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Purpost. To define the role of the serine protease HTRA1L in
age-related macular degeneration (AMD) by examining its ex-
pression level and identifying its potential substrates in the
context of primary RPE cell extracellular milieu.

MEetHODS. Primary RPE cell cultures were established from
human donor eyes and screened for CFH, ARMS2, and HTRA 1
risk genotypes by using an allele-discrimination assay. HTRA1
expression in genotyped RPE cells was determined by using
real-time PCR and quantitative proteomics. Potential HTRA1
substrates were identified by incubating RPE-conditioned me-
dium with or without human recombinant HTRA1. Selectively
cleaved proteins were quantified by using the differential sta-
ble isotope labeling by amino acids in cell culture (SILAC)
strategy.

Resurts. HTRA1 mRNA levels were threefold higher in primary
RPE cells homozygous for the HTRA 1 promoter risk allele than
in RPE cells with the wild-type allele, which translated into a
twofold increase in HTRA1 secretion by RPE cells with the risk
genotype. A total of 196 extracellular proteins were identified
in the RPE secretome, and only 8 were found to be selectively
cleaved by the human recombinant HTRA1l. These include
fibromodulin with 90% cleavage, clusterin (50%), ADAM9
(54%), vitronectin (54%), and a2-macroglobulin (55%), as well
as some cell surface proteins including talin-1 (21%), fascin
(40%), and chloride intracellular channel protein 1 (51%).

Concrusions. Recombinant HTRA1 cleaves RPE-secreted pro-
teins involved in regulation of the complement pathway (clus-
terin, vitronectin, and fibromodulin) and of amyloid deposition
(clusterin, a2-macroglobulin, and ADAM9). These findings sug-
gest a link between HTRA1, complement regulation, and amy-
loid deposition in AMD pathogenesis. (Invest Opbthalmol Vis
Sci. 2010;51:3379-3386) DOI:10.1167/i0vs.09-4853
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ajor advances in our understanding of age-related macular
degeneration (AMD) genetics have occurred over the
past few years.'™ Three strong genetic loci predisposing to
AMD have been identified to date, the complement factor H
variant (rs1061170, CFH Y402H), the serine protease high
temperature requirement Al (HTRAI) promoter variant
(rs11200638, —512 G>A), and the age-related maculopathy
susceptibility 2 (ARMS2) variant (rs10490924, A69S)."® How-
ever, it is not clear how these functionally unrelated genes lead
to the predominant pathologic features in AMD'® (e.g., drusen
formation and/or choroidal neovascularization [CNV]). In ad-
dition, the HTRA1 and ARMS2 polymorphisms are in high
linkage disequilibrium (LD), making it difficult to pinpoint the
causal gene.> ® Although the original studies showed that an
HTRAI promoter variant results in increased expression of
HTRA1 protein,”® later studies have challenged these findings
and suggested that an ARMS2 variant is the causal factor.”'! In
this study, we sought to examine the status of HTRA1 expres-
sion and define its potential substrates in the context of the
extracellular milieu of the RPE cells, which approach may
provide insights into the role of HTRA1 in AMD pathogenesis.
HTRA1 is a member of the high temperature requirement A
family of serine proteases comprising three other members:
HTRA2, HTRA3, and HTRA4. The exact role of these different
types of HTRA is not well understood. However, all seem to
exhibit a nonspecific protease activity. HTRA1 is a 50-kDa
secreted protein composed of a signaling peptide, an insulin
growth factor binding domain, a Kazal-like protease inhibitor
domain, a conserved serine protease domain, and a PDZ do-
main (Fig. 1). It is expressed in a variety of tissues and organs,
with the highest levels in placenta and mature epidermis.'?
Altered expression of this protein has been associated with
several pathologic conditions, including AMD.*'® Although
low levels of HTRA1 are reported in many cancer cell lines and
tumors,'# =7 high levels are reported in rheumatoid arthritis, '®
osteoarthritis,'® 72° Alzheimer’s disease,?! and Duchenne mus-
cular dystrophy.>> Moreover, a single nucleotide polymor-
phism (SNP) in the promoter region of HTRA1 was recently
identified as a major genetic risk factor for AMD,”*® with odds
ratios similar to or even greater than those reported for CFH.®
In vitro studies have shown that HTRA1 is involved in the
degradation of several proteins, including tubulins,?® insulin
growth factor binding protein-5,>* amyloid precursor,?’ fi-
bronectin,'® and aggrecan.?> However, little is known about
the expression of this protein and its substrate specificity in the
context of RPE extracellular environment.

