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Abstract

Purpose—To assess for activation of the unfolded protein response in corneal endothelium of Fuchs
endothelial corneal dystrophy patients.

Design—Retrospective comparative case series of laboratory specimens

Methods—Corneal specimens of patients with Fuchs dystrophy and controls with corneal
pathologies other than Fuchs dystrophy were evaluated by transmission electron microscopy (TEM)
to evaluate for structural changes of the rough endoplasmic reticulum in corneal endothelium. TEM
images were evaluated for alterations of rough endoplasmic reticulum as sign of unfolded protein
response. Normal autopsy eyes, Fuchs dystrophy, and keratoconus corneas were used for
immunohistochemistry. Immunohistochemistry was performed on formalin-fixed, paraffin-
embedded sections of patient corneas for three unfolded protein response markers (GRP78, phospho-
elF2a, CHOP) and two apoptosis markers (Caspase 3 and 9). Immunohistochemistry signal
quantitation of corneal endothelium for evaluation of marker expression was performed using
automated software. Corneal sections were assessed quantitatively for levels of
immunohistochemistry marker expression.

Results—TEM showed enlargement of rough endoplasmic reticulum in corneal endothelium of all
Fuchs dystrophy specimens. Immunohistochemistry quantitation demonstrated a significant increase
in mean signal in corneal endothelium from Fuchs dystrophy patients for markers GRP78, phospho-
elF2a, CHOP and caspase 9, compared with non- Fuchs dystrophy corneas (p < 0.05).

Conclusions—Results of both TEM and immunohistochemistry indicate activation of unfolded
protein response in Fuchs dystrophy. Unfolded protein response activation leads to endothelial cell
apoptosis in Fuchs dystrophy and may play a central pathogenic role in this disease.

Introduction

Fuchs endothelial corneal dystrophy (Fuchs dystrophy) is a primary disease of the corneal
endothelium characterized by loss of endothelial cells (CECs) and abnormalities of Descemet
membrane. These pathologic changes lead progressively to corneal edema and loss of vision,
occurring approximately 20 years after disease onset 1. Fuchs dystrophy has recently been
characterized as having an early onset form with diagnosis as early as the first decade of life
2' 3 and a late onset form with diagnosis typically between the 3rd and 4th decades of life.
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Previous studies of Fuchs dystrophy pathogenesis indicate increased endothelial cell apoptosis
375. However, early disease stages are asymptomatic, and studies of Fuchs dystrophy tissues
are limited to failed patient corneas undergoing corneal transplant surgery. Thus, the cellular
pathophysiology of Fuchs dystrophy remains poorly understood.

Protein folding is critical for cellular functioning, and all cells have mechanisms to ensure
proper protein folding and disposal of irreversibly misfolded proteins 6. Accumulation of
misfolded proteins can result in endoplasmic reticulum stress, a condition which is toxic to
cells 7. To counteract this stress, cells initiate the unfolded protein response which is a
comprehensive program to reduce the accumulation of toxic unfolded proteins 7. Endoplasmic
reticulum stress and unfolded protein response have been shown to play important roles in the
pathogenesis of multiple human diseases including diabetes, Alzheimer and Parkinson
diseases, and atherosclerosis ©. In addition, endoplasmic reticulum stress and unfolded protein
response have been implicated in a variety of ophthalmologic diseases including cataract 8,
retinitis pigmentosa °, and glaucoma 19,

