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ABSTRACT

Purpose. Peroxisomal biogenesis disorders (PBDs) represent a group of recessive conditions that
cause severe vision loss, sensorineural hearing loss, neurologic dysfunction, and other systemic
abnormalities due to abnormal peroxisomal function. Appropriate therapies are needed as there
are no disease-modifying treatments currently available for these conditions. Our lab identified a
PBD in a 12-year old male with compound heterozygous mutations in PEX6 (c.802_815del
GACGGACTGGCGCT and ¢.35T>C (p.Phel2Ser)), resulting in congenital sensorineural
hearing loss and retinopathy. Our study sought to examine the effect of mutations in PEX6 on
peroxisome metabolism to both enhance our understanding of disease mechanisms in
peroxisomal disorders and to aid in identifying potential therapeutic interventions for these

patients.

Methods. Patient-derived skin fibroblasts were grown in culture and a PEX6 knock-out cell line
was developed using CRISPR/Cas9 technology in HEK293T cells. The knock-out cell line was
used to examine the effect of the complete absence of Pex6, recapitulating a more severe PBD
phenotype, and to compare the results with those from the study of a patient’s fibroblasts.
Immunoblot analysis of whole cell lysates was performed to examine levels of endogenous
Pex14, a marker of peroxisome abundance. Immunofluorescence studies were conducted using
antibodies against components of the peroxisomal protein import pathway to interrogate the

effects of changes in PEX6 on protein



trafficking. Finally, we evaluated whether genetic approaches of over-expressing PEXS, the
cytosolic shuttle for cargo destined for the peroxisomal matrix, and over-expressing PEX6 would

restore some peroxisome function in cells lacking Pex6.

Results. Endogenous levels of Pex14 were similar when comparing control fibroblasts to patient
fibroblasts, suggesting that there was no gross defect in peroxisome abundance in our patient (P
= 0.64). However, endogenous levels of Pex14 were less in PEX6 knock-out cells compared to
wild-type cells (P = 0.04), suggesting the presence of fewer peroxisomes. Immunofluorescence
microscopy demonstrated significantly impaired PTS1- and PTS2-mediated matrix protein
import in both patient fibroblasts and PEX6 knock-out cells when compared to their respective
controls. Over-expressing PEX6, but not PEX5, resulted in improved matrix protein import in

PEX6 knock-out cells.

Conclusions. Compound heterozygous mutations in PEX6 are responsible for combined
sensorineural hearing loss and retinopathy in our patient. In contrast to previous reports, the
primary defect in our patient seems to be one of impaired peroxisomal protein import as opposed
to a perturbation in overall peroxisome abundance. We postulate that this may be the mechanism
of disease in patients with a milder PBD phenotype as a result of PEX6 missense mutations and
residual Pex6 protein. On the other hand, our PEX6 knock-out cell data support a combination of
reduced peroxisome abundance and impaired matrix protein import contributing to a severe PBD
phenotype. Understanding the precise mechanism of disease at an individual patient level will be

important in developing effective therapeutic strategies in the future.
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INTRODUCTION

1. Vision and the Retina

1.1 Structure of the Retina

The human retina is a highly specialized tissue of neuroectodermal origin that facilitates the
conversion of light energy into an electrochemical signal for vision. Structurally, the retina is
composed of 10 unique layers that can be divided, more generally, into an outer retinal region
and an inner retinal region (Figure 1). The outer retina, from outside-in, includes the retinal
pigment epithelium (RPE), the rod and cone photoreceptors, the external limiting membrane, the
outer nuclear layer, and the outer plexiform layer. These layers are nourished by blood vessels of
the choriocapillaris, a superficial vascular layer derived from the choroid. The inner retina, from
outside-in, includes the inner nuclear layer, inner plexiform layer, retinal ganglion cells, retinal
nerve fiber layer, and the internal limiting membrane. The vascular supply to the inner retina

arises from branches of the central retinal artery (Figure 1).
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Figure 1. A spectral-domain optical coherence tomography (SD-OCT) image of a normal
macula. The 10 characteristic layers of the retina are demonstrated and the choriocapillaris (CC)
is highlighted as well. ILM = internal limiting membrane; RNFL = retinal nerve fiber layer; GCL
= ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; OPL = outer
plexiform layer; ONL = outer nuclear layer; ELM = external limiting membrane; EZ = ellipsoid

zone; RPE = retinal pigment epithelium; CC = choriocapillaris.



1.2 Outer Retina

The RPE exists as a monolayer of hexagonal cells linked by tight junctions and forms the outer
blood-retinal barrier. This pigmented cell layer has been described as the “workhorse” of the
retina! as it plays several critical roles. The presence of melanin within melanosomes in the RPE
allows the cells to absorb excess light, protecting the retina from oxidative damage. The RPE
also transports ions, water, and phototransduction by-products from the subretinal space and
secretes growth factors, such as vascular endothelial growth factor (VEFG), to support the
overlying photoreceptors and underlying choriocapillaris.? In addition to its role in maintaining
an outer blood-retinal barrier, the RPE play an important role in innate immune responses.> A
type of pattern recognition receptor called the toll-like receptor (TLR) is present in the RPE and
responds to foreign material from viruses or bacteria, depending on the particular TLR subtype.*
For example, TLRY senses unmethylated CpG residues in the DNA from bacteria or viruses and
responds by promoting the release of pro-inflammatory cytokines, including interleukin-8, from
the RPE.’ An understanding of the role of the RPE in innate immunity is guiding the
development of viral vectors that minimally activate immune pathways in the retina with the goal
of enhancing the efficacy of gene therapy.® Finally, the RPE cells contain apical microvilli that
enable intimate connections with overlying photoreceptors. Phagocytosis of photoreceptor outer
segments and enzymatic regeneration of the 11-cis-retinal chromophore are two key roles that

the RPE plays in maintaining photoreceptors through the visual cycle.

Photoreceptors are the light-sensitive elements of the outer retina and exist in two forms: rods

and cones. Rods facilitate vision in dimly lit environments, whereas cones provide vision with



high resolution and color contrast. The general structure of the photoreceptor includes an outer
segment, which interdigitates with RPE microvilli, a connecting cilium, an inner segment, cell
body, and a synaptic terminal. The outer segments contain numerous discs or membrane
evaginations and invaginations laden with visual pigment specific to the type of photoreceptor.
Rods utilize rhodopsin as their visual pigment, whereas cones utilize one of three types of opsins,
each with varying sensitivities to certain wavelengths of light (red, green, and blue opsins). A
connecting cilium, which is a modified sensory cilium with 9+0 microtubule arrangement, links
the outer segment with the inner segment that houses cellular organelles including mitochondria,
Golgi, and ribosomes. The cell body contains the nucleus of the photoreceptor and defines the
retinal outer nuclear layer. Finally, the synaptic terminal exists within the outer plexiform layer

and this is the site where photoreceptors synapse with downstream bipolar cell axons.’

1.3 Inner Retina

Following the synapse between photoreceptors and bipolar cells in the outer plexiform layer, the
inner nuclear layer is the location of the cell bodies of the bipolar cells, horizontal cells, and
amacrine cells. Both horizontal and amacrine cells play roles in integrating signals between
retinal neurons via feedback inhibition mechanisms.® The axons of the bipolar cells course
through the inner plexiform layer where synapse occurs with retinal ganglion cells (RGCs). The
cell bodies of the RGCs are located within the retinal ganglion cell layer and their axons form the
retinal nerve fiber layer. Over one million of these neurons travel in the optic nerve where they

eventually synapse intracranially at the lateral geniculate nucleus.’



2. Inherited Retinal Dystrophies (IRDs)

The inherited retinal dystrophies (IRDs) represent a heterogeneous group of disorders that
primarily involve degeneration of the outer retina. These disorders occur in approximately 1 in
4000 individuals and affect 2 million patients worldwide.!® To date, mutations in over 300 genes
and loci have been identified to cause IRDs.!! These disorders may occur sporadically or they

can be familial; almost every mode of inheritance has been described.!”

Both rod and cone photoreceptors can be affected in IRDs. In rod-specific disease, patients
typically present with difficulties in dimly lit environments (nyctalopia) and they develop
progressively narrowing peripheral visual fields. In cone-dominant disease, patients may present
with impaired central vision, photo-aversion, and reduced color vision. In either case, visual
function is significantly affected, and many patients develop legal blindness due to diminished

visual fields or reduced visual acuity.

Both syndromic and non-syndromic forms of IRDs exist. A prototypical IRD is non-syndromic
retinitis pigmentosa (RP). This disease is considered to be a rod-cone dystrophy, as rod
photoreceptors are typically affected initially with subsequent degeneration of the cone
photoreceptors. Patients present with nyctalopia and reduced peripheral vision. On fundoscopic
examination, patients manifest the classic features of posterior subcapsular cataracts, vitreous
cells, bone spicule intraretinal pigment migration, arteriolar attenuation, and optic disc pallor.'?
While there are currently no disease-modifying treatments available, ongoing clinical trials for

RP exist that are evaluating the safety and efficacy of gene replacement therapy via subretinal



gene delivery using adeno-associated viral vectors. To date, clinical trials for PDE6B, RS1,
RLBPI, RPE65, CNGA3, CNGB3, CHM, and RPGR-associated retinitis pigmentosa are
underway, with results available from several of these trials.!®!*!* Luxturna (voretigene
neparvovec-rzyl) is a gene replacement therapy for RPE65-associated retinopathy that was

approved by the FDA in 2017.'4

Systemic manifestations accompany IRDs in approximately 20-30% of cases.'> These syndromic
IRDs can manifest with disease involving multiple organ systems including auditory, renal,
cardiac, pulmonary, integumentary, and neurologic systems, among others. Patients with
syndromic IRDs may first present to an ophthalmologist for evaluation. As a result, a careful
examination for extraocular disease is essential and may facilitate more accurate clinical
phenotyping and targeted genetic testing. In addition, earlier diagnosis of syndromic IRDs can
enable subspecialty referral for surveillance for extraocular disease that might not have yet

manifested.

3. Peroxisomal Biogenesis Disorders (PBDs)

Peroxisomal biogenesis disorders (PBDs), also known as Zellweger spectrum disorders (ZSDs),
are a group of genetically and phenotypically heterogeneous conditions caused by aberrant
peroxisome metabolism. Inherited in an autosomal recessive pattern, PBDs occur in 1 in 50,000
individuals and trigger a collection of disabilities including severe vision loss, sensorineural
hearing loss, neurologic dysfunction (leukodystrophy and developmental delay), craniofacial

abnormalities, vertebral anomalies, and liver dysfunction. Defects in 14 different PEX genes,



encoding peroxin proteins, involved in peroxisome membrane assembly, matrix protein import,
and peroxisomal division, cause PBDs and lead to multisystem disease.'® Specific laboratory
investigations facilitate the diagnosis of a PBD. Elevated very-long chain fatty acids (VLCFAs),
fatty acids containing 22 or more carbon atoms, may be detected in a patient’s serum. In
addition, elevated levels of pipecolic acid, pristanic acid, phytanic acid, and bile acid
intermediates are typically present. Reduced levels of erythrocyte ether phospholipids

(plasmalogens) may be seen in the serum as well.!”

