutations of Dct are likely to cause melanosomal dysfunction and 

melanocyte toxicity via escape or accumulation of cytotoxic melanin synthesis 

intermediates88,89,94,95. A large scale genetic analysis of genetic modifiers of the iris 

transillumination defect in the DBA/2J mouse model identified the oculocutaneous albinism type 

2 (Oca2) gene, an important regulator of melanin synthesis through melanosomal pH control96,97. 

The human homologue OCA2 also has a direct tie to iris pigmentation, being the causative loci 

for both it’s namesake disease, oculocutaneous albinism Type 2 (OMIM# 203200) and iris 

color97–101. 
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Several genes important to melanosome function, but not involved in melanin synthesis, have 

also been implicated in iris pigment dispersion phenotypes. A C-terminally truncated allele of 

glycoprotein nonmetastatic melanoma protein b (Gpnmb) allele, Gpnmbr150x, was mapped as 

causing iris pigment dispersion in the DBA/2J strain80. Although not directly involved in melanin 

synthesis, Gpnmb is important to melanosome structural integrity and containing the cytotoxic 

melanin synthesis intermediates80. Gpnmb has additional neuronal and immune cell adhesion 

functions that are important to the pathology of glaucoma in DBA/2J mice102–104. Understanding 

the immune component of Gpnmbr150x mediated iris pigment dispersion may be important to 

elucidating the known involvement of the immune system in PDS30,105. Similarly, Lyst encodes 

the lysosomal trafficking regulator protein which is important for trafficking components to the 

early stage 1 melanosomes, and variants can cause Chediak-Higashi syndrome (# 214500)106. 

The Lystbg-j allele causes beige coat color in the C57BL/6J background. Beige mice exhibit 

pronounced pigment dispersion and increased melanosome volume with similarities to both PDS 

and PXS85,86. The underlying molecular mechanism for this phenotype is not yet understood but 

could be related again to cytotoxic melanin synthesis intermediates. Intriguingly C-terminal 

truncation of its homologue Pmel (Si allele) in mice causes melanosome dysfunction and 

melanocyte cell death leading to body wide pigmentary abnormalities but not iris pigment 

dispersion 107–109. However, most variants identified in this study are in the RPT domain of 

PMEL which is lost in GPNMB possibly explaining this difference. 

 

The same large-scale genetic analysis which identified Oca2 also identified several genes not 

directly involved in melanin synthesis. The motor protein Myosin Va (Myo5a) gene, signalling 
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protein protein kinase C ζ (Pkcζ), and transcription factor zinc finger and BTB domain-

containing protein 20 (Zbtb20) were identified as key modifiers of the iris transillumination 

defect96. Both Myo5a and Pkcζ have a direct tie to pigmentation either through intercellular 

trafficking of melanosomes110–112 or through melanocyte dendrite formation113 (a structure 

important to intercellular trafficking) respectively. It is not clear how Zbtb20 may influence this 

phenotype as the gene remains an understudied transcription factor with ties to the nervous, 

detoxification, immune system function thus far, the latter having been already implicated in the 

DBA/2J mouse model previously114–116. Finally, in the vitiligo substrain of C57BL/6J mice, a 

variant in the master pigmented cell transcription factor Mitf (Microphthalmia-associated 

transcription factor)117  caused relatively late onset pigment dispersion and increased eye size, 

possibly due to increased IOP85. The Mitfmi-vit allele likely disrupts the regulation of Tyrp1, Dct, 

Gpnmb, Lyst, Myo5a, and even PKCζ given Mitf’s essential role in regulating melanocyte 

identity and function118–120. 

 

One additional animal model exists with some relevance to PDS/PG. Canine ocular melanosis 

(OM) shares some phenotypic similarities with PDS/PG in that pigment is lost from the posterior 

of the iris leading to transillumination defects, pigment accumulates aberrantly in the TM, and 

increased IOP with glaucoma develops in affected canines. However, OM is characterized by a 

host of other pigmentary anomalies and pathogenic phenotypes including but not limited to iris 

root thickening, uveal melanocytic neoplasms, large scleral/episcleral pigment plaques, fundus 

pigmentation, corneal edema, and anterior uveitis121,122. Together these dramatic anomalies are 

more reminiscent of cancer than PDS/PG making the applicability of this model to human 
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disease limited. A genetic screen in Cairn terriers assuming an autosomal dominant mode of 

inheritance ruled out genes implicated in the DBA/2J model as being causative for OM123. 

 

Together the body of animal research strongly supports a central role for dysregulation of 

melanin synthesis, melanosome integrity, and melanocyte health in the pathogenesis of PDS. 

Although biased by the reverse genetic nature of screening coat color (and thus pigmentation) 

affecting variants for iris pigment dispersion, it is striking that so many different genes acting in 

similar processes have been associated with this phenotype in mice. In some sense the animal 

literature on iris pigment dispersion is in marked contrast with human clinical research that has 

focused on the structural features of PDS as opposed to the cellular ones. None of the genes 

implicated in mouse models have yet been associated with PDS/PG in humans. Interestingly a 

recent large genetic analysis has revealed that the iris transillumination defect is independent of 

the increased IOP observed the DBA/2J model124. Instead this glaucoma-like phenotype seems to 

be regulated primarily by other genes such as the calcium voltage-gated channel auxiliary 

subunit alpha2delta1 (Cacna2d1) which have broader relevance for POAG125. Although 

glaucoma develops in both the DBA/2J and YBR/EiJ mouse strains, it is important to note that 

strong evidence suggests glaucomatous optic neuropathy may be linked to underlying 

neurodegeneration independent of Tyrp1 alleles87,126. This gap between the iris pigment 

dispersion phenotype and the glaucomatous phenotypes observed in these mouse models limits 

their applicability to PG but remains an interesting contrast to the research in humans. 
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1.6 Melanosomes and Premelanosome Protein Biology 

Melanocytes are the specialized pigmented cells which reside in our skin, eyes, and ears. 

Pigmentation serves primarily to protect cells from UV damage but in some animals has a 

secondary role to generate colorful patterns or absorb light for heat generation (like the polar 

bear)127. Developmentally, melanocytes arise from neural crest cells with some key genes 

controlling their development being PAX3, SOX10, and MITF117,128–130. In the eye there are 

several distinct melanocyte populations including in the RPE, choroid, and iris which together 

protect the eye from UV damage and ensure the optical properties of the eye are conducive to 

vision by focusing light and preventing internal light scattering. Melanosomes are a lysosome 

derived organelle which contains the required machinery for the production and storage of 

melanin131. Melanosome biogenesis is a complex process which involves coordination of the 

trafficking and post-translational processing of many proteins which induce the melanosomal 

fating of a lysosome away from an endosome.  Two distinct classes of melanosomes exist, those 

which produce eumelanin (black) and pheomelanin (red)132. Although they share many features, 

both beginning melanin synthesis with tyrosine, pheomelanosomes diverge after dopaquinone 

synthesis and lack a melanosomal matrix133. Melanosomes importantly compartmentalize 

melanin synthesis which generates several highly cytotoxic intermediates that induce oxidative 

stress in the cytosol88. Important to the function of melanosomes in vertebrates is the matrix 

forming protein PMEL. Not only does PMEL induce the characteristic ellipsoidal shape of 

melanosomes it is also important to their biological function134. Heavily modified fragments of 

PMEL trafficked to the lumen form proteinaceous fibrils which facilitate melanin synthesis and 

transfer135. Amyloids act as a scaffold for melanin polymerization making greatly increasing 

synthesis efficiency136. In human’s melanosomes are transferred from melanocytes to 
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keratinocytes coloring both the hair and skin137. PMEL fibers uniquely represent an example of a 

functional amyloid in physiological conditions and understanding their biology may have broad 

implications for amyloid pathologies such as Alzheimer’s and prion disease.138–141  

 

Several functional domains within PMEL contribute to processing, trafficking, and the proteins 

final function (Figure 3). Beginning from the N-terminus the protein contains a small signal 

domain which is removed during translation. This is proceeded by a large N-terminal region 

(NTR) which coordinates protein folding, trafficking, and processing in part due to three highly 

conserved N-linked glycosylation sites142. Three short domains follow the NTR which together 

form the final fibril structure including the Core Amyloid Fragment (CAF); a small fragment 

which was recently identified143. The polycystic kidney disease domain (PKD) adopts a β-

pleated sheet structure and is essential to proper fibril formation144. Controversial in this process 

is the heavily O-linked glycosylated Repeat Domain (RPT) named for 13 imperfect 10 amino 

acid repeats which compose it135,145. Although in vitro experiments using RPT fragments 

synthesized by bacteria form fibrils at acidic pH (like stage 2 melanosomes), these fibrils were 

unstable at the neutral pH excepted in mature melanosomes challenging their role in the final 

fibrils139,146,147. These results should be interpreted with caution since bacterial experiments use 

RPT domain fragments which lack O-linked glycosylation which has been shown to be 

necessary for fibril formation in vivo145. One hypothesis is that the RPT domain shields 

developing fibrils from lysosomal proteases which are abundant in the early melanosome148. 