MATERIALS AND METHODS

Establishment of Primary RPE Cell Cultures from
Donor Eyes

Globes or poles of Caucasian donor eyes were received through the
National Disease Research Interchange (NDRI, Philadelphia, PA). Do-
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Structure of the full-length human HTRA1 protein. Boxes represent protein domains and

numbers indicate amino acid positions. SP, signal peptide domain (1-22) cleaved in mature secreted
protein; IGFBP, insulin growth factor-binding protein domain (33-100); Kazal-like: Kazal-like domain, with
a structure similar to that of Kazal-type serine protease inhibitors. This domain may be responsible for the
inhibition of autocleavage of HTRA1 (101-155). Serine protease domain: contains HDS, a catalytic triad
(204-364); PDZ, postsynaptic density protein (psd95), drosophila disc large tumor suppressor (dlga), and
zonula occludens-1 protein (zo-1) domain (365-467) recognize a broad range of hydrophobic polypeptides

in the HTRA1 substrate.

nors included both males and females, with and without a clinical
history of AMD. Eyes of donors with diabetes or other known ocular
disease were excluded from the study. Eye globes were obtained on
average 9 hours after death and delivered to our laboratory in less than
24 hours. Serology tests of each donor were performed by NDRI to
exclude samples with potential infectious diseases. Primary RPE cell
cultures were prepared according to Engelmann and Valtink?® with
slight modifications. Briefly, the anterior segment from each donor eye
was removed by cutting around the iris. The eye cup was opened flat
by five incisions along the sclera. A 1-cm? portion of the central retinal
region was excised for the experiment. The neurosensory retina was
removed from the excised piece with forceps, and the RPE/choroid
layer was separated from the sclera and washed gently with PBS
containing penicillin (100 U/mL) and streptomycin (100 pug/mL). The
RPE/choroid was then incubated in 0.5 mg/mL of collagenase mixture
IA+IV (1:1) for 5 hours. The suspension containing RPE cells was
carefully transferred to a sterile centrifuge tube and pelleted by cen-
trifugation at 100g for 5 minutes. The cell pellet was resuspended in
DMEM/F12 supplemented with 10% FBS, 100 U/mL penicillin, and 100
ug/mL streptomycin and was seeded on a 0.1% gelatin-coated plate.
Growing cultures were tested for their epithelial cell content by using
both immunochemical staining and flow cytometry (FACS; BD Bio-
sciences, Franklin Lakes, NJ) analysis for cytokeratin 18.2772° All these
cultures were frozen at the second passage, and cultures with more
than 80% epithelial content were used in the study (Supplementary Fig.
S1; all supplementary material is available at http://www.iovs.org/cgi/
content/full/51/7/3379/DC1).

Screening of RPE Cell Cultures for the AMD Risk
Genotypes HTRA1, ARMS2, and CFH

DNA was extracted from each of the RPE cultures and screened for
HTRA1, ARMS2, and CFH gene variants by using an allele-discrimina-
tion assay (TagMan; Applied Biosystems, Inc., Foster City, CA).*® An
allele-specific PCR reaction for each SNP was performed with 30 ng of
genomic DNA, 900 nM of forward and reverse PCR primers, and 200
nM of fluorescent and allele-discrimination probes (VIC and FAM; BD
Biosciences) in a final volume of 8 uL. The PCR reaction was per-
formed at 95°C for 11 minutes and 44 cycles of 15 seconds at 92°C and
1 minute at an annealing temperature of 60°C. Reactions were per-
formed with a robot (MWG Biotech, Ebersberg, Germany), and fluo-
rescence ratios and allele calls were measured with a real-time PCR
system (model 7900; Applied Biosystems, Inc. [ABI] Foster City, CA).
For the HTRA1 variant (rs11200638; —512 G>A), the following for-
ward and reverse primers (F: 5-CTGCCAGCTCCGCGGACGCT-3', R: 5’
CCCCGCGGTCAGGGTCCCG-3") and the following fluorescent allele
discrimination probes (WT-VIC-5'-TCGTCCGGCCGCA-3'; MT-FAM-5'-
TCGTCCAGCCGCA-3") were used. The following forward and reverse
PCR primers (F: 5'-CTTATTTATTTATCATTGTTATGGTCCTTAGGA-
AAATGTTATTT-3" and R: 5-GGCAGGCAACGTCTATAGATTTACC-3")
and the following fluorescent allele-discrimination probes (WT: VIC-
5 TTTCTTCCATAATTTTG-3'; MT-FAM-5'- TTTCTTCCATGATTTTG-3")

were used to screen for the CFH variant (rs1061170; 1227 T>C). For
the ARSM2 variant (rs10490924; 270 G>T), predesigned primers and
probes (Assay ID C_29934973_20; ABD) were used.

