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Abstract

Purpose—Subtilisin-like proprotein convertases (SPCs) are a family of calcium-dependent

cleavage enzymes that act on dibasic sites of various peptide/protein substrates. The purpose of

this study was to investigate the expression, localization, and activity of SPCs in the human retina

and optic nerve head.

Methods—mRNA expression of the SPC family in the human retina and optic nerve head tissues

was evaluated by quantitative reverse transcription polymerase chain reaction (QRT-PCR).

Double immunofluorescence staining was performed on paraffin-embedded human posterior

sections to localize SPC family members. Western blot analysis was used to identify PACE4

isoform expression within the optic nerve head and retina. In addition, a fluorogenic SPC

substrate-based assay was used to elucidate SPC enzyme activity within human retina and optic

nerve head (ONH) tissues.

Results—QPCR results indicated that PC1 and PC2 were expressed 4.1- and 5.7-fold higher in

retina compared to optic nerve head, whereas PACE4 was expressed 4.1-fold higher in the ONH.

PC1 and PC2 were localized primarily in neuronal cells, whereas PACE4 and PC5 were limited to

the glia of the retina and optic nerve head. SPC activity in ONH lysate was significantly higher

than that of retinal lysate; however, when an SPC inhibitor was added, activity in ONH decreased

more than that in retina.

Conclusions—These results indicate that the SPCs are expressed in distinct patterns throughout

the human retina and ONH. PC1 and PC2 were primarily expressed in neurons, whereas PACE4

appeared to be largely restricted to glia. Thus, elevated PACE4 may modulate the bioactivity of

proteins secreted in the ONH and retina.

Optic nerve head (ONH) excavation, cupping, and subsequent extracellular matrix changes

are hallmarks of damage observed in primary open-angle glaucoma (POAG).1–3 Although

elevated intraocular pressure (IOP) is a well-characterized risk factor for retinal ganglion
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cell (RGC) death, the mechanisms responsible for ONH morphologic and biochemical

changes are poorly understood. Among the hypothesized mechanisms are mechanical stress

to the ONH due to high IOP, ischemia and subsequent reperfusion, and biochemical changes

due to differential activity of growth factors produced by and acting on the cells of the

glaucomatous ONH.4–8 Although the actual mechanics of ONH changes have yet to be

elucidated, it is apparent that the cell and molecular activity of the cells localized within the

ONH (e.g., ONH astrocytes and lamina cribrosa cells), have profound effects on the

extracellular environment and subsequent RGC survival.

The subtilisin-like proprotein convertases (SPC/PCs) are a family of Ca2+-dependent serine

endoproteases responsible for prodomain cleavage and subsequent protein maturation. The

SPC family consists of furin, PC1/3 (referred to herein as SPC1), PC2, PC4, PACE4,

PC5/6A (referred herein as PC5), and PC7. SPCs enzymatically process peptide substrates at

single or paired dibasic residues.9,10 Structurally, the SPC family members all possess a

signal peptide, prodomain, subtilisin-like catalytic domain, and a homo-B domain (P

domain).11,12 PC1 and PC2 are expressed in neuroepithelium, and PC4 expression is limited

to reproductive tissues.13–18 The remaining PCs are expressed to a certain degree in all

tissues.9,19 However, expression patterns are unique to each tissue and have not been fully

characterized.9,15,20–22 Furthermore, spatiotemporal analysis in animal models has

demonstrated unique expression patterns in development.23–27 Although there is a degree of

overlap of substrate processing within the family, each SPC processes different substrates

with different affinities.10,28–32 The unique expression patterns of the SPCs within each cell

type and tissue may confer unique protein and peptide processing capabilities.

PC1, PC2, and PC7 are known to remain primarily active within the trans-Golgi network

(TGN) and within secretory granules in the cytosol.9,16,33,34 Furin predominantly localizes

to the TGN, but can cycle to the cell surface.35 PC5 and PACE4 are primarily secreted, and

bind to extracellular heparan sulfate proteoglycans (HSPG) via their cysteine-rich

domain.36,37 PACE4 expression can be increased in hypoxia, a hallmark of tumorigenesis,

and one of the hypothesized causal mechanisms for glial cell activation in CNS disorders

including glaucoma.38,39 Recent studies suggest that increased SPC activity may induce

extracellular matrix changes in multiple cell lines.40–45 Extracellular matrix remodeling may

occur by directly altering the maturity and conformation of the extracellular adhesion

molecules, and by altering growth factor as well as matrix metalloproteinase bioactivity.

Aside from cancer biology, literature concerning SPC expression and activity within other

pathologic conditions is limited. However, SPC-mediated processing may influence a wide

variety of acute and chronic diseases. We hypothesize that the SPCs are crucial for the

maintenance of protein maturation and turnover in the retina and ONH. Furthermore, we

believe that PACE4 is an important intermediate to the processing of proteins secreted into

the extracellular milieu by ONH glia and that modulation of its bioactivity may have

important consequences with respect to growth factor processing and maturation as well as

extracellular matrix deposition in the ONH. In this study, we characterized for the first time

the mRNA expression, protein localization, and enzymatic activity of SPC family members

within the human retina and ONH.
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Materials and Methods

Human Tissue Samples

Tissue samples were acquired through the Florida Lions Eye and Tissue Bank (Tampa, FL),

Alcon Research, Ltd. (Fort Worth, TX), or the Willed Body Program at the University of

North Texas Health Science Center. All samples analyzed were obtained after a postmortem

interval of 8 hours or less. Samples for mRNA analysis were either flash frozen in an

isopentane/dry-ice slurry, or transported in an RNA stabilization solution (RNAlater;

Applied Biosystems, Inc. [ABI], Foster City, CA). Samples used for immunohistochemistry

were fixed in 4% paraformaldehyde and paraffin embedded before sectioning. The donor

demographic characteristics for the samples analyzed are presented in Table 1. Human

tissues were obtained in compliance with the Declaration of Helsinki.

Total RNA Extraction and cDNA Synthesis

Human retina and ONH tissues were homogenized in extraction reagent (TRIzol; Invitrogen,

Carlsbad, CA), and extracted according to the manufacturer’s instructions. Isolated total

mRNA was treated with DNase (Turbo-Dnase I; ABI). Total RNA (1.5 µg) was used to

synthesize cDNA (High-Capacity cDNA Synthesis Kit; ABI), containing RNase inhibitor

per the manufacturer’s instructions.

Primer Design

Primers for furin, PC1, PC2, PACE4, PC5, and PC7, and TBP were designed by using

Primer3 (http://frodo.wi.mit.edu/ provided in the public domain by the Whitehead Institute,

MIT, Cambridge, MA) with 60°C annealing temperatures. Primer pairs were tested by using

In-Silico PCR (http://genome.ucsc.edu/ provided in the public domain by the University of

California at Santa Cruz) to verify negative genomic amplification. Validated amplicons

were subsequently submitted to BLAST (www.ncbi.nlm.nih.gov/blast/ provided in the

public domain by the National Center for Biotechnology Information, Bethesda, MD) to

ensure specificity. Designed primer pairs are listed, along with the expected product size in

Table 2.