The unfolded protein response consists of three effector arms mediated by three endoplasmic
reticulum transmembrane receptors: pancreatic endoplasmic reticulum kinase (PKR)-like
endoplasmic reticulum kinase (PERK); activating transcription factor 6 (ATF6); and inositol
requiring enzyme 1 (IRE1) 7. These effectors are maintained in an inactive state by binding to
the intraluminal endoplasmic reticulum chaperone protein GRP78 7. Additional important
markers of unfolded protein response activation include the a subunit of eukaryotic initiation
factor 2 (phospho-elF2a) which is phosphorylated by PERK under endoplasmic reticulum
stress conditions and C/EBP homologous protein (CHOP) 11. Levels of GRP78, phospho-
elF2a, and CHOP are increased in cells undergoing unfolded protein response. Failure to
alleviate endoplasmic reticulum stress by unfolded protein response can lead to cellular
apoptosis 7. The complex molecular mechanisms involved in the apoptotic death of
endoplasmic reticulum stressed cells have not been fully elucidated 11. However, downstream
effectors of unfolded protein response mediated apoptosis in humans may include caspase 4,
caspase 3, and caspase 9 12:13 (Fig. 1).

We hypothesized that unfolded protein response is activated in Fuchs dystrophy by the
abundant production of misfolded protein as indicated by thickening of Descemet membrane
and the accumulation of wide-spaced collagen aggregates which are hallmark findings in Fuchs
dystrophy14-16, We tested this hypothesis by electron microscopic assessment of endoplasmic
reticulum in Fuchs dystrophy patients to evaluate for structural evidence of unfolded protein
response activation. In addition, we performed immunohistochemistry of Fuchs dystrophy
corneal endothelium for three unfolded protein response markers (GRP78, phospho-elF2a and
CHOP) and two apoptosis markers (caspase 3 and 9).

Materials and Methods

Patients and Controls

The diagnosis of Fuchs dystrophy and keratoconus was made by fellowship trained corneal
specialists. For Fuchs dystrophy specimens, diagnosis was based on the presence of confluent
endothelial guttae in both eyes and presence of corneal edema (stromal and/or epithelial) in
the operative eye. Diagnosis of keratoconus was based upon corneal topography along with
the presence of standard clinical signs. Corneas from autopsy cases with no history of corneal
disease or pathologic corneas with diagnoses other than Fuchs dystrophy served as controls.
Patient and control characteristics are summarized in Table 1 (TEM experiments) and Table 2
(immunohistochemistry).
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Transmission Electron Microscopy (TEM)

Specimens for TEM were fixed in buffered 1% glutaraldehyde and postfixed with phosphate
buffer (0.1 M) and 1% osmium tetroxide solution. Standard dehydration of the specimen was
performed before it was embedded in epoxy resin, sectioned, and stained with
paraphenylenediamine. Ultra-thin sections were cut and stained with urany|l acetate—lead citrate
and were examined using an electron microscope (Hitachi H7600, Ibaraki, Japan). Ten cases
of human corneas of Fuchs dystrophy patients and 9 control corneas of patients with corneal
dystrophies other than Fuchs dystrophy were randomized and evaluated for shape and size of
the rough endoplasmic reticulum in a blinded fashion by a fellowship trained eye pathologist
(CGE).

Immunohistochemistry

Normal autopsy eyes, Fuchs dystrophy, and keratoconus corneas were formalin-fixed and
paraffin-embedded by the Johns Hopkins Pathology Laboratory. Unstained sections (5 um)
were deparaffinized and processed for immunohistochemistry using Elite ABC Peroxidase Kit
(Vector Labs, Burlingame, CA) following the manufacturer's instructions. Heat-induced
epitope retrieval was performed in a buffer solution containing 10 mM Tris, 1 mM EDTA and
0.05% Tween 20 (Sigma, St. Louis, MO), pH 9.0. Sections were stained with diaminobenzedine
substrate (DAB) (Vector Labs) with addition of nickel solution and counterstained with
hematoxylin solution (Mayer's). Negative control slides using no primary antibody and non-
specific, species and isotype matched antibodies were included. Antibodies (dilutions in
brackets) included: rabbit polyclonal anti-cleaved caspase 3 (1/200), rabbit polyclonal anti-
phosphorylated elF2a (1/50; both from Cell Signaling, Danvers, MA), rabbit polyclonal anti-
cleaved caspase 9 (1/1000; Imgenex, San Diego, CA), rabbit polyclonal anti-CHOP (1/50),
rabbit polyclonal anti-GRP78 (1/50), normal rabbit 1gG (1/50; all from Santa Cruz
Biotechnology, Santa Cruz, CA) and biotinylated anti-rabbit 1gG (1/200; Vector Labs).