Measurements of HTRA1 Expression in RPE Cells

Quantitative PCR. HTRAI expression at the mRNA level was
quantified by extracting total RNA from RPE cultures with wild-type
genotype GG (n = 11), heterozygous risk allele GA (n = 7), and homozy-
gous risk allele AA (n = 3) for the HTRA1 promoter region (TRIzol;
Invitrogen, Carlsbad, CA), according to the manufacturer’s instructions.
Each extracted RNA sample was treated with DNase-I and ¢cDNA was
synthesized (SuperScript III first-Strand Synthesis kit; Invitrogen) with
oligo dT primer. Realtime PCR was performed (7900; ABD with 20X
HTRAI primers and probe (Assay ID Hs01016151_m1; ABD and 20X
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers and probe
for the control. Relative quantification was performed using the compar-
ative threshold (C) method after determining the C, values for reference
(GAPDH) and target (HTRA ) genes in each sample sets according to the
2724¢ method,?° as described by the manufacturer.

Western Blot Analysis. HTRA1 expression at the protein level
was quantified by culturing RPE cells with heterozygous or homozygous
risk alleles, as well as RPE cells with the wild-type genotype, for the
HTRA1 promoter region, in 10-cm dishes. After confluence, the cultures
were washed six times with sterile PBS and incubated with serum-free
medium for another 24 hours. The conditioned medium was collected,
filtered through 0.2 um polyethersulfone syringe filter (Corning, Inc,
Corning, NY), and assayed for protein concentration by using the Bradford
assay (Pierce, Rockford, IL). Equal amounts of proteins (10 ug) from each
sample were concentrated by vacuum centrifugation and resuspended in
14 pL of 50% Laemmli buffer (Bio-Rad, Hercules, CA). Proteins were
separated by SDS-PAGE under reducing conditions and transferred to
nitrocellulose membrane (GE Healthcare, Piscataway, NJ) for Western blot
analysis. Nonspecific binding sites were blocked with 5% milk (Bio-Rad)
and membrane was incubated overnight with rabbit polyclonal antibody
against human HTRA1 (1:1K, Abcam, Cambridge, MA) in 2.5% milk. The
next day, the membrane was rinsed with Tris buffer containing salt and
Tween and incubated with goat anti-rabbit IgG (1:3K, Bio-Rad) conjugated
with horseradish peroxidase. Immunoblots were visualized by chemilu-
minescence (GE Healthcare), and Ponceau red was used to control for
protein loading.

Targeted Mass Spectrometry Quantification of RPE-
Secreted HTRAL. First, the concentration of stable-isotope-labeled
HTRAL1 protein was determined by mass spectrometry after spiking
conditioned medium of SILAC (stable isotope labeling with amino
acids in cell culture)labeled RPE cells grown in the presence of
13C4Arg, '*Cy," Ny Lys with known amounts of human recombinant
HTRAL. The stock of stable-isotope-labeled HTAR1 was then used as a
standard to spike the conditioned medium collected from RPE cultures
with wild-type, heterozygous, or homozygous genotype for the HTRA 1
promoter risk allele. Spiked samples were resolved on SDS-PAGE, and
the bands in the 50-kDa region were excised and in-gel digested with
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trypsin. The resulting peptides were extracted and analyzed by liquid
chromatography tandem mass spectrometry (LC-MS/MS).

Proteomics Analysis of HTRA1 Substrates

To define HTRA1 substrates, we collected conditioned medium from
RPE culture with the homozygous wild-type genotype for both the
CFH and the HTRA1 promoters and incubated it in the presence or
absence of human recombinant HTRA1 (Invitek, Berlin, Germany).
Differential SILAC strategy was used to unambiguously detect potential
HTRA1 substrates. One set of cells was grown in *Cg-Arg, *>C,"°N,-
Lys- containing medium, while the other set was grown in regular
medium containing '>CsArg, 2C,, N,Lys.?® Aliquots of unlabeled
conditioned medium containing 50 ug total proteins were concen-
trated four times to reduce the volume by vacuum centrifugation and
then incubated with recombinant HTRA1 at 37°C for 4 hours (enzyme
to total proteins ratio, 1:100, wt/wt) and for 20 hours (enzyme to total
proteins ratio, 1:50, wt/wt). The amount of HTRA1 was doubled for
the 20-hour incubation to account for enzyme self degradation. Similar
aliquots of SILAC-labeled medium were incubated under the same
conditions but in the absence of HTRA1. To validate the data, a reverse
experiment was performed where SILAC-labeled samples were treated
with HTRA1, whereas unlabeled samples were kept untreated.®!
Treated and untreated sample pairs were then mixed at 1:1, further
concentrated by using a 3-kDa cutoff filter (Millipore Corp., Billerica,
MA), and processed for SDS-PAGE and mass spectrometry analysis.
After the gel was stained (Bio-Safe Coomassie; Bio-Rad), each lane was
sliced into 65 bands, and each band was in-gel digested with trypsin
and the resulting peptides analyzed by LC-MS/MS. To validate the
proteomic result, human recombinant clusterin (R&D Systems, Minne-
apolis, MN) and human purified CFH, C3b, and C3 (Complement
Technology, Tyler, TX) were incubated with HTRA1 for 6 hours (en-
zyme to recombinant protein ratio, 1:25).