Finally come the Kringle-like domain (KLD) which aids proper folding, the transmembrane 

domain which anchors the protein in the membrane, and a small cytoplasmic domain which is 

removed by γ-secretase but has no known signalling function149,150.  
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Figure 3. PMEL Structure Curled lines indicate N-linked glycosylation. Stacked circles indicate O-linked glycosylation. Colored blocks 
indicate protein domains. Sig-Signal domain; NTR-N-Terminal Region; CAF-Core Amyloid Fragment; PKD-Polycystic-Kidney Disease 
Domain; RPT-Repeat Domain; Kringle-Kringle-Like Domain; TM-Transmembrane Domain; Cyt-Cytoplasmic Domain; V5-V5 Tag.  
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PMEL is initially synthesized in the Endoplasmic Reticulum (ER) as an integral type 1 

transmembrane glycoprotein. During initial synthesis the short N-terminal signal domain is 

removed, some initial N-glycosylation occurs, and di-sulfide bonds between the NTR and KLD 

form to prevent non-fibrillar miss aggregation149. This intermediate (called P1) is trafficked to 

the Golgi via a COPII dependent mechanism where O-glycosylation (generating a short-lived P2 

form) and proteolytic cleavage by proprotein convertase occurs135,145,151,152. This cleavage 

separates PMEL into a membrane anchored C-terminal Mβ fragment (KLD, TM, and Cyt) and 

the lumenal N-terminal Mα fragment (NTR, CAF, PKD, and RPT)152–154. These fragments 

importantly remain connected via di-sulfide bonds between the KLD and RPT domains 

facilitating intact trafficking to the Premelanosome (this intermediate is called Mα-s-s-Mβ)154. 

Although some of this cleaved form goes directly to the Premelanosome from the trans Golgi 

network the majority of immature PMEL goes to the plasma membrane where it is internalized 

via AP-2 before it reaches the Premelanosome152,155. PMEL remains anchored onto the limiting 

membrane of the Premelanosome leaving Mα exposed to both the lumen and the protease 

BACE2 which cleaves PMEL between the KLD and TM domains releasing the N-terminal 

portion156. This cleavage is necessary to expose Mα and the KLD to ADAM17 and other yet 

unidentified lumenal proteases which separate the required fibrillogenic fragments (PKD, CAF, 

and RPT) and initiate fibrillogenesis157.  
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Figure 4. PMEL Processing and Fibril Formation Schematic representation of PMEL protein and 
functional domain is at the top of the figure, not to scale (see figure 3 for more detail). Basic processing 
steps in the PMEL processing pathway are outlined below. PMEL is initially synthesized as a Pre-Pro-
Protein in the Endoplasmic Reticulum (ER) where some initial N-linked glycosylation occurs generating 
the P1 intermediate. This form is then trafficked to the Golgi apparatus where extensive glycosylation 
(Both N and O-linked) as well as additional proteolytic cleavage. The P2 form is rapidly proteolytically 
processed and thus is not detected by standard protein detection techniques. Following cleavage by 
proprotein convertase PMEL exits the Golgi and either cycles to the plasma membrane or is directly 
trafficked early endosomes/stage 1 melanosomes. Here, PMEL is exposed to ADAM17 and other 
unknown proteases which complete processing and initiate fibrillogenesis with the liberated CAF, PKD, 
and RPT fragments.   
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Accompanying this proteolytic cleavage, lumenal fragments are sorted onto developing ILVs and 

the small CTF is removed via the endosomal sorting complexes required for transport (ESCRT) 

machinery reflecting the lysosomal origin of melanosomes158. Loading onto ILVs is essential to 

fibril formation and is mediated by important amyloid related proteins APOE and CD63158,159. 

Depletion of either of these genes causes lumenal fragments to be removed by the ESCRT 

machinery suggesting amyloid genesis is actively encouraged and expression of these genes is 

one of the factors separating the melanosomal and endosomal organelle fates. ILVs serve as 

nucleation points for fibril formation and as amyloid fibrils expand into sheets ILVs disappear 

from the lumen160. Most broadly, amyloids can be described as a class of aggregating proteins 

with a cross-β pleated sheet quaternary structure161. They share chemical properties such as 

specific binding to dyes like Congo Red and insolubility in non-ionic detergents138,162. However, 

these chemical properties do not reflect the key physiological differences between pathological 

amyloids, such as APP, and physiologically tolerated amyloids such as PMEL. Although this 

difference is not well understood research into PMEL suggests that physiological amyloids tend 

to remain compartmentalized and reaction kinetics favor rapid aggregation138. Initially amyloid 

proteins form as soluble oligomers which aggregate and become insoluble over time. Current 

theoretical models suggest the toxic effect of pathological amyloids is mediated by the soluble 

oligomer state and both compartmentalization and rapid aggregation limit cellular exposure140.  

As a result, variants which disrupt trafficking or processing can have broad implications for the 

conversion from physiological to pathological amyloids. 

 

Owing to its important role in coat pigmentation several animal models of PMEL variants have 

been easily identified visually. Knockouts of PMEL result in mild hypopigmentation due to 
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reduced melanin synthesis efficiency and slightly impaired melanocyte viability. However, 

mutations which preserve PMEL expression but perturb its ability to traffic or form fibrils show 

more severe phenotypes. A classical example of a severe PMEL mutation is the Dominant White 

chicken mutation which has a 3aa insertion in the TM domain which severely slows 

fibrillogenesis by reducing proper association with both the limiting and ILV membranes 

resulting in pathological aggregation instead of proper fibril formation163,164. The Silver mouse 

which has a frameshift in the Cyt removing important signals for ER export and lysosomal 

targeting resulting in severe ER stress and altered fibril formation152,165. Both these mutations 

result in severely impacted melanocyte viability and thus a strong overall reduction in 

pigmentation. The toxic effect of these mutations is thought to be mediated by release of 

cytotoxic melanin synthesis intermediates and soluble unaggregated PMEL oligomers166. Of 

interest to this investigation is another class of animal model which have severe ocular 

abnormalities in addition to other pigmentary phenotypes associated with PMEL mutations. 

Silver dapple Horses167, Merle dogs, and the Fading Vision Zebrafish all have ocular anomalies 

resulting from melanocyte dysfunction during development165,168,169. In all these animal’s 

histology reveals that melanosomes appear rounded and there is a lower than expected 

abundance of melanosomes in melanocytes of affected tissues. This may reflect decreased 

melanosome viability, increased melanosome turnover, increased need for endosomal machinery 

resulting from cell stress, or a combination of all these pathways.  

 

To decipher the genetic basis of PDS/PG in human we decided to leverage advances in genetic 

sequencing to investigate two pedigrees affected with the disease. We hypothesized that although 

the inheritance may not be monogenic, based on the population scale evidence that PDS/PG have 
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a complex inheritance pattern, we would be able to identify variants with large effect sizes in 

pedigrees with many affected. In this way the inheritance of the disease in those families may be 

more similar but not identical to a medallion pattern. Using whole exome sequencing we 

determined a panel of candidate genes based on inheritance pattern, gene ontology, predicted 

pathogenicity of variants, and expression pattern.  We then expanded the study to sequence high 

priority candidates in a large singleton panel to identify additional variants and investigate their 

prevalence in a test population. Thanks to a collaboration with Dr. Janey Wiggs and Dr. Jamie 

Craig, one additional pedigree and two singleton case panels were added to the analysis. Two 

pedigrees with different heterozygous non-synonymous variants PMEL which segregated with 

the disease phenotype were observed. Screening the panels revealed seven additional non-

synonymous PMEL variants, heterozygous in all cases, which together with the pedigrees and 

the known biological function made it a high priority candidate for molecular characterization. 

Animal models of PMEL mutations indicated that damaging variants often impair trafficking, 

processing, fibril forming, or all these processes. We hypothesized that PDS/PG associated 

PMEL variants impaired PMEL function in a manner consistent with a dominant negative 

pathology.  
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Chapter Two: 
 

Materials and Methods 
 
 
 
 
 
 
 

Portions of this chapter were written in “Non-Synonymous variants in 
Premelanosome Protein (PMEL) are associated with ocular pigment dispersion 

and pigmentary glaucoma.” Adrian A. Lahola-Chomiak et al. (In Prep) 
 

This Chapter Includes Experiments Designed by Tim Footz. M.Sc.  
(Whole Exome Sequencing and High-Throughput Sequencing) 
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2.1 Whole Exome Sequencing 

Prior to me joining the lab, Tim Footz in collaboration with Dr. Ordan J. Lehmann and Dr. 

Michael A. Walter undertook a genetic study of two families affected by PDS/PG using Whole 

Exome Sequencing (WES). Genomic DNA from Family 1 and 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 (BGI Americas, Cambridge, MA). 