Quantitative RT-PCR

Real-time PCR was performed as described previously.46 Briefly, 2.5 µL of cDNA was used

in a reaction consisting of 1.5 units per reaction of antibody-bound Taq enzyme (Hot Start;

Sigma-Aldrich, St. Louis, MO), 1× PCR buffer, 1.5 mM MgCl2, 200 nM dNTP mix, 100 to

300 nM respective primers, 2.5 µL green nucleic acid dye (EvaGreen; Biotium, Hayward,

CA), as well as 30 nM passive reference dye (Rox; USB, Cleveland, OH) per 50-µL

reaction. PCR was performed on a real-time thermal cycler (model Mx3000p; Stratagene, La

Jolla, CA), with cycling parameters of initial denaturation at 95°C; 40 cycles of 95°C 30

seconds, 60°C 30 seconds, and 72°C 60 seconds, and a denaturation cycle for creation of a

dissociation curve. Reactions for each sample and gene of interest were run in duplicate, and

cycle thresholds (Ct) were normalized to TATA binding protein (TBP) expression, a low-

abundance housekeeping gene, and comparative quantitation was performed (MxPro ver. 4.0

software; Stratagene).
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Immunofluorescence

Immunohistochemical localization of SPC family members was performed on paraffin-

embedded tissues as published previously.46,47 Briefly, 7 µm sections were deparaffinized

and heat treated for 10 minutes in 10 mM sodium citrate (pH 6) containing 0.05%

Tween-20. The sections were then blocked with 5% goat serum and 1% BSA for 30 minutes

and subsequently incubated in primary antibody at 4°C over-night. Secondary staining was

performed with either goat anti-rabbit Alexa 488- or goat anti-mouse Alexa 594-conjugated

secondary antibodies (Invitrogen). Alternatively, secondary staining was performed with

donkey anti-mouse Alexa 488 and donkey anti-rabbit Alexa 647 for confocal microscopy.

Antibodies used and respective dilutions are provided in Table 3. Images were taken with an

epifluorescence microscope (model BX51; Olympus America, Center Valley, PA) with the

attached digital imaging system at 20 × magnification or with a confocal imaging system

(model 415; Carl Zeiss Meditec, Inc., Thorn-wood, NY) at 40 × magnification.

Primary ONH Astrocyte Culture

Primary ONH astrocyte cultures were generated by using a modified protocol.48 Briefly,

explants isolated with a postmortem interval under 6 hours were isolated and cultured in

DMEM-F12 supplemented with 3% FBS, 4 mM L-glutamine, 100 µg/mL ascorbic acid, 50

ng/mL insulin, 10 ng/mL EGF, 10 U/mL penicillin-streptomycin, and 1.25 µg/mL

amphotericin B (Fungizone; Bristol-Meyers Squibb, New York, NY) for 7 to 10 days.

Explants were then removed from the culture dish and briefly rinsed in Dulbecco’s PBS

without Ca2+/Mg2+ (Hyclone, Logan, UT) and placed in a dissociation enzyme (TrypLE;

Invitrogen) two times for 20 minutes each. The tissue was then triturated with a transfer

pipette and strained through a 70-µm cell strainer (BD Biosciences, San Diego, CA). The

cells were allowed to grow on culture plates (Primaria Cultureware; BD Biosciences) until

the third passage. GFAP immunoreactivity was assessed, and the cells were found to be

>97% GFAP positive.

Immunoblot Analysis

Frozen human tissues were homogenized with disposable tissue processors in MPER buffer

(Pierce Biotechnology, Rockford, IL) containing protease inhibitors (Sigma-Aldrich) and

centrifuged at 10,000g for 2 minutes. Lysates from human retina and ONH were

electrophoresed under reducing conditions and immunoblotted onto a PVDF membrane.

Blots were probed with anti-PACE4 (1:5000; Abcam, Cambridge, UK), secondary staining

was performed with goat anti-rabbit (1:20,000) and was imaged with ECL reagent (Femto;

Pierce). Images were taken with a fluorescence imaging system (FluorChem 8900; α-

Innotech, San Leandro, CA).

Fluorogenic SPC Activity Assay

SPC activity in postmortem human tissue was measured with a modified protocol.49,50

Unfixed human eyes were enucleated and flash frozen in an isopentane/dry ice slurry in

OCT compound. Thirty-five-micrometer sections were cut, and optic nerve and retina tissue

were dissected. The tissue was placed in 100 mM HEPES [pH 7.5], 1 mM CaCl2, 0.5%

Triton X-100, and 1 mM 2-mercaptoethanol and disrupted by sonication. The samples were
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centrifuged at 10,000g for 5 minutes and supernatant was taken. The lysates were then

pretreated with or without PC inhibitor (Hexa-D-Arginine [HDR] at 580 nM; Axxora, San

Diego, CA) for 30 minutes at 4°C. The fluorogenic PC substrate Boc-RVRR-AMC was

added for a 100-µM final concentration (EMD Bioscience, San Diego, CA) and incubated at

37°C for 2 hours. Activity was determined using a 20/20n luminometer with UV fluorescent

add-on module (Turner BioSystems, Sunnyvale, CA).

Statistical Analysis

Analysis of PC mRNA expression and inhibition of PC activity was performed with the

Mann-Whitney U test. PACE4 mRNA levels in individual samples were determined with a

two-way analysis of variance (ANOVA) with Bonferroni’s post hoc test. PC activity was

analyzed by ANOVA. Significance was assessed at P < 0.05 (GraphPad Prism ver. 5. 00;

Graph Pad Software, San Diego, CA).

Results

Expression of PC1, PC2, and PACE4 in the Retina and ONH

We evaluated mRNA and protein expression for the SPC family members in the human

retina and ONH. To compare mRNA levels of members of the SPC family between the

ONH and retina, we performed qRT-PCR (Fig. 1A). Overall, PC1 and PC2 message levels

were significantly higher in the retina, and PACE4 was significantly higher in the ONH.

mRNA for PC1 and PC2, the neuroendocrine-specific convertases, demonstrated 5.7- and

5.2-fold higher expression in the neural retina than in the ONH (P < 0.001, 0.04

respectively). PACE4 mRNA expression was 3.8-fold higher in the ONH than in the retina

(P < 0.001). Evaluation of PACE4 mRNA levels in the five individual donor samples

revealed significantly higher expression in the ONH in four of the five samples (Fig. 1B, P <

0.001). Expression of the closest homologue to PACE4, PC5, was only slightly (0.5-fold)

higher in the ONH than in the retina, but not at a significant level. Furin and PC7 mRNA

levels were not significantly different between the tissues.

PACE4 and PC5 in Glia in the ONH

Having shown a difference in mRNA expression for PC1, PC2, and PACE4 in human ONH

and retina, we then determined SPC protein localization to GFAP-positive glia of the ONH.

PC1 and PC2 immunofluorescence was slightly above background levels throughout the

ONH (Figs. 2A–D). However, PACE4 demonstrated strong expression in the prelaminar

ONH (Figs. 2E, 2M). Furthermore, PACE4 was strongly colocalized with GFAP (Fig. 2F).