Liquid Chromatography-Tandem
Mass Spectrometry

LC-MS/MS was performed on a nano-HPLC system (NanoLC 2D; Eksig-
net, Dublin, CA) connected to a hybrid mass spectrometer (LTQ/
Orbitrap; Thermo Fisher Scientific, Inc., San Jose, CA). Eluting peptides
were introduced into the mass spectrometer via a 10-um silica tip
(New Objective Inc., Ringoes, NJ) adapted to a nano-electrospray
source (Thermo Fisher Scientific, Inc.). The spray voltage was set at 1.3
kV and the heated capillary at 180°C. The mass spectrometer was
operated in data-dependent mode in which one cycle of experiments
consisted of one full-MS survey followed by three sequential pairs of
intercalated MS/MS experiments. The targeted ion counts in the ion
trap during full-MS and MS/MS were 30,000 and 10,000, respectively.
MS measurements were performed with the orbitrap spectrometer at
60,000 resolution with accuracy better than 5 ppm. Peptides were
fragmented in the linear ion trap by using collision-induced dissocia-
tion with the collision gas (helium) pressure set at 1.3 mTorr and the
normalized collision energy set at 35%.

Database Search and Quantification

Protein identification was performed against the human SwissProt
database (UniProtKB/Swiss-Prot release 15.4 of June 2009; http://
www.ebi.ac.uk/swissprot/ provided in the public domain by the Eu-
ropean Bioinformatics Institute, Heidelberg, Germany) using a soft-
ware package (Bioworks 3.3 equipped with the Sequest search engine;
Thermo Fisher Scientific, Inc., San Jose, CA). The database was indexed
with assumptions for fully enzymatic tryptic cleavage with two missed
cleavages and the following possible protein modifications: 16-Da shift
for oxidized Met and 6- and 8-Da shifts for stable isotope labeled Arg
and Lys, respectively. The search result was filtered with DTASelect
(http://fields.scripps.edu/DTASelect/ provided in the public domain
by The Scripps Research Institute, La Jolla, CA) according to the
following acceptance criteria: DeltaCn (*Cn) > 0.08, a variable thresh-
old of Xcorr versus charge state (Xcorr = 1.8 for z = 1, Xcorr = 2.5 for
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z = 2, Xcorr = 3.5 for z = 3, and Xcorr = 4.5 for z = 4). MS spectra
for each identified peptide were extracted from raw data by using Raw
Xtractor. Census, a proteomics quantification software, was used to
generate an extracted ion chromatogram (XIC) for each peptide and to
measure protein ratios in SILAC-labeled versus unlabeled samples. Both
of these tools are publicly available at the Scripps Research Institute
(http://fields.scripps.edu/?q=content/download). Data were checked
for validity by spectral visualization.**

Statistical Analysis

Two comparisons (GG versus AG group , and GG versus AA group)
were made for both mRNA and protein expression with independent
t-tests. The resulting P-values were then adjusted for multiple compar-
isons using the Sidak®* method.

RESULTS

Human Primary RPE Cell Cultures
and Genotyping

We collected eyes of 34 donors and established 30 primary RPE
cultures. The donors’ mean age was 65 years, and average time
from death to enucleation was 9 hours. Cells were subcultured to
validate their epithelial origin and to screen for AMD-associated
SNPs (CFH, HTRA1, and ARMS?2), as described in the Methods
section. Detailed information about the sex, age, clinical history,
and genotype of each donor are reported in Supplementary Table
S1. The overall genotype distribution of the 30 established RPE
cultures is shown in Table 1. Only eight of the donors were found
to harbor the wild-type genotype for CFH, HTRA1, and ARMS2.
The remaining 22 donors were heterozygous and/or homozygous
for at least one of the three candidate genes. Again HTRA1 and
ARMS2 variants were found to be in complete LD and in agree-
ment with previous studies.>* Seven of the donors had a clinical
history of AMD, as indicated in parentheses under each group in
Table 1. Six of the seven clinically documented AMD donors
harbored at least one of the at-risk gene varjants. The single donor
carrying a diagnosis of AMD but without any currently identified
risk allele was reported to have smoked two packs of cigarettes
per day for 40 years. The degree of the disease in each AMD donor
was not evaluated in this study, because most of the macula was
used to establish a sufficient amount of primary RPE cultures.

