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1 | INTRODUCTION

L-ORD is an autosomal dominant macular degeneration resulting
from mutations in the CTRP5/C1QTNF5 gene, encoding C1g-tumor
necrosis factor-related protein 5. Clinically, it is characterized by
the onset of sub-retinal drusen-like deposits and abnormal dark
adaptation from the 5th decade of life, and chorioretinal atrophy
and choroidal neovascularization in the 6th decade, progressing
to significant vision loss (Ayyagari et al., 2000, 2005). L-ORD has
phenotypic similarities with the common condition and age-re-
lated macular degeneration (AMD) (Ayyagari et al., 2000, 2005;
Borooah, Collins, Wright, & Dhillon, 2009; Cukras, Ayyagari, Wong,
& Sieving, 2015). A heterozygous missense mutation, S163R, in the
CTRP5 protein was originally shown to segregate with L-ORD in
several families (Ayyagari et al., 2005; Hayward et al., 2003). More
recently, three additional mutations in the C1q domain of CTRP5
were identified in patients with L-ORD (Borooah et al., 2018;
Stanton et al., 2017). Despite the identification of these mutations,
little is known about the mechanism underlying L-ORD pathology.

CTRP5 is highly expressed in RPE cells as a bicistronic transcript
with membrane frizzled-related protein (MFRP) that is encoded by
another retinal disease-causing gene (Mandal, Vasireddy, Jablonski,
et al., 2006; Mandal, Vasireddy, Reddy, et al., 2006). CTRP5 is a 25
KDa protein belonging to the Clg tumor necrosis factor super-
family of 10 structurally similar, but functionally diverse, proteins
(Ghai et al., 2007; Kouser et al., 2015). Proteins in this family have
an N-terminal signal peptide, a short variable region followed by a
short-chain collagen-like domain and a C-terminal C1g domain. The
Cl1qg domain is essential for trimerization and the subsequent for-
mation of higher order multimers (Tu & Palczewski, 2012). CTRP5, a
secreted protein, forms trimers as well as octadecamers (bouquet-
like structures); the multimers are predicted to be the functional
form of the protein (Stanton et al., 2017; Tu & Palczewski, 2014).
The S163R mutation in CTRP5 is predicted to alter its structure
and consequently its function (Shu et al., 2006; Tu & Palczewski,
2012, 2014). In addition, the S163R mutation impairs its secretion
(Mandal, Vasireddy, Reddy, et al., 2006; Shu et al., 2011).

The current study is focused on understanding the role of the
S163R CTRP5 mutation in L-ORD pathology using two global dis-
covery methods, a yeast two-hybrid (Y2H) screen to identify CTRP5-
interaction partners and a proteomic approach to identify altered
proteins in the Bruch's membrane/choroid (BM-Ch) tissue involved
in disease pathology. Mice with homozygous or heterozygous S163R
CTRP5 mutations served as models to study the disease pathology.

2 | RESULTS

2.1 | ldentification of HTRA1 as a CTRP5-binding
partner using the Y2H system

In order to understand the physiological role of CTRP5 and to
identify novel binding partners, the Matchmaker Gold Y2H system
was used (Chien, Bartel, Sternglanz, & Fields, 1991; Fields & Song,

1989). Our preliminary experiments showed that full-length WT-
CTRP5 was expressed in yeast without auto-activation and bound
to its known interactor, MFRP (Mandal, Vasireddy, Jablonski, et al.,
2006; Tu & Palczewski, 2014), as well as to itself (Wong et al., 2008)
(Figure S1). This result proved that CTRP5 is a good candidate for
the Y2H screen as it is not toxic to yeast and recognizes its binding
partners without causing auto-activation of the system. Thus, the
BD-CTRP5 construct was used in Y2H screening against a univer-
sal, normalized human cDNA library (TaKaRa). A total of 56 positive
clones were isolated from 4 x 10° yeast transformants with a mat-
ing efficiency of 13%. After distinguishing genuine positive clones
and eliminating duplicates, our high-stringency plating conditions
resulted in the identification of high temperature requirement A ser-
ine peptidase 1 (HTRA1) as one of the potential binding partners
of CTRP5 (Figure 1a, b). The sequence of the clone encoded the
carboxyl (C)-terminal portion (aa 306-480) of HTRA1 that includes
part of a serine protease domain and a complete PDZ [Post-Synaptic
Density protein 95 (PSD95), Drosophila Disc large (Dlg1), and Zonula
Occludens-1 (ZO-1)] protein domain (Figure 1b).

The interaction of HTRA1 with S163R-CTRP5 was compared
with that of HTRA1 with WT-CTRP5 (Figure 1c). Ten-fold serial di-
lutions of yeast cells expressing the HTRA1 clone with either WT-
CTRP5 or S163R-CTRP5 were grown on control plates (SD-Leu-Trp)
and on selection plates additionally lacking histidine (SD-Leu-Trp-
His) with variable concentrations of 3-aminotriazole (3-AT) to score
for growth. This analysis revealed similar binding affinities for WT-
CTRP5 and S163R-CTRPS5 to the proteolytically inactive, truncated
form of HTRA1 (Figure 1c). Taken together, these results indicate
that HTRA1 and CTRP5 interact with each other and that the S163R
mutation in CTRP5 does not affect this interaction.

2.2 | The interaction between CTRP5 and HTRA1 is
confirmed by co-immunoprecipitation (Co-IP)

The interaction between CTRP5 and HTRA1 was evaluated by co-
immunoprecipitation (Co-I1P) using cell lysates of ARPE19 cells over-
expressing WT-CTRP5-V5 or S163R-CTRP5-V5 fusion proteins. We
observed that HTRA1 co-immunoprecipitated with both WT-CTRP5-
V5 and S163R-CTRP5-V5 (Figure 1d). A reverse co-immunopre-
cipitation assay showed that WT-CTRP5-V5 and S163R-CTRP5-V5
co-immunoprecipitated with HTRA1 (Figure 1e). Neither the WT-
CTRP5 nor the S163R-CTRP5 showed any variation in their association
with HTRA1. These studies confirm the interaction of HTRA1 with
both WT-CTRP5 and S163R-CTRP5 observed using Y2H screening.

2.3 | The PDZ-ligand of CTRP5 recognizes HTRA1

Since the sequence of the HTRA1 clone identified by Y2H contained a
PDZ domain, a motif known to be critical for protein-protein interac-
tions (Figure 1b), the CTRP5 sequence was analyzed for a PDZ-bind-
ing motif using the Eukaryotic Linear Motif (ELM) resource (Dinkel
et al., 2016). Such a PDZ-binding motif was found at the C-terminus
of CTRP5 (Figure 2a). Moreover, in silico modeling of the interaction
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FIGURE 1 CTRP5 interacts with HTRA1. (a) Clone 53 (CL53) containing a partial sequence of HTRA1 was identified as a CTRP5
interactor during Y2H screening of a normalized human cDNA library cloned into a prey vector, pPGADT7-RecAB, containing the activation
domain (AD) of GAL4. Full-length WT-CTRP5 fused to the binding domain (BD) of GAL4 (BD-WT-CTRP5) was used as bait. An empty bait
plasmid was used as a control to exclude false-positive interactions. Yeast cells carrying the proper combinations of bait and prey plasmids
were plated on semi-selective (SD-Leu-Trp, i.e., selective only for the bait and prey plasmids) and selective (SD-Leu-Trp-His, i.e., selective for
the bait and prey plasmids and the protein-protein interaction) media supplemented with 3-AT (1, 2, and 5 mM). (b) Schematic of full-length
HTRA1 with domain organization in comparison with the corresponding sequence (aa 306-480) of clone 53 obtained from Y2H library
screening for CTRP5 interactors. The follistatin (FS) domain is a combination of the IGF-binding protein (IGFBP) and the Kazal-type serine
protease inhibitor (KI) domains.The position of HTRA1 catalytic triad (Ser328, His220, and Asp250) is indicated. (c) HTRA1 interacts with
both WT-CTRP5 and S163R-CTRP5 with similar binding affinities in the Y2H assay. Yeast cells containing AD-CL53 HTRA1 (306-480aa)
and BD-WT-CTRP5 or BD-S163R-CTRPS5 constructs were plated at serial 10-fold dilutions with a starting concentration of OD,, of 0.8

on semi-selective (SD-Leu-Trp) and on selective (SD-Leu-Trp-His) media supplemented with 10 mM 3-AT. (d) Co-Immunoprecipitation