Of interest, PC5 immunofluorescence was found in what appeared to be nerve fiber bundles

traversing the pre-laminar ONH and continuing through the lamina cribrosa (Figs. 2G, 2H,

2N).

Expression of SPCs in Neural and Glial Cells in the Retina

PC1 and PC2 have been reported to be broadly expressed throughout neuroendocrine tissues

and have been localized to numerous neurons within the CNS.17,18 However, there have

been no previous reports of SPC expression within the human neural retina. Double

immunohistochemistry was used to determine the localization of the SPC family within the
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retina. Each SPC was counterstained with GFAP, which stains Müller cells and astrocytes in

the retina, and Hoechst 33342 was used to identify nuclei. Similar to mRNA results, PC1

and PC2 expression was localized throughout the neurons of the retina (Figs. 3A–D). In

contrast, PACE4 and PC5 immunoreactivity was strongest in the INL of the retina (Figs.

3E–H). Furthermore, PC5 colocalized strongly with GFAP in the ILM and nerve fiber layer

(NFL; Figs. 3G, 3H). The NFL is composed of nerve fiber bundles exiting the neural retina,

as well as retinal astrocytes and Müller cell endfeet, and so it is likely that these cell types

are the source of PACE4 and PC5 in the retina, rather than neuronal cells. Immunoreactivity

for furin and PC7 was weak throughout the retina (data not shown).

Colocalizing of PC5 and PC2 with Neurofilament in the GCL and NFL of the Retina and
ONH

To determine whether PC1, PC2, and PC5 immunoreactivity colocalizes to the nerve fiber of

the retinal ganglion cells, we stained for each respective PC as well as neurofilament (NF), a

nerve fiber intermediate filament, and performed confocal microscopy. Strong colocalization

of PC1, PC2, and PC5 was found in the ganglion cell layer (GCL) as well as the NFL of the

inner retina. (Fig. 4).

PACE4 on Müller Cells and Astrocytes in the Retina

Counterstaining with CRALBP, a Müller cell marker, was performed to determine whether

the PACE4 inner retina immunoreactivity was present primarily in Müller cells or retinal

astrocytes. Intense colocalization was found within the INL and ILM, which is composed of

Müller endfeet (Figs. 5A–C). Of note, the INL, where the Müller soma reside, did not

contain significant colocalization with PACE4. PACE4 has been shown to be predominantly

localized to the cell surface and attached to the ECM.36,37 CRALBP is a membrane-bound

protein; thus, strong colocalization to CRALBP rather than GFAP may be due to cellular

localization of these marker proteins. Therefore, we cannot rule out the possibility that

retinal astrocytes residing in the GCL/NFL may also contribute to PACE4 expression in the

retina. When the retina and ONH were observed under low magnification, we noted a

contiguous expression of PACE4 throughout the inner retina and prelaminar ONH. To

further examine PACE4 expression within the GCL/NFL, we used NeuN, a marker of retinal

ganglion cells. There was no colocalization of PACE4 and NeuN, suggesting that PACE4

expression is limited to glia of the inner retina (Figs. 4D–F).

PACE4 in the ONH and in Primary Human ONH Astrocytes

To further study the expression of PACE4 in the ONH, we analyzed the colocalization of

PACE4 and CRALBP at the ONH. CRALBP expression halted abruptly at the intermediary

tissue of Kuhnt (Fig. 6A), whereas PACE4 expression was contiguous across the prelaminar

ONH (Fig. 6B). Higher magnification images showed PACE4 and GFAP colocalizing

within the prelaminar ONH (Fig. 6C).

Primary ONH astrocytes were more than 97% GFAP positive (Fig. 6D). Furthermore, nearly

all the cells stained were positive for PACE4 (Fig. 6E).
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Differential Protein Expression and Activity of PACE4 in the Retina and Optic Nerve

PACE4 is expressed as a 122-kDa prepro peptide that is processed to a mature 106-kDa

peptide and is further processed to a predicted 66-kDa isoform. We showed by Western

immunoblot analysis that the predominant species in both the retina and ONH was the 66-

kDa isoform, with several additional bands in the retina (Fig. 7A). Cellular lysate isolated

from tissues stored (RNAlater; ABI) and extracted (TriReagent protocol; Invitrogen), as

well as freshly isolated porcine retina and ONH, yielded similar expression patterns (data

not shown). In addition, we used a monoclonal antibody that recognizes the C terminus of

PACE4. This antibody also recognized the prominent 66-kDa band (data not shown) as well

as the smaller forms. Therefore, it is possible that these smaller bands are truncated and/or

proteolytically processed PACE4 isoforms rather than nonspecific degradation products.

To elucidate PC activity in these two tissues, we used a fluorogenic SPC substrate that was

incubated with cellular lysates with or without HDR, an SPC with a Ki of 580 nM.51 When

adjusted for total protein, SPC activity in the ONH lysate was approximately 25% higher

than in the retinal lysate. However, when the ONH and retina lysates are preincubated with

580 nM HDR, the amount of convertase activity dropped significantly in the ONH lysate

compared with that in the un-treated control (Fig. 7B). This observation is indirect evidence

that PACE4 enzymatic activity is present in higher amounts in the ONH.

Discussion

We report for the first time mRNA expression, protein localization, and enzyme activity of

the SPC calcium-dependent cleavage enzyme family members in the human retina and optic

nerve. We have determined that the neuroendocrine-specific SPCs, PC1, and PC2, had

higher mRNA expression in the retina and were strongly expressed throughout cells of the

retina, whereas PACE4 and possibly PC5 were more prevalent in the glia of the ONH and

retina. Previously, PACE4 mRNA has been reported via in situ hybridization to localize to

optic nerve glia in rat eyes.26 As the ONH is devoid of neuron cell somas, our results

suggest that PACE4 rather than PC1 or PC2 may be the predominant SPC for glia. PACE4

and PC5 demonstrated strong expression in the NFL, ILM, and the ONH and colocalized

with GFAP.

In addition, staining with CRALBP and NeuN demonstrate that PACE4 is expressed by

Müller cells in the NFL/ILM, but does not colocalize to RGCs. We also demonstrate that the

expression for PACE4 in the ILM is contiguous throughout the transition into the prelaminar

ONH, although CRALBP expression halts at the maculopapillary bundle. Primary human

astrocytes were also found to be positive for PACE4 staining. Therefore, ONH astrocytes

are presumably the principle cells responsible for PACE4 immunoreactivity in the

prelaminar ONH. Of particular interest is the localization of PC5 to nerve bundles in the

retinal NFL and ONH axon bundles. The localization of PACE4 is limited to prelaminar

ONH and LC columns. Although PC5 and PACE4 are highly homologous and demonstrate

many biochemical similarities, the unique expression pattern for PC5 suggests that it may

have functions distinct from PACE4. PACE4 and PC5 display differential expression

patterns in development.26,27,52 Although the source of the PC5 is not known, this could
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have important consequences for the activity and processing of growth factors and other

proteins that interact with the nerve fiber bundle in the ONH.