Quantitative Analyses of HTRA1 Expression in
Genotyped RPE Cells
To examine the effect of the HTRA1 promoter polymorphism

on the expression levels of HTRA1, we selected 21 actively
growing RPE cultures including 11 with the wild-type geno-

TaBLE 1. Distribution of AMD Risk Genotypes among the Established
Human Primary RPE Cell Cultures

HTRA1/ARMS2
GG/GG* GA/GTt AA/TTH
CFH
T 801y 3 1
TCt 4(1) 8(2) 2(1)
cct 1 2 1oy

n = 30. Numbers in parentheses indicate the number of donors
with clinically documented AMD within each group. For example,
among the eight donors with the homozygous wild-type genotype for
both CFH and HTAR1/ARMS2 one had clinically documented AMD.

* Wild-type genotype.

T Heterozygote risk genotype.

F Homozygote risk genotype.
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FIGURE 2. Expression levels of HTRA1
mRNA and protein in human RPE cell
cultures derived from donors with
wild-type and at-risk genotypes for
the HTRA1 promoter region. (A) qRT
PCR of HTRAI mRNA levels in pri-
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mary RPE cultures. Samples were
prepared from RPE cultures with
wild-type (n = 11), heterozygous
(n = 7), and homozygous (n = 3)
genotypes for the HTRA1 promoter
risk allele (G is the wild-type allele
and A is the risk allele). Total RNA
was isolated from cultured RPE cells.
cDNA was prepared by reverse tran-

CG (11) AG (7) AA (3) GG (3)

Genotypes

scription. qRT-PCR was performed
with forward and reverse primers
that recognize exons 6 and 7 of the

AG (3) AA (3)

Genotypes

HTRAI gene. HTRAI mRNA transcript levels were measured. All values were normalized to wild-type GG genotype. (B) Western blot analysis of
HTRAL1 protein levels in the conditioned media of RPE cultures. RPE cells with wild-type genotype GG (n = 3), at-risk heterozygous genotype AG
(n = 3), and at-risk homozygous genotype AA (n = 3) were grown in serum-containing medium. After the cells reached confluence, the medium
was replaced with serum-free medium for 24 hours. Media were collected, and an equal amount of proteins (10 pg) from each sample was
concentrated and resolved by SDS-PAGE for Western blot analysis. HTRA1 band intensities were normalized to total loaded proteins. Error bars, SE.

type GG, 7 with the heterozygous genotype GA, and 3 with the
homozygous genotype AA for the risk allele in the promoter
region of the HTRA 1 gene. HTRA1 expression was examined in
these cells both at the mRNA and protein levels. The HTRA1
mRNA levels were 3- and 1.5-fold higher in primary RPE cul-
tures with homozygous and heterozygous risk alleles for the
HTRA1 promoter, respectively, than in primary RPE cultures
with the wild-type homozygous genotype (Fig. 2A). This find-
ing was confirmed by Western blot analysis of HTRA1 protein
in the conditioned media collected from RPE cultures with the
different HTRA 1 promoter genotypes (Fig. 2B).

To further validate our Western blot analysis results, we
performed absolute quantitative analysis of the HTRA1 protein
with stable-isotope-labeled HTRA1 used as a standard for mass
spectrometry. We first determined the concentration of
HTRAL1 secreted by SILAC-labeled RPE cells grown in '>CArg,
13Cs, "’N,-Lys by spiking their conditioned medium with 200

ng/mL of recombinant unlabeled HTRA1 (Fig. 3). The average
intensity ratio of unlabeled and labeled peptide pairs from the
recombinant HTRA1 and the RPE-secreted HTRAI, respec-
tively, was found to be equal to 0.1 = 0.01 and was used to
calculate the amount of RPE-secreted HTRA1. This RPE cell
culture secreted approximately 20 = 1.49 ng/mL of HTRA1
(Fig. 3D). Having validated the approach, a known amount of
the established stable-isotope-labeled HTRA1 standard was
spiked into the conditioned media collected from unlabeled
primary RPE cultures with the different genotypes of the
HTRAI promoter risk allele. HTRA1 levels were elevated ap-
proximately twofold in the RPE cells with the homozygous
genotype for the HTRAI promoter risk allele (44 = 1.13 ng/
mL) and in the RPE cells with the heterozygous genotype for
the HTRA 1 prompter risk allele (44 * 13.34 ng/mL) compared
with that in the RPE cells with the wild-type genotype for the
HTARI promoter (24 £ 3.55 ng/mL; Fig. 4).