Mutations in PEX] and PEX6 account for approximately 60% and 10% of all PBDs,
respectively.!® Although phenotypes can vary in severity, the PBDs may be considered a form of
syndromic IRD where the majority of patients develop a generalized retinopathy. The PBDs
represent four clinical syndromes that differ in disease onset and severity and include, from most
to least severe: Zellweger syndrome, neonatal adrenoleukodystrophy, infantile Refsum disease,
and Heimler syndrome. There are no specific clinical or laboratory distinctions between these
syndromes; instead, they exist along a disease continuum.'® There is a significant need to identify
appropriate therapy, as there are no disease-modifying treatments currently available for PBDs.

Only symptomatic therapies exist such as hearing aids, nutritional therapy, and vision aids.

3.1 Zellweger Syndrome (OMIM# 214100)

Zellweger syndrome (also known as cerebrohepatorenal syndrome) represents the most severe
manifestation of the PBDs. Affected patients present in the early neonatal period with

craniofacial malformations (high prominent forehead, hypoplastic supraorbital ridges, epicanthal



folds, midface hypoplasia, and large anterior fontanelle), hypotonia, seizures, psychomotor
delay, neuronal migration defects and leukodystrophy, hepatomegaly, and renal cysts.'® Ocular
manifestations include corneal clouding, cataracts, glaucoma, and a generalized retinopathy with
a severely diminished electroretinogram.!” Zellweger syndrome is usually lethal within the first
year of life. This severe phenotype is evident on the cellular level in cultured fibroblasts from
patients with Zellweger syndrome. In these cells, there is a significantly reduced peroxisome
abundance and the peroxisomal enzyme, catalase, is cytosolically distributed, suggesting

impaired matrix protein import.'’

3.2 Neonatal Adrenoleukodystrophy (NALD) (OMIM# 202370)

Patients with NALD manifest many of the same signs and symptoms as patients with Zellweger
syndrome, albeit to a lesser degree of severity. A predominant differentiating feature includes the
presence of a greater degree of central nervous system dysmyelination in NALD.!” Consistent
with a less severe phenotype than Zellweger syndrome, fibroblasts from patients with NALD
have more peroxisomes than cells from patients with Zellweger syndrome (but still significantly

fewer than control fibroblasts).?

3.3 Infantile Refsum Disease (OMIM# 266510)

Patients with infantile Refsum disease demonstrate milder manifestations of peroxisome

dysfunction. These patients typically do not have congenital malformations but rather develop

progressive disease beginning in early childhood. Initially, sensorineural hearing loss (SNHL)



and retinal dystrophy may be the most striking features. As a result, many patients are thought to
have Usher syndrome.?! There are several reports of patients with SNHL and IRD with negative
results following testing using an Usher syndrome gene panel who are later discovered to have a
peroxisomal disorder after additional research testing.?!*? Peroxisomal genes are now starting to
appear on commercial Usher syndrome panels (Retinal Dystrophy Panel, Blueprint Genetics,
Helsinki, Finland). With time, we may find that peroxisomal disorders are more prevalent than

once thought.

In addition to SNHL and IRD, patients with infantile Refsum disease can develop neurologic
dysfunction, adrenal impairment, hepatic insufficiency, and renal oxalate crystals. Many patients
present with some degree of developmental delay. Intellectual disability is variably present.?
Similar to NALD, skin fibroblasts from patients with infantile Refsum disease have been shown

to demonstrate a reduced number of peroxisomes, consistent with a peroxisomal biogenesis

phenotype.?°

3.4 Heimler Syndrome (OMIM # 234580)

Heimler syndrome represents the mildest PBD phenotype and was first described in 1991.2*
Similar to the other PBD groups, patients develop SNHL and IRD (although with a later onset);
however, patients with Heimler syndrome also have the characteristic features of amelogenesis
imperfecta and nail abnormalities.?> Given that the latter two features may be subtle and require a
conscientious clinical examination, patients with Heimler syndrome may also be confused as

having Usher syndrome. Although not pathognomonic for Heimler syndrome, patients often



develop a maculopathy with cystic spaces present in the sub-foveal outer plexiform layer,

evident clinically on optical coherence tomography (OCT).?%?

Hypomorphic variants in PEX1, PEX6, and PEX26 have been reported to cause Heimler
syndrome.?” Skin fibroblasts from patients with Heimler syndrome have demonstrated a mosaic
of protein import-competent and incompetent peroxisomes. This phenotype was found to be
temperature sensitive where the majority of peroxisomes became import-incompetent when the

cells were incubated at 40°C, a finding evident in other peroxisomal disorders?>=®

4. Peroxisome Biology

Peroxisomes are dynamic, single membrane-bound organelles that are present in nearly all
eukaryotic cells. Composed of a lipid bilayer and a matrix lumen, peroxisomes vary in size (0.1
to 1um in diameter) and number (100 to 1000 organelles per cell).?**° These organelles were
originally described based on the presence of catalase and hydrogen peroxide-producing
oxidases.*! Currently, over 50 peroxisomal enzymes have been identified that facilitate diverse
functions including B-oxidation of VLCFAs, a-oxidation of branched-chain fatty acids, bile acid
and plasmalogen synthesis, and the detoxification of reactive oxygen species.?’ In addition,
recent evidence even supports the role of peroxisomes in phagocytosis and the innate immune
response.>? Peroxisome interactions with endoplasmic reticulum (ER), lipid droplets, and
mitochondria support the dynamic role these organelles play in lipid metabolism and other
diverse cellular activities.*® Peroxins and membrane-spanning peroxisomal membrane proteins

(PMPs) orchestrate the many functions of this organelle.
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4.1 Peroxisome Synthesis

Peroxisomes are dynamic organelles that can rapidly change their size and abundance in
response to metabolic demand from internal or external cues. Peroxisomal biogenesis occurs via

two separate mechanisms: de novo formation from the ER and fission of mature peroxisomes.

4.1.1 De novo Synthesis

De novo synthesis involves specialized regions of the ER that bud-off to become pre-
peroxisomal vesicles. These vesicles are enriched in the PMPs Pex3 and Pex16.>* In a process
that is not fully understood, pre-peroxisomal vesicles fuse with other vesicles to acquire
additional PMPs. Once the full repertoire of PMPs is acquired, the pre-peroxisomal vesicles

import matrix proteins and complete the transition to a mature and functional peroxisome.*’

4.1.2 Peroxisomal Fission

Mature peroxisomes are capable of undergoing organelle fission utilizing mechanisms similar to
those in mitochondria. The first step of this process, elongation, occurs due to the
oligomerization of the PMP Pex11 (B isoform). This oligomerization may be triggered by an
environmental cue such as cell exposure to the omega-3 fatty acid docosahexaenoic acid
(DHA).** Next, mitochondrial fission factor (Mff) recruits the dynamin-like protein-1 (Dlp1), a

GTPase, to the membrane where it is activated, and the peroxisome membrane is pinched or
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constricted in the second step. Finally, GTP hydrolysis provides the energy for peroxisomal

fission mediated by Dlp1, and two daughter organelles are liberated.**

4.2 Peroxisomal Matrix Protein Import

Unlike mitochondria, peroxisomes do not contain their own genome. As a result, peroxisomes
rely on a transport mechanism to import nuclear-encoded protein into the matrix to allow them to
perform their diverse functions. Peroxisomes are unique in utilizing a post-translational protein

transport system that is capable of importing fully folded and even oligomeric peptides.*

Peroxisomal matrix proteins are synthesized on free cytosolic ribosomes.**> The majority of these
proteins have a peroxisomal targeting signal (PTS) that destines the nascent polypeptide for the
peroxisomal lumen. There are two types of PTS signals: PTS1 and PTS2. PTS1 is a C-terminal
tripeptide, typically of the serine-lysine-leucine (SKL) sequence, that is recognized by the
cytosolic shuttle Pex5. PTS2 is an N-terminal degenerate nonapeptide that is recognized by the

shuttle Pex7. The majority of matrix proteins are imported via a PTS1-dependent pathway.*®

Pex5, along with its PTS1-containing cargo, translocates to the peroxisomal membrane where the
complex interacts with the docking/translocation module (DTM) that is composed of the
transmembrane proteins Pex13 and Pex14 and the E3 ubiquitin ligases (Pex2, Pex10, and Pex12)
(Figure 2). In a process that is not completely understood, a large membrane pore forms to
facilitate entry of the protein cargo into the peroxisome.*® At this time, Pex5 is membrane-bound

at the DTM and needs to be released for subsequent rounds of matrix protein import. First, the
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E3 ubiquitin ligases promote the monoubiquitination of Pex5 at a cysteine residue at position 11
in the primary sequence. Next, the receptor/exportomer module (REM), composed of PexI1,
Pex6, and Pex26, extract Pex5 from the peroxisomal membrane in an ATP-dependent process.
PexS5 is released from the peroxisomal membrane into the cytosol where it can interact with other
PTS1-containing proteins. The mechanism for import of PTS2-containing proteins is similar

except it involves the cytosolic shuttle Pex7 in conjunction with Pex5 (long isoform).>

Pex1 and Pex6 belong to a group of ATPases called the AAA ATPases (4TPases Associated
with diverse cellular Activities). These proteins form heterohexameric units that are anchored to
the peroxisomal membrane through interactions with Pex26. Interestingly, these proteins belong
to the only step of peroxisomal protein import that requires ATP.* Despite Pex1 and Pex6
having established roles in matrix protein import, the precise means by which these proteins
extract monoubiquitinated Pex5 from the peroxisomal membrane is currently unknown.
Furthermore, it is unknown whether the REM interacts with proteins other than Pex5.%° Recently,
it has been demonstrated that AAA ATPases, specifically Pex1 and Pex26, play a role in

protecting the peroxisome from degradation.®”’

13



Figure 2. A model of peroxisomal matrix protein import. Nascent polypeptides synthesized in
the cytosol that are destined for the peroxisomal lumen are labelled with either a C-terminal
PTSI tripeptide or an N-terminal PTS2 nonapeptide. Pex5, a cytosolic shuttle, delivers PTS1-
containing cargo to the docking/translocation module (DTM) composed of Pex13 and Pex14.
Cargo containing the PTS2 nonapeptide is delivered to the DTM by a separate cytosolic shuttle,
Pex7, in conjunction with Pex5 (long isoform). A membrane pore forms, and the protein cargo is
delivered inside the peroxisome. Once in the lumen, the PTS2, but not the PTS1, targeting signal
is cleaved off. Pex5 is removed from the peroxisomal membrane by the action of the
receptor/exportomer module (REM) composed of Pex1, Pex6, and Pex26. Pex1 and Pex6 utilize
ATP to extract Pex5 from the peroxisomal membrane so that it is available for subsequent

rounds of matrix protein import.
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4.3 Lipid Metabolism