Immunoblot analysis revealed differential expression patterns for PACE4 in the ONH and

retina. Although PACE4 mRNA was higher in the ONH relative to the retina,

immunohistochemistry showed a more defined stain in the ILM of the retina. Colocalization

in the ONH was demonstrated in astrocytes in the prelaminar and glial columns, albeit with

an intensity that appeared lower than Müller cell immunoreactivity. It is unclear why there

was this discrepancy in tissue mRNA levels compared with protein localization. It is

possible that the protein turnover for this enzyme is higher in the ONH astrocyte.

Alternatively, as the ONH contained dense ECM and PACE4 was bound extracellularly, it is

possible that there was a hindrance in epitope accessibility. Furthermore, it is unclear

whether the expression pattern influenced total PACE4 activity and whether the PACE4

found in the retina and ONH was fully active. Previous reports have suggested that smaller

PACE4 splice variants may be proteolytically inactive.53,54

In addition to message and protein, we report for the first time SPC enzyme activity in both

the human retina and optic nerve. We found that ONH activity was 51% higher than that in

the retina. Although specific substrates for each SPC are not available, we used the inhibitor

HDR at the Ki for PACE4, and observed a decrease in activity in the retina and an even

greater decrease in ONH activity. Although all SPCs process this substrate, this finding may

suggest that PACE4 has higher activity within the ONH. Thus, future research will

necessitate specifically targeting PACE4 activity. A more selective PACE4 and PC5

inhibitor has been recently discovered that does not affect the other SPC family members.55

PACE4 has been primarily linked to tumor cell invasiveness due to enhanced bioactivity of

extracellular substrates such as the MMPs, as well as increased bioactivity of growth factors

such as VEGF.23,40,42,43 We hypothesize that PACE4 acts as a central regulator of growth

factor bioactivity and extracellular matrix processing and secretion (Fig. 8). Altered

expression of PACE4 may be an intermediate in glaucomatous ONH pathophysiology. In

this study, PACE4 appeared to be localized to the glia of the retina as well as the astrocytes

of the prelaminar ONH. Studies have previously demonstrated glaucomatous morphologic

changes in the ONH and retina, including increased GFAP staining and retinal and optic

nerve glia activation and proliferation.1,56–59 We believe that PACE4 may be involved in

glaucomatous glial activation. Although tumor metastasis and glial activation are two very

distinct pathologic mechanisms, many similarities with respect to protein maturation and

activity are plausible. Furin is proposed to be involved in similar events with respect to

tumorigenesis, most notably by increasing the availability of molecules such as TGFβ1,

VEGF, and MT1-MMP, which simultaneously enables ECM degradation, proliferation, and

thus cancer metastasis.41

PACE4 may directly influence ECM turnover by altering MMP activity both within the

ONH and at the NFL. PACE4 and PC5 are unique SPCs, in that they are anchored to the

ECM in ternary complexes with TIMP-2 and heparan sulfate proteoglycans (HSPGs) in the

extracellular matrix.36,37 In vitro and in situ studies have suggested that TIMP2 and HSPG
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molecules are upregulated in experimental models of glaucoma as well as human glaucoma

tissues.60–63

In the glaucomatous ONH, factors causing increased glial reactivity, due to mechanical,

ischemic, or other unknown molecular processes, appear to increase the expression of

PACE4. PACE4 may increase the bioavailability of growth factors believed to be involved

in POAG pathophysiology such as NGF and TGFβ.47,64–66 Of particular interest is the

secretion and activity of proNGF, which is increased in vitro, in vivo, and in situ in various

CNS pathologic and aging models.67–73 Of interest, NGF is secreted extracellularly in an

immature pro form and then is processed and degraded by a cascade involving active

plasmin, MMP-2, and TIMP-1.74 Although there is controversy within this area of research,

the presence of un-processed proNGF may induce apoptosis. Our laboratory has previously

demonstrated that NGF induces human ONH astrocyte proliferation in vitro.47 Thus,

PACE4 may influence astrocyte proliferation and neuronal survival via growth factor

processing.

Increased growth factor availability may have profound effects on extracellular matrix

synthesis, turnover, and deposition in the ONH. Members of the TGFβ superfamily are also

candidate substrates for PACE4.75,76 In development, the expression patterns of TGFβ

member proteins, notably the BMPs, mirror expression patterns for PACE4.24,55,76 One

family member, TGF-β2, is believed to be involved in POAG pathophysiology by

upregulating the synthesis of extracellular matrix proteins produced by cells of the ONH and

lamina cribrosa.64,77–81 It has not been demonstrated that PACE4 processes pro/latent TGF-

β2 into the active form. However, evidence has suggested that SPC inhibitors prevent the

processing of TGF-β2.49 Although furin is the predominant physiological cleavage enzyme

for TGF-β1, furin processes TGF-β2 poorly.29,81–83 This is surprising, as the prodomains

and dibasic cleavage sites for TGF-β1, -β2, and -β3 are similar. TGF-β2 is primarily secreted

in the latent form, where it binds to extracellular HSPGs. It is possible that processing and

subsequent modulation of TGF-β2 activity occurs via the HSPG-bound PACE4 and/or PC5.

Therefore, PACE4 may influence ONH cupping and related biochemical changes by

regulating growth factors involved in ECM remodeling.

In conclusion, we have reported expression patterns of the SPC family in the adult human

retina and optic nerve. We have shown that PC1, PC2, and PC5 are preferentially expressed

in retinal neuronal cells, whereas PACE4 is astrocyte and Müller cell specific. We believe

that PACE4 may be an enzyme that enables altered growth factor bioactivity and increased

extracellular matrix biosynthesis by activated glia within the ONH.

Acknowledgments

The authors thank Paula Billman of Alcon Research, Ltd., and Robin Belcher and John Aschenbrenner of the
Willed Body Program at UNTHSC for help in procuring human tissues; Robert Day of the Universite´ de
Sherbrooke for kindly providing antisera to PC7; and the I-Fen Chang and Larry Oakford of the Core Microscopy
Facility at UNTHSC for their technical help.

Supported by National Eye Institute Grant EY12783 (RJW) and National Institutes of Health (NIH)-sponsored
predoctoral fellowship T32 AG020494 awarded through the Neurobiology of Aging training program at UNTHSC
(JAF).