assay for confirmation of CTRP5 and HTRAL1 interaction. Lysates from ARPE-19 cells overexpressing WT-CTRP5-V5 or S163R-CTRP5-V5
constructs were used for immunoprecipitation (IP) using HTRA1 antibody. Immunoprecipitates were resolved on 10% SDS-PAGE followed
by immunoblotting (IB). Blots were probed with anti-V5 and HTRA1 antibodies. Normal rabbit IgG (IgG control) was used as a negative
control to determine the antibody specificity. Lysates of untransfected cells were used as control for overexpression. Input has 10% of total
lysates. Cells transfected with the empty vector were used as a transfection control in the experiment. (e) Reverse co-immunoprecipitation
was performed using lysates from cells overexpressing WT-CTRP5-V5 or S163R-CTRP5-V5 constructs. Immunoprecipitation was done using
anti-V5 antibody, and proteins were detected in immunoblots using anti-V5 and HTRA1 antibodies

between WT-CTRP5 and HTRA1 indicated a potential role of the PDZ- To experimentally validate the in silico findings, a C-terminal
domain of HTRA1 in its interaction with CTRP5 through its PDZ-ligand truncation mutant, BD-CTRP5 (APDZ-ligand) (aa 1-238) (Figure 2a),
(Figure 2c). However, based on this model, it is unclear whether trim- was tested for its ability to bind HTRA1 using the Y2H HTRA1 clone.
eric or monomeric HTRA1 is involved in the interaction with CTRP5. While the interaction of CTRP5 (APDZ-ligand) with the full-length
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FIGURE 2 PDZ-binding motif in CTRP5 mediates interaction between CTRP5 and HTRA1. (a) Schematic representation of full-length
CTRP5 and its truncated form lacking the C-terminal PDZ-ligand. These bait constructs were used to map the HTRA1 binding site in CTRP5
using the Y2H system. (b) Determination of HTRA1-binding module in CTRP5. The indicated deletion construct of WT-CTRP5 lacking its
PDZ-binding motif was fused with BD domain of GAL4 (BD-CTRP5APDZ-Ligand) and evaluated for its ability to interact with AD-CL53
HTRA1. The interactions between the full-length and truncated forms of WT-CTRP5 were used as a positive control. (c) 3D reconstruction
model indicating the interaction of WT-CTRP5 and HTRA1 mediated by the PDZ domain in HTRA1. Protein data bank (PDB) entries of

the trimeric CTRP5 (4f3j) and the PDZ domain of HTRA1 bound to a peptide (2joa) were overlapped to obtain a model of CTRP5-HTRA1
interaction. CTRP5 is color-coded in red, PDZ domain of HTRA1 is in blue, and the peptide from the PDZ-binding motif of CTRP5 is in yellow

WT-CTRP5 was unaffected, deletion of the PDZ-binding motif from
WT-CTRPS5 significantly reduced its ability to interact with HTRA1
(Figure 2b). This result, along with the in silico modeling of the WT-
CTRP5/HTRA1 complex (Figure 2c), fits the model in which surface-
exposed, tri- or tetra-peptide PDZ-ligands, as seen in CTRP5, bind
PDZ domains of HTRA proteases (Murwantoko et al., 2004).

2.4 | CTRP5 enhances the elastase
activity of HTRA1

To understand the potential impact of the interaction of CTRP5 with
HTRAZ1, the protease activity of HTRA1 was tested in the presence of
full-length CTRP5. We performed an in vitro elastase degradation assay
using DQ elastin, quenched by BODIPY-FL dye, as a substrate to meas-
ure the activity of proteolytically active, recombinant HTRA1. While
addition of BSA as a control had no effect on DQ elastin degradation,
the presence of WT-CTRPS5 significantly increased the degradation of
DQ elastin (Figure 3a; p < .002). Higher concentrations of WT-CTRP5

(regardless of whether the CTRP5 used came from a commercial source
or was purified in-house) resulted in a linear increase in DQ elastin deg-
radation (Figure 3a, b; Figure S2). Similarly, addition of S163R-CTRP5
increased the elastase activity of HTRA1 (Figure 3b; p < .001).
Previous observations indicated that co-expression of WT-
CTRP5 with S163R-CTRP5 enhanced the formation of sub-RPE de-
posits in mice (Dinculescu et al., 2015). Since, L-ORD progresses with
age, we tested whether preincubation of HTRA1 with WT-CTRP5,
S163R-CTRP5, or a mixture of WT-CTRP5 and S163R-CTRP5 would
affect the protease activity of HTRA1. Preincubation of WT-CTRP5
with HTRA1 for 1 hr prior to the addition of DQ elastin enhanced
the protease activity of HTRA1 compared with its activity in the ab-
sence of WT-CTRP5 (p < .003). Preincubation with WT-CTRP5 acti-
vated HTRA1 to almost similar levels as WT-CTRP5 or S163R-CTRP5
added to the reaction mixture without preincubation (Figure 3c).
However, when S163R-CTRP5 was preincubated with HTRA1, the
protease activity of HTRA1 was significantly lower compared with
the protease activity when preincubated with the WT-CTRP5



CHEKURI ET AL.

50f14

Aging

(a) b (b)
2500 I *kk
o ¥ %k 5 2,000 I I
2 ok | = 1,800
£} @ 1 = WT-CTRP5
g o ] S 1,600
2 *k £ = S163R-CTRP5
c o
> 1500 2 1,400
g . £ 1,200
CTRP! — h
§ 1,000 BSA @ 1,000
3
H S 800
3 500 -
i w600
= S
3 0 | S 400
= =
200
-500 0
0 1 2 3 5 0 1 5

CTRPS/ BSA concentration (ug/ml)

CTRP5 concentration (pg/ml)

(c)
2,000 |
1,800 | **
1,600 x *%

1,400
1,200
1,000
800
600
400
200

Mean Fluorescence Intensity

HTRA1+ HTRA1+ HTRA1+
WT-CTRP5 S163R- WT-CTRP5 S163R- WT-CTRP5+
CTRP5 CTRP5 S163R-CTRP5

Preincubated

FIGURE 3 CTRP5 modulates elastase activity of HTRA1. (a) Different concentrations of bacterially expressed and purified full-length
WT-CTRP5 (1-5 pg/ml) or BSA were incubated with 1 pg/ml HTRA1 for 60 min at room temperature. Elastin degradation was analyzed

fluorometrically by measuring fluorescence intensity of cleaved BODIPYL-elastin as a substrate in the reaction. BSA was used as a control
protein to determine the specificity of activation of full-length HTRA1 by WT-CTRP5. Fluorescence intensities were normalized to
background fluorescence emitted by BODIPYL-elastin alone. Values were plotted in a line graph with different concentrations of CTRP5 or
BSA. The differences in values of the mean fluorescence intensity at different CTRP5 concentrations, relative to that when no CTRP5 was
added, were evaluated using Student's t test, and p values were calculated. The p values <.05, .01, and .001 are indicated with *, **, and ***,
respectively. (b) Both purified WT-CTRP5 and S163R-CTRP5 at concentrations of 0, 1, and 5 pg/ml were incubated with 1 pg/ml of HTRA1
for 60 min at room temperature. Cleavage of BODIPYL-elastin was measured fluorometrically and normalized to background fluorescence
emitted by BODIPYL-elastin alone and represented as a bar graph. *** denotes a p value of <.001. (c) Enhancement of HTRA1 protease
activity by either WT-CTRP5 or S163R-CTRP5. Preincubation of WT-CTRP5 or S163R-CTRP5 for 60 min with HTRA1 prior to the addition
of BODIPYL-elastin substrate resulted in decreased elastase activity when compared to addition of WT-CTRP5 or S163R-CTRP5 to HTRA1

without preincubation. Preincubation of S163R-CTRP5 with HTRA1 caused a significant decrease in HTRA1 activity when compared to
preincubation of HTRA1 with WT-CTRP5 (p < .01). Preincubation of an equimolar mixture of both WT-CTRP5 and S163R-CTRP5 with

HTRA1 resulted in decreased HTRA1 activity when compared to preincubation of HTRA1 with WT-CTRP5. Fluorescence intensities as
a measure of activity of HTRA1 were graphically represented. The p-values <.01 and.001 are indicated with ** and ***, respectively. NS

indicates nonsignificance in the comparison of two data sets

(Figure 3c: p < .001) and was half the protease activity compared
with the that measured without preincubation.

