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Purpose: Photoreceptor degenerative diseases are among the leading causes of vision loss. Although the causative
genetic mutations are often known, mechanisms leading to photoreceptor degeneration remain poorly defined. We have
previously demonstrated that the photoreceptor membrane-associated protein X AP-1 antigen is a product of the HSPAS
gene. In this study, we used systems genetic methods, statistical modeling, and immunostaining to identify and analyze
candidate genes that modulate Hspa5 expression in the retina.

Methods: Quantitative trait locus (QTL) mapping was used to map the genomic region that regulates Hspa5 in the cross
between C57BL/6J X DBA/2J mice (BXD) genetic reference panel. The stepwise refinement of candidate genes was
based on expression QTL mapping, gene expression correlation analyses (direct and partial), and analysis of regional
sequence variants. The subcellular localization of candidate proteins and HSPAS in mouse and human retinas was evalu-
ated by immunohistochemistry. Differences in the localization of extracellular HSPAS were assessed between healthy
human donor and atrophic age-related macular degeneration (AMD) donor eyes.

Results: In the eyes of healthy mice, extracellular HSPAS was confined to the area around the cone photoreceptor
outer segments. Mapping variation in Hspa5 mRNA expression levels in the retina revealed a statistically significant
trans-acting expression QTL (eQTL) on Chromosome 2 (Chr 2) and a suggestive locus on Chr 15. Sulf2 on Chr 2 was
the strongest candidate gene based on partial correlation analysis, Pearson correlation with HspaJ, expression levels in
the retina, a missense variant in exon 14, and its reported function in the extracellular matrix and interphotoreceptor
matrix. SULF2 is localized to the rod and cone photoreceptors in both human and mouse retinas. In human retinas
with no pathology, extracellular HSPAS was localized around many cones within the macular area. In contrast, fewer
HSPAS-immunopositive cones were observed in the retinas from AMD donors.

Conclusions: We identified Sulf2 as a candidate gene modulating the Hspa5 expression in the retina. The preferential loss
of HSPAS in the interphotoreceptor matrix around cone photoreceptors in atrophic AMD retinas opens up new avenues

for exploring the changes in interphotoreceptor matrix (IPM) that are associated with macular disease.

Heat shock proteins protect and maintain cell viability
primarily by acting as molecular chaperones under stressful
conditions [1]. HSPAS (GRP78, also known as binding immu-
noglobulin protein [BiP]) is a well-established endoplasmic
reticulum (ER) chaperone. It is involved in many cellular
processes, including the translocation of newly synthesized
polypeptides across the ER membrane, facilitating the folding
and assembly of proteins, targeting misfolded proteins for
ER-associated protein degradation, regulating calcium
homeostasis, and serving as an ER stress sensor [2-5]. An
upregulation of HSPAS is an indication of ER stress in various
mouse models of retinal degeneration, such as light-induced
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retinal degeneration [6], the rd] mouse [7], and retinal detach-
ment [8].

In addition to being an ER resident protein, HSPAS has
also been characterized as a soluble protein localized to the
interphotoreceptor matrix (IPM) surrounding the cones in
pig and mouse retinas and to the IPM surrounding both rods
and cones in Xenopus laevis [9-11]. Previously, our labora-
tory identified the Xenopus Anti-Photoreceptor-1 (XAP-1)
antigen as the extracellular form of HSPAS5 [10]. Interest-
ingly, we discovered that in the absence of RPE, HSPAS was
no longer present in the IPM surrounding the photoreceptor
outer segments. Moreover, the outer segments were improp-
erly folded in RPE-deprived explanted Xenopus retinas. Of
possible physiologic importance, HSPAS5 immunopositive
labeling in the IPM was detectable in a pattern similar to
that of the control after the addition of a neuro-supportive
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agent [12]. Although we demonstrated a clear correlation
between the presence of HSPAS in the IPM and the proper
outer segment ultrastructure, the role of the extracellular form
of HSPAS in photoreceptor health or degeneration remains
unknown.

Systems genetics integrates and interprets high-
throughput quantitative molecular data to model cellular
responses and disease outcomes using a genetic reference
population [13-16], such as the BXD family of advanced
crosses, which is the largest and best-characterized murine
genetic reference population available. These strains were
generated by crossing two widely used inbred strains of mice:
C57BL/6J (B6) and DBA2/J (D2) [17,18]. Most molecular
and genetic data for the BXD family has been archived in
the GeneNetwork, including many datasets that are relevant
to the genetics and genomics of the eye and central visual
system [19-23].