Both peroxisomes and mitochondria are capable of metabolizing fatty acyl-CoAs via -

oxidation.*® The overall process of B-oxidation in both organelles is similar. First, a

dehydrogenation reaction produces a trans double bond between the two carbons adjacent to the

carboxy terminus. Next, a hydration reaction and a second dehydrogenation step generate a 3-

ketoacyl-CoA molecule. Finally, thiolytic cleavage with the enzyme thiolase occurs and liberates

an acetyl-CoA group. This series of reactions repeats with each cycle shortening the fatty acyl-

CoA chain by two carbons.*®

Although similarities exist in lipid processing in peroxisomes and mitochondria, peroxisomes are

distinct in that they are where B-oxidation of VLCFAs preferentially occurs.*® As a result,

elevated levels of VLCFAs in a patient’s serum suggest peroxisomal dysfunction.!' In addition,

peroxisomes are capable of metabolizing branched-chain fatty acyl-CoAs through a process
known as a-oxidation. Phytanic acid, a branched-chain fatty acid, undergoes a-oxidation in
peroxisomes where a terminal carboxyl group is removed, facilitating subsequent f-oxidation
reactions in peroxisomes or mitochondria.*® Patients with PBDs have increased levels of serum
phytanic acid which result in the decoupling of oxidative phosphorylation in mitochondria,
enhanced reactive oxygen species generation, and perturbed cellular calcium signaling,
ultimately leading to cell death.*’ Therefore, patients should be counseled to avoid foods with

high phytanic acid content, such as fish, and foods derived from ruminant animals.*!

5. Peroxisomes and the Retina
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Despite peroxisomes being ubiquitous organelles, they are dynamic structures that can differ in
number, size, and enzymatic composition in various tissues and organs.>’ While retinal
dystrophy is a common ocular phenotype in many PBDs, the precise mechanisms by which

aberrant peroxisomal metabolism leads to retinopathy is relatively unstudied.

Peroxisomes have been identified in all layers of the retina, including the RPE.****® Deguchi and
colleagues have suggested that peroxisomes facilitate the metabolism of rod and cone outer
segment membranes in the RPE since these photoreceptor membranes contain an abundance of
DHA, a VLCFA.*" In fact, peroxisomes have recently been demonstrated to interact with
phagosomes in the RPE containing disc outer segments before the phagosomes fuse with
lysosomes.*® These findings suggest a role for peroxisomes in photoreceptor membrane
recycling.* Finally, other studies suggest that peroxisomes play an important role in protecting

the RPE, a highly metabolically active cell, from oxidative stress.**4¢-

While studies have speculated on the roles of peroxisomes in various regions of the retina, the
localization and expression of individual peroxins and peroxisomal membrane proteins are
important since these are the proteins implicated in disease. Pex6 has been identified throughout
the human retina and it is particularly enriched at the junction between photoreceptor inner and
outer segments, just distal to the connecting cilium.* Precisely how mutations in PEX6 lead to
retinopathy is not well established; however, the enrichment of Pex6 at the level of the

photoreceptors supports its importance in the outer retina.**
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6. Clinical Case

This research study originated from observations made on a patient with retinal degeneration
who presented to an ocular genetics clinic. He was a 12-year old child of French-
Canadian/Swedish/Welsh origin who had severe congenital SNHL and retinopathy leading to
significant nyctalopia and vision loss. We later discovered that his first-cousin had been
clinically diagnosed with Zellweger syndrome and had died at 18 months of age (Figure 3). Our

patient’s past medical history was otherwise unremarkable.
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Saguenay Lac-Saint-Jean  Swedish/\Welsh
PEX6: c.802_815del c.35T=C

d.18 mo Jroband
Zellweger Syndrome Peroxisomal Biogenesis Disorder

PEX6: c.802_815del, c.35T=C

Figure 3. Three-generation pedigree of a family with a peroxisomal biogenesis disorder (red
box). The proband, indicated with an asterisk, carries compound heterozygous mutations in
PEX6: ¢.802_815del GACGCACTGGCGCT and ¢.35T>C (p.Phel12Ser). The proband’s first

cousin, who was not genotyped, passed away from Zellweger syndrome at 18 months of age.

18



On ocular examination, his visual acuity was 20/150 OD and 20/150 OS. His intraocular
pressures were normal. His extraocular movements were full and there was no strabismus. His
pupils were equal and reactive to light and accommodation. Anterior segment examination was
unremarkable but posterior segment examination revealed a mottled fundus appearance with
granular RPE changes OU (Figures 4A and 4B). The optic nerves appeared grossly normal;
however, the maculae demonstrated prominent cystic cavities on optical coherence tomography
(OCT) imaging (Figures 4C and 4D). Given concern for an underlying retinal dystrophy, a full
field electroretinogram (ffERG) was ordered. The ffERG measures electrical signals generated
by the retina when the eye is in a dark- or light-adapted state. This test demonstrated
significantly reduced rod- and cone-driven responses, confirming an underlying retinopathy.
Given the co-occurrence of congenital SNHL and retinal dystrophy, a diagnosis of Usher
syndrome was postulated. Usher syndrome is the most common cause of inherited combined
deafness and blindness.>! Subsequently, an Usher syndrome gene panel, consisting of 15 genes,
was ordered to molecularly characterize the phenotype (Blueprint Genetics, Helsinki, Finland).
Results of this gene panel were negative; however, the lab reflexively tested for genes associated
with peroxisomal disorders as these conditions have recently been identified in other patients
with a clinical diagnosis of Usher syndrome but non-revealing genetic testing.?! Compound
heterozygous mutations in PEX6 were discovered: ¢.802_815del GACGCACTGGCGCT and
¢.35T>C (p.Phel12Ser). Both variants segregated with disease with the deletion inherited
paternally and the missense mutation inherited maternally. The paternally inherited deletion has
been demonstrated to exhibit a founder effect in a Saguenay-Lac-St-Jean French-Canadian
population and is present in patients diagnosed with Zellweger syndrome.>? The missense variant

has also been previously reported in a patient with a peroxisomal biogenesis disorder.>’
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Figure 4. Color fundus photographs of the posterior poles of the right (A) and left (B) eyes in a
12-year-old patient with a peroxisomal biogenesis disorder. Both fundi demonstrate a mottled
appearance to the RPE with trace intraretinal pigment migration. The optic nerves appear normal
but there is mild retinal arteriolar attenuation in both eyes. Optical coherence tomography (OCT)
B-scan images at the level of the fovea in the right (C) and left (D) eyes. There are large cystoid

cavities that significantly distort the retinal architecture in both eyes.
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Biochemical analysis of the patient’s serum revealed mildly elevated very-long chain fatty acids:
C26:0/C22:0 0.028umol/L (normal <0.020) and C24:0/C22:0 1.05umol/L (normal 0.44-1.16).
Pristanic acid, phytanic acid, and pipecolic acid levels were all within normal limits. A brain
MRI demonstrated diffuse white matter changes in the thalami, brainstem, cerebellum, and
periventricular regions, consistent with a peroxisomal disorder. Given the above findings, the
patient was diagnosed with a peroxisomal biogenesis disorder due to biallelic mutations in PEX6.
In addition to regular ophthalmology follow-up, the patient was referred to medical genetics for

further systemic evaluation and dietary intervention.

7. Hypothesis and Study Importance

Given the rare occurrence of PBDs and that a significant portion of PBDs is diagnosed in
patients with severe phenotypes that result in death at an early age, our patient’s milder
presentation provided a unique opportunity to study the mechanism of disease both clinically
over time and at a cellular level. Our lab sought to understand how our patient’s specific
mutations in a peroxisomal gene, PEX6, led to impaired cell metabolism. Evaluating our
patient’s specific disease factors aligns with a personalized approach to health delivery
(Precision Medicine) and facilitates a deeper understanding of peroxisomal function. Genetic
disorders will likely benefit most from targeted genetic therapies; these treatments depend on a

thorough understanding of disease mechanisms in patients.

A recent study suggested that one of the primary roles of members of the AAA ATPase protein

family, Pex1, Pex6, and Pex26, was to protect the peroxisome from degradation, a process
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known as pexophagy.’’” The authors demonstrated that HeLa cells transfected with PEX] or
PEX26 siRNA led to significantly reduced peroxisome abundance. In a series of experiments, the
authors concluded that the primary defect was one of excessive peroxisomal degradation
(pexophagy) as opposed to reduced matrix protein import. Furthermore, the authors
demonstrated that treating cells with chloroquine, a drug used therapeutically in several
autoimmune disorders, inhibited pexophagy and restored peroxisome abundance. Chloroquine

acts as an inhibitor of cell autophagy by elevating the pH within lysosomes.>’

Given that PEX6 was not evaluated in their study, we hypothesized that mutations in PEX6, the
other member of the AAA ATPase family that forms a complex with Pex1 and Pex26, would
also lead to reduced peroxisome abundance as a result of increased pexophagy. We sought to test

this hypothesis in vitro by studying the peroxisomes in patient-derived skin fibroblasts.
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MATERIALS AND METHODS

8.1 Cell Culture

Human embryonic kidney 293T (HEK293T) cells (Thermo Scientific, Cat. No. HLC4517,
Waltham, MA) were grown in Cytiva HyClone Dulbecco’s Modified Eagle Medium (DMEM)
(Thermo Scientific, Cat. No. SH30243LS, Waltham, MA) with L-glutamine, sodium pyruvate,
and 10% Gibco Fetal Bovine Serum (FBS) (Thermo Scientific, Cat. No. 12483-020, Canada)
with penicillin 50 IU/mL and streptomycin 50 pg/mL added. Skin fibroblasts were collected
from the patient and from each of his parents by performing a 3 to 4mm superficial dermal
biopsy on the underside of the upper arm. A local anesthetic consisting of 1% lidocaine with 1 in
100,000 epinephrine was used for the procedure. Our lab had available a skin fibroblast cell line
that was used as a control and was wild-type for PEX6. Skin fibroblasts were cultured in the
same medium conditions except 15% FBS was used. Cells were incubated at 37°C-and at 5%

CO; concentration.