PDS/PG-associated exonic variants were filtered for base-calling and alignment quality to yield a 

set of 11 candidate genes for Family 1 and a non-overlapping set of five candidate genes for 

Family 2 (Table 1) 

 

2.2 High-Throughput Sanger Sequencing 

To rapidly and economically genotype the CA/UK cohort a high-throughput targeted next 

generation sequencing approach was designed by Tim Footz. I contributed to this project by 

completing a large portion of the primary PCR reactions whereas secondary PCR and subsequent 

steps were handled by Tim Footz. PCR primers were designed using Primer3 34 and SNPCheck3 

(https://secure.ngrl.org.uk/SNPCheck/snpcheck.htm) to amplify all coding exons of PMEL, 

avoiding or minimizing the number of polymorphic base-pairing sites (Table 3). Primary PCR 

products were amplified in 20ul reactions using 0.2uM of each forward and reverse primer, 1x 

FailSafe Premix J (Epicentre Biotechnologies), 40ng genomic DNA, and 1U Taq polymerase 

(New England Biolabs), using a standard touchdown cycling protocol as follows: denaturation at 

95°C for 3min followed by five cycles of 95°C for 30s, 64-56°C for 30s (2°C decrease per 

cycle), 68°C for 30s and then 24-33 cycles (optimized per primer-pair to produce all bands of 
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similar intensity) of 95°C for 30s, 54°C for 30s and 68°C for 30s, with a final extension at 68°C 

for 5min. 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 3min followed by eight cycles of 95°C for 30s, 55°C for 30s, 

68°C for 30s, with a final extension at 68°C for 5min. Samples were then bead-purified 

(Agencourt AMPure XP), with confirmation on a QIAxcel (QIAGEN Inc.). 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 (Illumina) at The Applied Genomic Core at the University of Alberta. 360Mb of 

sequence was generated with 90% of the 1.4 million reads (2x250bp) 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 29 and indexed with SAMtools v1.3.1.30 Variants were called with 

VarScan v2.4.2 35 using a minimum variant allele frequency threshold of 0.35, and annotated 

with Ensembl’s Variant Effect Predictor.36 The identified variants were confirmed by 

conventional Sanger sequencing.  

 

2.3 Cloning PMEL variants 

A cDNA encoding wild-type PMEL17-i, the most abundant protein isoform (NP_008859.1)37 

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 
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subcloned into the pCI mammalian expression vector (Promega) and the full insert sequences 

were confirmed by sanger sequencing. 

 

2.4 Cell Culture 

HeLa cells were grown in high-glucose Dulbecco's modified Eagle's medium supplemented with 

10% fetal bovine serum and 1× antibiotic-antimycotic solution (ThermoFisher Scientific). Cells 

were transfected with the plasmid constructs using Lipofectamine 2000 (ThermoFisher 

Scientific), per the manufacturer's protocol. 

 

2.5 Immunoblotting Soluble and Insoluble Fractions 

HeLa cell lysates were harvested 48 hours post-transfection using lysis buffer (0.1% SDS, 0.5% 

sodium deoxycholate, 1% IGEPAL CA-630, in PBS) for analysis by denaturing SDS-PAGE. 

Insoluble fractions were suspended using inclusion body solubilisation buffer (8M Urea, 100mM 

β-ME, 100mM Tris/HCl). PMEL proteins were detected by immunoblotting using anti-V5 

antibody (Sigma-Aldrich) or HMB45 (Novus Biologicals, Oakville, ON) and visualized by 

chemiluminescence (SuperSignal West Femto Maximum Sensitivity Substrate, ThermoFisher 

Scientific). 

 

2.6 Immunofluorescence Colocalization 

HeLa cells, grown and transfected on glass coverslips, were fixed with 2% paraformaldehyde 48 

hours post-transfection, then incubated with the indicated cell localization markers for 1hr: 

endoplasmic reticulum (anti-Calreticulin, a generous gift from Dr. Marek Michalak), Golgi (anti-

GM130, product #AF8199, Novus Biologicals), and endosomes (anti-LAMP1, product 
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#GR314073, Abcam). Fluorescent secondary antibodies (Jackson ImmunoResearch 

Laboratories, Inc.) were incubated at 1:5000 dilution for 1hr. Nuclei were visualized by staining 

with 4′, 6-diamidine-2-phenylindole (DAPI) dye (10ug/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). 

 

2.8 Electron Microscopy 

Cells were cultured and transfected as outlined in section 2.5 then fixed in 2.0% glutaraldehyde 

for 1hour at room temperature before resin embedding. This was completed by me supervised by 

Woo Jung Cho an experienced technician in the cell imaging center. 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 citrate. Sections were imaged 

using a Hitachi H-7650 transmission 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 pseudomelanosomes for three morphological 

features using WT PMEL and p.RPTdel as known normal or aberrant examples respectively. 1) 

Fibril Appearance, WT fibrils appear straight and uniform 2) Fibril Organization, WT fibrils 

have regular spacing and only one cluster of fibrils per pseudomelanosomes 3) Organelle Shape, 

WT organelles appear ellipsoid. If pseudomelanosome features were ambiguous, they were 

assumed to be normal.  
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2.9 Statistical Methods 

Statistical analysis was used to compare the quantification of immunoblotting data. Images were 

quantified using ImageJ and then values for three biological replicates were compared using a 

Student’s T-test (two tailed, p<0.05). For quantifying V5 images the proportion of total intensity 

made up by Mβ was compared between WT and all variants to express the efficiency of 

processing. For quantifying HMB45 immunoblots the proportion of total intensity made up by 

each MαC processing form (1, 2, or 3) was compared to WT to express the efficiency of 

processing. Images gathered by TEM were qualitatively assessed by scoring all gathered images 

for examples of pseudomelanosomes then rating each pseudomelanosomes as normal or 

abnormal for three features outlined in 2.8 Electron Microscopy. A Z-stat 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.  
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3.1 Sequencing 

Genomic DNA from the two Family 1 affected cousins, as well as four samples from a second 

Mennonite family segregating PDS and PG (Figure 4) was sent for whole exome sequencing. For 

the Family 1 samples, 92% of targeted exons were sequenced with an average of 203x coverage, 

with 80% of bases at a quality score of Q20 or higher (Quality score for each (Qx; Q20 is 

defined as a 99% confidence based on experimentally determined probability of an incorrect 

base call). For the Family 2 samples, 93% of targeted exons were sequenced with an average of 

148x coverage, with 89% of bases at Q20 or higher. The PDS/PG exomes were compared 

(separately for each family) against an unaffected ethnically matched control individual. 

 

Prior to my joining the lab, PDS/PG-associated exonic variants were filtered for base-calling and 

alignment quality to yield a set of 11 candidate genes for Family 1 and a non-overlapping set of 

five candidate genes for Family 2 (Table 1). None of the candidate genes are in the reported PDS 

linkage regions. Of the 16 candidate genes, PMEL (premelanosome protein; Family 1) has a 

reported gene ontology association with pigmentation and thus was selected for further 

validation. PG in Family 1 is associated with a rare non-synonymous PMEL variant 

(p.Ala340Val) in a heterozygous state (Table 1). Pathogenicity prediction software (PolyPhen-2, 

SIFT, MutationTaster-2) for p.Ala340Val did not predict pathogenic effects. This is expected 

since the variant does not alter amino acid charge (neutral [Alanine]  neutral [valine]) and is in 

the highly variable (between species) RPT domain both of which are the basis of pathogenicity 

prediction.  
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Figure 5. Pigment Dispersion Syndrome and Pigmentary Glaucoma Family 1 Pedigree A Mennonite 
Family from Alberta affected by PDS/was analyzed in this study. The individuals marked with an asterisk 
(*) were analyzed by whole exome sequencing and other individuals were genetically analyzed during 
high-throughput sequencing. Genotypes are indicated below the individuals. 
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Table 1. Family 1 Filtered Whole Exome Sequencing Variants 
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Sequenced individuals in Family 2 do not possess any disease-associated variants in PMEL. 

Variants in two genes, ZFHX2 and PCDH15, were chosen for further analysis based on gene 

ontology, expression, and pathogenicity prediction (Figure 6). We identified the p.Val1039Ile 

rare variant in ZFHX2 which is a poorly characterized predicted transcription factor with  broad 

low expression pattern that shows mild enrichment in brain tissue and gonads (GTEx Analysis 

Release V7). Also, in Family 2 we observed the rare PCDH15 variant p.Pro838Leu segregating 

with PG. PCDH15 is a cell adhesion molecule which has an important role in maintaining cell-

cell adhesion both in the retina and cochlea. 

 

To rapidly and economically genotype 113 additional cases of PDS with or without PG, all the 

coding exons of PMEL, ZFHX2, and PCDH15 were PCR amplified using primers modified to be 

compatible with next generation sequencing on an Illumina flow cell. In this CA/UK cohort of 

113 additional cases of PDS/PG one additional variant, p.E370D, and one novel variant, 

p.N111S, were detected in two separate cases (Table 2). Additionally, the rare variant, p.L389P 

was detected in two cases.  

 

Owing to a collaboration with Dr. Janey Wiggs (Massachusetts Eye and Ear Infirmary, Harvard) 

and Dr. Jamie Craig (Department of Ophthalmology, Flinders University), our genetic study 

expanded to include one additional family, called Family 3, and two additional panels of 

singleton patients (146 US PDS/PG cases and 135 AU PDS/PG cases). To identify the causative 

gene variant in this family, WES was completed for five affected members (Figure 7). Variants 

were filtered to retain those with presumed functional effects (nonsense, missense or splice site 

mutations) that were common to all five patients. Further filtering to select variants with minor 
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Figure 6. Pigment Dispersion Syndrome and Pigmentary Glaucoma Family 2 Pedigree A Mennonite Family from the 
United States affected by PDS/was analyzed in this study. The individuals marked with an asterisk (*) were analyzed by 
whole exome sequencing and other individuals were genetically analyzed during high-throughput sequencing. Genotypes 
are indicated below the individuals. 
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Figure 7. Pigment Dispersion Syndrome and Pigmentary Glaucoma Family 3 Pedigree A Family from the 
United States affected by PDS/was analyzed in this study. The individuals marked with an asterisk (*) were 
analyzed by whole exome sequencing and other individuals were genetically analyzed during high-throughput 
sequencing. Genotypes are indicated below the individuals. This family was seen and analyzed by the lab of Dr. 
Janey Wiggs 
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Table 2. Clinical features of affected individuals 

Ind Mutation Age Dx 
K-
spindle 

Angle 
Pigm. 