The purpose of this investigation was to identify the
genes that modulate the expression of Hspa5 in the mouse
retina. A secondary goal was to determine the localization
pattern of HSPAS in healthy and diseased human retinas. In
this study, we used various systems genetics methods and
ex vivo studies to identify Sulf2 as the best candidate gene
to modulate the expression of Hspa5 in the retina. HSPAS
is confined to the IPM surrounding the cone photoreceptors
in human donor eyes that have no ocular pathology, yet it
is nearly absent in atrophic age-related macular degenera-
tion (AMD) eyes. We hypothesized that Hspa5 may play an
important role in maintaining cone photoreceptor structural
integrity, and that its expression was modulated by Sulf2.

METHODS

Mice: This study was approved by The Animal Care and
Use Committee at The University of Tennessee Health
Science Center (UTHSC). Mice were handled in a manner
consistent with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research and the Guide for the
Care and Use of Laboratory Animals (Institute of Laboratory
Animal Resources, Public Health Service Policy on Humane
Care and Use of Laboratory Animals). A total of 80 strains
(n = 326) of BXD mice from both sexes were used for the
systems genetics study. Three BXD100 mice (2 months old,
including both sexes) were used in the immunohistochemistry
study. No abnormal phenotypes were detected in the eyes of
these mice. More importantly, they lacked the pigmentary
dispersion phenotype that is present in DBA/2J mice. The
animals were maintained on a 12 h: 12 h light-dark cycle, at
a temperature from 20 °C to 24 °C and were allowed food
and water ad libitum.

© 2016 Molecular Vision

Human tissue: Our research and protocol for the collection of
human retinas was conducted in accordance with the tenets
of the Declaration of Helsinki and approved by University
of Tennessee Health Science Center Institutional Review
Board (IRB). The control donor eyes had no history of eye
disease; the age and sex of the donors were 47 years (M), 59
years (F), 69 years (F), 77 years (F), 87 years (M), and 93
years (M). The age-matched human donor eyes had a clinical
diagnosis of atrophic AMD; the age and sex of the donors
were70 years (M), 79 years (M), 87 years (M), and 94 years
(F). All eyes were obtained from the Mid South Eye Bank and
the Lions Eye Bank of Oregon. All eyes were procured and
processed in compliance with the Medical Standards of the
Eye Bank Association of America (EBAA) and Government
regulations. Eyes were fixed within 5 h of death in formalin
solution. Anterior segment structures were removed and the
fundus was photographed. The clinical diagnosis of each eye
was confirmed by an ophthalmologist. Full thickness biop-
sies of the macula region centered on the fovea, and the far
peripheral temporal retinas of each eye were removed with a
6-mm diameter punch (Miltex, York, PA).

Immunofluorescence staining: To obtain the light level
immunolocalization of the antigens of interest, the mouse
and human retinas were embedded in low molecular weight
agarose and sectioned at a thickness of 50 um. Immuno-
fluorescence staining for both intracellular and extracel-
lular HSPAS was performed according to our previously
published protocol. Briefly, tissue sections were blocked
with 10% goat serum and permeabilized with 0.1% Triton
X-100 or left un-permeabilized to differentiate intracellular
and extracellular localization patterns, respectively based on
our previously published protocol [10]. Tissue sections were
then either labeled with anti-XAP-1 (HSPAS; Clone 3D2,
monoclonal antibody, Developmental Studies Hybridoma
Bank, University of lowa, IA, 1:1 dilution) or anti-sulfatase 2
antibody (SULF2; rabbit polyclonal IgG, Santa Cruz Biotech-
nology, Dallas TX, 1:200 dilution). This was followed by
Alexa Fluor 488 or 568-conjugated secondary antibody (Invi-
trogen, Carlsbad, CA; 1:200 dilution) to detect the antigen of
interest. Peanut agglutinin (PNA)-tagged with Alexa Fluor
488 or 568 (Molecular Probes, Eugene, OR; 1:25 dilution) and
wheat germ agglutinin (WGA)-tagged with Alexa Fluor 633
(Molecular Probes; 1:50 dilution) were used to differentiate
the cone and rod photoreceptors, respectively. TO-PRO3
iodide (1:4000 dilution; Invitrogen) was used to label the
nuclei. Sections were viewed and images were obtained
using a Nikon C1 confocal microscope within the Imaging
Core Facility in the Hamilton Eye Institute. All microscope
settings, including laser levels and gain, were held constant to
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allow for relative comparisons of signal intensity within and
between experiments.