Fuller et al. Page 9

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2014 September 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



References

1. Quigley HA, Addicks EM, Green WR, Maumenee AE. Optic nerve damage in human glaucoma. II.
the site of injury and susceptibility to damage. Arch Ophthalmol. 1981; 99:635–649. [PubMed:
6164357]

2. Hernandez MR, Andrzejewska WM, Neufeld AH. Changes in the extracellular matrix of the human
optic nerve head in primary open-angle glaucoma. Am J Ophthalmol. 1990; 109:180–188.
[PubMed: 2405683]

3. Morrison JC, Dorman-Pease ME, Dunkelberger GR, Quigley HA. Optic nerve head extracellular
matrix in primary optic atrophy and experimental glaucoma. Arch Ophthalmol. 1990; 108:1020–
1024. [PubMed: 2369339]

4. Orgul S, Cioffi GA, Wilson DJ, Bacon DR, Van Buskirk EM. An endothelin-1 induced model of
optic nerve ischemia in the rabbit. Invest Ophthalmol Vis Sci. 1996; 37:1860–1869. [PubMed:
8759355]

5. Osborne NN, Ugarte M, Chao M, et al. Neuroprotection in relation to retinal ischemia and relevance
to glaucoma. Surv Ophthalmol. 1999; 43(Suppl 1):S102–S128. [PubMed: 10416754]

6. Vorwerk CK, Lipton SA, Zurakowski D, Hyman BT, Sabel BA, Dreyer EB. Chronic low-dose
glutamate is toxic to retinal ganglion cells. toxicity blocked by memantine. Invest Ophthalmol Vis
Sci. 1996; 37:1618–1624. [PubMed: 8675405]

7. Quigley HA, McKinnon SJ, Zack DJ, et al. Retrograde axonal transport of BDNF in retinal ganglion
cells is blocked by acute IOP elevation in rats. Invest Ophthalmol Vis Sci. 2000; 41:3460–3466.
[PubMed: 11006239]

8. Quigley HA, Flower RW, Addicks EM, McLeod DS. The mechanism of optic nerve damage in
experimental acute intraocular pressure elevation. Invest Ophthalmol Vis Sci. 1980; 19:505–517.
[PubMed: 6154668]

9. Seidah NG, Chretien M, Day R. The family of subtilisin/kexin like pro-protein and prohormone
convertases: Divergent or shared functions. Biochimie (Paris). 1994; 76:197–209.

10. Seidah NG, Chretien M. Eukaryotic protein processing: endopro-teolysis of precursor proteins.
Curr Opin Biotechnol. 1997; 8:602–607. [PubMed: 9353231]

11. Fuller RS, Brake AJ, Thorner J. Intracellular targeting and structural conservation of a
prohormone-processing endoprotease. Science. 1989; 246:482–486. [PubMed: 2683070]

12. Mizuno K, Nakamura T, Ohshima T, Tanaka S, Matsuo H. Yeast KEX2 genes encodes an
endopeptidase homologous to subtilisin-like serine proteases. Biochem Biophys Res Commun.
1988; 156:246–254. [PubMed: 2845974]

13. Mbikay M, Tadros H, Ishida N, et al. Impaired fertility in mice deficient for the testicular germ-cell
protease PC4. Proc Natl Acad Sci USA. 1997; 94:6842–6846. [PubMed: 9192653]

14. Marandi M, Mowla SJ, Tavallaei M, Yaghoobi MM, Jafarnejad SM. Proprotein convertases 1 and
2 (PC1 and PC2) are expressed in neurally differentiated rat bone marrow stromal stem cells
(BMSCs). Neurosci Lett. 2007; 420:198–203. [PubMed: 17556096]

15. Seidah NG, Marcinkiewicz M, Benjannet S, et al. Cloning and primary sequence of a mouse
candidate prohormone convertase PC1 homologous to PC2, furin, and Kex2: Distinct
chromosomal localization and messenger RNA distribution in brain and pituitary compared to
PC2. Mol Endocrinol. 1991; 5:111–122. [PubMed: 2017186]

16. Zhou A, Mains RE. Endoproteolytic processing of proopiomelano-cortin and prohormone
convertases 1 and 2 in neuroendocrine cells overexpressing prohormone convertases 1 or 2. J Biol
Chem. 1994; 269:17440–17447. [PubMed: 8021247]

17. Schafer MK, Day R, Cullinan WE, Chretien M, Seidah NG, Watson SJ. Gene expression of
prohormone and proprotein convertases in the rat CNS: A comparative in situ hybridization
analysis. J Neurosci. 1993; 13:1258–1279. [PubMed: 8441010]

18. Winsky-Sommerer R, Benjannet S, Rovere C, et al. Regional and cellular localization of the
neuroendocrine prohormone convertases PC1 and PC2 in the rat central nervous system. J Comp
Neurol. 2000; 424:439–460. [PubMed: 10906712]

19. Bruzzaniti A, Goodge K, Jay P, et al. PC8 [corrected], a new member of the convertase family.
Biochem J. 1996; 314:727–731. [PubMed: 8615762]

Fuller et al. Page 10

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2014 September 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



20. Nagamune H, Muramatsu K, Akamatsu T, et al. Distribution of the kexin family proteases in
pancreatic islets: PACE4C is specifically expressed in B cells of pancreatic islets. Endocrinology.
1995; 136:357–360. [PubMed: 7828552]

21. Tsuji A, Mori K, Hine C, Tamai Y, Nagamune H, Matsuda Y. The tissue distribution of mRNAs
for the PACE4 isoforms, kexin-like processing protease: PACE4C and PACE4D mRNAs are
major transcripts among PACE4 isoforms. Biochem Biophys Res Commun. 1994; 202:1215–
1221. [PubMed: 8060295]

22. Pearton DJ, Nirunsuksiri W, Rehemtulla A, Lewis SP, Presland RB, Dale BA. Proprotein
convertase expression and localization in epidermis: evidence for multiple roles and substrates.
Exp Dermatol. 2001; 10:193–203. [PubMed: 11380615]

23. Bassi DE, Fu J, Lopez de Cicco R, Klein-Szanto AJ. Proprotein convertases: “master switches” in
the regulation of tumor growth and progression. Mol Carcinog. 2005; 44:151–161. [PubMed:
16167351]

24. Akamatsu T, Matsuda Y, Tsumura K, et al. Highly regulated expression of subtilisin-like
proprotein convertase PACE4 (SPC4) during dentinogenesis. Biochem Biophys Res Commun.
2000; 272:410–415. [PubMed: 10833428]

25. Akamatsu T, Purwanti N, Karabasil MR, et al. Temporospatially regulated expression of subtilisin-
like proprotein convertase PACE4 (SPC4) during development of the rat submandibular gland.
Dev Dyn. 2007; 236:314–320. [PubMed: 17083113]

26. Dong W, Marcinkiewicz M, Vieau D, Chretien M, Seidah NG, Day R. Distinct mRNA expression
of the highly homologous convertases PC5 and PACE4 in the rat brain and pituitary. J Neurosci.
1995; 15:1778–1796. [PubMed: 7891135]

27. Zheng M, Seidah NG, Pintar JE. The developmental expression in the rat CNS and peripheral
tissues of proteases PC5 and PACE4 mRNAs: comparison with other proprotein processing
enzymes. Dev Biol. 1997; 181:268–283. [PubMed: 9013936]

28. Seidah NG, Benjannet S, Pareek S, et al. Cellular processing of the nerve growth factor precursor
by the mammalian pro-protein convertases. Biochem J. 1996; 314:951–960. [PubMed: 8615794]

29. Annes JP, Munger JS, Rifkin DB. Making sense of latent TGFbeta activation. J Cell Sci. 2003;
116:217–224. [PubMed: 12482908]

30. Seidah NG, Benjannet S, Pareek S, Chretien M, Murphy RA. Cellular processing of the
neurotrophin precursors of NT3 and BDNF by the mammalian proprotein convertases. FEBS Lett.
1996; 379:247–250. [PubMed: 8603699]