In order to mimic the dominant negative heterozygous condition re-
sulting in the L-ORD pathology in vivo, we incubated both WT-CTRP5
and S163R-CTRP5 in equal concentrations in vitro to observe the ef-
fect of this mixture on HTRA1 activity. Interestingly, preincubation
with a mixture of WT-CTRP5 and S163R-CTRPS5 in a 1:1 molar ratio
also significantly reduced the elastase activity of HTRA1 when com-
pared to its activity after preincubation with WT-CTRP5 (Figure 3c;
p < .042). Moreover, the activity of HTRA1 preincubated with the 1:1
mixture of WT-CTRP5 and S163R-CTRP5 was similar to the level of
HTRA1 activity observed when preincubated with S163R-CTRP5
alone (Figure 3c). These results indicate that WT-CTRP5 enhances the

elastase activity of HTRA1 with or without preincubation to similar

extents. However, based on the above observations, we hypothesize
that S163R-CTRP5 only initially stimulates HTRA1 protease activity
but subsequently reduces HTRA1 activity. In addition, when both the
WT-CTRP5 and S163R-CTRP5 proteins are present in equimolar con-
centrations (i.e., conditions mimicking chronic exposure of these pro-
teins to each other in vivo in a heterozygote), the presence of mutant
S163R-CTRP5 attenuates the activation of HTRA1 by WT-CTRP5.

2.5 | HTRAZ1 cleaves WT-CTRP5, but not S163R-
CTRP5

The CTRP5 has been suggested to be a component of the extracel-
lular matrix (ECM) (Tu & Palczewski, 2014). Because HTRA1 is a

serine protease and is involved in ECM remodeling (An, Sen, Park,
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FIGURE 4 HTRA1 cleaves WT-CTRP5 but not S163R-CTRP5. (a) WT-CTRP5 or S163R-CTRP5 (5 pg/ml) was incubated at 37°C with
HTRA1 (1 pg/ml) in a reaction buffer for 5 hr. The reaction mixture was resolved by SDS-PAGE and subjected to immunoblotting with
anti-human CTRP5 antibody. Monomer, dimer, trimer, and multimers of the CTRP5 protein are indicated by arrows. A cleavage product at
approximately 9 KDa when WT-CTRPS5, but not S163R-CTRP5, is incubated with HTRA1 is shown with an asterisk. Incubations of WT-CTRP5
or S163R-CTRP5 alone without addition of HTRA1 were used as negative controls. (b) Schematic representation of the domain organization
in truncated forms of HTRA1 prey constructs used in Y2H CTRP5 cleavage studies in comparison with full-length HTRA1. The follistatin (FS)
domain is a combination of the IGF-binding protein (IGFBP) and the Kazal-type serine protease inhibitor (KI) domains.The position of HTRA1
catalytic triad (Ser328, His220, and Asp250) was indicated. (c) Proteolytically active HTRA1 formed a stable complex with S163R-CTRP5, but
less efficiently with WT-CTRP5. The truncated form of HTRA1 which has been previously reported as proteolytically active (Campioni et al.,
2010) lacking its FS domain, but containing fully operational serine protease and PDZ domains (AFS-HTRA1 (144-480 aa)) was fused with
the AD domain of GAL4 and evaluated for its ability to form stable complex with WT-CTRP5 and S163R-CTRP5 mutant using the Y2H assay.
To distinguish stable from transient protein-protein interactions, AD-CL53 HTRA1 was used. Yeast cells carrying the proper combinations

of bait and prey plasmids were plated on semi-selective (SD-Leu-Trp) and selective (SD-Leu-Trp-His) media supplemented with 3-AT (2 mM).
(d) A schematic of the Y2H assay depicting HTRA1-CTRP5: (i) Schematic depicting interaction between BD-AFS-HTRA1 and BD-WT-CTRP5
in the Y2H assay. Binding of proteolytically active HTRA1 to WT-CTRP5 results in the removal of the GAL4 DNA-binding domain (BD) fused
to the N-terminal end of CTRP5 and affects reporter gene expression. (ii) Schematic depicting interaction between BD-AFS-HTRA1 and BD-

S163R-CTRPS5 that is unaffected due to S163R-CTRP5 resistance to HTRA1 cleavage

Gordish-Dressman, & Hathout, 2010), we questioned whether
WT-CTRP5 and S163R-CTRP5 were substrates of HTRA1 pro-
tease activity.

An in vitro protease assay was performed by incubating pro-
teolytically active recombinant HTRA1 with either WT-CTRP5 or
S163R-CTRPS5. This analysis revealed cleavage of WT-CTRP5 result-
ing in the formation of at least one approximately 9 KDa cleavage
product. Additional cleavage products might also have been pres-
ent but were not immunoreactive to the polyclonal antibody used
for detection. Similar analysis with S163R-CTRP5 did not detect
cleavage products of the mutant CTRP5 protein by HTRA1. These
results suggest that WT-CTRPS5 serves as a substrate of HTRA1 and
is cleaved by it, while S163R-CTRP5 is resistant to HTRA1 cleavage
(Figure 4a).

To confirm this result, we asked whether the Y2H interaction
between HTRA1 and WT-CTRP5 is abrogated by proteolytically ac-
tive HTRA1. We generated HTRA1 protein (aa 144-480) (Figure 4b),
previously reported to be proteolytically active (Campioni et al.,

2010), and tested its ability to stably interact with WT-CTRP5 or
S163R-CTRP5 in a Y2H assay. Cleavage of WT-CTRP5 by proteo-
lytically active HTRA1 would remove the GAL4 DNA-binding do-
main (BD) fused to the N-terminal end of CTRP5 and abolish the
reconstitution of functional GAL4 transcription factor and activa-
tion of the downstream HIS3 reporter gene (Figure 4b). Indeed, use
of proteolytically active HTRA1 significantly reduced HTRA1/WT-
CTRP5 complex formation to undetectable levels. Binding of active
HTRA1 to the mutant S163R-CTRP5 was only moderately reduced
when compared to the binding of proteolytically inactive HTRA1 to
S163R-CTRP5 (which could be explained by potential toxicity of ac-
tive HTRA1 to the cells (Rigoulay, Poquet, Madsen, & Gruss, 2004)).
The lack of GAL4 reconstitution in yeast cells containing protease-
active HTRA1 and WT-CTRP5 (Figure 4d) supports the in vitro data
that WT-CTRP5 was cleaved by protease-active HTRA1.

Taken together, these results establish that WT-CTRP5, but not
S163R-CTRP5, is a substrate of HTRA1 and undergoes cleavage by
HTRA1. The resistance of S163R-CTRP5 to cleavage by HTRA1,
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FIGURE 5 Accumulation of CTRP5 and HTRA1 in mice expressing mutant CTRP5. (a) Mass spectral analysis of BM-Ch demonstrated
increased levels of CTRP5 and HTRA1 proteins in Ctrp5°1¢3R/%t and Ctrp5°163R/5163R mutant mice. Ages of mice were 5 months and 15-

19 months (average 18 months). Mass intensities for CTRP5 or HTRA1 in the mutant mice and Wt mice at comparable ages were represented
in the table. Two samples each from the mutant mice and four samples from Wt mice were analyzed. Each sample was a composite of BM-
Ch from four or more mice. The LFQ intensities from the samples for each genotype were averaged. Corresponding + SD obtained were
indicated in the parentheses. (b) Immunohistochemical analysis of the RPE layer from frozen retinal cryosections from 8- to 11-month-old
Ctrp55163R/Wt and Ctrp551"’3R/51‘53R mice (n = 3; one eye per mouse) and age-matched Wt control mice (n = 3; one eye per mouse). Sections are
stained with anti-CTRP5 antibody to detect CTRP5 (Green). DAPI (Blue) was used to counterstain the RPE nuclei. (c) HTRA1 staining (Green)
in Ctrp5°163RWt and Ctrp5°163R/5163R (1) = 3: one eye per mouse) and Wt control mice (n = 3: one eye per mouse) in the RPE layer from frozen
retinal cryosections of 8- to 11-month-old Ctrp55163R/wt and Ctrp55163R/wt mice using anti-HTRA1 antibody. DAPI (Blue) was used to
counterstain the RPE nuclei. (d) Relative mRNA expression of Ctrp5 to housekeeping gene Gapdh from posterior eyecups in 2- to 3-month-
old Ctrp5°1¢3R/"t and Ctrp5°163R/5163R mice (n = 8: one eye per mouse) compared to that in Wt mice (n = 8: one eye per mouse). Values were
represented as mean (+SD). (e) Relative mRNA expression of Htral to housekeeping gene Gapdh from posterior eyecups in 2- to 3-month-
old mice with Ctrp51¢3R/"t and Ctrp55163R/5163R mice (n = 8: one eye per mouse) compared with that in Wt mice (n = 8: one eye per mouse).
Values were represented as mean (+SD). (f) Immunoblot analysis from posterior eyecups of mice with various Ctrp5 genotypes (n = 3) shown.
Membranes were probed with anti-CTRP5 and anti-HTRA1 antibodies. Beta-actin (ACTB) was used as a loading control. (g) Quantitation

of levels of HTRA1 from immunoblot analysis. LICOR Image Studio Lite 5.2 was used for quantitation of Western blots. Levels of HTRA1
normalized to the levels of beta-actin (ACTB) are represented graphically as relative fold change. The data obtained from immunoblot
analysis were analyzed using Shapiro-Wilk test for normality and Student's t test to calculate the p values. The p-values <.01 and.001 are
indicated with ** and ***, respectively. NS indicates nonsignificance in the comparison of two data sets. (h) Quantitation of immunoblot
detecting the levels of CTRP5 in mice posterior eyecup lysates normalized to the levels of beta-actin
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together with its previously demonstrated tendency to aggregate,
could explain the formation of thick deposits at the basal RPE
(Figure 5b) and indicates a potential link between HTRA1 and CTRP5
pathology in the retina.