Electron microscopic (EM) immunohistochemical
analyses were performed using our previously published
protocol [12]. Briefly, formalin fixed human donor eyes were
embedded in LR White (Electron Microscopy Sciences,
Hatfield, PA). Ultra-thin sections were collected on mesh
nickel grids. The sections were blocked with 10% normal
goat serum (Vector Laboratories, Burlingame, CA) and incu-
bated in anti-XAP1 antibody (1:1 dilution) at 4 °C overnight,
followed by incubation with a gold-conjugated secondary
antibody (1:10 dilution, 10 nm gold particles; Sigma-Aldrich,
St. Louis, MO). Sections were washed and images were
captured with an electron microscope (JEM 200EX II; JEOL,
Tokyo, Japan).

HEI retina database: The Hamilton Eye Institute (HEI)
Retina Database contains the data analysis of 346 Illumina
Sentrix® Mouse Whole Genome-6 version 2.0 arrays (I1lu-
mina, San Diego, CA). This database contains the retinal tran-
scriptome profiles of 80 strains of BXD mice aged between
2 and 4 months. We used the Normal HEI Retina dataset
available on the GeneNetwork to perform QTL analysis and
define genetic networks. These data are globally normalized
to produce arrays that have a mean of 8 and a standard devia-
tion of 2 [23,24].

Expression QTL (eQTL) mapping and heritability calcula-
tion: On the Illumina array, Hspa$ is represented by a single
probe set (ILMN _1255561) that hybridizes to the proximal 3’
untranslated region (UTR) of Hspa5 on Chromosome 2 (Chr
2) at 34.631669 Mb on the plus strand. The eQTL mapping
was performed using our previously published methods
[19,21].

QTL mapping was carried out using the WebQTL
module available in GeneNetwork. Simple interval mapping
was performed at regular intervals to identify eQTLs that
regulate Hspa) expression. The level of significance was esti-
mated by permutations analyses. Mapping analyses produced
a likelihood ratio statistic (LRS) score, providing us with a
measure of the strength of linkage between Hspa5 expression
level variation and genotype markers.

Evaluation of candidate genes: partial correlation, heat
map analyses and SNP identification: Using the tools avail-
able on the GeneNetwork, partial correlation analyses were
performed using our previously published methods [25-28].
In the current study, the partial correlation feature on the
GeneNetwork was used to identify a candidate gene that
modulates HspaJ expression in the retina. A partial correla-
tion is defined as the relationship between a primary variable
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and a target variable after the influence of one or more related
variables are removed [27]. In this case, the expression of
Hspa5 was the primary variable and the expression levels
of the candidate regulatory genes within the retina database
were the target variables. The trans-effect of the eQTL on Chr
2 was mathematically controlled using the markers rs3143843
(Chr 2: 169.778380) and rs3673248 (Chr 2: 172.849974),
which straddle the trans-eQTL to strengthen the relationship
between the Hspa expression and the potential candidate
genes. Using the partial correlation function, we generated
the top 100 gene correlates of Hspa5. To evaluate the rela-
tionship between Hspa5 and the QTL region, this list of 100
correlates was analyzed by constructing a heat map in which
the more intense colors indicated the chromosomal regions
with comparatively high linkage statistics. The top candidate
genes with a biologic function or a localization pattern associ-
ated with the extracellular or interphotoreceptor matrix were
selected for further analyses.

The Pearson correlation coefficients with Hspa5 were
calculated for the candidate genes using the tools available in
the GeneNetwork. Candidate genes with significant Pearson
correlation (threshold>0.5) values with Hspa5 were exam-
ined for the presence of non-synonymous single nucleotide
polymorphisms (SNPs) or insertions and deletions (InDels).
A detailed list of polymorphisms between the D2 and B6
parental strains is freely available on the GeneNetwork and
the original sequence data are available at 327618. A second
heat map that included only the candidate modulatory genes
was also generated to evaluate their relationship with Hspa$.
All correlation values for candidate gene prioritization were
adjusted for multiple comparisons using the Bonferroni
correction.