(A) (B) Peptide from (D) FIGURE 3. Stableisotope-labeled stan-
RecombinantHTRA1 dard for absolute quantification of

Peptides Ratio (L/U) HTRA1 protein. Conditioned me-

KDa 100 599.31 LPVLLLGR 0.09 dium collected from a fully labeled
260 = RPE culture grown in medium con-
3 IAPAVVHIELFR 0.09 taining 13C(,-Arg, BC(,,ISNZ-LYS was

160 = § 8 599.81 LHRPPVIVLQR 0.09 spiked with human recombinant un-
g 60 : KFLTESHDR 010 labeled HTRA1 at a final concentra-

110 = 2 Labeled peptide tion of 200 ng/mL. Samples were run
80 — 2 40 from RPE secreted HTRA1  YNFIADVVEK 0.10 on SDS-PAGE, bands were sliced and
B 600.31 i VTAGISFAIPSDK 0.10 digested by trypsin, and the resulting

60 = & 2 603.32 peptides were analyzed by LC-MS/SM.
600.82 603.82 0.10+ 0.01 (A) SDS-PAGE of total secreted pro-

|':| 0 | |_y608.32 (miz) teins collected from a 24-hour RPE

50 = (©) 599 601 603 605 culture grown in SILAC-labeled, se-
0= 0 a® - - T LChromatagranm, : r : rum-free medium. As expected,
1.0 XIC of 1 HTRA1 protein was identified with

oar recombinant a six different peptides ~50 kDa lo-

30 = Foal ALY . cated in the boxed area. (B) Example
00 = £ ik e i of a mass spectrum for the YNFIAD-
| Nesel 2oy | VVEK peptide of HTRA1. This pep-

g'g tide was detected as a pair of unla-

]g = = — — — — — — — — — — = beled (599.31 m/z) and labeled

Sean Mumber

peptide (603.31 m/z), both as dou-
ble-charged ions. Both these pep-

tides were sequenced, and the difference in mass of 8 Da (4 Da for the double-charged ions) agrees with a Lys residue at the C-terminal. (C) The
intensity ratio of heavy to light peak was determined from an XIC for unlabeled and labeled peptide pairs using Census software and reflects the
ratio of endogenous RPE HTRA1 to the recombinant HTRAL. (D) A total of six peptide pairs were detected for HTRA1, and the ratios between
unlabeled and labeled peptide pairs was measured. Since the amount of recombinant HTRA1 added to the conditioned medium is known, it allowed
us to calculate that 10-cm culture dish containing 5 X 10° RPE cells secrete approximately 20 + 1.49 ng/mL of HTRA1.
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60 - p-Value = 0.011 they are reported in Table 2 with accession numbers and ratios
[ p-Value = 0135 ] in HTRAl-treated versus untreated samples. An example of
[—'] such HTRA1 substrate is illustrated for clusterin protein in

|
|

30 1

20 A

HTRA1 expression (ng/ml)

10 9

GG(3) GA(3)

Genotypes

AA(2)

FIGURE 4. Effect of the HTRA1 promoter genotype on HTRA1 expres-
sion in RPE cultures. Stable-isotope-labeled HTRA1 (20 ng/mL) was
used as a standard to spike conditioned media collected from fully
confluent RPE cultures with the homozygous wild-type genotype GG
(n = 3), the heterozygous at-risk genotype GA (n = 3), and homozy-
gous at-risk genotype AA (n = 2) for the HTRAI promoter. Quantities
of secreted HTRA1 were calculated from intensity ratios of light and
heavy peptide pairs detected from the unlabeled RPE-secreted HTRA1
and the stable-isotope-labeled HTRA1 standard. The number of unique
peptides used to determine HTRA1 in each genotype group was as
follows: eight peptides for the GG variant group, four for the GA
variant, and four for the AA variant. Error bars, SE between replicate
samples analyzed for each genotype.

Screening for HTRA1 Substrate in RPE
Cell-Conditioned Medium

Differential SILAC strategy”® in combination with SDS-PAGE
and LC-MS/MS allowed both detection and quantification of
proteins that were selectively cleaved by the recombinant
HTRAL. A total of 196 extracellular proteins were identified
and quantified in the primary RPE-conditioned medium (Sup-
plementary Table S2). All 196 proteins had a ratio close to 1 in
the control sample pairs with an average mean of 0.98 and SD
of £0.15. Ratios outside 3 SD of this average value (0.54 -1.40)
in the HTRA1-treated and untreated sample pairs were consid-
ered significant. According to this criterion, only 8 of the 196
proteins were found to be selectively cleaved by HTRA1, and

Figure 5. The clusterin ratio between SILAC-labeled and unla-
beled sample remained at 1:1 when both samples were un-
treated, but decreased to 0.5 in HTRAIl-treated versus un-
treated samples, demonstrating that HTRA1 degraded clusterin
under the experimental conditions used. Specific degradation
of clusterin was further confirmed by the detection of clusterin
peptides in lower bands (~ 35 Da) in HTRA1-treated samples
versus untreated samples (Supplementary Fig. S2).

Among the eight proteins cleaved by HTRA1, fibromodulin
was the most affected protein since its levels deceased by 70%
and by >90% after treatment with HTRA1 for 4 and 20 hours,
respectively. Similarly clusterin, vitronectin, a2-macroglobulin,
talin-1, fascin, and chloride intracellular channel protein 1
decreased by more than 50% after 20 hours treatment with
HTRAL.