Image acquisition and processing

Light microscopy images were obtained using an Olympus IMT-2 microscope (Olympus,
Center Valley, PA) coupled to a ProgRes C5 digital camera system (Jenoptik, Jena, Germany).
Images at 200x magnification were used. For assessment of immunohistochemistry staining,
a representative frame with intact endothelium from the central cornea was imaged of each
slide.

Immunohistochemistry quantitation

Quantitative assessment of immunohistochemistry staining was performed using FRIDA
Software (FRamework for Image Dataset Analysis, ©2007 The Johns Hopkins University,
http://bui2.win.ad.jhu.edu/frida/) 17. This software provides a pixel color threshold mask as
well as a freehand mask to mark regions of interest. A range of positive immunohistochemistry
color signal is specified, and the software subsequently quantitates all pixels with the selected
range of colors within an area of interest. The entire corneal endothelium in a single
immunohistochemistry stained section across the central cornea was selected as the region of
interest. The same pixel color mask was applied to all samples being analyzed for a given
antibody marker.

Statistical Analysis

P-values were calculated using the nonparametric Mann—-Whitney test (Instat, Graphpad
Software, San Diego, CA). P-values < 0.05 were considered statistically significant.
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Results

Transmission electron microscopy

Evaluation of corneal endothelium showed markedly enlarged endoplasmic reticulum in all (n
= 10) Fuchs dystrophy patients (Table 1, Fig. 2) compared with controls. Rough endoplasmic
reticulum contained a fine granular material and exhibited a marked increase in ribosomes. In
addition, Fuchs dystrophy specimens showed typical findings, including a substantially
thickened posterior collagenous layer and focal posterior excrescences (guttae). Control
corneas (n = 9) exhibited prominent rough endoplasmic reticulum in one case (Table 1). In two
control cases, the rough endoplasmic reticulum was labeled as “indeterminate”. The remaining
6 control specimens did not show alterations in the structure of rough endoplasmic reticulum
(Table 1, Fig. 2).

A total of 18 autopsy, 8 Fuchs dystrophy and 5 keratoconus corneas were studied (Table 2).
Autopsy corneas were from individuals with an average age of 58 + 20 years (mean * standard
deviation), and Fuchs dystrophy corneas were from individuals with an average age of 62 +
18 years (p > 0.05 compared to autopsy corneas). Keratoconus corneas were from individuals
with an average age of 19 + 8 years (p < 0.05 compared to Fuchs dystrophy corneas). All patient
corneas had been previously diagnosed with Fuchs dystrophy or keratoconus as described in
the Methods. All control corneas had been assessed as unremarkable by an ophthalmic
pathologist in the Wilmer Eye Pathology Laboratory.

Immunohistochemistry quantitation for the unfolded protein response marker GRP78 in Fuchs
dystrophy corneal endothelium demonstrated a 4.7 fold increase in signal compared with
normal autopsy corneal endothelium (16,311 + 9,722 vs. 3,438 * 3,776, mean * standard
deviation) (p <0.05, Fig. 3A). Keratoconus corneal endothelium exhibited a significantly lower
GRP78ssignal (425 £ 511) than Fuchs dystrophy patients (p < 0.01) and autopsy eyes (p < 0.05)
(Fig. 3A). The unfolded protein response marker phospho-elF20 demonstrated a 4.4 fold
increase in signal in Fuchs dystrophy corneal endothelium compared with normal corneal
endothelium (5,170 + 4,672 vs. 1,186 + 788, p < 0.05) (Fig. 3B). Keratoconus corneal
endothelium exhibited a significantly lower phospho-elF2a signal (396 + 397) than Fuchs
dystrophy patients (p < 0.05) and autopsy eyes (p < 0.01) (Fig. 3B). The unfolded protein
response marker CHOP demonstrated a 2.6 fold increase in signal in Fuchs dystrophy corneal
endothelium compared with normal corneal endothelium (13,012 + 6,798 vs. 4,915 £ 5,077, p
< 0.05) (Fig. 3C). The apoptosis marker caspase 9 demonstrated a 2.5 fold increase in signal
in Fuchs dystrophy corneal endothelium compared with normal corneal endothelium (10,555
+ 6,291 vs. 4,284 £ 2,283, p < 0.05) (Fig. 3D). The apoptosis marker caspase 3 demonstrated
a 2.0 fold increase in signal in Fuchs dystrophy corneal endothelium compared with normal
corneal endothelium (3,768 £ 3,139 vs. 1,932 + 1,374) (Fig. 3E).