IOP>
21 

VF 
defects Refraction 

Surgical 
tx and 
other 
conditio
ns 

Family 3 
I-1 -- 51 

 
Y Y Y 

 
 

I-2 p.G175S 60 
 

Y Y 
 

NA  
II-1 p.G175S 45 NA NA Y 

 
NA  

II-2 p.G175S 41 Y Y 
  

-6.75 OU Laser tx 
II-3 p.G175S 40 Y Y Y Y -7.00 OU Multiple 

surgerie
s 

II-4 p.G175S 45 NA NA NA NA Y  
II-5 p.G175S 37 Y Y 

  
Y  

II-7 p.G175S 37 Y Y Y 
 

-2.00 OU  
II-8 p.G175S 35 Y Y Y 

 
-7.00/-7.25 Laser tx 

III-1 p.G175S 19 
 

Y 
  

NA  
Family 1 

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

II-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.V332I 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  

 
Table 2. Clinical Features of Affected Individuals with PMEL Variants Abbreviations:  Age Dx, age at 
diagnosis; K-spindle, presence of Krukenberg spindle, yes (Y) or no (blank); Angle Pigm., amount of 
pigment visible in the trabecular meshwork located in the ocular angle, yes (Y) or no (blank); IOP >21; 
Intraocular pressure 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. Clinical Features of Patients from Family 
2 were not available. 
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Figure 8. PMEL Structure and PDS/PG Associated Variants Curled lines indicate N-linked glycosylation. Colored blocks indicate protein 
domains. Sig-Signal domain; NTR-N-Terminal Region; CAF-Core Amyloid Fragment; PKD-Polycystic-Kidney Disease Domain; RPT-Repeat 
Domain; Kringle-Kringle-Like Domain; TM-Transmembrane Domain; Cyt-Cytoplasmic Domain; V5-V5 Tag. IB:αHMB45 antibody binds in 
the repeat domain and is specific to mature sialylated PMEL while IB:αV5 binds a C-terminal tag. IB:HMB45 binds PMEL somewhere in the 
RPT domain and is specific to mature sialylated protein. PMEL protein was C-terminally tagged with a V5 epitope and the binding site of the 
antibody is indicated above. 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. PDS/PG associated variants are indicated in boxes. Color coding indicates where the variant was 
identified, blue for Walter lab, orange for Wiggs lab, green for Craig lab, with variants initially identified in a pedigree outlined in black. A 
cluster of variants was identified in the RPT domain.  
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 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 rest of Family 1 to find that the p.G175S heterozygous 

variant segregated with all affected individuals in generations 2 and 3.  

 

In the US cohort of 146 total PDS/PG cases sanger sequencing targeting all exons of PMEL 

identified three rare non-synonymous variants. p.G325V and p.S641_S642del were identified in 

two separate cases and p.L389P was observed again in one case.  In the 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 different variants located in the essential structural domain called 

“RPT”, and three located in other functional domains. Notably, p.N111S is situated at a 

confirmed N-linked glycosylation site.170 These variants are summarized in Table 3. 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 3. 
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Table 3. Non-synonymous PMEL Variants in PDS/PG Cases 

    Allele Frequency  

Protein 
NP_001186
983.1 Variant 

cDNA 
NM_00120005
4.1 dbSNP ID 

gnomAD 
MAF§ 

Current 
Study 
(# alleles 
/ 792) 

PMEL 
Domain* 

p.Asn111Se
r N111S c.332A>G n/a n/a 0.0013 

(1) NTR 

p.Gly175Se
r G175S c.523G>A n/a n/a 0.0013 

(1) CAF 

p.Gly325Va
l G325V c.974G>T rs14825895

6 
0.00332
0 

0.0013 
(1) RPT 

p.Val332Ile V332I c.994G>A rs74871382
9 

0.00005
610 

0.0013 
(1) RPT 

p.Ala340Va
l A340V c.1019C>T rs75697412

6 
0.00006
353 

0.0013 
(1) RPT 

p.Glu370As
p E370D c.1110G>C rs17118154 0.00247

8 
0.0038 
(3) RPT 

p.Ser371Th
r S371T c.1112G>C rs77051637

4 
0.00000
8952 

0.0013 
(1) RPT 

p.Leu389Pr
o L389P c.1166T>C rs14241049

6 
0.00073
55 

0.0038 
(3) RPT 

p.Ser641_S
er642del 

ΔS641-
S642 c.1926T>C rs76582811

0 
0.00005
377 

0.0013 
(1) Cyt 

 
Table 3. Non-synonymous PMEL variants in PDS/PG cases. 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 (HGVS) 
recommendations. gnomAD, Genome Aggregation Database; MAF, minor allele 
frequency; PDS, pigmentary dispersion syndrome; PG, pigmentary glaucoma. 
§European (Non-Finnish). *See Figure 2 for PMEL protein domain structure. 
Abbreviations refer to PMEL protein domains. N-Terminal Region (NTR) Core 
Amyloid Fragment (CAF) Repeat Domain (RPT) and Cytoplasmic domain (Cyt). 
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3.2 Immunoblotting Results 

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 extensively used to study the 

post-translational processing of recombinant PMEL protein as its extensive modifications and 

essential intracellular trafficking steps are largely conserved. PMEL is extensively modified both 

proteolytically and by glycosylation (N- and O-linked) and as such immunoblots with certain 

antibodies show multiple bands representing different processing intermediates. Immunoblot 

analysis of cell lysates with IB:αV5 antibody directed against the C-terminal tag revealed the 

two-expected immature PMEL peptide intermediates P1 and Mβ in WT (Figure 8). P1, an intact 

form of PMEL modified with initial N-linked glycosylation was observed for WT PMEL and all 

variants (Figure 4). P1 converted to the short-lived P2 intermediate and then rapidly 

proteolytically processed by proprotein convertase in the Golgi to generate two products, Mα (N-

terminal) and Mβ (C-terminal). The mature Mβ form was observed for WT PMEL and all 

variants, however only weakly for p.N111S. Signal intensity of the Mβ band expressed as a 

percentage of total PMEL intensity in each lane to express the efficiency of processing.  
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Figure 9. Western blotting using IB:αV5 processing defects in variant PMEL.  (A) 
Schematic representation of PMEL showing processing intermediates detected by the C-terminal 
IB:αV5 and internal sialylation specific IB:HMB45 antibodies. Curled lines indicate N-linked 
glycosylation. Colored blocks indicate protein domains. Sig-Signal domain; NTR-N-Terminal 
Region;  CAF-Core Amyloid Fragment; PKD-Polycystic-Kidney Disease Domain; RPT-Repeat 
Domain; Kringle-Kringle-Like Domain; TM-Transmembrane Domain; Cyt-Cytoplasmic 
Domain; V5-V5 Tag. Black lines underneath represent intermediate processing forms detected 
by either antibody. IB:αHMB45 antibody binds in the repeat domain and is specific to mature 
sialylated PMEL while IB:αV5 binds a 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 IB:αV5 shows that the Mβ 
band for the p.N111S sample has significantly lower relative intensity compared to WT 
(student’s 2-tailed T-test [p<0.05]) suggesting processing defects. (C) Probing transfected Hela 
cell insoluble lysates from the CA panel of variants generated using an inclusion body 
solubilisation buffer with IB: αV5 revealed no differential detection of PMEL fragments using 
this method.  
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The p.N111S variant was the only significantly different variant (p<0.0001, n=3 biological 

replicates, with Mβ accounting for only ~3% of total intensity (compared to 28% for WT PMEL) 

(Figure 10). 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 ER protein folding and reduces export from the ER. I treated the insoluble 

fraction of the cell lysates with an inclusion body solubilisation buffer to address the possibility 

that the p.N111S variant alters the physical properties of the Mβ fragment causing it to become 

insoluble or resistant to SDS denaturing thus preventing detection by IB:αV5. Containing 8M 

Urea and 2-Mercaptoethanol, the buffer is designed to break apart protein aggregates and tertiary 

protein structure to solubilise challenging targets171. Probing a subset of variant (p.N111S, 

p.A340V, p.E370D, and p.L389P) lysates treated in this way showed results identical to the 

results obtained with standard Levin Lysis buffer (Figure 8). This confirmed that the defect 

appears to be the result of slow processing of the P1 form and not a change in physical 

properties. 