2.6 | Mass spectrometry analysis of BM-Ch from
Wt and Ctrp5 knock-in mice reveals accumulation of
CTRP5 and HTRAT1 in basal deposits of L-ORD
mouse models

The formation of basal deposits associated with the BM is one of
the key pathological features of both L-ORD and AMD (Milam et
al., 2000). Two mouse models of L-ORD have been previously gen-
erated, involving either heterozygous (Ctrp5°1%*") (Chavali et al.,

55163R/5163R) (Borooah

2011) or homozygous S163R mutations (Ctrp
et al; unpublished data), respectively. Both models developed basal
deposits associated with BM.

Using these two mouse models of L-ORD, we examined the mo-
lecular mechanisms underlying L-ORD pathology with a proteomic
approach. Two samples from each type of mutant mice and 4 sam-
ples from Wt mice were analyzed. Each sample was a composite of
BM-Ch from four or more mice. Mass spectrometric analysis iden-
tified increased levels of both CTRP5 and HTRA1 in the BM-Ch of
both L-ORD mouse models. Shown in Figure 5a are the levels of
these proteins in Ctrp5°163RWt Ctrp55163R/5163R 3nd Wt mice. The LFQ
(label-free quantification) intensities for the proteins in each geno-
type were averaged. Levels of CTRP5 were 10-fold higher in the BM-
Ch of Ctrp551°3R/"“t mice than those in Wt mice as early as 5 months
and increased to 12-fold in 18-month-old mice (Figure 5a). In com-
parison, the levels of CTRP5 detected in the BM-Ch tissue of 5-
month-old and 18-month-old Ctrp5°1¢3R/5163R mice were 22-fold and
27-fold higher, respectively, compared with the Wt mice (Figure 5a),
suggesting an age-dependent accumulation of CTRP5 in BM-Ch.

The S163R mutation in CTRP5 resides in the tryptic peptide 162-
170 (ASLQFDLVK). By comparing LFQ peptide intensities, it was de-
termined that the intensity of this peptide in heterozygous BM-Ch
samples was approximately 40% of that found in wild-type BM-Ch
samples. However, this peptide was not observed in Ctrp5°163R/5163R
BM-Ch samples (Table S2). The substitution of Arg for Ser at amino
acid position 163 is predicted to introduce an additional tryptic cleav-
age site generating the shorter peptide, LQFDLVK. Following fur-
ther analysis of the mass spectrometric data, the peptide sequence
LQFDLVK was identified in all Ctrp5°1¢3R"t and Ctrp5°163R/5163R sam-
ples but not in Wt samples. Taken together, this indicates that both
WT and S163R-CTRP5 proteins were only present in BM-Ch sam-
ples from Ctrp5°163R™t mice, while only the mutant S163R-CTRP5

55163R/$163R

peptide was present in Ctrp samples. Assuming that the

mass spectral intensities were the same per unit WT and mutant
peptide, about 2- to 3-fold more mutant peptide than WT peptide

was observed in the heterozygous samples. The 18-month samples

55163R/5163R

from Ctrp mice had about 3-fold more mutant protein

55163R/wt

than the corresponding 18-month samples from Ctrp mice.

Previous reports indicated that the expression of S163R-CTRP5

leads to a reduction in the formation of WT-CTRP5 octadecamers
as a result of co-aggregation of WT-CTRP5 with S163R-CTRP5
(Stanton et al., 2017). Accumulation of both WT-CTRP5 and S163R-
CTRP5 in Ctrp5°1%3*/"t mice as well as stronger deposition of the
S163R-CTRP5 mutant in Ctrp5°163R/5163R mice supports these find-
ings. Furthermore, the aggregation and age-dependent progression
of deposit formation caused by S163R-CTRP5 observed in these
studies mimic the phenotype seen in L-ORD patients.

Mass spectrometric analyses also showed a significant accu-
mulation of HTRA1 in the BM-Ch basal deposits in both Ctrp5°163%/
Wt and Ctrp5°163R/5163R models (Figure 5a). The levels of HTRA1 in
BM-Ch tissue of Ctrp5°15**"t mice were 5-fold higher than that of
Wt mice at 5 months and 3-fold in 18-month-old mice. However, in
Ctrp55163R/5163R mice, the levels of HTRA1 were 15-fold and 24-fold
higher in 5-month-old and 18-month-old animals, respectively, when
compared with that in age-matched Wt mice. These findings indicate
the accumulation of HTRA1 in the BM-Ch at the region of basal sub-
RPE deposits in both Ctrp5°163R/5163R and Ctrp5°193R "t mouse models
when compared to that of age-matched Wt mice.

These results were confirmed by immunostaining of the retinal
sections of Ctrp55163R/Wt, Ctrp55163R/5163R, and Wt mice with antibod-
ies specific to CTRP5 and HTRA1 which detected immunoreactive
signals in all three genotypes in the basal RPE region. The corre-
sponding hematoxylin-and-eosin-stained retinal section indicated
no gross abnormalities in the retinal architecture in Ctrp5 mutant
mice (Figure S5). However, the intensity of immunostaining for both
CTRP5 and HTRA1 was much stronger in drusen-like deposits in the
sub-RPE region of Ctrp5°163R/5163R and Ctrp5°163R™t mice (Figure 5b,
c and S4), further supporting the accumulation of these proteins in
basal RPE deposits.

2.7 | Expression of Ctrp5 and Htral in L-ORD
mouse models

We also asked whether the S163R mutation in the CTRP5 protein af-
fected the regulation of Ctrp5 and Htral expression. Analysis of the
expression of Ctrp5 in posterior eyecup lysates by quantitative real-
time polymerase chain reaction (QRT-PCR) showed that the levels
of Ctrp5 mRNA in Ctrp55163R/"” mice were 2-fold higher when com-
pared to its expression in Wt mice (Figure 5d). However, the level

of expression of Ctrp5 in Ctrp5°163R/S163R

mice was not significantly
different from that observed in Wt mice (Figure 5d). In the case of
Htra1, qRT-PCR analysis of Ctrp5°1¢3R"t and Ctrp5°163R/5163R mice re-
vealed a significant increase (3-fold and 4-fold, respectively) in the
expression of Htral when compared to that of Wt mice (Figure 5e;
p < .003). However, the levels of CTRP5 detected by immuno-
blot analysis were similar in the posterior eyecup lysates of both
Ctrp55163RWE and Ctrp5°163R/5163R mice aged 3-6 months, and higher
compared to the levels observed in age-matched Wt mice (Figure 5f).
Consistent with these findings, increased levels of HTRA1 were ob-
served by immunoblot analysis of these lysates (Figure 5f). Thus,
while Htral gene expression is correlated with HTRA1 accumulation
in deposits and might contribute to it, Ctrp5 gene expression does
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not reflect CTRP5 accumulation, at least in the basal deposits of

Ctrp55163R/5163R mice.

2.8 | Levels of HTRA1 substrates are elevated in L-
ORD mouse models

Recent studies show that a promoter variant causing increased ex-
pression of HTRA1 in RPE cells leads to elevated levels of ECM pro-
teins including HTRA1 substrates (Lin et al., 2018). Specifically, the
HTRA1 substrates vitronectin, clusterin, Adam9, C3, and tubulin were
also detected in the human RPE secretome (An et al., 2010; Melo et
al., 2018). As the expression of Htral is elevated in our L-ORD mouse
models, we investigated the impact of the increased Htral on HTRA1
substrates in the RPE-choroid of these mouse models using immuno-
blot analysis at the age of 3-6 months. Our studies showed increased
levels of all HTRA1 substrates tested, except tubulin, in the lysates

Wt Ctrp5S16RWE Gy 5S163R/S163R wit

c"p 5S163RWt Ctrp 5S163R/S163R

of posterior eyecups of both Ctrp5°1%3R/"t and Ctrp55163R/S163R mice
(Figure 6a). The levels of tubulin were higher in the posterior eyecup
lysates of Ctrp5°1¢3R/5163R 3. to 6-month mice, when compared with
Wi, but not in Ctrp5°1%*"t mice (Figure 6b). These results indicate
that the S163R mutation in Ctrp5 leads to the accumulation of HTRA1
substrates in the RPE-choroid region of L-ORD mouse models.