8.2 Antibodies

Antibodies were purchased and used for western blot and immunofluorescence assays as

indicated in Table 1.
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Table 1. A list of antibodies used in western blot and immunofluorescence assays

Antibody Clonality and Manufacturer and Application and
Source Catalogue Number Dilution
B-actin Monoclonal mouse Santa Cruz (sc- WB: 1:500
69879)
B-actin Polyclonal rabbit Abcam (ab8227) WB: 1:2000
FLAG Monoclonal mouse MilliporeSigma WB: 1:1000
(F1804)
Pex1 Polyclonal rabbit Abcam (ab217059) WB: 1:1000
Pex5 Polyclonal rabbit Abcam (ab204444) WB: 1:1000
Pex6 Monoclonal mouse Santa Cruz (sc- WB: 1:100
271813)
Pex14 Polyclonal rabbit Proteintech (10594-1- WB: 1:1000
AP) IF: 1:100
Pex14 Polyclonal mouse MilliporeSigma WB: 1:1000
(SAB1409439) IF: 1:100
Pex26 Polyclonal rabbit Abcam (ab235084) WB: 1:1000
Pmp70/ABCD3 Polyclonal rabbit Abcam (ab3421) WB: 1:1000
Thiolase/ACAALI Polyclonal rabbit Abcam (ab154091) WB: 1:1000
IF: 1:100

WB = western blot; IF = immunofluorescence
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8.3 Cell Harvesting

HEK293T cells and skin fibroblasts were grown to confluency on 6-well plates. The growth
medium was removed, and the cells were washed three times with 1mL of Cytiva HyClone
Phosphate Buffered Saline (PBS) (Thermo Scientific, Cat. No. SH3025602, Waltham, MA). Cell
lysis was performed with 100 pL of ice-cold RIPA buffer (Boston BioProducts, Cat. No. BP-
407, Ashland, MA) with protease inhibitor (Thermo Scientific, Cat. No. 78415, Waltham, MA)
added to each well. The cells were mechanically harvested using cell scrapers (Falcon, Cat. No.
CA15621-005, Franklin Lakes, NJ). The cell lysates were incubated on ice for 15 minutes. Next,
the lysates were centrifuged at 16,100 g for 15 minutes at 4°C (Eppendorf, Cat. No. 2262140-8,
Standard Rotor FA-45-24-11, Westbury, NY), and the supernatant was collected. Protein
concentration was determined via a colorimetric technique using the Pierce BCA Protein Assay

Kit (Thermo Scientific, Cat. No. 23225, Waltham, MA).

8.4 SDS-PAGE and Western Blotting

Pre-cast 12% Mini PROTEAN TGX SDS-PAGE gels (Bio-Rad, Cat. No. 4561044, Hercules,
CA) were used and 30 pg of protein were loaded in each lane. Two pL of Chameleon Duo Pre-
Stained Protein Ladder (LI-COR, Cat. No. 928-60000, Lincoln, NE) were used as a protein size
standard in a single lane. The gels were run at room temperature in a Mini PROTEAN Tetra
Electrode Assembly/Running Cartridge (Bio-Rad, Cat. No. 1658037, Hercules, CA) using
approximately 1 L of running buffer (25 mM Tris, 190 mM glycine, 0.1% SDS) for 80 minutes

at 110 V. The separated proteins from the gel were then transferred onto nitrocellulose
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membrane (0.45 um pore size) using the Mini Trans-Blot Central Core and Buffer Tank (Bio-
Rad, Cat. No. 1703930, Hercules, CA) using approximately 1 L of transfer buffer (25 mM Tris,

190 mM glycine, 20% methanol) for 60 minutes at 100 V at 4°C.

The membrane was then retrieved and Intercept PBS Blocking Buffer (LI-COR, Cat. No. 927-
70001, Lincoln, NE) was applied. The blot was agitated for 1 hour at room temperature on a
tabletop shaker. Next, the blocking buffer was removed, primary antibodies (in the dilutions
given in Table 1) were added to the membrane, and the blot was left overnight to incubate at 4°C
on a tabletop shaker. On the following morning, the primary antibodies were removed, and the
membrane was washed for 5 minutes with PBS-T (PBS with 0.05% Tween-20). This was
repeated three times. Next, goat-anti mouse (Alexa Fluor 680) and goat-anti rabbit (Alexa Fluor
800) secondary antibodies (LI-COR, Lincoln, NE) were added, and the membrane was placed on
the shaker for 45 minutes at room temperature. Then, the membrane was washed twice, 10
minutes each time, with PBS and then once for 10 minutes with PBS-T. The blots were then

scanned using the Odyssey CLx imaging system (LI-COR, Lincoln, NE).

8.5 Immunofluorescence Microscopy

HEK293T cells and skin fibroblasts were plated on #2 glass coverslips (22 mm x 22 mm) (Fisher
Scientific, Cat. No. 12-540B, Waltham, MA) and grown to approximately 50% confluency. The
growth medium was removed, and cells were washed twice with 1 mL of PBS-T. Next, 1 mL of
2% paraformaldehyde was added to each well and the cells were incubated for 20 minutes at

room temperature. Then, the paraformaldehyde was removed, and the cells were washed twice
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with 1 mL of PBS-T. Following this, ImL of blocking solution was added (1% bovine serum
albumin (BSA) and 0.5% Triton X-100 in PBS) for 15 minutes at room temperature. Primary
antibodies (in the dilutions given in Table 1) were then added to each coverslip in 100 puL of
blocking solution for 1 hour at room temperature. The cells were then washed twice with 1 mL
of PBS-T. Next, donkey-anti rabbit (Alexa Fluor 555) (Invitrogen, Cat. No. A31572, Carlsbad,
CA) and goat-anti mouse (Alexa Fluor 488) (Invitrogen, Cat. No. A10680, Carlsbad, CA)
secondary antibodies were added, and the cells were incubated for 1 hour at room temperature.
After two further washes with 1 mL of PBS-T, DAPI was added (0.2 pL of 5 mg/mL solution in
100 uL PBS) for 5 minutes. An additional two washes with 1 mL of PBS-T were performed, and
the coverslips were mounted onto glass microscope slides using ProLong Glass Antifade
Mountant (Invitrogen, Cat. No. P36984, Carlsbad, CA). The slides were allowed to dry overnight
in the dark and were then stored, protected from light, at 4°C. Immunofluorescence images were
captured with a spinning disc confocal microscope (Quorum Technologies, Puslinch, ON) at the
Cell Imaging Center at the University of Alberta. Multiple cells (> 20 cells) from each slide were

examined and images were captured of representative samples.

8.6 Plasmid Preparation and Subcloning

We purchased a PEX6 pcDNA3.1+/C-(K)-DYK expression plasmid (GenScript, Clone ID
OHu26056D, Piscataway, NJ) and transformed DH5a competent E. coli cells (Thermo
Scientific, Cat. No. 18265017, Waltham, MA). To create a PEX6 ¢.35T>C expression plasmid,
we utilized a forward primer (5'-

GATCGGATCCTTATGGCGGTCGCTGTCTTGCGGGTCCTGGAGCCCTCTCCGACCGAG
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-3') that included the PEX6 ¢.35T>C point mutation and a BamHI restriction site. In addition, we
utilized a reverse primer (5'-GATCGCGGCCGCCTAGCAGGCAGCAAACTTGCGC-3') that
included a NotlI restriction site. We amplified the PEX6 cDNA fragment by PCR and
incorporated the point mutation within the forward primer. We then performed a restriction
digestion reaction with FastDigest BamHI (Thermo Scientific, Cat. No. FD0054, Waltham, MA)
and FastDigest Notl (Thermo Scientific, Cat. No. FD0594, Waltham, MA) of the plasmid and
PCR product and then performed a ligation reaction to generate the PEX6 ¢.35T>C
pcDNA3.1+/C-(K)-DYK expression plasmid. The plasmid and insert were confirmed by a

combination of restriction digestion and Sanger sequencing.

We purchased the PTS1 expression plasmid pEGFP-C1+SKL (Addgene, Cat. No. 53450,
Watertown, MA) for the in vivo PTS1-mediated protein import assay. The in vivo green
fluorescent protein signal was assessed with the EVOS M5000 Imaging System (Thermo

Scientific, Cat, No. AMF5000, Waltham, MA).

We also purchased a PEX5 pCMV6 Myc- and DDK-tagged expression plasmid (OriGene, Cat.
No. RC226051, Rockville, MD) and transformed DH5a competent E. coli cells (Thermo

Scientific, Cat. No. 18265017, Waltham, MA).

8.7 CRISPR/Cas9-mediated PEX6 Deletion

We utilized the Alt-R CRISPR-Cas9 system (IDT, Newark, NJ) with a predesigned guide RNA

(crRNA) (5'-/AltR1/ACC GCA AAG GAG GAC ACC ACG UUU UAG AGC UAU

28



GCU/AItR2/-3") and fluorescently labelled trans-activating crRNA ATTO 550 (tracrRNA) to
generate PEX6 knock-out HEK293T cells. Briefly, we combined the crRNA and tracrRNA to
generate an RNA duplex. The ribonucleoprotein (RNP) complex was created by adding the Cas9
nuclease, and this complex was transfected into 400,000 HEK293T cells per well in a 12-well
plate using Lipofectamine CRISPRMAX Cas9 Transfection Reagent (Thermo Scientific, Cat.
No. CMAX0001, Waltham, MA) in Opti-MEM Reduced Serum Medium (Thermo Scientific,

Cat. No. 31985062, Waltham, MA). The cells were incubated for 48 hours at 37°C.

Fluorescently labelled transfected cells were sorted using fluorescence-activated cell sorting
(FACS) and seeded as individual cells into each well of a 96-well plate. These cells were
allowed to expand over 2 weeks. To determine the editing efficiency, the Alt-R Genome Editing
Detection Kit (IDT, Newark, NJ) with T7EI enzyme was used. Following PCR amplification of
the PEX6 CRISPR site, Sanger sequencing was performed, and we identified a homozygous
single base deletion in exon 1 of PEX6 (c.544delG) in one of the colonies. Quantitative PCR was
performed to confirm minimal PEX6 gene expression. The PEX6 c.544delG HEK293T cells
were selected for downstream assays and are referred to as PEX6 knock-out HEK293T cells for

the remainder of this study.

8.8 Transfection

HEK293T cells were seeded at 250,000 cells per well in a 6-well plate 18-24 hours before
transfection so that cells were 60-80% confluent. Next, 10 pL of Lipofectamine 2000 reagent

(Thermo Scientific, Cat. No. 11668019, Waltham, MA) were diluted into a total of 150 pL of
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Opti-MEM Reduced Serum Medium (Thermo Scientific, Cat. No. 31985062, Waltham, MA),
and 4 pg of plasmid was diluted into a total of 150 uL of Opti-MEM medium. The two mixtures
were combined and incubated for 5 minutes at room temperature. Next, 250 pL of the plasmid-
lipid complex were added dropwise to each well. The cells were incubated at 37°C and 5% CO»

concentration, and they were processed 72 hours later.