 

To further characterize PMEL protein processing, cell lysates were also probed with IB:HMB45 

antibody which is specific to mature sialylated PMEL processing intermediate Mα and to three 

smaller proteolytically processed forms, MαC1, MαC2, and MαC3, containing slight variations 

of the Repeat domain (RPT) (Figure 4). Three of the nine variants (p.L389P, p.G175S, and 

p.V332I) were detected and processed normally. However, IB: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 (Figure 2C). In a subset of variants altered ratios of the MαC1, MαC2, and 
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MαC3 subtypes were observed (Figure 9, 10). Significantly (P<0.05, n=3 biological replicates, 

Student’s Two-tailed T-test) less MαC1 relative to Mα was observed for p.E370D, indicating 

that the variant impairs the production of this product. For p.G325V and p.S371T significantly 

(P<0.05, n=3 biological replicates, Student’s Two-tailed T-test) more MαC1 and a concomitant 

decrease in MαC3 was observed suggesting these variants prevent or reduce the production of 

MαC3 and lead to an accumulation of MαC1. These data are consistent with PDS/PG-associated 

PMEL variants affecting protein processing. The same inclusion body solubilisation method 

detailed previously was applied again to investigate the possibility of solubility changes induced 

by the subset of variants from the CA cohort. Like prior results with IB:αV5, no differential 

detection of the missing fragments was observed when probing these immunoblots with 

IB:HMB45. This confirmed that the failure to detect the p.N111S and p.A340V variants was not 

caused by solubility or denaturation differences suggesting that the biochemical defects are in 

post-translational modification, protein stability, or that HMB45 reactive fragments of these 

variants form non-fibrillar aggregates not sensitive to highly denaturing conditions due to altered 

amyloid properties.  
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Figure 10. Western blotting using IB:HMB45 reveals processing defects in PMEL.  (A) 
Schematic representation of PMEL showing processing intermediates detected by the C-terminal 
IB:αV5 and internal sialylation specific IB:HMB45 antibodies. Curled lines indicate N-linked 
glycosylation. Colored blocks indicate protein domains. Sig-Signal domain; NTR-N-Terminal 
Region;  CAF-Core Amyloid Fragment; PKD-Polycystic-Kidney Disease Domain; RPT-Repeat 
Domain; Kringle-Kringle-Like Domain; TM-Transmembrane Domain; Cyt-Cytoplasmic 
Domain; V5-V5 Tag. Black lines underneath represent intermediate processing forms detected 
by either antibody. IB:αHMB45 antibody binds in the repeat domain and is specific to mature 
sialylated PMEL while IB:αV5 binds a 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 IB:HMB45 shows that the Mβ 
band for the p.N111S sample has significantly lower relative intensity compared to WT 
(student’s 2-tailed T-test [p<0.05]) suggesting processing defects. (C) Probing transfected Hela 
cell insoluble lysates from the CA panel of variants generated using an inclusion body 
solubilisation buffer with IB:HMB45 revealed no differential detection of PMEL fragments 
using this method.  
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Figure 11. Quantification of Soluble Fractions from Western Blots (A) Quantification of the 
amount of mature Mβ processing form relative to the immature P1 form in the western blots 
from Figure 2. Relative amounts were quantified for three biological replicates using ImageJ. 
Significantly different (student’s 2-tailed T-test [p<0.05]) relative amount of Mβ was detected 
only for p.N111S which showed a significant processing deficit.  (B) Quantification of the 
relative amounts of MαC1 (hatched bar), MαC2 (solid grey bar), or MαC3 (white bar) relative to 
the immature Mα form in the western blots from Figure 2C. Relative amounts were quantified 
for three biological replicates using ImageJ. Significantly different (student’s 2-tailed T-test 
[p<0.05]) relative amounts of MαC1, MαC2, or MαC3 were detected for p.E370D, p.G325V, 
p.S371T. 
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3.3 Immunofluorescence Colocalization 

The immunoblotting results revealed that five of the nine tested variants (PMEL-N111S, -

G325V, -A340V, -E370D, and -S371T) are linked with PMEL processing defects. In animal 

models, several pathological PMEL mutations lead to changes in subcellular localization107,108. 

To determine if PDS/PG associated PMEL variants may cause similar effects we examined 

protein trafficking using Immunofluorescence microscopy and colocalization of transfected 

HeLa cells was used to assess the trafficking of PMEL-variants to endosomes. 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.135,167,172 V5 immunostaining revealed cytosolic mesh-like staining 

for all constructs, consistent with ER staining as expected (Figure 11). Strikingly, punctate 

HMB45 immunostaining was observed for all constructs (Figure 11), including PMEL-N111S 

and -A340V, indicating that sialylated RPT-containing peptides are indeed generated by these 

mutants despite being undetectable via SDS-PAGE immunoblotting. An altered glycosylation 

pattern may lead to premature degradation of a portion of the recombinant protein pool.150 

Overall the observed staining pattern with two PMEL specific antibodies appeared normal and 

consistent among all variants indicating trafficking was not disrupted.  
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Figure 12. Immunofluorescence microscopy shows that PMEL variants appear to traffic 
normally (A) V5-tagged PMEL (green) appears mesh like suggesting ER localization in all 
variants. No differences between PMEL-WT and any PDS/PG associated variants were 
observed. HMB45-reactive PMEL (red) appears correctly as cytoplasmic puncta suggesting 
correct trafficking to a subset of endosomes and no clear retention in the Golgi. The same pattern 
was observed for all variants suggesting no defects in trafficking. DAPI staining was used to 
show the nucleus (blue). 
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Figure 13. Subcellular colocalization immunofluorescence demonstrates that PMEL 
variants do not impair trafficking To confirm that variants do not impair trafficking a more 
thorough subcellular colocalization analysis for a subset of variants was undertaken. (A) V5-
tagged PMEL (red) colocalizes with ER (green, upper panels) and partially with Golgi (green, 
middle panels), but not endosomal markers (green, bottom panels). No differences between WT 
PMEL and PDS/PG associated PMEL variants were detected. (B) HMB45-reactive mature 
sialylated PMEL (red) shows correct trafficking to a subset of endosomes (green, bottom panels), 
and is not retained within the ER (green, top panels) or Golgi (green, middle panels).  
  



58 
 

To rule out a subtle subcellular localization defect, a subset of variants (PMEL-WT, -N111S, -

A340V, -E370D, and -L389P) were chosen for quantitative immunofluorescence subcellular 

colocalization analysis with several organelle specific markers. V5 and HMB45 signals were 

assessed relative to ER, Golgi, and endosome markers (Figure 12). Interestingly, PMEL-N111S 

is able to be normally trafficked, suggesting instead that there is sufficient mature protein 

accumulated by 48 hours to mask differences. Together these data indicate that all variants traffic 

normally and thus the defects in protein processing for PMEL-N111S, -G325V, -A340V, -

E370D, and -S371T variants cannot be explained by trafficking defects. 

 

3.4 Transmission Electron Microscopy 

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 

microscopy (TEM) has been extensively used to assess PMEL fibrillization potential157,173. 

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 HeLa cells to examine their effects on the ultrastructure of 

the induced pseudomelanosomes. An artificial deletion variant lacking the RPT domain called 

ΔRPT, previously shown to lack fibril forming capacity in Hela cells, was used as a comparator. 

37 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 (Figure 13). 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 
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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 wildtype PMEL (Figure 13). 

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.  

 

In total, 5/9 PMEL variants displayed defects in protein processing with a separate 5/9 variants 

having defects in melanosome structure or fibril formation. Together, my results revealed that 

7/9 of the variants of PMEL (3/9 with defects on both immunoblotting and TEM assays) found in 

PDS/PG patients displayed detectable defects. 

  



60 
 

 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 



61 
 

Figure 14. Ultrastructural Analysis of PMEL-variants reveals 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 
abnormal fibril appearance, organization, and overall organelle shape. Variants were compared to both 
WT PMEL and p.ΔRPT a synthetic deletion lacking the RPT which 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 5 PDS/PG associated variants 
(white arrowheads) p.N111S, p.V332I, p.E370D, p.L389P, and p.G325V (Figure 15). Overall 
fibrillogenesis defects were observed for 5/9 variants analyzed. Scale Bar = 500 nm 
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Figure 15. Quantification of ultrastructural defects observed in pseudomelanosomes show four 
variants with abnormal fibril formation and one variant with abnormal organization. 
Pseudomelanosomes were scored for three features (n=# of pseudomelanosomes scored). Proportion of 
pseudomelanosomes exhibiting a certain defect were compared using a one-tailed Z-statistic proportion 
test (p<0.05). (A) Pseudomelanosomes were scored for the appearance of abnormal fibrils. PMEL-
N111S, -V332I, -E370D, and –L389P contained significantly more pseudomelanosomes with abnormal 
fibrils (p<0.05). (B) Pseudomelanosomes were scored for abnormal fibril organization. Significantly more 
pseudomelanosomes with abnormal fibril organization were observed for PMEL-G325V than WT 
(p<0.05). (C) ) Pseudomelanosomes were scored for abnormal organelle shape. No significant difference 
in the proportion of abnormally shaped pseudomelanosomes between PMEL-WT and PDS/PG associated 
variants was observed. 
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Chapter Four: 
 

Discussion 
 
 

Portions of this chapter were written for “Non-Synonymous variants in 
Premelanosome Protein (PMEL) are associated with ocular pigment dispersion 

and pigmentary glaucoma.” Adrian A. Lahola-Chomiak et al. (In Prep) 

 
Portions of this section were previously published in  

“Molecular Genetics of Pigment Dispersion Syndrome and Pigmentary Glaucoma: 
New Insights into Mechanisms”  

by Adrian A. Lahola-Chomiak and Michael A. Walter  
in the Journal of Ophthalmology Volume 2018 March 26 2018 
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4.1 Genetics 

This study establishes PMEL as a candidate gene for PDS/PG based on the discovery of multiple 

mutations in patients and the biochemical defects within cells expressing PMEL variants. 