3 | DISCUSSION

In the present study, we identified HTRA1 as a crucial player involved
in the pathogenesis of L-ORD. We observed that HTRA1 interacts
strongly with CTRP5. In an independent proteomic screen focused
on identifying proteins deposited in the sub-RPE space, we found
HTRA1 and CTRP5 as major proteins accumulated in Ctrp5°1¢3f*t and

Ctrp5°163R/S163R | _ORD mouse models when compared to Wt (Figure 5b
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and c). In addition, CTRP5 is observed to modulate the activity of
HTRA1 and serves as a substrate of HTRA1 in vitro. These findings
strongly suggest the involvement of HTRA1 in L-ORD pathology.
Both CTRP5 and HTRA1 are components of the ECM and are ex-
pressed and secreted by RPE, the cell type that is primarily affected
in L-ORD. HTRA1 is an ubiquitous serine protease expressed in a wide
variety of tissues (De Luca et al., 2003). It is suggested to play a cru-
cial role in ECM reorganization and protein quality control during de-
velopment and disease (Chamberland et al., 2009; Chien et al., 2004;
Clausen, Kaiser, Huber, & Ehrmann, 2011; Grau et al., 2006; Nie et
al., 2006; Tennstaedt et al., 2012). While CTRP5 is also expressed in
multiple tissues, the physiological role of CTRP5 has not been estab-
lished. Previous studies from our group and others have shown that
WT-CTRP5 forms multimers and that S163R-CTRP5 enhances the
formation of aggregates in cell culture models (Mandal, Vasireddy,
Reddy, et al., 2006; Shu et al., 2011; Stanton et al., 2017) and in mice
with adeno-associated virus-expressed S163R-CTRP5 (Dinculescu
et al,, 2015). Consistent with these findings, we observed a signifi-
cant accumulation of sub-RPE deposits in the L-ORD mouse models
Ctrp55163R/Wt (Chavali et al., 2011) and Ctrp5516‘w/5163R (Figure 5b),
similar to the deposits reported in patients with L-ORD (Milam et al.,
2000). In addition, Ctrp5°1%°**t mice also exhibited dark adaptation
abnormalities with significantly decreased electrophysiological re-
sponses. Progressive accumulation of autofluorescent spots along
with compromised rod photoreceptor function was observed in this
mouse model. Interestingly, detailed ultrastructural analysis of RPE
of Ctrp55163R/Wt demonstrated the presence of vesicular structures
filled with electron dense substance along with structural aberrations
indicating RPE dysfunction (Chavali et al., 2011; Sahu et al., 2015).
We have also observed formation of similar deposits in Ctrp5°163R/5163R
mice (Borooah et al; unpublished data). (Chavali et al., 2011). Mass
spectrometric analysis revealed the presence of both WT-CTRP5
and S163R-CTRP5 in Ctrp5°1%°*"t (Figure 5a) and S163R-CTRP5 in
Ctrp55163R/5163R mice. Accumulation of HTRA1 is also observed along
with CTRP5 in sub-RPE deposits of Ctrp5°1¢3R/"t and Ctrp5°163R/S163R
mice (Figure 5a). Taken together, these findings establish that S163R-
CTRP5, WT-CTRP5, and HTRA1 contribute to the formation of sub-
RPE deposits observed in mouse models and patients with L-ORD.
Deposit-forming retinal phenotypes are observed in two mono-
genic, dominant macular degenerations, Doyne honeycomb retinal
dystrophy (DHRD) due to mutations in EGF containing fibulin ex-
tracellular matrix protein 1 (EFEMP1) and Sorsby fundus dystrophy
(SFD) due to mutations in tissue inhibitor of metalloproteinase-3
(TIMP3), in addition to the common condition AMD (Fu et al., 2007;
Klenotic, Munier, Marmorstein, & Anand-Apte, 2004). HTRA1,
which interacts with CTRP5, has been reported as a major protein
associated with the AMD (Chong et al., 2015; Yan et al., 2018; Yang
et al., 2006). All three diseases share phenotypic similarity with L-
ORD, including the formation of protein aggregates. Furthermore,
CTRP5, EFEMP1, TIMP3, and HTRA1 implicated in these diseases
are all ECM components (Jacobson et al., 2002; Marmorstein et al.,
2002; Yang et al., 2006). This suggests a common mechanism un-
derlying the pathology of these drusen-forming retinal phenotypes.

Formation of high molecular weight protein aggregates has been
suggested as the underlying cause of several neurodegenerative
diseases including retinal degenerations (Dawson & Dawson, 2003;
Illing, Rajan, Bence, & Kopito, 2002; Labbadia & Morimoto, 2013; Lee,
Goedert, & Trojanowski, 2001; Selkoe, 2004; Tzekov, Stein, & Kaushal,
2011). Cellular stress due to accumulation of protein aggregates, and
abnormal protein turnover has been implicated in the pathology
of these conditions (Grune, Jung, Merker, & Davies, 2004; Grune,
Reinheckel, Li, North, & Davies, 2002; Grune, Shringarpure, Sitte, &
Davies, 2001). It is possible that the protein aggregates formed in the
RPE of patients with the drusen-deposit phenotype may exert cellu-
lar stress leading to RPE pathology (Usui et al., 2019). Alternatively,
formation of the aggregates of ECM components CTRP5, HTRA1,
EFEMP1, and TIMP3 may result in dysregulation of the extracellu-
lar environment of the RPE with high metabolic activity, leading to
RPE abnormalities and deposit formation. Furthermore, it has been
suggested that the accumulation of abnormal basal deposits in sub-
RPE with age may hinder the exchange of metabolites and nutrients
between the RPE and choroid by forming a physical barrier resulting
in age-related degeneration of retinal tissue (Curcio & Millican, 1999;
Kuntz et al., 1996; Spaide, Ooto, & Curcio, 2018). Any one of these or
all three mechanisms may underlie the pathology of L-ORD.

Our data from the proteolytic cleavage and Y2H assays demon-
strate that WT-CTRPS5 is a substrate for HTRA1. However, the resis-
tance of S163R-CTRP5 to HTRA1 cleavage (Figure 4a) likely impacts
its turnover and results in depletion of cleavage products and depo-
sition of the protein. This resistance might be due to a conforma-
tional change in S163R-CTRP5 that alters the surface properties
and modulates both the cleavage efficiency of this protein as well
as its aggregation tendency. Future studies focused on mapping the
HTRA1 cleavage site in CTRP5, as well as understanding the role of
CTRP5 cleavage products, may provide further insight.

ECM proteins such as Col3al-C are known to interact with
HTRAZ1 through their PDZ-ligands and enhance HTRA1 activity in
vitro (Murwantoko et al., 2004). However Truebestein et al showed
that PDZ domain of human HTRA1 is dispensable for its activation
indicating the existence of alternative mechanisms of substrate-in-
duced HTRA1 activation (Truebestein et al., 2011). In the present
study, in addition to serving as a substrate of HTRA1, CTRP5 also
enhances the activity of HTRA1 by binding to the PDZ domain of
HTRAZ1, suggesting a role for CTRP5 as an activator of HTRA1 and
establishing physiological relevance to the interaction of these
two proteins. Both proteins, WT-CTRP5 and S163R-CTRP5, con-
tain PDZ-binding motifs at their C-termini, which can regulate the
proteolytic activity of HTRA proteases. In solution, human HTRA1
exists primarily as a trimer regulated by an allosteric mechanism
whereby activated monomers transfer the signal to other mono-
mers of the trimer (Cabrera et al., 2017). Both the WT-CTRP5 and
S163R-CTRP5 enhance the protease activity of HTRA1 in vitro
(Figure 2b). However, we observed a reduction in HTRA1 activity in
vitro, when HTRA1 was preincubated with S163R-CTRP5 or a mix-
ture of WT-CTRP5 and S163R-CTRP5 compared with WT-CTRP5
alone (Figure 2c). If the in vitro preincubation assay conditions
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mimic the extracellular milieu of RPE with accumulated HTRA1 and
S163R-CTRP5, the HTRA1 activity in L-ORD mouse models could
be significantly lower compared with the Wt mice. The accumulation
of HTRA1 substrates clusterin, vitronectin, C3, ADAMY, and tubulin
detected in L-ORD mouse models may indicate the lack of normal
levels of HTRA1 activity and/or abnormal turnover of ECM proteins
(Figure 6). Aberrant regulation of ECM has been well established in
the pathology of macular degenerations with drusen-deposit phe-
notype including AMD (Fernandez-Godino, Pierce, & Garland, 2016;
Khan et al., 2017, 2016). Similarly, dysregulation of the ECM in L-
ORD mouse models may play a role in disease pathology.