Negative control staining with non-immune, normal rabbit 1gG as primary antibody or no
primary antibody showed 8.2 fold and 78 fold decreases in signal compared with GRP78 (2,011
+ 1748 vs. 16,311 + 9,722 and 209 + 554 vs. 16,311 £ 9,722, respectively) (p < 0.01 for both
comparisons) (Fig. 3F).

Discussion

Throughout nature, proper folding of proteins is required for normal cellular functioning. Thus,
all cells have mechanisms to initiate and maintain proper protein folding. In addition, the
unfolded protein response is a highly conserved mechanism in eukaryotic cells to respond to
endoplasmic reticulum stress caused by the accumulation of misfolded proteins. The overall
goal of the unfolded protein response is to decrease the demand and increase the capacity for
protein folding within the cell 18. Strategies to decrease protein folding demand include
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reduced production of secretory proteins 19, Strategies to increase protein folding capacity
include increased production of folding-promoting (chaperone) proteins in the endoplasmic
reticulum 20 and increased size of the endoplasmic reticulum to dilute the unfolded protein
load 18. However, if the imbalance between protein folding demand and capacity cannot be
resolved, the unfolded protein response switches from a pro-survival to a pro-apoptotic
program leading to cell death 7.

Our work shows marked increases in rough endoplasmic reticulum in Fuchs dystrophy corneal
endothelium which is a hallmark sign of endoplasmic reticulum stress and unfolded protein
response. The present study confirms the observation of increased rough endoplasmic
reticulum containing fine granular material as described earlier by Hogan et al. 21. In addition,
we demonstrate significantly increased levels of GRP78, phosphorylated elF2¢, and CHOP in
the corneal endothelium of Fuchs dystrophy patients. These three proteins play a major role in
the unfolded protein response (Fig. 1). We have also shown increased levels of caspase 9 and
caspase 3 in Fuchs dystrophy corneal endothelium. These proteins are major effectors of
cellular apoptosis and are implicated in the cell death arm of the unfolded protein response
when endoplasmic reticulum stress is inadequately resolved 12: 13, These findings strongly
suggest a role for unresolved endoplasmic reticulum stress leading to unfolded protein
response-mediated endothelial cell apoptosis as a pathogenic mechanism in Fuchs dystrophy.