Interestingly, mutation of Gpnmb, a close homologue of PMEL with conservation of many 

functional domains,174 induces iris pigment dispersion in the DBA/2J murine model of 

glaucoma166 with homozygous mutations in the genes for tyrosinase-related protein 1 (Tyrp1b) 

and glycoprotein nonmetastatic melanoma B (Gpnmbr150x). In mice, more than 10 genes involved 

in melanosome biogenesis, melanin synthesis, or melanosome transfer have been implicated in 

iris pigment dispersion and iris atrophy80,85–87,96. Prior association between TYRP1 and GPNMB 

variants and disease has not been observed in humans 166.  Consistent with our data, mutations of 

PMEL have been shown to be responsible for impaired pigmentation and ocular developmental 

defects in animals; silver dapple horses with multiple congenital ocular anomalies (MCOA),175 

blue merle dogs with dapple pigmentation and MCOA,168 silver mice with misshapen 

melanosomes of the retinal pigment epithelium (RPE) and uveal melanocytes,176 and the fading 

vision zebrafish with reduced pigmentation in the body and RPE accompanied by disrupted 

photoreceptor morphology and visual deficits as measured by optokinetic response.169 Melanin 

synthesis is a tightly regulated process that can generate cytotoxic melanin synthesis 

intermediates88, and melanosomal dysfunction could lead to melanocyte death in the IPE80,88. 

 

In all three families examined affected individuals were observed in each generation with both 

males and females affected consistent with an autosomal dominant mode of inheritance. 

Supporting this model heterozygous non-synonymous PMEL variants were associated with 

PDS/PG in two families (1 and 3) and 9 cases in the singleton panels. PMEL was initially 
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selected as a high priority candidate for biochemical analysis following genetic analysis of 

Family 1 and the CA 113 singleton case panel. This was based primarily on the biological 

function and existing knowledge concerning PMEL with respect to ocular and pigmentary 

defects in animal models. ZFHX2 and PCDH15, two additional candidate genes generated from 

the WES analysis, were chosen for screening in the CA panel but not biochemical analysis for 

several reasons. Variants in ZFHX2 and PCDH15 segregated with PDS/PG in certain branches of 

Family 2 and at least one additional genetic variant was identified in the PDS/PG panel for both 

genes. Since no single gene showed segregation throughout Family 2 both ZFHX2 and PCDH15 

were included in the panel screen. However, neither gene had a promising biological function 

tying it to the pathology of PDS/PG. ZFHX2 is an under characterized but seemingly broad 

functioning transcription factor making an eye disease specific role challenging to hypothesize.  

Pathological variants in PCDH15 are tightly associated with Usher syndrome Type 1D/F (OMIM 

#601067 and #602083) which is characterized primarily by pigmentary retinopathy and not iris 

dysfunction or glaucoma. Additionally, more non-synonymous PMEL variants were identified in 

the CA singleton case panel than both ZFHX2 and PCDH15 combined. The decision to focus on 

PMEL was further supported by a collaborator identifying an additional pedigree where the 

PDS/PG phenotype segregated perfectly with variants in PMEL (excluding one individual who 

was symptomatic but did not harbor a PMEL variant) and identification of four additional non-

synonymous variants between the US and AU singleton panels.  

 

A critical look at the collected genetic evidence in this study reveals the challenging nature of 

studying the heritable component of PDS/PG. Despite the relatively strong evidence for PMEL 

variants playing a role in the pathology of PDS/PG, both the pedigree and panel results suggest it 
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is unlikely to be a common monogenic cause. In family 1 the p.A340V PMEL variants was 

associated with PDS/PG in two affected cousins and not shared by their unaffected mothers (who 

were related). However, Sanger sequencing of other individuals in the family revealed five 

individuals who carried the variant but were normal under examination drawing the association 

into question. This interpretation assumes high fidelity regarding the phenotyping, but given the 

transient nature of the PDS phenotype and the circumstances of the exams (done with portable 

equipment in the patient’s remote home), it remains possible that some individuals have 

undiagnosed PDS thus masking the true impact of the variant. Regardless, even in family 2 

which had higher fidelity exams, the p.G175S variant is observed in all but one affected 

individual (I-I). This branch of the family is affected by PDS/PG independent of the p.G175S 

variant with a likely candidate gene identified by Dr. Janey Wiggs (unpublished). Together the 

pedigree data demonstrate that these PMEL variants are unlikely to be Mendelian causes of 

PDS/PG given the observation of unaffected individuals carrying the variants. Instead they are 

more likely major contributors to the pathology in a complex inheritance model where several 

genetic and environmental factors contribute to the overall disease risk. 

 

In total the three singleton panels (CA, US, and AU) comprised 394 patients of which 11 cases 

with variants in PMEL were identified. Although the study is limited by the number of patients, 

the panel results clearly demonstrate that PMEL variants are not a widespread cause of PDS/PG 

with only a combined 1.39% allele frequency when including all PMEL variants. Additionally, 

there is no enrichment of PMEL variants in the singleton cohort relative to a comparator 

population when considering all missense and LoF alleles in the ExAC database (1.39 vs 5.48%) 

which contains high quality data for 60,706 exomes. As expected the variants observed more 
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than once, p.E370D and p.L389P,  are the amongst the most common variants in the population 

being the 1st and 14th most common variants respectively. There is some complexity regarding 

ethnicity with respect to p.E370D given that it is far more common in African (7.48%) than in 

European non-Finnish  populations (0.27%). Since most of the study participants are of 

European ancestry a more accurate comparator may be this allele frequency which suggests a 

slight enrichment of this variant in our population (0.38% in panel vs 0.27% population). 

Additionally a challenge when using the ExAC database is that the included individuals are only 

superficially phenotyped and as such we would expect PDS/PG causing variants to be at a 

population frequency in this data set. One interpretation of the depleted PMEL allele frequency 

in the singleton panels is that only variants which impair PMEL function in a specific manner 

cause PDS/PG. This hypothesis is consistent with evidence from animal models where total 

PMEL LoF alleles such as deletions, are less damaging than gain of function alleles. As the 

underlying pathology of PDS/PG remains cryptic the properties of variants which contribute to 

PDS/PG is challenging to predict but may be a function of a switch from physiological to 

pathological amyloid. Of the 9 variants, 7 are in domains which participate in the final fibril 

formation supporting this hypothesis. Finally, it is unclear which observed PMEL variants are 

benign polymorphisms given that pathogenicity prediction for poorly conserved genes such as 

PMEL can be challenging. It is possible that a large proportion of the observed variation in the 

public databases in PMEL does not impact protein function and thus is not relevant to PDS/PG. 

 

4.2 Biochemical Experiments 

The molecular experiments outlined in this study describe relatively mild biochemical defects 

caused by seven of the nine PDS/PG associated PMEL variants. This is consistent with the 
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known pathophysiology of PDS/PG. Patients usually present with PDS around age 12 and do not 

suffer from systematic pigmentary abnormalities. In contrast, strongly pathological animal 

PMEL mutations cause acute melanocyte cell death leading to severe developmental ocular 

anomalies and body wide pigmentation defects. Thus, we hypothesized mild defects may which 

lead to iris melanocyte impairment and eventual death over longer time scales. This model 

exploits the fact that iris melanocytes uniquely undergo continuous melanogenesis but do not 

transfer melanosomes, which in PDS/PG patients may be toxic, to keratinocytes as in hair and 

skin. This difference could explain the iris specific pigmentary abnormalities caused by PMEL 

variants. Given the known properties impaired by pathological variants I interrogated PMEL 

trafficking, processing, and fibril forming capacity to identify mild defects. 

 

Using a transiently transfected non-melanocytic (HeLa) in vitro cell model we determined 

PDS/PG associated PMEL variants do not cause major trafficking defects. Mature HMB45 

reactive PMEL puncta presumably representing endosome trafficked protein was observed in for 

all variants. This indicates all PDS/PG associated variant PMEL protein retains the capacity to 

properly traffic to melanosomes rather than becoming totally ER retained as with the Dw 

(Dominant white) chicken mutation. This analysis takes advantage of the fact that the 

melanosome trafficking pathway in melanocyte is analogous to the endosomal trafficking 

pathway in HeLa cells. To confirm this observation a subset of variants (p.N111S, p.A340V, 

p.E370D, and p.L389P) were chosen for in depth subcellular colocalization analysis. These 

confirmed that immature PMEL localizes entirely to the ER and part of Golgi apparatus as 

expected but is excluded from the other parts of the Golgi and endosomes. This coincides with 

HMB45 reactive detection appearing in the Golgi and persisting in LAMP2 reactive endosomes. 
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There are two major challenges to interpreting these data. The use of non-melanocytic HeLa 

cells may mask subtle or melanocyte specific defects but extensive prior work with these cells 

has established that both Golgi specific and membrane trafficking pathways are retained. This is 

because the machinery required to traffic PMEL is generic and widely expressed. More 

important to this analysis may be the time frame on which the cells were examined. These 

experiments do not address the rate of trafficking PMEL protein only its capacity, leaving open 

the possibility that PDS/PG associated PMEL variants slow but do not stop PMEL trafficking. 48 

hours after transfection when these cells were examined they may appear identical because 

PMEL, and amyloids in general, are remarkably stable proteins which can accumulate. 

Physiological amyloid formation is dependent on rapid fibril formation and mutations which 

impair the speed of trafficking could have broader consequences for proper fibril formation. 

Mutations such as p.N111S may cause mild misfolding in the ER by eliminating the glycosl 

group which can be corrected by chaperones but still slows the overall rate of ER export. Current 

experiments which examine a single late time point do not address this possibility. 