The S163R mutation in the Ctrp5 gene is not only correlated with
the accumulation of HTRA1, but also additionally with the elevated
expression of the Htral gene in L-ORD mouse models (Figure 5e).
Despite this increase in expression, accumulation of HTRA1 sub-
strates noted in these mouse models is intriguing. It is likely that
binding of HTRA1 with S163R-CTRP5 may cause (a) aggregation of
HTRA1 which physically separates HTRA1 and hinders access to its
substrates and (b) steric hindrance for HTRA1 to interact with other
substrates or to exert protease activity resulting in an accumulation
of these substrates. While this requires further investigation, the ac-
cumulated HTRA1 substrates may result in a feedback regulatory
signal leading to increased levels of Htral expression similar to that
observed in the L-ORD mouse models.

Elevated HTRA1 expression is associated with AMD, arthritis,
Alzheimer's disease, and Duchenne muscular dystrophy (Bakay,
Zhao, Chen, & Hoffman, 2002; Gibbs et al., 2008; Hu et al., 1998;
Tsuchiya et al., 2005; Yang et al., 2006). Specifically, the rs11200638
variant in the promoter region of HTRA1, which is identified as a
major risk allele for AMD, results in elevated HTRA1 expression
(DeWan et al., 2006). In addition, HTRA1 up-regulation in RPE ap-
pears to result in RPE atrophy and photoreceptor degeneration as
well as CNV (Jones et al., 2011; Kumar, Berriochoa, Ambati, & Fu,
2014; Melo et al., 2018). Although extrapolation of findings from in
vitro studies suggests a potential reduction in the HTRA1 activity
in the presence of the S-163R-CTRP5 in vivo, currently molecular
assays to selectively measure HTRA1 activity in vivo in the L-ORD
mouse models have not been established. Future studies focused on
HTRA1 activity in vivo may reveal the level of activity of HTRA1 and
its potential role in RPE dysfunction and L-ORD pathology.

In summary, our results suggest a complex interplay between
HTRA1 and CTRP5 and point to a dual role of CTRP5 as an allosteric
activator and a substrate for HTRA1. The present study shows that
HTRA1/CTRPS5 interaction has a physiological function and CTRP5,
as an HTRA1 activator, may be involved in HTRA1-dependent ECM
remodeling. HTRA1 has been previously reported to cleave a wide
variety of proteins which are involved in formation of sub-retinal de-
posits and thereby functions in remodeling ECM within the sub-reti-
nal space. In this context, HTRA1 by its enzymatic activity may have
the ability to influence protein turnover in the extracellular milieu
of RPE cells. The drusen phenotype and the findings in the L-ORD
mouse models point to the dysfunction of ECM homeostasis as a
central feature in the development of disease pathology. RPE plays
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a predominant role in age-related changes in BM by formation of
basal deposits either directly by altering expression and secretion of
ECM proteins or indirectly by regulation of protein turnover in ECM
(Bergen et al., 2018; Liu, Ye, Yanoff, & Li, 1997). The study of mono-
genic diseases like L-ORD could provide a better understanding of
the etiology of drusenogenesis as compared to studies of a more
complex and multi-factorial disease, such as AMD. Therefore, future
studies aimed at analyzing the impact of other L-ORD mutations
identified recently on HTRA1 activity and the cleavage products of
CTRP5 may shed light on the global mechanism of HTRA1-mediated
pathologies.

4 | EXPERIMENTAL PROCEDURES

Detailed description of materials and methods used in the study was
included in the Appendix S1.

ACKNOWLEDGMENTS

R.A was supported by The Foundation Fighting Blindness, Edward
N. & Della L. Thome memorial foundation (RA), Research to Prevent
Blindness, NIH- RO1EY21237, P30-EY22589. S.B was supported by
the Fulbright Fight for Sight program, grants from the Global oph-
thalmology awards program from Bayer, and a Foundation Fighting
Blindness Career Development Award. KZR and SS were supported
by NIH grant DK47137 and SS holds a Tata Chancellor's Chair in
Molecular Biology. CH and CS are supported by an MRC University
Unit Programme Grant MC_UU_00007/10.

CONFLICT OF INTEREST

None declared.

AUTHOR CONTRIBUTIONS

AC and KZR: designed and performed the majority of experiments
and prepared the manuscript. AC: coordinated the study with collab-
orators, maintained mouse models, provided tissue samples for analy-
sis, and prepared purified proteins. DG: performed proteome analysis
and analyzed data. ASH, VK, MV, PB; performed experiments. AC,
SB, DG: involved in in silico structure modeling. SB: involved in data
interpretation and manuscript writing. CS, CH: provided CTRP5 plas-
mids, interpreted the data, and wrote the manuscript. PS: provided
HTRA1 plasmid and interpreted the data. RA, SS: designed, super-
vised the study, interpreted the data, prepared the manuscript, and

acquired funding. RA: developed the concept of the study.

ORCID

Anil Chekuri https://orcid.org/0000-0002-0652-2630

Katarzyna Zientara-Rytter
https://orcid.org/0000-0002-9352-1758


https://orcid.org/0000-0002-0652-2630
https://orcid.org/0000-0002-0652-2630
https://orcid.org/0000-0002-9352-1758
https://orcid.org/0000-0002-9352-1758

CHEKURI ET AL.

120f 14 Aglng

Suresh Subramani https://orcid.org/0000-0003-0180-1742

Radha Ayyagari https://orcid.org/0000-0002-6804-7740

REFERENCES

An, E., Sen, S., Park, S. K., Gordish-Dressman, H., & Hathout, Y. (2010).
Identification of Novel substrates for the serine protease HTRA1
in the human RPE secretome. Investigative Opthalmology & Visual
Science, 51(7), 3379-3386. https://doi.org/10.1167/iovs.09-4853

Ayyagari,R.,Griesinger, |.B.,Bingham,E., Lark,K.K.,Moroi,S.E.,&Sieving,
P. A. (2000). Autosomal dominant hemorrhagic macular dystrophy
not associated with the TIMP3 gene. Archives of Ophthalmology, 118,
85-92. https://doi.org/10.1001/archopht.118.1.85

Ayyagari, R., Mandal, M. N. A., Karoukis, A. J., Chen, L., McLaren, N. C,,
Lichter, M., & Sieving, P. A. (2005). Late-onset macular degeneration
and long anterior lens zonules result from a CTRP5 gene mutation.
Investigative Ophthalmology & Visual Science, 46, 3363-3371. https://
doi.org/10.1167/iovs.05-0159

Bakay, M., Zhao, P., Chen, J., & Hoffman, E. P. (2002). A web-accessi-
ble complete transcriptome of normal human and DMD mus-
cle. Neuromuscular Disorders, 12(Suppl 1), S125-141. https://doi.
org/10.1016/50960-8966(02)00093-7

Bergen, A. A, Arya, S., Koster, C., Pilgrim, M. G., Wiatrek-Moumoulidis,
D., van der Spek, P. J,, ... Lengyel, I. (2018). On the origin of proteins
in human drusen: The meet, greet and stick hypothesis. Progress in
Retinal and Eye Research, 70, 55-84. https://doi.org/10.1016/j.prete
yeres.2018.12.003

Borooah, S., Collins, C., Wright, A., & Dhillon, B. (2009). Late-onset ret-
inal macular degeneration: Clinical insights into an inherited retinal
degeneration. British Journal of Ophthalmology, 93, 284-289. https://
doi.org/10.1136/bjo.2008.150151

Borooah, S., Stanton, C. M., Marsh, J,, Carss, K. J., Waseem, N., Biswas, P.,
... Webster, A. R.(2018). Whole genome sequencing reveals novel mu-
tations causing autosomal dominant inherited macular degeneration.
Ophthalmic Genetics, 39, 763-770. https://doi.org/10.1080/13816
810.2018.1546406

Cabrera, A. C., Melo, E., Roth, D., Topp, A., Delobel, F., Stucki, C, ...
Petrone, P. (2017). HtrA1 activation is driven by an allosteric mecha-
nism of inter-monomer communication. Scientific Reports, 7, 14804.
https://doi.org/10.1038/s41598-017-14208-z

Campioni, M., Severino, A., Manente, L., Tuduce, I. L., Toldo, S., Caraglia,
M., ... Baldi, A.(2010). The serine protease HtrA1 specifically interacts
and degrades the tuberous sclerosis complex 2 protein. Molecular
Cancer Research, 8, 1248-1260. https://doi.org/10.1158/1541-7786.
MCR-09-0473