31. Marcinkiewicz M, Marcinkiewicz J, Chen A, Leclaire F, Chretien M, Richardson P. Nerve growth
factor and proprotein convertases furin and PC7 in transected sciatic nerves and in nerve segments
cultured in conditioned media: their presence in schwann cells, macrophages, and smooth muscle
cells. J Comp Neurol. 1999; 403:471–485. [PubMed: 9888313]

32. Lissitzky JC, Luis J, Munzer JS, et al. Endoproteolytic processing of integrin pro-alpha subunits
involves the redundant function of furin and proprotein convertase (PC) 5A, but not paired basic
amino acid converting enzyme (PACE) 4, PC5B or PC7. Biochem J. 2000; 346:133–138.
[PubMed: 10657249]

33. Seidah NG, Prat A. Precursor convertases in the secretory pathway, cytosol and extracellular
milieu. Essays Biochem. 2002; 38:79–94. [PubMed: 12463163]

34. Lindberg I, Ahn SC, Breslin MB. Cellular distributions of the pro-hormone processing enzymes
PC1 and PC2. Mol Cell Neurosci. 1994; 5:614–622. [PubMed: 7704436]

35. Teuchert M, Berghofer S, Klenk HD, Garten W. Recycling of furin from the plasma membrane.
functional importance of the cytoplasmic tail sorting signals and interaction with the AP-2 adaptor
medium chain subunit. J Biol Chem. 1999; 274:36781–36789. [PubMed: 10593987]

36. Nour N, Mayer G, Mort JS, et al. The cysteine-rich domain of the secreted proprotein convertases
PC5A and PACE4 functions as a cell surface anchor and interacts with tissue inhibitors of
metalloproteinases. Mol Biol Cell. 2005; 16:5215–5226. [PubMed: 16135528]

37. Tsuji A, Sakurai K, Kiyokage E, et al. Secretory proprotein convertases PACE4 and PC6A are
heparin-binding proteins which are localized in the extracellular matrix. potential role of PACE4
in the activation of proproteins in the extracellular matrix. Biochim Biophys Acta. 2003; 1645:95–
104. [PubMed: 12535616]

Fuller et al. Page 11

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2014 September 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



38. Egger M, Schgoer W, Beer AG, et al. Hypoxia up-regulates the angiogenic cytokine secretoneurin
via an HIF-1alpha- and basic FGF-dependent pathway in muscle cells. FASEB J. 2007; 21:2906–
2917. [PubMed: 17504977]

39. Tezel G, Wax MB. Hypoxia-inducible factor 1alpha in the glaucomatous retina and optic nerve
head. Arch Ophthalmol. 2004; 122:1348–1356. [PubMed: 15364715]

40. Mahloogi H, Bassi DE, Klein-Szanto AJ. Malignant conversion of non-tumorigenic murine skin
keratinocytes overexpressing PACE4. Carcinogenesis. 2002; 23:565–572. [PubMed: 11960907]

41. McMahon S, Grondin F, McDonald PP, Richard DE, Dubois CM. Hypoxia-enhanced expression
of the proprotein convertase furin is mediated by hypoxia-inducible factor-1: impact on the
bioactivation of proproteins. J Biol Chem. 2005; 280:6561–6569. [PubMed: 15611046]

42. Bassi DE, Mahloogi H, Klein-Szanto AJ. The proprotein convertases furin and PACE4 play a
significant role in tumor progression. Mol Carcinog. 2000; 28:63–69. [PubMed: 10900462]

43. Bassi DE, Mahloogi H, Al-Saleem L, Lopez De Cicco R, Ridge JA, Klein-Szanto AJ. Elevated
furin expression in aggressive human head and neck tumors and tumor cell lines. Mol Carcinog.
2001; 31:224–232. [PubMed: 11536372]

44. Bassi DE, Lopez De Cicco R, Cenna J, Litwin S, Cukierman E, Klein-Szanto AJ. PACE4
expression in mouse basal keratinocytes results in basement membrane disruption and acceleration
of tumor progression. Cancer Res. 2005; 65:7310–7319. [PubMed: 16103082]

45. Nejjari M, Berthet V, Rigot V, et al. Inhibition of proprotein convertases enhances cell migration
and metastases development of human colon carcinoma cells in a rat model. Am J Pathol. 2004;
164:1925–1933. [PubMed: 15161629]

46. Wordinger RJ, Fleenor DL, Hellberg PE, et al. Effects of TGF-beta2, BMP-4, and gremlin in the
trabecular meshwork: Implications for glaucoma. Invest Ophthalmol Vis Sci. 2007; 48:1191–
1200. [PubMed: 17325163]

47. Lambert WS, Clark AF, Wordinger RJ. Effect of exogenous neuro-trophins on trk receptor
phosphorylation, cell proliferation, and neurotrophin secretion by cells isolated from the human
lamina cribrosa. Mol Vis. 2004; 10:289–296. [PubMed: 15105791]

48. Yang P, Hernandez MR. Purification of astrocytes from adult human optic nerve heads by
immunopanning. Brain Res Brain Res Protoc. 2003; 12:67–76. [PubMed: 14613807]

49. Leitlein J, Aulwurm S, Waltereit R, et al. Processing of immuno-suppressive pro-TGF-beta 1,2 by
human glioblastoma cells involves cytoplasmic and secreted furin-like proteases. J Immunol.
2001; 166:7238–7243. [PubMed: 11390472]

50. Paleyanda RK, Drews R, Lee TK, Lubon H. Secretion of human furin into mouse milk. J Biol
Chem. 1997; 272:15270–15274. [PubMed: 9182552]

51. Cameron A, Appel J, Houghten RA, Lindberg I. Polyarginines are potent furin inhibitors. J Biol
Chem. 2000; 275:36741–36749. [PubMed: 10958789]

52. Akamatsu T, Daikoku S, Nagamune H, et al. Developmental ex-pression of a novel kexin family
protease, PACE4E, in the rat olfactory system. Histochem Cell Biol. 1997; 108:95–103. [PubMed:
9272428]

53. Tsuji A, Higashine K, Hine C, et al. Identification of novel cDNAs encoding human kexin-like
protease, PACE4 isoforms. Biochem Biophys Res Commun. 1994; 200:943–950. [PubMed:
8179631]

54. Zhong M, Benjannet S, Lazure C, Munzer S, Seidah NG. Functional analysis of human PACE4-A
and PACE4-C isoforms: Identification of a new PACE4-CS isoform. FEBS Lett. 1996; 396:31–36.
[PubMed: 8906861]

55. Tsuji A, Kanie H, Makise H, Yuasa K, Nagahama M, Matsuda Y. Engineering of alpha1-
antitrypsin variants selective for subtilisin-like proprotein convertases PACE4 and PC6:
Importance of the P2′ residue in stable complex formation of the serpin with proprotein
convertase. Protein Eng Des Sel. 2007; 20:163–170. [PubMed: 17351018]

56. Wang L, Cioffi GA, Cull G, Dong J, Fortune B. Immunohistologic evidence for retinal glial cell
changes in human glaucoma. Invest Ophthalmol Vis Sci. 2002; 43:1088–1094. [PubMed:
11923250]