To evaluate whether cleavage of clusterin by HTRAL1 is
specific, we incubated four different human purified proteins
including clusterin, CFH, C3 and C3b in the presence or ab-
sence of HTRA1 (Fig. 6). Two micrograms of each protein were
incubated with and without recombinant HTRA1 (80 ng) for 6
hours at 37°C followed by SDS-PAGE analysis. Whereas clus-
terin was significantly degraded by HTRA1 (>50% degrada-
tion), CFH, C3, and C3b remained intact, clearly demonstrating
that clusterin is a specific substrate for HTRA1. To ensure that
degradation of these proteins is not a result of contamination of
recombinant HTRA1 with other proteases, we excised the
multiple bands seen in the SDS-PAGE for the HTRA1 recombi-
nant protein alone and processed them for mass spectrometry.
The data showed that all these bands corresponded to human
HTRA1 migrating at different position (Supplementary Fig. S3).
These multiple gel bands are most likely the result of HTRA1
autodegradation and/or incomplete reduction of cysteine resi-
dues. Indeed, HTRA1 has a total of 16 cysteine residues, and it
is well known that cysteine-rich proteins are often oxidized,
resulting in an altered migration pattern during gel electro-
phoresis.

Di1scUSSION

HTRA1 expression was significantly increased in RPE cells
harboring the homozygous risk genotype for the HTRAI pro-
moter compared with that in RPE cells with the wild-type
genotype. This finding agrees with that in the study by Yang et
al.,® who showed that HTRAI mRNA levels were three times
higher in the lymphocytes collected from AMD donors than in
those collected from age-matched control donors. Others have
demonstrated a similar increase in the HTRA1 mRNA levels in

TaBLE 2. List of Potential HTRA1 Substrates Identified in the RPE Conditioned Medium

Control* 4h 20 h

Peptide (n) (—)HTRA1/(—)HTRA1 (+)HTRA1/(—-)HTRA1 (+)HTRA1/(—-)HTRA1

Fibromodulin Q06828 5 1.13 £ 0.15 0.32 * 0.01 0.13 * 0.00
Talin-1 Q9Y490 15 0.95 £ 0.13 0.74 = 0.14 0.21 = 0.04
Fascin Q16658 8 0.98 * 0.12 0.97 * 0.15 0.40 = 0.04
a2-Macroglobulin P01023 5 0.90 = 0.02 0.16 = 0.00 0.45 = 0.00
Vitronectin P04004 4 1.06 £ 0.42 1.07 = 0.10 0.46 = 0.05
ADAM9 Q13443 2 0.97 £ 0.07 1.01 £0.10 0.46 = 0.11
Clusterin P10909 15 1.00 = 0.08 0.81 = 0.00 0.48 = 0.09
CLIC1 000299 3 1.03 £ 0.06 0.73 £ 0.00 0.51 £ 0.07

*The coefficient of variation was determined from the control data and was found to be <14% for the 196 protein measured. Thus,
experimental values that are 3 SD (=42%) of the control mean value were considered significant. Errors are associated with forward and reverse
SILAC experiments and the number of peptides detected for each protein. Peptide (1), number of peptides used to measure ratios in control and
experimental samples; ADAM 9, disintegrin and metalloproteinase domain-containing protein 9; CLIC1, chloride intracellular channel protein 1.
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FIGURE 5. Differential SILAC strat-
egy for screening for HTRA1 sub-
strates in RPE-conditioned medium.
Top: SILAC-labeled or unlabeled con-
1 ditioned media were incubated with
(+HTRA1) or without (—HTRA1) for
20 hours at 37°C. Treated and un-
treated conditioned media were then
mixed at 1:1 ratio and processed for
SDS-PAGE and LC-MS/MS. Clusterin
was identified by 15 labeled and un-
labeled peptide pairs in the RPE se-
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FIGURE 6. Clusterin was a specific substrate for HTRA1. The results of
a shotgun proteome profiling analysis suggested that clusterin is selec-
tively cleaved by HTRA1. To validate this finding, three recombinant
proteins regulating the complement pathway, including human recom-
binant clusterin and purified human CFH, C3, and C3b were incubated
with human recombinant HTRA1. Each protein (2 pg) was incubated
with (+) and without (—) recombinant HTRA1 (0.08 ug) for 6 hours
at 37°C (enzyme to protein ratio, 1:25, wt/wt) in 4 uL solution of 50
mM TrissHCl (pH 7.5), 150 mM NaCl, and 5 mM CaCl,. Whereas
clusterin was significantly degraded by HTRA1 (> 50% degradation),
the other proteins—CFH, C3, and C3b—remained intact. The first two
lines represent HTRA1 alone after 0 and 6 hours’ incubation at 37°C in
the same buffer. Arrows: HTRAL1 itself along with the autolysis prod-
uct. *HTRA1-cleaved products.