Multiple additional lines of evidence further support the role of unfolded protein response as
a central pathogenic mechanism in Fuchs dystrophy. Mutations in two genes have been shown
to cause familial Fuchs dystrophy. The first gene encodes the alpha 2 subunit of collagen VI1II
(COL8A2) which is a basement membrane collagen produced by corneal endothelial cells and
is a major component of Descemet membrane. Mutations producing amino acid substitutions
at positions 450 and 455 within the protein lead to Fuchs dystrophy 2: 22+ 23. While it remains
unclear how these altered proteins lead to endothelial cell death in Fuchs dystrophy, it should
be noted that collagen production is highly dependent on protein modification and folding
occurring in the endoplasmic reticulum. Furthermore, similar mutations in genes encoding
collagens I, 11, and X lead to endoplasmic reticulum stress, unfolded protein response, and
human diseases including osteogenesis imperfecta, spondyloepiphyseal dysplasia, and Schmid
metaphyseal chondrodysplasia 24728, Thus, Fuchs dystrophy mutations in COL8A2 may
inhibit protein folding and assembly to activate unfolded protein response in a similar manner.
Further supporting this hypothesis is work by Zhang et al. which showed accumulation of
COLB8A2 within the rough endoplasmic reticulum of the corneal endothelium from a patient
with Fuchs dystrophy caused by a leucine to tryptophan substitution at amino acid position
450 within the COL8A2 protein 3 27, This finding can be explained by delayed processing of
the mutant COL8AZ2 protein through the endoplasmic reticulum which is consistent with the
induction of endoplasmic reticulum stress and unfolded protein response.

The second gene associated with familial Fuchs dystrophy is SLC4A11 which encodes a
membrane bound sodium borate co-transport protein produced by the corneal endothelium
28. Mutant forms of the SLC4A11 protein produced in cell culture lines showed abnormal
accumulation of protein within the cytoplasm and reduced levels of normal trafficking to the
cell membrane 28, Furthermore, these mutant forms of SLC4A11 showed abnormalities of
post-translational modification with carbohydrates (glycosylation). Both of these
abnormalities are consistent with altered processing and trafficking of proteins within the
endoplasmic reticulum consistent with endoplasmic reticulum stress and unfolded protein
response activation.

Multiple studies have demonstrated apoptosis in CECs of advanced stage Fuchs dystrophy
corneas #°. However, little data exist on the early stages of the disease and how progression
towards apoptosis occurs. Vithana et al. suggest a mixed pathophysiologic mechanism
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involving chronic partial loss of SLC4A11 protein function and gradual accumulation of
aberrant misfolded protein 28, However, Vithana et al. stop short of proposing a role for
unfolded protein response-mediated apoptosis as a unified pathogenic mechanism for Fuchs
dystrophy resulting from mutations in SLC4A11.

Based on the available evidence supporting the presence of unfolded proteins and endoplasmic
reticulum stress resulting from Fuchs dystrophy mutations in the COL8A2 and SLC4A11
genes, we propose that unfolded protein response plays a central and early role in the
pathogenesis of Fuchs dystrophy. This mechanism involves the production of mutant proteins
which undergo altered folding and processing within the endoplasmic reticulum. The presence
of unfolded proteins induces release of GRP78, an inhibitor of unfolded protein response, from
the three unfolded protein response effectors, IRE1, ATF6, and PERK (Fig. 1). Release of
GRP78 leads to activation of these three effectors, which in turn stimulates the unfolded protein
response. The chronic production and accumulation of these unfolded proteins result in
unremitting endoplasmic reticulum stress which over prolonged periods cannot be fully
compensated by unfolded protein response. Endothelial cell death via caspase dependent
apoptosis pathways ensues, resulting in the clinical manifestations of Fuchs dystrophy.

Mutations in COL8AZ2 account for less than 10% of Fuchs dystrophy patients, and none of the
Fuchs dystrophy patients included in this study had known Fuchs dystrophy mutations in
COLB8AZ2. The clear finding of unfolded protein response activation in our series suggests that
this pathogenic pathway may have broader relevance to Fuchs dystrophy patients with
mutations in other genes yet to be described as risk factors for Fuchs dystrophy. Thus, the
expression of multiple different gene mutations in distinct Fuchs dystrophy pedigrees or
sporadic cases may converge on unfolded protein response as a final common pathway of
endothelial cell death.