57. Varela HJ, Hernandez MR. Astrocyte responses in human optic nerve head with primary open-
angle glaucoma. J Glaucoma. 1997; 6:303–313. [PubMed: 9327349]

Fuller et al. Page 12

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2014 September 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



58. Hernandez MR. The optic nerve head in glaucoma: role of astrocytes in tissue remodeling. Prog
Retin Eye Res. 2000; 19:297–321. [PubMed: 10749379]

59. Tezel G, Hernandez MR, Wax MB. In vitro evaluation of reactive astrocyte migration, a
component of tissue remodeling in glauco-matous optic nerve head. Glia. 2001; 34:178–189.
[PubMed: 11329180]

60. Agapova OA, Kaufman PL, Lucarelli MJ, Gabelt BT, Hernandez MR. Differential expression of
matrix metalloproteinases in monkey eyes with experimental glaucoma or optic nerve transection.
Brain Res. 2003; 967:132–143. [PubMed: 12650974]

61. Agapova OA, Ricard CS, Salvador-Silva M, Hernandez MR. Expression of matrix
metalloproteinases and tissue inhibitors of metalloproteinases in human optic nerve head
astrocytes. Glia. 2001; 33:205–216. [PubMed: 11241738]

62. He S, Prasanna G, Yorio T. Endothelin-1-mediated signaling in the expression of matrix
metalloproteinases and tissue inhibitors of metalloproteinases in astrocytes. Invest Ophthalmol Vis
Sci. 2007; 48:3737–3745. [PubMed: 17652746]

63. Johnson EC, Jia L, Cepurna WO, Doser TA, Morrison JC. Global changes in optic nerve head gene
expression after exposure to elevated intraocular pressure in a rat glaucoma model. Invest Ophthal
mol Vis Sci. 2007; 48:3161–3177.

64. Pena JD, Taylor AW, Ricard CS, Vidal I, Hernandez MR. Transforming growth factor beta
isoforms in human optic nerve heads. BrJ Ophthalmol. 1999; 83:209–218. [PubMed: 10396201]

65. Lambert W, Agarwal R, Howe W, Clark AF, Wordinger RJ. Neurotrophin and neurotrophin
receptor expression by cells of the human lamina cribrosa. Invest Ophthalmol Vis Sci. 2001;
42:2315–2323. [PubMed: 11527945]

66. Lambert WS, Clark AF, Wordinger RJ. Neurotrophin and trk expression by cells of the human
lamina cribrosa following oxygen-glucose deprivation. BMC Neurosci. 2004; 5:51. [PubMed:
15579199]

67. Lee R, Kermani P, Teng KK, Hempstead BL. Regulation of cell survival by secreted
proneurotrophins. Science. 2001; 294:1945–1948. [PubMed: 11729324]

68. Fahnestock M, Michalski B, Xu B, Coughlin MD. The precursor pro-nerve growth factor is the
predominant form of nerve growth factor in brain and is increased in Alzheimer’s disease. Mol
Cell Neurosci. 2001; 18:210–220. [PubMed: 11520181]

69. Peng S, Wuu J, Mufson EJ, Fahnestock M. Increased proNGF levels in subjects with mild
cognitive impairment and mild alzheimer disease. J Neuropathol Exp Neurol. 2004; 63:641–649.
[PubMed: 15217092]

70. Harrington AW, Leiner B, Blechschmitt C, et al. Secreted proNGF is a pathophysiological death-
inducing ligand after adult CNS injury. Proc Natl Acad Sci USA. 2004; 101:6226–6230. [PubMed:
15026568]

71. Teng HK, Teng KK, Lee R, et al. ProBDNF induces neuronal apoptosis via activation of a receptor
complex of p75NTR and sortilin. J Neurosci. 2005; 25:5455–5463. [PubMed: 15930396]

72. Cuello AC, Bruno MA. The failure in NGF maturation and its increased degradation as the
probable cause for the vulnerability of cholinergic neurons in alzheimer’s disease. Neurochem
Res. 2007; 32:1041–1045. [PubMed: 17404842]

73. Bierl MA, Isaacson LG. Increased NGF proforms in aged sympathetic neurons and their targets.
Neurobiol Aging. 2007; 28:122–134. [PubMed: 16377033]

74. Bruno MA, Cuello AC. Activity-dependent release of precursor nerve growth factor, conversion to
mature nerve growth factor, and its degradation by a protease cascade. Proc Natl Acad Sci USA.
2006; 103:6735–6740. [PubMed: 16618925]

75. Constam DB, Calfon M, Robertson EJ. SPC4, SPC6, and the novel protease SPC7 are coexpressed
with bone morphogenetic proteins at distinct sites during embryogenesis. J Cell Biol. 1996;
34:181–191. [PubMed: 8698813]

76. Constam DB, Robertson EJ. SPC4/PACE4 regulates a TGFbeta signaling network during axis
formation. Genes Dev. 2000; 14:1146–1155. [PubMed: 10809672]

77. Guo L, Moss SE, Alexander RA, Ali RR, Fitzke FW, Cordeiro MF. Retinal ganglion cell apoptosis
in glaucoma is related to intraocular pressure and IOP-induced effects on extracellular matrix.
Invest Ophthalmol Vis Sci. 2005; 46:175–182. [PubMed: 15623771]

Fuller et al. Page 13

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2014 September 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



78. Lütjen-Drecoll E. Morphological changes in glaucomatous eyes and the role of TGFbeta2 for the
pathogenesis of the disease. Exp Eye Res. 2005; 81:1–4. [PubMed: 15978248]

79. Fuchshofer R, Birke M, Welge-Lussen U, Kook D, Lütjen-Drecoll E. Transforming growth factor-
beta 2 modulated extracellular matrix component expression in cultured human optic nerve head
astrocytes. Invest Ophthalmol Vis Sci. 2005; 46:568–578. [PubMed: 15671284]

80. Neumann C, Yu A, Welge-Lussen U, Lütjen-Drecoll E, Birke M. The effect of TGF-/32 on elastin,
type VI collagen, and components of the proteolytic degradation system in human optic nerve
astrocytes. Invest Ophthalmol Vis Sci. 2008; 49:1464–1472. [PubMed: 18385064]

81. Kusakabe M, Cheong PL, Nikfar R, McLennan IS, Koishi K. The structure of the TGF-beta
latency associated peptide region determines the ability of the proprotein convertase furin to
cleave TGF-betas. J Cell Biochem. 2008; 103:311–320. [PubMed: 17516499]

82. Dubois CM, Blanchette F, Laprise MH, Leduc R, Grondin F, Seidah NG. Evidence that furin is an
authentic transforming growth factor-beta1-converting enzyme. Am J Pathol. 2001; 158:305–316.
[PubMed: 11141505]

83. Dubois CM, Laprise MH, Blanchette F, Gentry LE, Leduc R. Processing of transforming growth
factor beta 1 precursor by human furin convertase. J Biol Chem. 1995; 270:10618–10624.
[PubMed: 7737999]

Fuller et al. Page 14

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2014 September 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1.
PC mRNA expression in postmortem ONH and retina. The neuroendocrine-specific PC1

and −2 demonstrated 51- and 4.7-fold higher expression in postmortem retina, respectively.