(center and right), clearly indicating
that clusterin was degraded by HTRA1.

the macular region of eyes collected from AMD donors with
the atrisk HTRAI promoter genotype.'”> These data are in
contrast to those in the report by Kanda et al.,° who showed
that polymorphism in the promoter region of HTRA1 does not
affect its expression level and concluded that the ARMS2
polymorphism, which is in high LD with the HTRA1 polymor-
phism is the causal SNP. ARMS2 is a poorly characterized
protein, and there are ongoing debates about its expression
and its cellular localization."" In an earlier study, ARMS2 was
localized to mitochondria,® whereas more recent studies sug-
gested a cytosolic®® or even extracellular localization.>® In this
study, we did not succeed in detecting ARMS2 protein intra-
cellularly or in the conditioned media, perhaps because of its
low expression levels. However, HTRA1 was readily expressed
and secreted by cultured RPE cells.

Local secretion of HTRA1 by RPE cells prompted us to
screen for potential substrates in the context of the RPE extra-
cellular milieu. Our SILAC strategy readily facilitated high-
throughput screening for such substrates among several
hundred other proteins. The cleaved proteins included fibro-
modulin, clusterin, a2-macroglobulin, ADAM9, and vitronectin
(Supplementary Table S2). Fibronectin, which has been re-
ported to be a substrate for HTRA1 in arthritis tissues,'® was
not affected by HTRA1 treatment in the RPE extracellular
milieu (Supplementary Fig. S4). Other proteins, such as chlo-
ride channel protein 1, fascin, and talin-1, were also degraded
by HTRA1. However, the significance of their degradation by
HTRA1 remains to be further investigated, since HTRA1 is
readily secreted protein, and these proteins are normally local-
ized at the cell periphery connected to the cytoskeleton, as in
the case of talin-1 and fascin. Their presence in the conditioned
medium could be due to cell shedding or leakage. At this time
and because HTRA1 is physiologically secreted outside the cell,
we focused on its interaction with other secreted proteins, but
it also may be of interest in the future to look at the effect of
HTRAL1 on peripheral proteins.

HTRA1 Cleavage of Proteins Involved in the
Complement Cascade

Vitronectin and clusterin have been suggested to act as fluid-
phase regulators of the complement pathway by inhibiting the
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formation of the terminal complex.>”*® In addition, fibro-
modulin, which was selectively degraded by HTRA1, is also
reported to be involved in the regulation complement pathway
by inhibiting the alternative pathway by directly binding to
CFH.*? The binding affinity of fibromodulin to CFH was higher
in the Y402 variant than in the H402 variant.*® Degradation of
these complement pathway regulators by HTRA1 clearly sup-
ports a link between HTRA1 and the complement pathway in
AMD pathogenesis. However, further protein-protein interac-
tion studies are needed to confirm this network.

HTRA1 Cleavage of Proteins Involved in the
Regulation of Amyloid Deposition

Other interesting proteins that were found to be selectively
cleaved by HTRA1 in the RPE extracellular milieu are those
involved in the regulation of amyloid deposition. Indeed, both
a2-macroglobulin and ADAM9 are involved in processing of
the amyloid protein precursor. Although ADAM9 cleaves the
amyloid precursor at the amyloid 8 (A-8) domain and releases
a neuroprotective ectodomain,*!¥?> a2-macroglobulin has re-
cently been reported to inhibit amyloid fibril formation,*
probably via sequestering the A-B polypeptide.** Moreover, a
recent study showed that ADAM9 knockout leads to retinal
degeneration in mice*> supporting our hypothesis that levels
of ADAM9 may be decreased in the presence of high levels of
HTRAI, thus leading to amyloid accumulation in the sub-RPE
extracellular space. Clusterin has also been reported to be a
protective chaperone protein against amyloid deposition,®%7
and its degradation by HTRA1 may also contribute to uncon-
trolled amyloid deposition. The fact that HTRA1 cleaves these
proteins strongly supports the indirect implication of HTRA1 in
drusen formation. Indeed, amyloid, which is readily secreted
by RPE cells (Supplementary Table S2), is a major component
in drusen*®*” and may be more likely to accumulate in cases in
which HTRA1 expression is increased.

Although preliminary, these data strongly suggest a role for
HTAR1 in AMD pathogenesis and its link to both the comple-
ment pathway and amyloid deposition. We suggest that in-
creased expression of HTRA1 in RPE cells with a risk genotype
directly affects factors involved in the regulation of the com-
plement pathway (e.g., clusterin, vitronectin, and fibromodu-
lin) as well as factors involved in the regulation of amyloid
deposition (clusterin, a2-macroglobulin, and ADAM9). How-
ever, these pathways remain to be directly verified in human
donor eyes and/or in AMD animal models when they become
available.
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