 

Immunoblotting experiments highlighted mild defects with several variants consistent with our 

pathology hypothesis. Probing against the C-terminal V5 antibody revealed p.N111S caused 

slow processing of the P1 intermediate to Mβ. Underlying this may be non-fibrillar aggregation 

caused by misfolding in the ER and subsequently reduced processing by proprotein convertase 

due to slow export. Proprotein convertase cleavage itself was not affected however because no 

accumulation of the short-lived intermediate P2 was observed. Inclusion body solubilisation 

buffer results demonstrate that this reduced detection is not because of altered physical properties 

as there was no differential detection. Probing with HMB45 provided more varied and 
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challenging to interpret results. Two variants (p.N111S and p.A340V) were undetected in either 

the soluble or insoluble fraction, but current experiments do not elucidate the reason. This effect 

was specific to immunoblotting results as the same antibody was able to specifically detect 

mature PMEL puncta in immunofluorescence experiments. Slow accumulation of mature PMEL 

caused by the p.N111S variants may impair proper RPT domain O-glycosylation or sialylation 

rendering these fragments undetectable in denaturing conditions. Similarly impaired 

glycosylation could explain this observation with respect to p.A340V but the effect could also be 

caused by this variant residing in the presumptive binding site.  When fixed in its native 

conformation PMEL fibrils remain detectable explaining immunofluorescence results but 

dissociating these fibrils into their component fragments (PKD, CAF, RPT) prevents detection 

by HMB45. Another class of variants (p.E370D, p.G325V and p.S371T) maintained detection of 

PMEL by HMB45 but altered the ratio or presence of the three mature RPT containing fragment, 

called MαC1, MαC2, and MαC3. This is a challenging observation to interpret as no differential 

function is ascribed to these forms in the literature. Differences in the appearance and ratio of 

these forms has been noted between melanocyte, melanoma, and non-melanocytic origin cell 

lines but all these retain fibril forming capacity. One hypothesis regarding the function of the 

RPT domain is that it protects forming fibrils from intralumenal proteases in the developing 

melanosome. It is possible that increased sensitivity to proteases during melanosome formation 

causes mild defects which manifest over the melanosome lifetime. Unincorporated toxic soluble 

amyloid oligomers or protein aggregates which form within the melanosome could impair 

melanin synthesis and slowly cause the predicted pathology.   
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There is some evidence that a subset of variants cause defects in either fibril formation or 

maintenance from EM experiments. Ultrathin section images were analyzed using a qualitative 

analysis system which scored all observed examples of induced ectopic psuedomelanosomes for 

three scorable features. Five variants were statistically worse than WT with respect to the 

proportion of scored psuedomelanosomes displaying pathological features (p.N111S, p.G325V, 

p.V332I, p.E370D, and p.L389P). An important facet to acknowledge with respect to the 

hypotheses outlined to explain to immunoblotting results is that these images were taken 48 

hours after transfection which means subtle defects which manifest on longer time scales were 

not assessed. Regardless, the fact that five of nine variants appeared worse than WT at this time 

suggests that PDS/PG associated PMEL variants may converge on disrupting fibril function as a 

mechanism of pathology. However, EM analysis is challenging in a transiently transfected model 

given that only a small number of cells (relative to immunofluorescence) are captured for 

imaging and interpretation requires subjective input. Although images were analyzed with the 

input of an experienced EM technician, lacking a specific immunogold detection means that 

there remains some ambiguity in what can be classified a psuedomelanosome. Additionally, 

qualitative analysis of these organelles is limited in part by human interpretation. Methods like 

EM tomography could perhaps more faithfully capture fibril structure. Ultimately these data 

serve as a foundation for future analysis of fibrils in stably expressing cell lines with more 

precise analytical approaches to the data. They support the hypothesis that PDS/PG fibrils cause 

biochemical defects consistent with melanosome dysfunction arising from improper fibril 

function. Importantly TEM experiments directly queried PMEL function demonstrating a 

definable defect in a biological process which could be the basis for PDS/PG pathology. 
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4.3 Models of PDS and PG considering Results 

The discordance between structural features being primarily implicated in human PDS and 

melanocyte death being implicated in animal studies suggests it is essential to revaluate classical 

models of PDS/PG. Undoubtedly, the most thoroughly investigated model of PDS/PG is the 

‘structural model’ in which a structural abnormality of the iris is responsible for excessive irido-

zonular contact which removes pigmented cells from the IPE via a mechanical rubbing force 

(Figure 1)10. Several lines of evidence support this structural model. Some patients with PDS 

have demonstrable iris concavity, and most are myopic further supporting some structural 

component 11,14,36,39. Abnormal irido-zonular contact can be observed in patients with PDS where 

mechanical rubbing may occur10,11 correlating well with the midperipheral and radial distribution 

of iris transillumination defects6,9. Mechanical strain on the eye via rigorous exercise leading to 

pigment liberation demonstrates the potential mechanical nature of this defect45–48. The concept 

of the reverse-pupillary block acting to maintain this abnormal contact and facilitate mechanical 

rubbing has relevance for both PDS and pseudophakia10,28. However, there are several limitations 

of this structural model as well. Notable is the lack of evidence supporting laser peripheral 

iridotomy (LPI) as a beneficial surgical intervention. LPI is designed to flatten the iris and 

alleviate iris concavity. Given that in a structural paradigm of PDS/PG such an abnormality 

would be the source of the abnormal irido-zonular contact and thus pigment shedding. However, 

a Cochrane review of LPI found no clear benefit of LPI in preventing loss of visual field, but 

rated studies examining the technique as very low quality177. LPI appears to be effective at 

flattening the iris, thus eliminating the structural insult, but this does not prevent progression to 

PG178–180. Additionally, a paucity of evidence exists surrounding the lifespan progression 

PDS/PG. Structural abnormalities are associated with PDS, but whether they predate the onset of 
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pigment shedding is unknown. It has previously been proposed that “a gene affecting some 

aspect of the development of the middle third of the eye early in the third trimester of fetal 

development may responsible for the structural defect” given the timing of iris development6. 

However, no such gene has been discovered and known anterior segment developmental control 

genes such as PAX6181, FOXC1182, and PITX2183 are not associated with PDS/PG but are instead 

causative of other types of glaucoma184. It would be highly informative to carefully examine the 

structure of juvenile eyes, in pedigrees where PDS/PG appears to have a stronger genetic 

component, to address this shortfall. 

 

An IPE dysfunction model of PDS/PG has the possibility to address the shortcomings of the 

structural model and has several interesting implications. Most notably IPE dysfunction is best 

supported by the existing animal literature on iris pigment dispersion, iris atrophy, and 

pigmentary glaucoma. Consistently, mouse models of these phenotypes have been determined to 

be caused by genes controlling melanin synthesis, melanosome integrity, and melanocyte 

health80,85. Although these models are not perfect analogues to PDS/PG, the theoretical model of 

IPE dysfunction provides a reasonable causal relationship between a genetic component and the 

observed clinical features of PDS. IPE dysfunction at the melanocyte level may be mediated by 

inappropriate release of cytotoxic melanin synthesis intermediates or impaired response to 

cellular stresses as pigmentation is inherently a stressful process and the iris undergoes 

continuous melanogenesis88,95,185. Melanocytes impaired in this way may die or detach 

constituting the liberated pigmented material (Figure 1). It is currently unknown if this material 

is comprised of melanin granules, melanosomes, or whole cellular debris, but resultant 

melanocyte cell death in the IPE is well established18,20,30. A melanocyte focused model has the 
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added benefit of providing a reasonable theoretical basis for involvement of the RPE in the 

pathophysiology of PDS/PG given that both structures are pigmented. The differential 

involvement of the tissues may be a consequence of active melanogenesis in iris melanocytes 

versus retinal melanocytes which seem to undergo a burst of melanosome biogenesis in 

development that are then retained for the patient’s lifetime185,186. Careful consideration thus 

should be given to pigmentation and/or melanocyte genes in future investigations into the genetic 

aetiology of PDS/PG.  
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Figure 16. Schematic representation of PDS/PG models. In patients with PDS, Pigment liberated from 
the posterior surface of the iris (green) circulates into the anterior chamber following the flow of aqueous 
humor where it deposits into the cornea and trabecular meshwork (black dots). High IOP can maintain iris 
bowing (red arrows) due to the reverse pupillary block in which the lens and iris act together in a ball-
valve pressure system which normally acts to maintain unidirectional aqueous humor flow. There are two 
models of PDS/PG which differ in respect to the origin of pigment dispersion from the ciliary body to the 
trabecular meshwork. The structural model of PDS/PG proposes that posterior iris bowing creates 
inappropriate irido-zonular contacts (black arrowhead, top circle) and that mechanical rubbing between 
the iris, zonules, and lens is responsible for liberating pigment from the IPE (asterisks, top circle). 
Although these structural features are well established is remains unclear if they predate pigment 
dispersion as the underlying mechanism. Animal models support IPE dysfunction as the primary driver of 
this dispersion. In this model, pigmented melanocytes die and/or detach from the IPE (bottom right circle) 
due to release of cytotoxic melanin synthesis intermediates from dysfunctional melanosomes (bumpy 
ovals, bottom left circle).  
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My 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.165 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 which affect melanosome function as mildly damaging 

effects can accumulate over time. 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.187 Since 

the factors regulating pigmentation and ROS response are diverse (several of which have been 

previously implicated in glaucoma188–190), 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 toxic 

effect of soluble amyloid oligomers. This mode of pathology is consistent with the observed 

altered fibril forming capacity and processing of the variants. 
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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 trabecular meshwork cells causes the accumulation of 

pigmented material in the TM, which is known to cause TM cell detachment and/or death.191–195 

The resultant loss of aqueous humor homeostasis is then associated with increased IOP-mediated 

retinal ganglion cell death and high-pressure glaucoma196. 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.197,198 However, it is important to consider alternate or synergistic pathologies which 

may contribute to the overall phenotype of PDS/PG.  