Although this proposed mechanism is an attractive explanation of Fuchs dystrophy
pathogenesis, our findings are still limited by the end-stage nature of the Fuchs dystrophy
tissues studied. In addition, alternate approaches to quantify unfolded protein response markers
such as Western blotting or quantitative reverse transcriptase polymerase chain reaction would
be valuable to support our findings. However, these techniques are not feasible for individual
patient specimens given the small amount of endothelial tissue obtained at keratoplasty. Further
confirmation of this hypothesis awaits ongoing experimental studies using cell culture and
animal models of Fuchs dystrophy in our laboratory.
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Fig. 1.

Simplified diagram of the unfolded protein response. Three major effectors of unfolded protein
response, IRE1, ATF6, and PERK are maintained in an inactive, membrane bound form by
binding with GRP78. Binding of unfolded proteins to GRP78 causes release of GRP78 from
the three unfolded protein response effector proteins and results in their activation. Activated
ATF6 and IRE1 lead to increased activity of CHOP protein which stimulates unfolded protein
response. Activated PERK also activates CHOP via phosphorylation of elF2a. Depending on
the magnitude and duration of unfolded protein stress, unfolded protein response results in
either cell recovery or cell death via apoptosis mediated by caspase 3 and 9. GRP78: glucose
response protein 78; PERK: pancreatic ER kinase (PKR)-like ER kinase; ATF6: activating
transcription factor 6; IRE1: inositol requiring enzyme 1; phospho-elF2a: phosphorylated
eukaryotic initiation factor 2a; CHOP: C/EBP homologous protein.
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Fig. 2.

Electron microscopy images of corneal endothelium of patients with Fuchs dystrophy (upper
and lower left images), granular corneal dystrophy (upper right image), and macular corneal
dystrophy (lower right image). Comparison shows prominent and enlarged rough endoplasmic
reticulum in the upper and lower left images as compared to the upper and lower right images.
Asterisks indicate rough endoplasmic reticulum in the upper/lower left and the lower right
images. # indicates posterior collagenous layer (upper/lower left) with wide-spaced collagen
(arrow, upper left), typical of Fuchs dystrophy. (1) indicates intracytoplasmic vacuole typical
of macular corneal dystrophy (lower right) 2°. Original magnification (upper left: 15000x;
lower left: 8000x; upper right: 15000x%; lower right: 15000%).
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3(A) GRP78
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3(B) Phospho-elF2a.
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Fig. 3.

(A-E): Immunohistochemistry for unfolded protein response markers (GRP78, phospho-
elF2a, CHOP) and apoptosis markers (caspase 3 and 9) in Fuchs dystrophy (A, B: upper left,
C-E: left), normal human corneas (A, B: upper right, C-E: middle) and keratoconus corneas
(A, B: lower left). Horseradish peroxidase (HRP) positive signal was quantitated as described
in the Methods. Error bars indicate standard deviation. * indicates p < 0.05, ** indicates p <
0.01, by Mann-Whitney U test.

3(F) Fuchs dystrophy patient corneas were stained with no primary antibody (left) and non-
immune, normal IgG (middle). Quantitation of HRP positive signal was compared with Fuchs
dystrophy patient corneas stained with primary antibody to GRP78. Original magnification for
all panels = 200x.
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Table 1

Presence of prominent rough endoplasmic reticulum in the corneal endothelium of Fuchs dystrophy and control
corneas assessed by transmission electron microscopy

Controls prominent RER® +/- Diagnosis

- granular dystrophy
- lattice dystrophy
+ macular dystrophy
+- lattice dystrophy
macular dystrophy
- lattice dystrophy
- macular dystrophy

+/- granular dystrophy

© [ee) ~ (o2} (S, B w N -
'

— granular dystrophy

Fuchs Dystrophy prominent RER +/- Diagnosis
1 + Fuchs dystrophy
2 + Fuchs dystrophy
3 + Fuchs dystrophy
4 + Fuchs dystrophy
5 + Fuchs dystrophy
6 + Fuchs dystrophy
7 + Fuchs dystrophy
8 + Fuchs dystrophy
9 + Fuchs dystrophy
10 + Fuchs dystrophy

a L
rough endoplasmic reticulum
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