Chamberland, A., Wang, E., Jones, A. R., Collins-Racie, L. A., LaVallie,
E.R., Huang, Y., ... Yang, Z. (2009). Identification of a novel HtrA1-
susceptible cleavage site in human aggrecan: Evidence for the
involvement of HtrAl in aggrecan proteolysis in vivo. Journal of
Biological Chemistry, 284, 27352-27359. https://doi.org/10.1074/
jbc.M109.037051

Chavali, V. R., Khan, N. W., Cukras, C. A., Bartsch, D. U, Jablonski, M. M.,
& Ayyagari, R. (2011) A CTRP5 gene S163R mutation knock-in mouse
model for late-onset retinal degeneration. Human Molecular Genetics,
20(10), 2000-2014. https://doi.org/10.1093/hmg/ddr080

Chien, C.T., Bartel, P. L., Sternglanz, R., & Fields, S. (1991). The two-hybrid
system: A method to identify and clone genes for proteins that inter-
act with a protein of interest. Proceedings of the National Academy of
Sciences, 88, 9578-9582. https://doi.org/10.1073/pnas.88.21.9578

Chien, J., Staub, J., Hu, S.-1., Erickson-Johnson, M. R., Couch, F. J., Smith,
D. I., ... Shridhar, V. (2004). A candidate tumor suppressor HtrA1 is
downregulated in ovarian cancer. Oncogene, 23, 1636-1644. https://
doi.org/10.1038/sj.onc.1207271

Chong, E. W., Amirul Islam, F. M., Robman, L. D., Aung, K. Z., Richardson,
A.J., Baird, P.N., & Guymer, R. H. (2015) Age-related macular degen-
eration phenotypes associated with mutually exclusive homozygous
risk variants in cfh and htral genes. Retina, 35(5), 989-998. https://
doi.org/10.1097/IAE.0000000000000417

Clausen, T., Kaiser, M., Huber, R., & Ehrmann, M. (2011). HTRA pro-
teases: Regulated proteolysis in protein quality control. Nature
Reviews Molecular Cell Biology, 12, 152-162. https://doi.org/10.1038/
nrm3065

Cukras, C. A. F. F.,, Ayyagari, R., Wong, W. T., & Sieving, P. A. (2015).
Longitudinal Changes in late onset retinal degeneration ARVO meet-
ing. Retina, 36(12), 2348-2356.

Curcio, C.A.,&Millican, C. L.(1999). Basal linear depositand large drusen are
specific for early age-related maculopathy. Archives of Ophthalmology,
117, 329-339. https://doi.org/10.1001/archopht.117.3.329

Dawson, T. M., & Dawson, V. L. (2003). Molecular pathways of neurode-
generation in Parkinson's disease. Science, 302, 819-822. https://doi.
org/10.1126/science.1087753

De Luca, A., De Falco, M., Severino, A., Campioni, M., Santini, D.,
Baldi, F., ... Baldi, A. (2003). Distribution of the serine protease
HtrA1 in normal human tissues. Journal of Histochemistry and
Cytochemistry, 51, 1279-1284. https://doi.org/10.1177/00221
5540305101004

DeWan, A, Liu, M., Hartman, S., Zhang, S.-S.-M., Liu, D. T. L., Zhao, C.,
... Hoh, J. (2006). HTRA1 promoter polymorphism in wet age-re-
lated macular degeneration. Science, 314, 989-992. https://doi.
org/10.1126/science.1133807

Dinculescu, A., Min, S.-H., Dyka, F. M., Deng, W.-T., Stupay, R. M.,
Chiodo, V., ... Hauswirth, W. W. (2015). Pathological effects of mu-
tant CIQTNF5 (S163R) expression in murine retinal pigment epithe-
lium. Investigative Ophthalmology & Visual Science, 56, 6971-6980.
https://doi.org/10.1167/iovs.15-17166

Dinkel, H., Van Roey, K., Michael, S., Kumar, M., Uyar, B., Altenberg, B.,
... Gibson, T. J. (2016). ELM 2016-data update and new functionality
of the eukaryotic linear motif resource. Nucleic Acids Research, 44,
D294-D300. https://doi.org/10.1093/nar/gkv1291

Fernandez-Godino, R., Pierce, E. A., & Garland, D. L. (2016). Extracellular
matrix alterations and deposit formation in AMD. Advances
in Experimental Medicine and Biology, 854, 53-58. https://doi.
org/10.1007/978-3-319-17121-0_8

Fields, S., & Song, O. (1989). A novel genetic system to detect pro-
tein-protein interactions. Nature, 340, 245-246. https://doi.
org/10.1038/340245a0

Fu, L. I, Garland, D., Yang, Z., Shukla, D., Rajendran, A., Pearson, E., ...
Pierce, E. A. (2007). The R345W mutation in EFEMP1 is pathogenic
and causes AMD-like deposits in mice. Human Molecular Genetics, 16,
2411-2422. https://doi.org/10.1093/hmg/ddm198

Ghai, R., Waters, P., Roumenina, L. T., Gadjeva, M., Kojouharova, M.
S., Reid, K. B. M., ... Kishore, U. (2007). C1q and its growing fam-
ily. Immunobiology, 212, 253-266. https://doi.org/10.1016/j.
imbio.2006.11.001

Gibbs, D., Yang, Z., Constantine, R., Ma, X., Camp, N. J., Yang, X., ...
Zhang, K. (2008). Further mapping of 10q26 supports strong asso-
ciation of HTRA1 polymorphisms with age-related macular degen-
eration. Vision Research, 48, 685-689. https://doi.org/10.1016/j.
visres.2007.10.022

Grau, S., Richards, P. J., Kerr, B., Hughes, C., Caterson, B., Williams, A.
S., ... Ehrmann, M. (2006). The role of human HtrA1 in arthritic dis-
ease. Journal of Biological Chemistry, 281, 6124-6129. https://doi.
org/10.1074/jbc.M500361200

Grune, T., Jung, T., Merker, K., & Davies, K. J. (2004). Decreased pro-
teolysis caused by protein aggregates, inclusion bodies, plaques,
lipofuscin, ceroid, and 'aggresomes' during oxidative stress, aging,
and disease. International Journal of Biochemistry & Cell Biology, 36,
2519-2530. https://doi.org/10.1016/j.biocel.2004.04.020


https://orcid.org/0000-0003-0180-1742
https://orcid.org/0000-0003-0180-1742
https://orcid.org/0000-0002-6804-7740
https://orcid.org/0000-0002-6804-7740
https://doi.org/10.1167/iovs.09-4853
https://doi.org/10.1001/archopht.118.1.85
https://doi.org/10.1167/iovs.05-0159
https://doi.org/10.1167/iovs.05-0159
https://doi.org/10.1016/S0960-8966(02)00093-7
https://doi.org/10.1016/S0960-8966(02)00093-7
https://doi.org/10.1016/j.preteyeres.2018.12.003
https://doi.org/10.1016/j.preteyeres.2018.12.003
https://doi.org/10.1136/bjo.2008.150151
https://doi.org/10.1136/bjo.2008.150151
https://doi.org/10.1080/13816810.2018.1546406
https://doi.org/10.1080/13816810.2018.1546406
https://doi.org/10.1038/s41598-017-14208-z
https://doi.org/10.1158/1541-7786.MCR-09-0473
https://doi.org/10.1158/1541-7786.MCR-09-0473
https://doi.org/10.1074/jbc.M109.037051
https://doi.org/10.1074/jbc.M109.037051
https://doi.org/10.1093/hmg/ddr080
https://doi.org/10.1073/pnas.88.21.9578
https://doi.org/10.1038/sj.onc.1207271
https://doi.org/10.1038/sj.onc.1207271
https://doi.org/10.1097/IAE.0000000000000417
https://doi.org/10.1097/IAE.0000000000000417
https://doi.org/10.1038/nrm3065
https://doi.org/10.1038/nrm3065
https://doi.org/10.1001/archopht.117.3.329
https://doi.org/10.1126/science.1087753
https://doi.org/10.1126/science.1087753
https://doi.org/10.1177/002215540305101004
https://doi.org/10.1177/002215540305101004
https://doi.org/10.1126/science.1133807
https://doi.org/10.1126/science.1133807
https://doi.org/10.1167/iovs.15-17166
https://doi.org/10.1093/nar/gkv1291
https://doi.org/10.1007/978-3-319-17121-0_8
https://doi.org/10.1007/978-3-319-17121-0_8
https://doi.org/10.1038/340245a0
https://doi.org/10.1038/340245a0
https://doi.org/10.1093/hmg/ddm198
https://doi.org/10.1016/j.imbio.2006.11.001
https://doi.org/10.1016/j.imbio.2006.11.001
https://doi.org/10.1016/j.visres.2007.10.022
https://doi.org/10.1016/j.visres.2007.10.022
https://doi.org/10.1074/jbc.M500361200
https://doi.org/10.1074/jbc.M500361200
https://doi.org/10.1016/j.biocel.2004.04.020

CHEKURI ET AL.