Skin fibroblasts from the patient, from each of his parents, and a control sample were transfected
using the Human Dermal Fibroblast Nucleofector Kit (Lonza, Cat. No. VPD-1001, Hayward,
CA). A T75 flask containing confluent fibroblasts was trypsinized, and 500,000 cells were
pipetted into a 1.5 mL Eppendorf tube and centrifuged for 5 minutes at 400 g (Eppendorf, Cat.
No. 2262140-8, Standard Rotor FA-45-24-11, Westbury, NY), and the cell pellet was retained.
Next, 2 pg of plasmid was combined with 110 pL of the Nucleofector Solution (containing
Supplement 1), and the resulting solution was used to resuspend the cell pellet. This solution was
placed into an aluminum cuvette and then into the Nucleofector 2b device (Lonza, Hayward,
CA). Following electroporation, the solution was transferred into a single well containing growth
medium in a 6-well plate. The fibroblasts were incubated at 37°C and 5% CO; concentration and

the in vivo PTS1 expression plasmid GFP signal was examined 48 hours later.

8.9 Image Processing and Statistics

Microscopy images were processed using ImageJ software (NIH, Bethesda, MD). Images were
enhanced in Photoshop (Adobe, San Jose, CA) using the levels feature without reaching

saturation. Western blot data were quantified using Image Studio Lite software (version 5.2), and
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the results were compared by using Student’s t-test with a = 0.05 considered as statistically
significant. Statistical analysis was performed in Microsoft Excel 2016 (Microsoft, Redmond,

WA). Figures were created using Microsoft PowerPoint 2016 (Microsoft, Redmond, WA).
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RESULTS

9.1 Patient-specific PEX6 mutations lead to reduced Pex6 protein levels

To determine the effect of the patient-specific mutations in PEX6, ¢.802 815del and ¢.35T>C,
on the abundance of Pex6 protein, endogenous Pex6 protein levels in each fibroblast line were
determined by western blot. Pex6 protein was significantly reduced in patient fibroblasts (PEX6
c.802_815del/c.35T>C) to 14% of control (WT/WT) levels (P = 0.0001; n = 3) (Figure 5). Pex6
abundance in the father’s (PEX6 WT/c.802_815del) and mother’s (PEX6 WT/c.35T>C)
fibroblasts did not differ from one other but was significantly reduced to approximately 60% of

control fibroblast Pex6 levels (P = 0.01; n = 3) (Figure 5).
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Figure 5. Endogenous amounts of Pex6 protein in skin fibroblast lysates. Pex6 was significantly
reduced in the father’s fibroblasts (P = 0.01), mother’s fibroblasts (P = 0.01) and patient’s
fibroblasts (P = 0.0001) compared to control fibroblasts (n = 3 experimental replicates). L =

ladder (protein size standard).
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9.2 Mutations in PEX6 do not result in reduced peroxisome abundance

Given the prior evidence of reduced peroxisome abundance in cells devoid of Pex1 or Pex26,*
we evaluated peroxisome abundance in fibroblasts harboring mutations in PEX6 (the third
member of the receptor exportomer module). To determine the effect of patient-specific
mutations in PEX6 on peroxisome abundance, Pex14, a peroxisomal membrane protein, was

t.>* There was no

used as a surrogate marker for peroxisome abundance on a western blo
significant difference in Pex14 protein levels between the father’s, mother’s, and patient’s

fibroblasts compared to control fibroblasts (P = 0.64; n = 3) (Figure 6).
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Figure 6. Endogenous amounts of Pex14 protein in skin fibroblast lysates. Pex14, a peroxisomal
membrane protein and surrogate marker for peroxisome abundance, did not differ significantly
between the father’s, mother’s, and patient’s fibroblasts compared to control fibroblasts (control

vs patient fibroblasts: P = 0.64; n = 3 experimental replicates). L = ladder (protein size standard).
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9.3 Characterizing a CRISPR/Cas9-derived PEX6 knock-out cell line

Given that the fibroblasts with compound heterozygous PEX6 mutations arose from a patient
with a peroxisomal biogenesis disorder on the milder end of the spectrum, we decided to
generate a PEX6 knock-out line in HEK293T cells to emulate a more severe peroxisomal
phenotype. A CRISPR/Cas9 system generated a homozygous PEX6 ¢.544delG in exon 1 in
HEK293T cells. This single nucleotide deletion would be expected to lead to nonsense-mediated
mRNA decay. On western blot, endogenous Pex6 protein was essentially absent in the PEX6

knock-out cells compared to wild-type HEK293T cells (Figure 7).

To evaluate the effect of an absence of Pex6 on the other two members of the receptor
exportomer module, Pex1 and Pex26 were probed on western blot in the wild-type and PEX6
knock-out cells. Pex1 protein did not differ significantly in quantity in PEX6 knock-out cells
compared to control cells (P = 0.24; n = 3). However, Pex26, a single-pass peroxisomal
membrane protein that anchors the Pex1:Pex6 heterohexamer to the peroxisome, was
significantly reduced in PEX6 knock-out cells by 60% compared to wild-type cells (P = 0.006; n

= 3) (Figure 8).

To determine whether peroxisome abundance is influenced by an absence of Pex6, endogenous
levels of Pex14, a surrogate marker of peroxisome abundance, was evaluated on a western blot.
Unlike in patient fibroblasts with compound heterozygous mutations in PEX6, Pex14 was
significantly reduced in PEX6 knock-out cells by 41% compared to wild-type HEK293T cells (P

=0.04; n = 3) (Figure 9).
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Figure 7. Endogenous amounts of Pex6 protein in HEK293T wild-type cell lysates and PEX6
knock-out cell lysates. Pex6 protein is essentially absent in the PEX6 knock-out cell lysates
compared to wild-type cells (P = 0.002; n = 3 experimental replicates). L = ladder (protein size

standard).
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Figure 8. Endogenous amounts of Pex1 and Pex26 in HEK293T wild-type cell lysates and PEX6
knock-out cell lysates. The Pex1 protein quantity did not differ significantly in PEX6 knock-out
cells compared to control cells (P = 0.24; n = 3). Pex26 protein was significantly reduced in
PEX6 knock-out cells by approximately 60% compared to wild-type cells (P = 0.006; n =3

experimental replicates). L = ladder (protein size standard).
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Figure 9. Endogenous amounts of Pex14 protein in HEK293T wild-type cell lysates and PEX6
knock-out cell lysates. Pex14 protein was significantly reduced in PEX6 knock-out cells by

approximately 40% compared to wild-type cells (P = 0.04; n = 3 experimental replicates).
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9.4 PTS1-mediated peroxisomal matrix protein import is disrupted in patient fibroblasts and

PEXG6 knock-out cells

We were unable to detect a difference in peroxisome abundance on western blot between control
fibroblasts and patient fibroblasts using both Pex14 (Figure 6) and Pmp70, a separate
peroxisomal membrane protein (Supplementary Figure 1), as surrogate markers of peroxisome
abundance. Given this result, our hypothesis that mutations in PEX6 would lead to reduced
peroxisome abundance and excess organelle degradation (pexophagy), similar to previously
published PEX] and PEX26 siRNA experiments,®’ was not supported. As a result, we decided to
interrogate matrix protein import, one of the major roles of Pex6, to evaluate whether this

process was disrupted instead in our patient’s cells (Figure 2).

Transfecting by electroporation, a GFP-PTS1 expression plasmid was introduced into control
fibroblasts and patient fibroblasts. After 48 hours, the distribution and intensity of GFP signal
was evaluated using an EVOS cell imaging system. PTS1 is a tripeptide containing a serine-
lysine-leucine (SKL) sequence that is present on the C-terminus of nascent polypeptides
synthesized in the ER and targets proteins to the peroxisome. Control fibroblasts demonstrated
an intracellular punctate GFP signal, as would be expected if the GFP-PTS1 was successfully
localized to the peroxisomes. The patient fibroblasts, however, demonstrated a diffuse cytosolic
GFP signal with very few puncta evident, suggesting impaired PTS1-mediated peroxisomal
protein import (Figure 10). Analysis of GFP-PTS1 distribution in the father’s and mother’s

fibroblasts revealed a similar pattern to control fibroblasts (data not shown).
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To evaluate the PTS1 protein import pathway in vivo in the CRISPR/Cas9-mediated PEX6
knock-out HEK293T cells, the same GFP-PTS1 expression plasmid was transfected into control
and PEX6 knock-out cells using a lipofectamine reagent. Similar to control fibroblasts, wild-type
HEK293T cells demonstrated intracellular punctate GFP signal, suggesting appropriate PTS1-
mediated targeting of proteins to peroxisomes. The PEX6 knock-out cells, however,
demonstrated diffuse cytosolic GFP signal with no appreciable puncta, similar to the patient
fibroblasts (Figure 10). In both cases, defects in PEX6 appeared to cause impaired PTS1-

mediated peroxisomal protein import.
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Figure 10. Microscopic images of in vivo GFP-PTS1 expression in fibroblasts and HEK293T
cells. Cells were transfected with GFP-labelled PTS1 to interrogate the competency of

peroxisomal matrix protein import. Control fibroblasts and wild-type HEK293T cells

demonstrate intracellular punctate GFP signal, suggesting appropriate PTS1-mediated targeting

of proteins to peroxisomes. The patient fibroblasts and PEX6 knock-out cells, however,
demonstrate diffuse cytosolic GFP signal, suggesting impaired PTS1-mediated peroxisomal

protein import.
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9.5 Interrogating PTS2-mediated peroxisomal protein import by immunofluorescence

Since the in vivo study of GFP-PTS1 distribution suggested that the PTS1 protein import
pathway was defective in patient fibroblasts and PEX6 knock-out cells, we decided to evaluate
protein import via the PTS2-mediated pathway (Figure 2). While the majority of peroxisomal
matrix proteins are imported via the PTS1 pathway, the PTS2 pathway is required for the import
of several proteins, including thiolase, an enzyme involved in the peroxisomal f-oxidation
pathway.>®> Analyzing both thiolase and Pex14 distribution by immunofluorescence would allow
for an evaluation of the integrity of PTS2-mediated protein import and ensure that any
intracellular punctate signal arises from peroxisomes by assessing thiolase and Pex14 co-
localization. This confirmation of peroxisomal localization was not possible with the previous

GFP-PTSI in vivo assay.