RESULTS

Expression pattern of extracellular HSPAS5 in mouse retinas:
Previously, we determined that the XAP-1 antibody labels
extracellular HSPAS in Xenopus retinas [10,12]. To deter-
mine which cell types in the mouse retina were labeled by
the HSPAS antibody, we performed immunohistochemical
analysis. In mouse retinas, HSPAS preferentially co-localized
with PNA around the cone photoreceptors. A minor amount of
HSPAS was co-localized with WGA around the rods (Figure
1A-D). To differentiate between extracellular and intercel-
lular HSPAS, mouse retina sections were un-permeabilized
or permeabilized, respectively, before immunohistochemistry
was performed. In the non-permeabilized tissue, intense
HSPAS5 immunolabeling co-localized with PNA, which indi-
cated that extracellular HSPAS expression was predominantly
present in the IPM surrounding the cone photoreceptors
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Figure 1. Immunohistochemical
localization of HSPAS in mice
retinas (en face presentation). A-D:
HSPAS (green) co-localizes with
PNA (red) in the IPM surrounding
the cone photoreceptors. The
co-localization of HSPAS and PNA
is shown in yellow (white arrow). A
minimal amount of HSPAS immu-
nolabeling is associated with WGA
around rods (black arrow). Binding
of WGA to the IPM surrounding the
rods is shown in blue. Scale bar =

WGA

10 pm.

(Figure 2A-D). After permeabilization, a similar pattern of
extracellular HSPAS localization was observed in the IPM
surrounding the cone photoreceptors (Figure 2E-H). No
intracellular labeling was detected using the XAP-1 antibody.

Bioinformatic analyses of Hspa5: Using the HEI retina
database available on the GeneNetwork, we determined that
there was a significant variation in the level of HspaJ5 tran-
script in the retina across the BXD strains (Figure 3A). The
average expression level of Hspa5 was 7.6+0.0 and the range
was 6.9+0.2 (BXD80) to 8.4+0.3 (BXD102). Simple interval
mapping for Hspa5 revealed a significant trans-eQTL with
the likelihood ratio statistics (LRS) of 18.4 (genome wide
significance at p<0.05) on Chr 2 with a peak between 170
and 173 Mb. A suggestive peak on Chr 15 between 85 and
90 Mb with an LRS of 14.3 was also observed (Figure 3B).

Candidate gene selection: To identify the candidate genes
that could modulate the expression of HspaJ$ in the retina, we
performed a partial correlation analysis within the GeneNet-
work. By mathematically controlling for the QTL on the
Chr 2 peak, we generated a list of the top 2,000 correlates of
Hspa$. To select the top candidate genes within this list that
modulated the variation in the expression of HspaJ5 in the
retina, we used the following criteria:

* The gene was expressed in the retina;

* The gene was located within 5 Mb of the QTL peaks on
Chr 2 and Chr 15 that were identified using simple interval
mapping;

» The expression of the gene exhibited a high (>0.5)
correlation with Hspa5; and

* The gene had functional relevance to the extracellular
matrix, including the IPM.

Of the 71 genes residing within the trans-eQTLs on
Chr 2 and Chr 15, the following genes fulfilled the selection
criteria: Dpml and Sulf2 (located in the trans-eQTL interval
on Chr 2), and Fbinl, Glt8d3, and Pmm1 (located in the eQTL
interval on Chr 15). Table 1 provides the details of each gene.

By performing a direct Pearson correlation calculation
between the variation in the levels of Hspa5 and that of the six
candidate genes, we determined that the variation in the levels
of Sulf2, Pmmli, and Fbinl had very high correlation coef-
ficients of 0.775 (Adjusted [adj]. p = 6.0x107'¢), —0.725 (adj. p
= 1.7x1072), and 0.611 (adj. p = 4.4x107%), respectively, with
variation in the expression of Hspa5. Variation of B4galt5,
Dpml, and GIt8d3 had moderate correlation coefficients of
0.486 (adj. p = 6.9x107%), —0.486 (adj. p = 6.6x10-°%), and
0.493 (adj. p = 4.8x107%), respectively, with variation in the
level of Hspa.

A heat map that was generated using the top 100 tran-
scripts with the highest Pearson correlation coefficients
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with Hspa5 revealed tight bands on Chr 2 and Chr 15 at the
location of the QTL peaks found when mapping the Hspal
expression (Figure 4A). A second heat map generated with
only Hspa5 and the six candidate genes had a banding pattern
similar to the heat map for the top 100 transcripts (Figure
4B). These data indicated that both groups of genes shared
common signature QTLs, which suggested that they were all
part of the same genetic signature network.