PACE4 demonstrated 3.37-fold higher expression in ONH (n = 4). Furin and PC7 did not

demonstrate significant expression differences between tissues (A). Individual sample

mRNA expression showed normalized PACE4 ranging from 3.3- to 22.9-fold relative

expression compared with retina and retinal expression ranging from 1.0- to 307-fold (B).
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*P< 0.05; **P< 0.005; ***P< 0.001 (Mann-Whitney U test for grouped data, two-way

ANOVA with Bonferroni’s post hoc for individual PACE4 samples).
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Figure 2.
PC expression in the ONH. Each PC was identified by its respective primary antibody

followed by goat anti-rabbit Alexa 488 (green; A, C, E, G, I), and counterstained with anti-

GFAP followed by goat anti-mouse Alexa 594 (red). For confocal immunofluorescence,

anti-PC5 and PACE4 were stained donkey anti-rabbit Alexa 647 (red; B, D, F, H, J) and

counterstained with either GFAP or NF followed by donkey anti-mouse Alexa 488 (green;

M, N). PC1 and −2 demonstrated nondescript staining through the prelaminar ONH (A-D).

PACE4 demonstrated strong colocalization with GFAP in the prelaminar ONH (E, Farrow)

and in glial columns. (M, *) PC5 were absent in glial columns, and staining was evident in

nerve fiber bundles. (M, *) Control rabbit and mouse IgG antibodies and no primary

antibody (K, L). CRA central retinal artery. Bar, 50 µm.
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Figure 3.
PC localization in postmortem human retina. Each respective PC was identified by its

primary antibody, followed by goat anti-rabbit Alexa 488 (A, C, E, G, I), and

counterstained with anti-GFAP followed by goat anti-mouse Alexa 594 and Hoechst 33342

nuclear stain (B, D, F, H, J). PC1 and −2 demonstrated strong fluorescence throughout the

neural retina (A, B, C, D). PACE4 demonstrated strong fluorescence on the inner limiting

membrane and throughout the NFL (E, F). PC5 colocalized with GFAP-positive
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immunoreactivity in the NFL (G, H). Control rabbit and mouse antibodies (I, J). Bars, 50

µm.
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Figure 4.
Confocal PC localization in the GCL and NFL. Each PC was identified by its respective

primary antibody followed by donkey anti-rabbit Alexa 647 and counterstained with anti-NF

(H&L) followed by donkey anti-mouse Alexa 488 and Hoechst 33342 nuclear stain. PC2

showed strong fluorescence in the RGCs. PACE4 demonstrated strong fluorescence on the

inner limiting membrane and NFL. PC5 colocalized with NF-positive immunoreactivity in

the NFL. Control rabbit and mouse antibodies. Bars, 50 µm.
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Figure 5.
PACE4 colocalization in human retina with CRALBP and NeuN. Mouse marker antibodies

were detected with goat anti-mouse Alexa 594 (A, D, G). Anti-PACE4 was detected with

goat anti-rabbit Alexa 488, and the nuclei were stained with Hoechst 33342 (B, E, F).

PACE4 demonstrated strong colocalization with CRALBP in the ILM (A–C). PACE4

immunoreactivity surrounded but did not colocalize with the RGC marker NeuN (D–F).

Control rabbit and mouse IgG sections (G–I). Bar, 50 µm.
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Figure 6.
PACE4 was expressed in primary ONH astrocytes. CRALBP immunoreactivity halted near

the maculopapillary bundle (A, arrows). In contrast, PACE4 was expressed contiguously

across the prelaminar ONH (B). GFAP and PACE4 colocalized within the ONH (C).

Primary human ONH astrocytes stained >97% positive for GFAP (D), negative for

CRALBP (E), and also positive for PACE4 immunoreactivity (F). CRALBP and GFAP

were counterstained with goat anti-mouse Alexa 594 (red), and PACE4 was counterstained

with goat anti-rabbit Alexa 488 (green). Magnification: (A, B) ×10; (C, D, E) ×40.

Fuller et al. Page 22

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2014 September 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7.
Chemiluminescence detection for PACE4 in human post-mortem ONH and retina lysate.

Representative blots of three human donors are shown. Anti-actin was used as the loading

control (A). Total PC activity in the presence of 580 nM HDR in the ONH and retina (B).

*P< 0.05 (one-way ANOVA).
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Figure 8.
Proposed role for PACE4 in POAG pathophysiology.
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Table 1

Donor Demographic Characteristics

Sample Age Sex Approximate PMI (h) Technique

UNT001 64 F 2.5 qRT-PCR

UNT002 67 F 4 qRT-PCR

UNT003 64 M 8 qRT-PCR

UNT004 32 F 6 qRT-PCR, FLP

UNT005 55 M 8 qRT-PCR, primary ONA culture

04–057 40 M <8 IHC

04–138 88 F <8 IHC

04–220 86 F <8 IHC

04–122 97 F <8 IHC

05–180 94 M <8 IHC

05–368 79 M <8 IHC

04–102 79 M <8 IHC

03–100 37 F <8 IHC
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Table 2

Proprotein Convertase Primers Used for qRT-PCR Analysis

Gene Expected Amplicon Size (bp) Sense Primer (5′-3′) Antisense Primer (5′–3′)

PCSK1 (PC1) 131 TGGTTTGGAGTGGAATCACA ATCTGGTCCCGTGTTTGTTC

PCSK2 (PC2) 225 CCTCCAACTATAATGCCGAAG AGGCCTCGATGATGTCTGTC

PCSK6 (PACE4) 200 AGTGTGTCGAAGGTGTGACG GGCAGCAGAACTGAATGAAG

PCSK5 (PC5) 109 CCTGGAAGAGAGGCTACACG CAACTTGCCAGAGCATCGTA

FURIN 112 GTACAGTGGCTGGAACAGCA GCTGAGTGACACCAGACAGG

PCSK7 (PC7) 147 ACGCCAACTCCATCTACACC CCCAGTCAGTGGTCACAATG

TBP 181 GAAACGCCGAATATAATCCCA GCTGGAAAACCCAACTTCTG
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Table 3

Antibodies

Antibody Cells Identified Host Source* Dilution

GFAP Astrocytes and Müller glia Mouse LabVision 1:250

GFAP Astrocytes and Müller glia Rabbit Promega 1:250

Neurofilament (H&L) Neurons Mouse Chemicon 1:500

NeuN Retinal ganglion cells Mouse Chemicon 1:500

CRALBP Müller glia Mouse Affinity Bioreagents 1:50

PC1 Rabbit Affinity Bioreagents 1:100

PC2 Rabbit Affinity Bioreagents 1:100

PACE4 Rabbit Abcam 1:500 (IHC), 1:5000 (WB)

PC5/6A Rabbit Abcam 1:500

Furin Mouse Axxora 1:100

PC7 Rabbit Gift of Robert Day 1:100

*
LabVision, Fremont, CA; Promega, Madison, WI; Chemicon, Temecula, CA; Affinity Bioreagents, Golden, CO; Abcam, Cambridge, UK;

Axxora, San Diego, CA.
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