In control fibroblasts, thiolase demonstrated an intracellular punctate distribution that co-
localized with Pex14, the peroxisomal membrane marker that was used in the previous western
blot assays. This suggested that the control fibroblasts have appropriate PTS2-mediated protein
import. The patient fibroblasts, however, demonstrated a more diffuse, cytosolic, thiolase pattern
with few intracellular puncta visible. Notably, the patient fibroblasts had a Pex14 distribution
and abundance that resembled the control fibroblasts on immunofluorescence. The diffuse
thiolase pattern evident in the patient fibroblasts suggested impaired PTS2-mediated peroxisomal

protein import (Figure 11).
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Figure 11. Immunofluorescence images of skin fibroblasts from control and patient sources.
Thiolase, a protein imported via a PTS2-mediated process, demonstrates intracellular punctate
localization that overlaps with Pex14, a peroxisomal membrane protein, suggesting appropriate
PTS2-mediated targeting of proteins to peroxisomes in control fibroblasts. However, the patient
fibroblasts demonstrate a more diffuse cytosolic thiolase localization with few puncta, despite a

normal distribution of Pex14, suggesting impaired PTS2-mediated peroxisomal protein import.

44



To evaluate the PTS2-mediated protein import pathway in the CRISPR/Cas9-mediated PEX6
knock-out HEK293T cells, a similar immunofluorescence assay was performed and the cellular
distribution of thiolase and Pex14 was determined in HEK293T cells. In wild-type cells, thiolase
demonstrated a punctate intracellular pattern that co-localized with Pex14, similar to the pattern
evident in control fibroblasts, suggesting an intact PTS2-mediated protein import pathway. The
PEX6 knock-out cells, however, demonstrated a more diffuse, cytosolic, thiolase distribution
similar to the pattern present in the patient fibroblasts, suggesting impaired PTS2 protein import.
In the PEX6 knock-out cells, there were fewer Pex14-labelled puncta compared to wild-type

cells, and the few puncta that were present clustered around the cell nucleus (Figure 12).
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Figure 12. Immunofluorescence images of HEK293T wild-type cells and PEX6 knock-out cells.
Thiolase, a protein imported via a PTS2-mediated process, demonstrates intracellular punctate
localization that overlaps with Pex14, a peroxisomal membrane protein, suggesting appropriate
PTS2-mediated targeting of proteins to peroxisomes in wild-type cells. The PEX6 knock-out
cells, however, demonstrate a more diffuse cytosolic thiolase localization with few puncta
localized in a peculiar perinuclear distribution, suggesting impaired PTS2-mediated peroxisomal
protein import. There are also fewer Pex14-labelled puncta in the knock-out cells, consistent

with reduced peroxisome abundance.
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9.6 The processing of PTS2-thiolase confirmed defects in protein import in patient fibroblasts

and PEX6 knock-out cells

Thiolase exists as a 44 kDa protein with an N-terminal nonapeptide PTS2 sequence. Thiolase is
recognized by Pex7, a protein crucial in targeting PTS2-containing proteins to the peroxisome,
and together this complex is shuttled to the peroxisomal membrane aided by cytosolic Pex5.>®
Once thiolase reaches its destination in the peroxisomal lumen, the N-terminal PTS2 is

enzymatically cleaved, leaving behind a 41 kDa thiolase protein (Figure 2).

In the control fibroblasts, the father’s fibroblasts, and the mother’s fibroblasts, the majority of
thiolase is evident as a 41 kDa band on a western blot, suggesting appropriate peroxisomal
localization as the PTS2 signal has been presumably cleaved off. In the patient fibroblasts,
however, there is a band visible at 44 kDa, in addition to the thiolase band at 41 kDa, suggesting

the presence of some uncleaved, and thus mislocalized, thiolase (Figure 13).

Similar to control fibroblasts, wild-type HEK293T cells show a thiolase band at 41 kDa,
suggesting that thiolase is correctly localized to the peroxisome and that the PTS2 signal has
been cleaved. In contrast, the PEX6 knock-out cells show little thiolase at 41 kDa; the majority
of detected protein is at 44 kDa on a western blot, suggesting mislocalization of thiolase and

retention of the N-terminal PTS2 signal (Figure 13).
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Figure 13. Processing of thiolase in skin fibroblasts and HEK293T cells on immunoblot.
Thiolase, a protein imported into the peroxisomal matrix via a PTS2-mediated pathway, exists as
a 44 kDa protein with its nonapeptide N-terminal PTS2 sequence. Once localized to the
peroxisomal matrix, the PTS2 signal is cleaved, leaving behind a 41 kDa thiolase protein. In
control fibroblasts, father’s fibroblasts, and mother’s fibroblasts, the majority of thiolase exists in
its cleaved state, suggesting appropriate peroxisomal localization. In the patient fibroblasts, there
is a visible thiolase band at the 44 kDa level, suggesting the presence of some uncleaved thiolase
as a result of mislocalization. Wild-type HEK293T cells (WT) have the majority of thiolase
existing in the cleaved state, compared to PEX6 knock-out cells where the majority of thiolase is

uncleaved, suggesting mislocalization. L = ladder (protein size standard).
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9.7 Wild-type PEX6 replacement rescues some PTS2 protein import in PEX6 knock-out cells

To determine whether the protein import defect in PEX6-deficient cells could be rescued by
introducing wild-type copies of PEX6, PEX6 knock-out cells were transfected with wild-type
FLAG-tagged PEX6. The HEK293T cells were selected over the fibroblasts for the initial assay
as they are considerably easier to transfect and the difference in thiolase processing between

wild-type and PEX6 knock-out cells is greater compared to control and patient fibroblasts.

HEK293T PEX6 knock-out cells were transfected with a FLAG-tagged PEX6 expression
plasmid. After 72 hours, thiolase processing was evaluated on a western blot as described above.
PEXG6 over-expression in the PEX6 knock-out cells resulted in the appearance of a 41 kDa
thiolase band, suggesting that some thiolase was reaching the peroxisomal matrix and being
processed. The ratio of processed to unprocessed thiolase was significantly increased following
PEX6 over-expression; it was determined to be 29% of that of wild-type HEK293T cells (P =

0.01; n =2) (Figure 14).

9.8 PEX6 ¢.35T>C over-expression rescues PTS2 protein import similar to wild-type PEX6

replacement

Our patient with a peroxisomal biogenesis disorder had compound heterozygous changes in
PEX6 (c.802_815del/c.35T>C). The 14 base pair deletion was expected to lead to a frameshift
and subsequent nonsense-mediated mRNA decay. The way in which the missense mutation,

c.35T>C, leads to aberrant peroxisome function is not known. To investigate how the missense
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variant affects protein import, a FLAG-tagged PEX6 ¢.35T>C expression plasmid was generated

by site-directed mutagenesis and transfected into HEK293T PEX6 knock-out cells.

Similar to wild-type PEX6 over-expression, PEX6 ¢.35T>C over-expression resulted in a 41 kDa
thiolase band on a western blot, suggesting that some PTS2-mediated peroxisomal protein import
was restored. The ratio of processed to unprocessed thiolase was significantly increased
following transfection with the PEX6 missense variant compared to cells receiving an empty
vector (P =0.01; n = 3). The processing of thiolase was determined to be 27% of wild-type
HEK293T cells, which was not significantly different from wild-type PEX6 over-expression

(Figure 14).
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Figure 14. PEX6 over-expression in HEK293T wild-type and PEX6 knock-out cells. A FLAG-
tagged PEX6 expression plasmid was transfected into HEK293T cells, resulting in an
approximately 40-fold increase in Pex6 levels. Both wild-type PEX6 (6WT) and PEX6 ¢.35T>C
(6M) over-expression resulted in some thiolase cleavage compared to PEX6 knock-out cells
receiving the empty vector (EV), suggesting the rescue of some PTS2-mediated peroxisomal
protein import with PEX6 over-expression (HEK293 APEX6 EV vs 6WT; P =0.01;n=2
experimental replicates). Both PEX6 wild-type and PEX6 ¢.35T>C over-expression increased the
ratio of processed to unprocessed thiolase (ACAA1) to nearly 30% of wild-type levels. L =

ladder (protein size standard).
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9.9 Over-expression of the cytosolic shuttle, Pex5, does not restore peroxisomal protein import in

PEXG6 knock-out cells

Pex6 plays a role in extracting the cytosolic shuttle, Pex5, from the peroxisomal membrane for
subsequent rounds of protein import.>® Since peroxisomal membrane import, by both PTS1- and
PTS2-mediated pathways, is disrupted in HEK293T PEX6 knock-out cells and patient fibroblasts
with PEX6 mutations, presumably due to retained membrane-bound Pex5, we evaluated whether

PEX}5 over-expression could overcome this import defect.

FLAG-tagged PEX5 was transfected into HEK293T PEX6 knock-out cells, and the processing of
thiolase was evaluated after 72 hours. PEX5 over-expression did not lead to any thiolase
cleavage, with no protein band evident at 41kDa, suggesting that PEX5 over-expression is unable

to rescue PTS2-mediated peroxisomal protein import in cells devoid of Pex6 (Figure 15).
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Figure 15. PEX5 over-expression in HEK293T wild-type and PEX6 knock-out cells. A FLAG-
tagged PEXS (long isoform) expression plasmid was transfected into HEK293T cells, resulting
in an approximately 15-fold increase in Pex5 levels. PEXS over-expression in PEX6 knock-out
cells does not lead to any thiolase cleavage, suggesting that PEX5 over-expression is unable to
rescue PTS2-mediated peroxisomal protein import in cells devoid of Pex6. L = ladder (protein

size standard).
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DISCUSSION

10.1 Revisiting peroxisomes and the retina

While evidence for the existence of peroxisomes in the retina has been available since the
1970s, the precise role of peroxisomes in both healthy and diseased states of the retina remains
obscure. A contributing factor may lie in the difficulty clinicians have in identifying patients
with peroxisomal disorders due to significant phenotypic heterogeneity and the fact that many
features overlap with more common diseases such as Usher syndrome and Leber congenital
amaurosis (LCA).*® In addition, many peroxisomal disorders are fatal in early infancy, making
studies of retinal function problematic. With advances in molecular genetic testing, patients are
now being offered more precise diagnoses and may be re-labelled as having a PBD when a
peroxisomal disorder may not have been initially suspected.*® By identifying more cases, new
opportunities may arise to study PBDs, including milder forms, such as in our study, and this is

anticipated to lead to an expanded understanding of peroxisome function.