To further evaluate the strength of these six candidate
genes, we determined if there were any sequence variants
between the parental strains. The data in the UCSC Genome
Browser on Mouse Assembly (UCSC mm9, July 2007)
showed no missense/nonsense SNPs in B4galt5, Dpmli, Fbinl,
GlIt8d3, or Pmmli. One non-synonymous SNP was present in
Sulf? in exon 14 (Table 1). The SNP in Sulf2 resulted in a
change in the amino acid sequence in which an arginine was
replaced by a lysine, which can lead to the synthesis of an
altered protein product (Table 1). Only Sulf2 met all of the
criteria for the selection of a candidate gene.

Expression pattern of SULF?2 in mouse retinas: To strengthen
Sulf2 as a candidate gene modifier of Hspa3, we analyzed
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the localization pattern of SULF2 by immunofluorescence in
cross sections of mouse retinas. In the tissue lacking permea-
bilization, SULF2 was predominantly present in the extra-
cellular space around the cone outer segments (OS; Figure
5A-D), which demonstrated that a small amount of secreted
SULF2 was present in the IPM around the cone photorecep-
tors. After tissue permeabilization, an intense immunore-
activity for SULF2 was observed in the outer nuclear layer
(ONL), as well as around the inner segments (IS) and OS of
the cone photoreceptors (Figure SE-H). A similar pattern was
detected in the normal human donor retina sections (Figure
51-P, representative image).

Expression pattern of HSPAS in retinas from human donor
eyes. In our previously published study, we determined that
HSPAS was associated with the IPM surrounding the rod and
cone photoreceptors in Xenopus laevis retinas [12]. However,
in mouse retinas, extracellular HSPAS was preferentially
localized to the cone photoreceptors [10] (Figure 1 and Figure
2). Building on this observation, we sought to determine if the
localization pattern of extracellular HSPAS was conserved in
mammals, and if macular disease affected the presentation of

Non-permeabilized

Permeabilized

D

Nuclei+WGA Nuclei+WGA

Figure 2. Localization of intracellular and extracellular HSPAS in retina cross sections from mice. A-D: In non-permeabilized sections,
HSPAS (green) co-localizes with PNA (red) in the IPM surrounding the cone photoreceptors. The co-localization of HSPAS5 and PNA is
shown in yellow. E-H: In permeabilized retina cross sections, HSPAS co-localizes with PNA in a pattern similar to the non-permeabilized
retina cross sections (yellow). OS = outer segments, IN = inner segments, ONL = outer nuclear layer. Scale bar =20 um.
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HSPAS. In human donor retinas from eyes with no pathology,
intense HSPAS expression was co-localized with PNA in
the macula (Figure 6A-D). This indicated that in the human
retina, HSPAS immunolabeling was more abundant in the
IPM surrounding the cone photoreceptors than in the IPM
surrounding the rod photoreceptors. The cross sectional view
of the macular retina showed the HSPAS expression around
the cone photoreceptors along the entire IPM (Figure 6E-H).
The results were representative of all the donor eyes.

© 2016 Molecular Vision

To better characterize the localization of HSPAS in
human retinas, we performed an EM immunolocalization
analysis. At the EM level, HSPAS was preferentially associ-
ated with flocculent material on the surface of the plasma
membrane of the cone photoreceptors. In contrast, there was
minimal immunolabeling around the rod photoreceptors
(Figure 6L,7J).

In ocular diseases, such as age-related macular degen-
eration, the primary cellular target leading to vision loss is
the cone photoreceptors. To compare the localization pattern

>

Hspab

¢ s/ IMParents or F1s

7.04

Hspab Expression (Log2)

0.200

0.150

0.100

Megabases

Figure 3. Expression levels of Hspa5 across the BXD strains and simple interval mapping. A: Rank-ordered mean Hspa5 levels across the
BXD recombinant inbred family ranges from 6.9+0.2 in BXDS80 to 8.4+0.3 in BXD102. The values denote the normalized relative expression
levels on a log, scale (mean+SEM). B: The QTL simple interval map of genomic regions that modulate Hspa5 expression in the retinas of
BXD mice. A significant trans-eQTL for Hspas5 is present on Chr 2 and a second trans-eQTL is present on Chr 15 (circles). The blue tracings
indicate the LRS scores across the genome. The x-axis represents the LRS scores across the genome. The horizontal lines represent the
transcript-specific significance thresholds for significant (LRS = 17.21) and suggestive (LRS = 10.48) LRS levels indicated by red and gray
horizontal lines, respectively. The filled triangle on Chr 2 indicates the location of Hspa5 in the genome.
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TABLE 1. SUMMARY OF CANDIDATE GENES.