 

Given the experimental data suggesting that at least one variant (p.N111S) undergoes non-

fibrillar aggregation due to misfolding in the ER, it is important to consider if ER stress mediated 

pathologies contribute to melanocyte death. Furthermore, this mechanism of pathology is shared 

amongst neurodegenerative disease such as Huntington’s Disease, Alzheimer’s Disease, and 

Parkinson’s Disease many of which are in part caused by proteins with amyloid 

properties140,199,200. The Unfolded Protein Response (UPR) is a non-protein specific mechanism 

which first senses aggregation of unfolded protein and then responds by downregulating protein 

production machinery and upregulating chaperones and degradation factors. Sensor protein such 

as Glucose Related Protein 78 (GRP78), PKR-like ER-kinase (PERK) and activating 

transcription factor 6 (ATF6) induce a transcriptional response culminating in activation of X-
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Box bind protein 1 (XBP-1) which induces several UPR response genes201. Together these genes 

sequester misfolded protein by increasing retro-translocation of misfolded proteins to the ER, 

attempt to correct misfolding with chaperones, and massively increase the degradation of ER 

associated proteins201. Importantly this response can also induce programmed cell death via 

caspase induced apoptosis through several diverse pathways which can function intrinsically 

(such as mitochondrial mediated Caspase 9 induced cell death) or extrinsically (death receptor 

caspase 8 induced cell death). Both dominant white chickens and silver dapple horses have 

PMEL variants which cause profound pigmentary and ocular (for horses) defects which are in 

part mediated by ER stress causing melanocyte death163,165. Alongside melanosome dysfunction, 

ER stress should be a high priority candidate for future study for these reasons. 

 

Limited evidence, primarily from studies with the DBA/2J model of glaucoma, also supports an 

immune component to PDS/PG. Caused in part by a variant in the PMEL homologue, GPNMB, 

the DBA/2J is a highly studied glaucoma model and immune dysfunction in the anterior segment 

has been extensively characterized as a major factor in the development of glaucoma in this 

model. Aqueous humor from eyes which will become glaucomatous fails to properly suppress T-

cell activation leading to increased inflammation which predates iris pigment dispersion in this 

model. It is unclear if inflammation predating iris pigment dispersion is some indication that 

melanocyte dysfunction may in part be mediated by an autoimmune reaction or if this basal 

immune dysfunction predisposes the eye to problems when melanocyte antigens begin to deposit 

in the anterior segment. This interpretation is somewhat complicated in the DBA/2J mouse 

model because GPNMB has an important immune function in neural tissue which PMEL does 

not, leaving the possibility that this is a model specific effect202. There remains a significant 
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knowledge gap with respect to an immune component in PDS/PG in humans due to a paucity of 

clinical studies on the subject. Since the inheritance of PDS/PG is certainly complex, an immune 

component could in part explain some of this complexity not captured by existing studies. 

Patients affected by both PDS and PG may be predisposed to a pathological reaction to 

melanocyte components circulating in the aqueous humor and deposited in the trabecular 

meshwork contributing not to PDS risk but instead primarily to the risk of conversion between 

these diseases.  

 

Further study is expected to elucidate how these variants contribute to the pathology of PDS/PG 

and impact melanocyte health. Significant knowledge gaps exist with respect to the clinical, 

genetic, and cellular aspects of PDS/PG pathology. Clinically the natural history of PDS/PG is 

not well understood which has significant implications for understanding the basis of the disease. 

Families with high numbers of affected individuals such as those outlined in this study provide 

unique opportunities for both patients and researchers to gain insight into the early stages of 

disease. As mentioned above an immune insult may proceed PDS and be a major factor for 

conversion risk. Establishing early events in the development of PDS/PG of young patients may 

could be useful for pre-symptomatic detection of high risk individuals and open up new non-

palliative treatment options which target the underlying pathology and not the symptoms of 

glaucoma. Pre-symptomatic detection is also dependent on our knowledge of genetic risk factors 

for PDS/PG. This study established PMEL as the first candidate gene for PDS/PG in humans but 

broader studies which capture the heterogeneity underlying PDS/PG will be important. It 

remains highly likely that a pigmentary or melanocyte abnormality underlies the pathology of 

this disease. Targeted genetic screens in large populations of patients focusing on genes involved 
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in melanosome biogenesis, melanin synthesis, or melanocyte health could be informative with 

respect to understanding how defects in these processes underlie the disease. Our interpretation 

of our PMEL results predicts that other genes involved in these processes would act as modifiers 

of disease risk in the complex inheritance model. 

 

4.4 Future directions 

With consideration to PMEL there are several intriguing lines of inquiry to understand how these 

variants impact PDS/PG pathology. Primarily the focus should be put on experiments which 

elucidate how PDS/PG associated PMEL variants impact melanocyte health and TM function. 

As presented, the data in this study provide a strong argument for the genetic association of 

PMEL variants with PDS/PG and that these variants cause biochemical defects but do not build a 

strong case for how these variants cause the pathology for PDS/PG. In part this is because of the 

use of transiently transfected non-melanocytic origin cell lines which complicates the 

interpretation of these defects. HeLa cells remain excellent candidates for studying the 

biochemical properties of PMEL but given that transfection is itself a stress and important 

predicted components of the pathology such as melanin synthesis are absent in these cells using 

stably expressing PMEL melanocyte cell lines is important to future experiments. These cells 

could be generated using homology directed repair (HDR) CRISPR (Clustered Regularly 

Interspaced Short Palindromic Repeats) or a random insertion of a PMEL construct in a non-

PMEL expressing melanoma cell line like Mel220. These tools could be used to query the 

viability and growth rate when expressing PDS/PG associated PMEL variants to determine the 

impact of variant PMEL protein. Additionally, pigmentation can be pharmacologically induced 

or repressed to separate possible toxic amyloid oligomer, ER stress, and cytotoxic melanin 
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synthesis intermediate mediated pathologies. Investigating the activation of programmed cell 

death pathways can provide additional insight into this complicated issue as specific insults elicit 

specific caspase mediated cell death pathways. Established and easily adapted methods such 

immunoblotting, immunofluorescence, and qPCR can be used to investigate what stress 

responses PDS/PG associated PMEL variants and pigmentation elucidate. Aside from cell 

viability the pathology of PDS/PG may in part be the result of extracellular matrix (ECM) 

alterations in both the IPE and TM. A variety of cell stresses can cause ECM alterations which 

could be the underlying cause of melanocyte detachment from the IPE. Additionally, phagocytic 

stress can cause identical alterations which is important when considering the large amount of 

melanocyte derived material found inside TM cells as is evident from the observation of both 

TM cells and macrophages laden with pigment granules. These granules serve as an easily 

scorable marker for the phagocytosis of many cellular components which together cause 

phagocytic stress and contribute to inflammation in the TM. Clinical studies have established 

TM dysfunction as an important step in the conversion from PDS to PG and underlying this 

dysfunction is likely ECM alterations in TM cells which cause drainage canal closure and proper 

meshwork filtering function. Cell adhesion assays which measure cells ability to either attach 

onto culture dishes from suspension or maintain this connection under stress can be used to 

investigate if expression or expression variant PMEL, melanocyte fragment uptake, or melanin 

synthesis impacts both melanocytes and TM cells ability to maintain their ECM. Together these 

studies will provide significant insight into how these variants may underly the pathology of 

PDS/PG and form the basis for rationally designed therapeutics.  
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Finally, more detailed studies elucidating the nature of the biochemical defects caused by 

PDS/PG associated PMEL variants will be important. Given that the kinetics of amyloids are so 

finely tuned measuring the reaction kinetics of specifically the RPT domain across a range of pH 

will elucidate if altered fibrillogenesis is a consequence of variants located in this domain. Both 

the speed of fibril formation and the pH at which this occurs are informative as to the overall 

fibril forming kinetics of the fibrils. Better description of these fibrils using detailed EM 

experiments such as TEM tomography which provides a 3D models of fibrils could reveal more 

subtle defects and provide a quantifiable measurement for future analysis. Additionally, fibril 

integrity may have implications for melanin synthesis. Measuring the speed and efficiency of 

melanin synthesis in the presence of variant PMEL fibrils is potentially highly informative as 

inefficient melanin synthesis may underly ROS pathology. This study implies that at least one 

variant (p.N111S) is slowly processed but these data do not directly address this possibility. 

Classically pulse-chase experiment which leverage radioactive isotopes to measure the rate at 

which a population of tagged atoms are incorporated into a protein and then visualize the time it 

takes for that protein to be processed could be used to address this. Lastly, there exists a large 

variety of PMEL specific antibodies not used in this study. A simple way to broadly interrogate 

the biochemical features altered by these variants is to utilize the plethora of unique antibodies in 

immunoblotting and immunofluorescence experiments. Each antibody highlights different 

processing and trafficking aspects some of which have not been targeted in this study. Together 

these experiments will provide more insight into the nuanced biochemical defects which underly 

the specific contribution of PMEL variants to the pathology of PDS/PG.  
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