10.2 Zellweger syndrome spectrum: infantile Refsum disease

Our patient presented with severe congenital SNHL and an early-onset retinal dystrophy. In the
absence of other characteristic phenotypic findings, it would be difficult to make a diagnosis of a
peroxisomal disorder. Based on these findings alone, he would have likely been labelled as
having a variant of Usher syndrome, the most common cause of combined deafness and

blindness. Fortunately, given that molecular genetic testing was available, bi-allelic mutations in
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PEX6 were identified and he was subsequently diagnosed with a PBD. This led to an additional
work-up, including a brain MRI, that demonstrated a leukodystrophy characteristic of a
peroxisomal disorder. When considering the PBD disease spectrum, he likely falls within the
infantile Refsum disease category since his overall presentation is milder. Additionally, the
presence of neurologic changes and the absence of enamel and nail disease make a diagnosis of

Heimler syndrome less likely.%’

Given our patient’s overall milder phenotypic manifestations, his age and ability to participate in
additional clinical testing provided an opportunity to study his peroxisomal function. Our initial
hypothesis was based on a recent study that demonstrated reduced peroxisome abundance, due to
excessive pexophagy, in cells devoid of Pex1 or Pex26.>” In particular, the authors demonstrated
that both peroxisome number and matrix protein import could be recovered in vitro when cells
were treated with chloroquine. This finding was of particular interest to us since chloroquine is a
drug that is already used clinically both as an anti-malarial agent and an anti-inflammatory agent.
In addition, the authors had not evaluated cells devoid of Pex6. Since Pex1, Pex6, and Pex26
belong to the same receptor/exportomer module, we hypothesized that Pex6 mutations would

also lead to reduced peroxisome abundance via unchecked pexophagy.

10.3 Peroxisome abundance is reduced in PEX6 knock-out cells but not in patient fibroblasts

To test this hypothesis, we obtained skin fibroblasts from the patient who harbored bi-allelic
mutations in PEX6 (c.802_815del/c.35T>C) and from his unaffected PEX6 heterozygous father

(WT/c.802_815del) and unaffected PEX6 heterozygous mother (WT/c.35T>C). In concert, we
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developed a homozygous PEX6 knock-out line in HEK293T cells to emulate a more severe
peroxisomal phenotype (c.544delG/c.544delG). Despite the patient’s skin fibroblasts
demonstrating significantly reduced endogenous levels of Pex6 protein on western blot (Figure
5), we did not detect a difference in peroxisome number using a surrogate marker of peroxisome
abundance, Pex14 (Figure 6). This was further confirmed on a western blot using a second
marker of peroxisome abundance, Pmp70/ABCD3 (Supplementary Figure 1). Pmp70 is a 70-
kDa integral membrane protein that functions to transport lipids across the peroxisomal
membrane.?’ This is the same marker utilized by Law et al. (2017) in their siRNA study of HeLa
cells devoid of Pex1 and Pex26. We found Pex14 to be a more consistent and reliable
peroxisomal marker than Pmp70, which tends to fluctuate in abundance and distribution

1.>* Although not quantified, the relative amount and

depending on the metabolic state of the cel
distribution of Pex14 by immunofluorescence did not remarkably differ between control

fibroblasts and patient fibroblasts, in keeping with the western blot data (Figure 11).

In the PEX6 knock-out HEK293T cells, recapitulating a more severe Zellweger syndrome-like
peroxisomal phenotype, there was essentially no detectable Pex6 protein on western blot (Figure
7). Unlike the patient fibroblasts, there was a significant reduction in Pex14 evident on western
blot, suggesting reduced peroxisome abundance in the knock-out cells (Figure 9). In PEX6
knock-out cells, Pex14 levels were 59% of Pex14 levels in wild-type HEK293T cells. This
reduction in peroxisome abundance was comparable to what was reported in PEX! and PEX26

siRNA experiments in HeLa cells.?’
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To further characterize the PEX6 knock-out HEK293T cells at a protein level, we assessed the
abundance of the other receptor/exportomer module components, Pex1 and Pex26. Pex1, which
forms a heterohexameric complex with Pex6, was found to exist in similar amounts in PEX6
knock-out and control cells, suggesting that the abundance of Pex1 does not depend on the
presence or absence of Pex6 (Figure 8).%° Pex26, an integral membrane protein that anchors the
Pex1 and Pex6 heterohexameric complex to the peroxisomal membrane through interactions
with Pex6, was found to be reduced by 60% in PEX6 knock-out cells compared to control cells
(Figure 8). This reduction was comparable to the decreased levels of Pex14, an integral
membrane protein and surrogate for peroxisome abundance, demonstrated in the PEX6 knock-
out cells. We hypothesized that the reduced levels of Pex26, like Pex14 and Pmp70, may also

reflect reduced peroxisomal abundance in cells devoid of Pex6, given that these are all intrinsic

peroxisomal membrane proteins.

Given that we did not find evidence to suggest reduced peroxisome abundance in patient
fibroblasts containing compound heterozygous mutations in PEX6, our initial hypothesis was not
confirmed. As a result, we did not explore further the effect of adding chloroquine to cultured
fibroblasts. A possible reason for why our results differed from findings in the study by Law et
al. (2017) may be due to the nature of mutation in the peroxisomal genes. Our patient had a 14
base-pair deletion on one of the PEX6 alleles; this deletion would be anticipated to lead to
nonsense-mediated mRNA decay. The other PEX6 allele is a missense mutation, ¢.35T>C, and
changes a phenylalanine residue to a serine residue at position 12 in the primary amino acid
sequence. While the precise effect of the missense mutation is unknown, it predictably would be

less damaging to the protein structure and function than the 14 base-pair deletion. This is
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supported by our patient’s milder phenotype compared to a more severe Zellweger syndrome in
patients with the same homozygous 14 base-pair deletion.’?> We hypothesize that a certain

amount of residual Pex6 protein is enough to prevent aberrant pexophagy.

In the study by Law et al. (2017), HeLa cells were transfected with PEX] and PEX26 siRNA,
and the resulting protein levels were considerably reduced. This is analogous to what we
achieved in our PEX6 knock-out HEK293T cells, where we also found reduced peroxisome
abundance (Figure 9). While we did not evaluate whether the reduced peroxisome abundance
resulted from excessive peroxisomal degradation in our knock-out cells, this idea is plausible and
would support the findings from the above study.?’” Although it is possible that Pex6 does not
influence peroxisome turnover and pexophagy, we believe that excessive peroxisomal
degradation may be a feature of deleterious (i.e. nonsense) mutations in PEX1, PEX6, and

PEX26, and contribute to a more severe disease phenotype.

10.4 PTS1-mediated peroxisomal matrix protein import is impaired in patient fibroblasts and

PEXG6 knock-out cells

Since peroxisome abundance was not altered in the patient’s fibroblasts, we evaluated whether
the cells were deficient in peroxisomal matrix protein import, one of the other main roles of
Pex6.%°> We separately evaluated the two pathways of peroxisomal matrix protein import: the
PTS1 and PTS2 pathways (Figure 2). We found that patient fibroblasts transfected with GFP-
PTSI1 displayed a diffuse, cytosolic GFP signal with no discernible punctate structures. This

differed from control fibroblasts where punctate GFP-labelled structures were evident (Figure
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10). Since this was an in vivo experiment with a single transfected construct, we were unable to
confirm whether the punctate structures evident in the control fibroblasts were, in fact,
peroxisomes, but we utilized a commercially available expression plasmid that had been
previously validated.’® Using the same GFP-PTS1 expression plasmid in PEX6 knock-out
HEK293T cells, we found that the knock-out cells also had a diffuse, cytosolic GFP signal
compared to control cells (Figure 10). These findings in both fibroblasts and HEK293T cells
provide evidence to support impaired PTS1-mediated peroxisomal matrix protein import in cells
with PEX6 mutation. While the complete absence of Pex6 may alter peroxisome abundance, both
patient fibroblasts (with some residual Pex6) and PEX6 knock-out cells demonstrated aberrant

PTS1-mediated protein import.

10.5 PTS2-mediated peroxisomal matrix protein import is impaired in patient fibroblasts and

PEXG6 knock-out cells

To interrogate PTS2-mediated peroxisomal protein import, we performed immunofluorescence
studies on patient fibroblasts using an antibody against thiolase, a protein imported by the PTS2
pathway, and an antibody against Pex14, to label peroxisomes (Figure 2). In patient fibroblasts,
thiolase demonstrated a more diffuse cytosolic pattern with only a few punctate structures
evident that co-localized with Pex14 (Figure 11). This was in contrast to control fibroblasts,
where thiolase demonstrated a punctate localization that overlapped with Pex14. This co-
localization in control fibroblasts indicated that thiolase was, indeed, appropriately labelling
peroxisomes, as indicated by Pex14 (Figure 11). Reduced thiolase-labelled puncta in patient

fibroblasts along with increased cytosolic signal suggested that thiolase was not being targeted to
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peroxisomes or imported into the peroxisomal matrix effectively. These results are consistent
with the findings in the GFP-PTSI transfected fibroblasts and they are in keeping with a

generalized defect in peroxisomal protein import in patient fibroblasts with PEX6 mutation.

Utilizing the same antibodies and immunofluorescence assay, PEX6 knock-out HEK293T cells
also demonstrated a diffuse cytosolic thiolase pattern with only a few punctate structures evident
in a perinuclear distribution (Figure 12). In addition, there were fewer Pex14-labelled puncta in
the knock-out cells, consistent with the reduced peroxisomal abundance that we previously
described for a western blot (Figure 9). Moreover, these Pex14-labelled puncta also occurred in a
perinuclear distribution. There was little co-localization of thiolase and Pex14 in the knock-out
cells. This finding suggests that the Pex14-labelled structures are import-incompetent or so-

called “ghost” peroxisomes, previously described in other PBDs.*"-¢!

To support our finding of impaired peroxisomal matrix protein import evident by cell imaging in
patient fibroblasts and PEX6 knock-out cells, we evaluated the processing of thiolase on a
western blot. Thiolase is a protein targeted to the peroxisomal matrix via a PTS2-mediated
import process (Figure 2). Once in the matrix, the enzyme Tysnd1 cleaves the N-terminal PTS2
signal from thiolase.®” The difference in molecular size between processed/cleaved and
unprocessed/uncleaved thiolase can be resolved on a western blot. In agreement with the in vivo
GFP-PTSI assay and the PTS2 immunofluorescence experiment, patient fibroblasts
demonstrated some uncleaved thiolase, suggesting that thiolase was not reaching the peroxisomal
matrix (Figure 13). While it was difficult to assess the degree of residual peroxisomal protein

import by the cell imaging assays, the presence of some cleaved thiolase in the patient fibroblasts
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supports the existence of residual protein import and explains the milder phenotype in our
patient. Both of the patient’s parents had a pattern of thiolase processing that was the same as
that of control fibroblasts (Figure 13). Consistent with a more severe peroxisomal phenotype,
there was little, if any, cleaved thiolase evident in the PEX6 knock-out HEK293T cells (Figure
13). This logically follows the absence of Pex6 protein in these cells as the presence of at least

some Pex6 is critical for matrix protein import.*>

10.6 Comparison of our findings to previous studies of patients with PEX6 mutations

Taken together, our results demonstrate that fibroblasts from our patient with compound
heterozygous mutations in PEX6 (c.802_815del/c.35T>C) have reduced peroxisomal import
capacity but do not have altered peroxisome abundance. Mutations in PEX6 were identified in
1996 to cause a peroxisomal biogenesis disorder in humans.® Fibroblasts from patients with
severe Zellweger syndrome demonstrated a cytosolic distribution of catalase on
immunofluorescence; a punctate peroxisomal distribution of catalase ensued when cells were
complemented with human PEX6 cDNA.% These cells were clearly import-incompetent;
however, the abundance of peroxisomes had not been assessed. Later, another group examined
the amount of Pex14 and Pmp70 in fibroblasts from a patient with Zellweger syndrome due to
biallelic PEX6 frameshift mutations. The authors reported reduced peroxisome abundance to less
than 20% that of control fibroblasts.®* Finally, fibroblasts from a patient with missense mutations
in PEX6 and a milder clinical phenotype of neonatal adrenoleukodystrophy demonstrated a
temperature-sensitive mosaic phenotype where import-incompetent peroxisomes became import-

competent when the cells were incubated at a reduced temperature.®
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10.7 Mechanism of disease and cellular phenotype may depend on the nature of PEX6 mutation

Our results highlight that the nature of mutation in PEX6 can influence the peroxisomal
phenotype evident in fibroblasts and the resulting disease severity. We hypothesize that the
presence of hypomorphic or missense mutations in PEX6 lead to reduced matrix protein import
but not to reduced peroxisome abundance, as suggested by our fibroblast data. Furthermore, we
suspect that more deleterious mutations in PEX6 would lead to both reduced matrix protein
import and reduced peroxisome abundance. This combination of defects in peroxisome

biogenesis or pexophagy and matrix protein import results in a more severe disease phenotype.