Gene L.D. Location Max LRS value  Probe set I.D. and Markers Mean SNPs and Indels
and Location BLAT specificity flanking the expression
gene level
Hspas Chr2: 18.3; ILMN 1255561; rs13476425 7.614 » Two transcript variants
34,772,090- Chr2:172.56 Mb 2.6
34776529 bp
Sulf? Chr2: 20.6; ILMN 1234624, rs13476894 7.525 * Three transcript variants
34,772,090- Chrl5: 8793 Mb 3.1 * One non-synonymous SNP in
34776529 bp exon 14
* One each synonymous SNP in
exon 4 and exon 12
* 156 SNPs
* 46 insertions/ deletions
B4galt5  Chr2: 14.9; ILMN 1220235; rs6219107 7.052 * One SNP at a nonsplice site
167,298,445-  ChrX: 14340 Mb 2.2 * Two insertion/deletion
167349178 bp
Dpml Chr2: 19.5; ILMN_2590054; rs3708726 9.397 -
168,209,048-  Chr5: 104.57Mb 2.9
168230379 bp
Fbinl Chrl5: 26.0; ILMN_2602770; rs6357520 7.534 * Three each synonymous SNP
85,115,885- Chrl5: 82.94Mb 2.2 in exons 4,5 and 15
85115935 bp * 452 SNPs
* 77 insertions/ deletions
Glt8d3 Chrl5: 26.8; ILMN_ 2895067, rs13482715 8.380 * One synonymous SNP at
93,239,742- Chrl5:94.14Mb 2.6 exon 5
93275084 bp * 78 SNPs
« 21 insertions/ deletions
Pmml Chrl5: 34.6; ILMN 2611027 rs6276391 12.317 » Two synonymous SNPs each
81,951,106~ Chrl5: 81.65 Mb 2.8 in exons 2 and 8
81960867 bp * 15 SNPs
* Eight insertions/ deletions
of HSPAS in photoreceptors from human donor eyes with DISCUSSION

no pathology and age-matched human donor eyes with a
diagnosis of atrophic AMD, immunohistochemistry was
performed on retinal punches obtained from the macular
and peripheral regions. The en face images represented the
staining pattern from all the donor eyes used in the study. In
the macula of the normal human donor retinas, HSPAS5 was
present in abundance surrounding the cones, but was detected
at low levels around the rod photoreceptors (Figure 7A-C). In
contrast, HSPA5-positive cones were less frequent throughout
the peripheral retina (Figure 7D-F) in eyes with no ocular
pathology. Atrophic AMD donor retinas exhibited an aberrant
immunolabeling pattern in which there were very few HSPAS
immunopositive cells in both the macular (Figure 7G-I) and
peripheral areas (Figure 7J-L) compared with that of retinas
from the age-matched control eyes.

In this investigation, we confirmed that extracellular HSPAS
was a cone photoreceptor-specific marker in mouse retinas.
It was also a cone marker in the macula of human donor
eyes that lacked AMD-like pathology. In contrast, HSPAS
immunolabeling was drastically reduced in the donor eyes
from atrophic AMD patients. We also integrated a novel
application of expression genetics with biochemical analysis
to dissect the molecular pathways, and identified Sulf2 as a
candidate gene that modulated Hspa5 expression in the retina.

A major cause of adult blindness in developed countries
is the progressive dysfunction and death of retinal photore-
ceptors. Photoreceptors are structurally unique photosensi-
tive cells of the neural retina [29]. The extracellular space
between the photoreceptors of the retina and the apical
surface of the retinal pigment epithelium is occupied by
the IPM [30]. Research has demonstrated that some of the
soluble and insoluble components of the IPM may contribute
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Figure 4. Heat map analysis of
Hspa5 covariates and candidate
genes. A: Heat map of the top 100
covariates of Hspa$ as determined
by the Pearson correlation analysis.
Probe sets for the various genes
represent columns and the genomic
location for each chromosome
represents rows. Tight bands of
correlates are present on Chr 2 and
Chr 15 at the location of the QTL
peaks, which were revealed by
simple interval mapping. B: Heat
map containing B4galt5, Dpmli,
Fbinl, Git8d3, Sulf2, Pmml, and
Hspas. The hue intensity indicates
the strength of the association
between gene expression and
genomic location. The red and blue
colors indicate that the D or B allele
increases trait values, respectively.
The orange triangles show the
location of each gene on the chro-
mosomes. B4galt5, Dpml, Fbinl,
Glt8d3, Sulf2, and Pmmli show a
strong consistency of genetic regu-
lation across mRNA regions on Chr
2 and Chr 15 (arrows).
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to visual pigment chromophore exchange, retinal adhesion,
metabolite trafficking, and growth factor presentation [31-33].
Because this matrix resides in a key location and is putatively
crucial in supporting photoreceptor function, documenting
its structure and its components, and understanding the gene
products found in the IPM can lead us closer to identifying
the causes of photoreceptor degeneration.

HSPAS is a central regulator of ER homeostasis due to
its multiple functional roles in protein folding, ER calcium
binding, and controlling the activation of transmembrane
ER stress sensors. ER stress induction of HSPAS represents
a major pro-survival arm of the unfolded protein response
(UPR). Most neurodegenerative disorders, including Parkin-
son’s disease, Alzheimer’s diseases, and progressive retinal
degeneration, are characterized by the activation of the UPR
and the modified expression of HSPAS [6,7,34-36]. However,
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the function played by the extracellular form of HSPAS in
photoreceptor degeneration is unknown.

In the current study, we used immunohistochemistry and
the XAP-1 antibody to demonstrate that extracellular HSPAS
binds to the IPM surrounding the cone photoreceptors both
with and without tissue permeabilization. We confirmed that
the antibody was specific for extracellular HSPAS in mouse
and human retinas. The presence of HSPAS in the IPM around
the cones in healthy human retinas and its near absence in
atrophic AMD retinas suggested that HSPAS5 might play a
role in the cone structural integrity in the macula. However,
additional studies to target the disruption of Hspa5 synthesis
are required to confirm this hypothesis.

To determine which candidate genes modulate Hspad
transcript variation, we performed simple interval mapping.
Our mapping studies in BXD mice indicated a single highly

Non-permeabilized

Mouse

Nuclei+WGA

Human

2um | Nuclei+WGA

Permeabilized

Figure 5. Immunohistochemical
detection of SULF2 in non-path-
ological mouse and human donor
retina cross sections. A-D: In non-
permeabilized mouse retina cross
sections, SULF2 (red) is observed
in the extracellular space around
the photoreceptor inner and outer
segments. E-H: In permeabilized
mouse retina cross sections, SULF2
(red) is predominantly observed
intracellularly in the rod (blue) and
cone (green) photoreceptors, as
well as in the cell bodies. I-L: In
non-permeabilized non-patholog-
ical human retina cross sections,
the labeling pattern of SULF2
(red) is identical to that observed
in mice. M-P: In permeabilized
human retina cross sections, the
SULF?2 (red) labeling pattern is also
identical to that observed in mice.
OS = outer segments, IN = inner
segments, ONL = outer nuclear
layer, OPL = outer plexiform layer.

Nuclei+WGA
Scale bar =20 pm.

1326


http://www.molvis.org/molvis/v22/1318

Molecular Vision 2016; 22:1318-1331 <http://www.molvis.org/molvis/v22/1318>

© 2016 Molecular Vision

Figure 6. HSPAS co-localizes with PNA in flat mounts and cross sections of the human macula with no pathology. A-D: In retinal flat
mounts, HSPAS5 (green) co-localizes with PNA (red). Punctate yellow indicates co-localization of HSPAS5 and PNA in the IPM of the cone
photoreceptors (white arrow). WGA (blue) indicates the IPM of the rods (black arrow). E-H: In retina cross sections, HSPAS (green) also
co-localizes with PNA along the full length of the cones (red, white arrows). WGA (blue) indicates the IPM of the rods. Scale bar = 10 pm.
Electron microscopic immunohistochemical localization of HSPAS (gold particles) in human retinas (with no ocular pathology). I: HSPAS
is localized to the flocculent material in the IPM surrounding the cone outer segments between adjacent cone and rod outer segments (box).
Scale bar = 2 um. J: Higher magnification view of HSPAS localization (black arrow; the boxed area in G is shown magnified in H). COS
= cone outer segment, CIS = cone inner segment, and ROS = rod outer segment. Scale bar = 200 nm. Images are representative of all the

donor eyes that were used in the study.