This distinction may have important therapeutic implications. For example, the chemical
chaperone arginine has been shown to improve matrix protein import in fibroblasts from a
patient with a mild PBD due to PEX6 mutation.®® Although we did not assess the effect of
temperature on peroxisome protein import in our patient fibroblasts, milder PEX6 PBDs have
been found to have reduced protein import when cells are exposed to higher temperatures.>> This
has been attributed to the destabilizing effect of missense mutations on the Pex6 protein.?® As a
result, chemical chaperones, such as arginine, may stabilize Pex6 and rescue some import
activity in mild PBDs. Consistent with this, a patient with PEX72 mutations was treated with L-
arginine and demonstrated improved serum biochemical parameters and improved hearing.®” On
the other hand, chemical chaperones may not be expected to result in significant improvement in

patients with more severe disease due to both impaired protein import and reduced peroxisome
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abundance. In these instances, drugs such as chloroquine, a lysosomal alkalinizer, demonstrates

promise in reducing excessive peroxisomal degradation.®’

10.8 PEX6 over-expression can rescue peroxisomal matrix protein import in PEX6 knock-out

cells

To investigate genetic approaches to improve impaired peroxisome protein import, we performed
two experiments on the PEX6 knock-out HEK293T cells. In the first, we determined whether
over-expressing wild-type PEX6 in PEX6 knock-out cells might rescue peroxisome function by
assessing thiolase processing on western blot. In tandem, we transfected PEX6 knock-out cells
with a plasmid containing the PEX6 ¢.35T>C variant to evaluate whether it was capable of
promoting matrix protein import. Over-expressing both the wild-type PEX6 and PEX6 ¢.35T>C
each resulted in a similar improvement in the processing of thiolase in PEX6 knock-out cells to
nearly 30% that of PEX6 wild-type cells (Figure 14). In addition to highlighting a potential role
for PEX6 over-expression in recovering peroxisome function, this assay also provided evidence
to show that PEX6 ¢.35T>C still has some protein import capacity. In the second experiment, we
evaluated whether over-expressing PEX3S, the peroxisomal cytosolic shuttle, could rescue protein
import in PEX6 knock-out cells. Since Pex6 facilitates protein trafficking by releasing Pex5 from
the peroxisomal membrane for subsequent rounds of protein import (Figure 2), we questioned if
over-expressing Pex5 might increase its cytosolic concentration and enable some peroxisome
protein import to occur in the absence of Pex6. We found, however, that PEX5 over-expression

was not able to rescue any thiolase processing, and thus protein import, in PEX6 knock-out cells
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(Figure 15). This supports the conclusion that the presence of at least some Pex6 is required for

peroxisome protein import.

10.9 Future directions

Our future experiments will seek to determine the effect of temperature on peroxisome matrix
protein import in our patient fibroblasts. We suspect that incubating the fibroblasts at 40C, as
opposed to 37C, will further reduce matrix protein import, supporting the hypothesis that milder
PBD phenotypes involve reduced peroxin stability. In addition, we will perform a cycloheximide
chase assay to determine whether the missense variant PEX6 ¢.35T>C leads to reduced Pex6
protein stability in HEK293T cells transfected with FLAG-tagged PEX6 c.35T>C constructs
compared to FLAG-tagged PEX6 wild-type constructs. We hypothesize that the PEX6 ¢.35T>C
variant will lead to reduced Pex6 protein stability. If present, this reduced Pex6 protein stability
in patient fibroblasts and in transfected HEK293T cells may be partially restored with arginine

supplementation.®

In addition, we would be interested in determining whether we can improve peroxisome function
by assessing thiolase processing and PTS1 and PTS2 protein import on immunofluorescence by
over-expressing wild-type PEX6 in patient fibroblasts. We would anticipate that at least some
peroxisome protein import would be restored. To follow the PEX5 over-expression assay in
PEX6 knock-out HEK293T cells, a future experiment may be to over-express PEX) in the
patient fibroblasts and assess whether protein import can be rescued. Unlike the PEX6 knock-out

cells, the patient fibroblasts have residual Pex6 protein so it may be possible to recover some
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matrix protein import in patient fibroblasts by increasing the cytoplasmic concentration of Pex5.
Enhancing Pex5 in the cytoplasm may overcome the deficient protein import that is limited in
patient fibroblasts by Pex5 being retained on the peroxisome membrane and not being released
into the cytosol by Pex6 for subsequent rounds of protein import. Finally, we plan on
determining whether chloroquine can rescue peroxisome number and protein import in the PEX6
knock-out HEK293T cells. Our PEX6 knock-out cell line recapitulates the PEX] and PEX26
knock-down HeLa cells by Law et al. (2017) in that each cell line is devoid of its respective
peroxin. Since improved protein abundance, due to reduced pexophagy, and improved protein
import occurred in cells treated with chloroquine, we suspect that a similar finding may occur in
our PEX6 knock-out cells.’” If present, this finding would emphasize the potential utility of
chloroquine as a therapeutic agent for PBDs with severe mutations leading to little remaining

peroxin protein.

Although we have evaluated how specific mutations in PEX6 affect peroxisome function in
patient fibroblasts, we have yet to explore how these changes specifically affect retinal function.
In the future, we will aim to generate patient fibroblast-derived induced pluripotent stem cells
(iPSCs) and differentiate these into RPE cells. We plan on conducting an assay to determine the
effect of PEX6 mutations on RPE-mediated photoreceptor outer segment phagocytosis, as this is
one of the proposed roles of peroxisomes in the RPE.*’ Studies such as this in retina-specific
cells will provide insight into how peroxisomes function in the retina. In addition, individualized
iPSC-RPE cells would act as a model to evaluate the potential for future gene augmentation

strategies in patients with PBDs.
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10.10 Study limitations

One of the limitations of our study is that we evaluated the effect of patient-specific PEX6
mutations in skin fibroblasts. Numerous other studies have similarly evaluated PBDs in skin
fibroblasts;>>%%"" however, cutaneous manifestations of disease are not typical of PBDs.?* Skin
fibroblasts are readily obtained via a superficial dermal punch biopsy. As a result, the
convenience of establishing a primary cell line in culture with patient-specific mutations makes
the use of skin fibroblasts attractive. However, there is significant heterogeneity in the gene
expression profile of different tissue types; 50% of all genes demonstrate tissue-specific
expression.”! Since peroxisomes are ubiquitous organelles, skin fibroblasts may be an acceptable
model to evaluate peroxisome function in general. However, to evaluate tissue-specific effects of
peroxisome dysfunction, such as in the retina, it would be important to utilize a model such as
iPSC-RPE cells which demonstrate similar membrane potential, ion transport, and gene

expression profiles as native RPE.”

Despite our study demonstrating reduced peroxisomal protein import in patient fibroblasts with
mutations in PEX6, an additional limitation is that we did not explicitly evaluate the consequence
of this impaired protein import on the major functions of the peroxisome. We would expect that
reduced protein import in the patient fibroblasts would result in aberrant peroxisomal function.
DHA, a polyunsaturated fatty acid that exists as a major structural lipid in the retina,” is
synthesized in the endoplasmic reticulum and further processed by -oxidation reactions in

peroxisomes.”* Both levels of DHA-containing phospholipids and B-oxidation activity can be
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measured by liquid chromatography/mass spectrometry.®® An experiment such as this would

allow for a read-out of peroxisome function in our patient fibroblasts.

Finally, our study is limited by the analysis of a single PBD patient. Thus far, our patient is the
only one in our clinic who has a confirmed PBD diagnosis. Although peroxisomal disorders are
reportedly rare,” the actual prevalence may be higher with more widespread availability of
genetic testing that can molecularly solve cases that overlap considerably with other disorders.”®
Although conclusions made in a single patient cannot necessarily be generalized to all patients
with peroxisomal disorders, our findings of disrupted protein import and normal peroxisome
abundance in our patient’s fibroblasts demonstrate that specific mutations can have different
effects on peroxisome metabolism. Moreover, the consequences of these mutations may require
different therapeutic approaches. While observations in individual patients are important, we
hope to gather additional samples from patients with PEX6 mutations to further support our

findings.

10.11 Concluding remarks

In conclusion, we have demonstrated that skin fibroblasts from a patient with compound
heterozygous mutations in PEX6 have abnormal peroxisomal matrix protein import but not
abnormal peroxisomal abundance. This is in contrast to PEX6 knock-out HEK293T cells, which
demonstrate both a severe defect in matrix protein import and a significant reduction in
peroxisome abundance. We hypothesize that the reduction in peroxisome abundance is a feature

of the more severe phenotypes along the Zellweger syndrome spectrum and is likely due to
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frameshift or nonsense mutations in PEX genes that result in little protein product. These
differences become important when therapeutic approaches are considered and highlight the
importance of understanding disease mechanisms on a patient-specific and mutation-specific

level.
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APPENDIX A

1.2

=3

~. 0.8

(Pmp70
(]
[=)}

0.4

0.2

Relative Fold Change

Control Patient

Supplementary Figure 1. Endogenous amounts of Pmp70/ABCD3 protein in skin fibroblast
lysates. Levels of Pmp70, a peroxisomal membrane protein involved in lipid transport and a
surrogate marker for peroxisome abundance, did not differ significantly between the control and

the patient’s fibroblasts (P = 0.50; n = 3 experimental replicates).
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