genome wide significant t7ans-eQTL on Chr 2 and a sugges-
tive genome wide trans-eQTL on Chr 15, both of which
suggested that Hspa5 expression was modulated, either
directly or indirectly, by a different gene in the retina. We
pursued a parallel strategy of heat map analyses and partial
correlation analyses to corroborate the findings of our QTL

analysis for Chr 2 and 15. Our results suggested that one or
more transcripts that predominantly regulate Hspa$5 in a trans
manner resided within these strong eQTLs. We focused on
six positional and biologically relevant genes, B4galt5, Dpml,
Sulf2, Fbinl, GIt8d3, and Pmml, located on Chr 2 and Chr 15
under the QTL peaks. All of these genes have been shown
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to play key roles in proteoglycan maintenance and cellular
signaling in extracellular matrices [37-42]. Of the six genes,
only Sulf2 had a non-synonymous SNP in the mouse genome.
Interestingly, a recent genome wide association study by the
AMD Gene Consortium revealed 19 AMD loci, one of which
showed enrichment for genes involved in extracellular matrix
remodeling [43]. This provided further evidence to support
our assertion that genes modulating IPM structure or function
may contribute to the pathogenesis of photoreceptor degen-
eration in AMD.

SULF2 is an extracellular neutral-pH sulfatase. It
provides a post-synthetic mechanism for the regulation of
heparan sulfate proteoglycan (HSPG) function by removing
6-O-sulfate groups from the HSPG. SULF2 can thereby
modulate the signaling pathways in the retina associated
with Wnt-dependent signaling [44], as well as the activities
of the glial cell line-derived neurotrophic factor (GDNF)

© 2016 Molecular Vision

[45], sonic hedgehog (SHH) [46], vascular endothelial growth
factor (VEGF) [47], fibroblast growth factor 2 (FGF2) [48],
and Noggin [49].

Our immunohistochemistry data demonstrated that
secreted SULF2 was present in the extracellular space
surrounding the cone inner and outer segments. This expres-
sion pattern raised the possibility that the secreted form of
SULF?2 binds to the IPM surrounding the cone inner and
outer segments. An interesting implication of this observation
is that the SULF2 may regulate heat shock protein signaling
in the cone photoreceptors, although the mechanism is not
known.

The loss of HSPAS around the cone photoreceptors in
atrophic AMD retinas provides new avenues for exploring the
changes in IPM that accompany cone photoreceptor degen-
eration. Because HSPAS binds to the IPM surrounding the
cone photoreceptors in human retinas, it may be important in

Normal Human
Donor Eye

J\ \ O‘

calaQ"

Atrophic-AMD
Donor Eye

Macula

Periphery

Figure 7. Localization of HSPAS and WGA in retinas from human donors with no ocular pathology and age-matched donors with diagnosis
of atrophic AMD. A-F: Localization of HSPAS and WGA in the retina of a 77-year-old male who had cataract surgery with intraocular lens
(IOL) insertion and no history of AMD. A-C: In the central macular region of a healthy donor retina, the merged image shows the localiza-
tion of HSPAS (green) to the cone IPM in the fovea with lesser labeling around the rod photoreceptors (blue). D-F: Merged image of the
peripheral retinal area from the same healthy donor demonstrates scattered labeling of HSPAS (green) on the cone and rod photoreceptors
(blue). G-L: Localization of HSPAS5 and WGA in the retina of a 91-year-old female with dry AMD and bilateral cataracts. G-I: Merged image
of the central macular region from a dry AMD donor retina shows negligible HSPAS (green) staining. J-L: Merged image of the peripheral
retinal area from the same donor with dry AMD shows scattered and unstructured HSPAS5 (green) staining. Scale bar = 10 pm. Images are

representative of all the donor eyes that were used in the study.
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organizing the IPM, which may support photoreceptor func-
tion in higher vertebrates. In addition, our data suggested that
SULF2 might play a role in modulating HSPAS expression.
This finding can narrow our focus in our attempts to under-
stand the mechanisms of cell-intrinsic programs that alter the
IPM. These future outcomes can aid our understanding of
why the macula, which is a region rich in cone photorecep-
tors, is especially vulnerable to photoreceptor degeneration.
Our findings provide the first evidence that Hspa5 may be
involved in cone photoreceptor health.
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