Grune, T., Reinheckel, T., Li, R., North, J. A., & Davies, K. J. (2002).
Proteasome-dependent turnover of protein disulfide isomerase in
oxidatively stressed cells. Archives of Biochemistry and Biophysics,
397,407-413. https://doi.org/10.1006/abbi.2001.2719

Grune, T., Shringarpure, R., Sitte, N., & Davies, K. (2001). Age-related
changes in protein oxidation and proteolysis in mammalian cells.
Journals of Gerontology. Series A, Biological Sciences and Medical
Sciences, 56, B459-467. https://doi.org/10.1093/gerona/56.11.B459

Hayward, C., Shu, X., Cideciyan, A. V., Lennon, A., Barran, P., Zareparsi,
S., ... Wright, A. F. (2003). Mutation in a short-chain collagen gene,
CTRPS5, results in extracellular deposit formation in late-onset retinal
degeneration: A genetic model for age-related macular degeneration.
Human Molecular Genetics, 12, 2657-2667. https://doi.org/10.1093/
hmg/ddg289

Hu, S. ., Carozza, M., Klein, M., Nantermet, P., Luk, D., & Crowl, R. M.
(1998). Human HtrA, an evolutionarily conserved serine protease
identified as a differentially expressed gene product in osteoarthritic
cartilage. Journal of Biological Chemistry, 273, 34406-34412. https://
doi.org/10.1074/jbc.273.51.34406

Illing, M. E., Rajan, R. S., Bence, N. F., & Kopito, R. R. (2002). A rhodop-
sin mutant linked to autosomal dominant retinitis pigmentosa is
prone to aggregate and interacts with the ubiquitin proteasome sys-
tem. Journal of Biological Chemistry, 277, 34150-34160. https://doi.
org/10.1074/jbc.M204955200

Jacobson, S. G., Cideciyan, A. V., Bennett, J.,, Kingsley, R. M., Sheffield, V.
C., & Stone, E. M. (2002). Novel mutation in the TIMP3 gene causes
Sorsby fundus dystrophy. Archives of Ophthalmology, 120, 376-379.
https://doi.org/10.1001/archopht.120.3.376

Jones, A., Kumar, S., Zhang, N., Tong, Z., Yang, J.-H., Watt, C., ... Fu, Y.
(2011) Increased expression of multifunctional serine protease,
HTRA1, in retinal pigment epithelium induces polypoidal choroidal
vasculopathy in mice. Proceedings of the National Academy of Sciences,
108(35), 14578-14583. https://doi.org/10.1073/pnas.1102853108

Khan, K. N., Chana, R., Ali, N., Wright, G., Webster, A. R., Moore, A. T., &
Michaelides, M. (2017). Advanced diagnostic genetic testing in inher-
ited retinal disease: Experience from a single tertiary referral centre
in the UK National Health Service. Clinical Genetics, 91, 38-45. https
://doi.org/10.1111/cge.12798

Khan, K. N., Mahroo, O. A., Khan, R. S., Mohamed, M. D., McKibbin, M.,
Bird, A, ... Moore, A. T. (2016). Differentiating drusen: Drusen and
drusen-like appearances associated with ageing, age-related macu-
lar degeneration, inherited eye disease and other pathological pro-
cesses. Progress in Retinal and Eye Research, 53, 70-106. https://doi.
org/10.1016/j.preteyeres.2016.04.008

Klenotic, P. A., Munier, F. L., Marmorstein, L. Y., & Anand-Apte, B.
(2004). Tissue inhibitor of metalloproteinases-3 (TIMP-3) is a bind-
ing partner of epithelial growth factor-containing fibulin-like extra-
cellular matrix protein 1 (EFEMP1). Journal of Biological Chemistry,
279(29), 30469-30473. https://doi.org/10.1074/jbc.M403026200

Kouser, L., Madhukaran, S. P., Shastri, A., Saraon, A., Ferluga, J., Al-
Mozaini, M., & Kishore, U. (2015) Emerging and Novel Functions
of Complement Protein C1q. Frontiers in Immunology, 6, https://doi.
org/10.3389/fimmu.2015.00317

Kumar, S., Berriochoa, Z., Ambati, B. K., & Fu, Y. (2014). Angiographic
features of transgenic mice with increased expression of human
serine protease HTRA1 in retinal pigment epithelium. Investigative
Ophthalmology & Visual Science, 55, 3842-3850. https://doi.
org/10.1167/iovs.13-13111

Kuntz, C. A., Jacobson, S. G., Cideciyan, A. V,, Li, Z. Y., Stone, E. M,
Possin, D., & Milam, A. H. (1996). Sub-retinal pigment epithelial de-
posits in a dominant late-onset retinal degeneration. Investigative
Ophthalmology & Visual Science, 37, 1772-1782.

Labbadia, J., & Morimoto, R. I. (2013). Huntington's disease: Underlying
molecular mechanisms and emerging concepts. Trends in Biochemical
Sciences, 38, 378-385. https://doi.org/10.1016/j.tibs.2013.05.003

Aglng 130f 14

Lee, V. M., Goedert, M., & Trojanowski, J. Q. (2001). Neurodegenerative
Tauopathies. Annual Review of Neuroscience, 24(1), 1121-1159. https
://doi.org/10.1146/annurev.neuro.24.1.1121

Lin, M. K., Yang, J., Hsu, C. W., Gore, A,, Bassuk, A. G., Brown, L. M,,
... Tsang, S. H. (2018). HTRA1, an age-related macular degeneration
protease, processes extracellular matrix proteins EFEMP1 and TSP1.
Aging Cell, 17(4), e12710. https://doi.org/10.1111/acel.12710

Liu, X., Ye, X., Yanoff, M., & Li, W. (1997). Extracellular matrix of ret-
inal pigment epithelium regulates choriocapillaris endothelial sur-
vival in vitro. Experimental Eye Research, 65, 117-126. https://doi.
org/10.1006/exer.1997.0317

Mandal, M. N. A., Vasireddy, V., Jablonski, M. M., Wang, X. F,
Heckenlively, J. R., Hughes, B. A., ... Ayyagari, R. (2006). Spatial
and temporal expression of MFRP and its interaction with CTRP5.
Investigative Ophthalmology & Visual Science, 47, 5514-5521. https://
doi.org/10.1167/iovs.06-0449

Mandal, M. N. A, Vasireddy, V., Reddy, G. B., Wang, X. F., Moroi, S. E.,
Pattnaik, B. R., ... Ayyagari, R. (2006). CTRP5 is a membrane-associ-
ated and secretory protein in the RPE and ciliary body and the S163R
mutation of CTRP5 impairs its secretion. Investigative Ophthalmology
& Visual Science, 47, 5505-5513. https://doi.org/10.1167/
iovs.06-0312

Marmorstein, L. Y., Munier, F. L., Arsenijevic, Y., Schorderet, D. F.,
McLaughlin, P. J., Chung, D., ... Marmorstein, A. D. (2002). Aberrant
accumulation of EFEMP1 underlies drusen formation in Malattia
Leventinese and age-related macular degeneration. Proceedings of
the National Academy of Sciences, 99(20), 13067-13072. https://doi.
org/10.1073/pnas.202491599

Melo, E., Oertle, P., Trepp, C., Meistermann, H., Burgoyne, T., Sborgi, L.,
... lacone, R. (2018). HtrA1 Mediated Intracellular Effects on Tubulin
Using a Polarized RPE Disease Model. EBioMedicine, 27, 258-274.
https://doi.org/10.1016/j.ebiom.2017.12.011

Milam, A. H., Curcio, C. A., Cideciyan, A. V., Saxena, S., John, S. K,
Kruth, H. S., ... Jacobson, S. G. (2000). Dominant late-onset ret-
inal degeneration with regional variation of sub-retinal pigment
epithelium deposits, retinal function, and photoreceptor degener-
ation. Ophthalmology, 107, 2256-2266. https://doi.org/10.1016/
S0161-6420(00)00419-X

Murwantoko, , Yano, M., Ueta, Y., Murasaki, A. |., Kanda, H., Oka, C., &
Kawaichi, M. (2004). Binding of proteins to the PDZ domain regu-
lates proteolytic activity of HtrAl serine protease. The Biochemical
Journal, 381, 895-904. https://doi.org/10.1042/BJ20040435

Nie, G., Hale, K., Li, Y., Manuelpillai, U., Wallace, E. M., & Salamonsen,
L. A. (2006). Distinct expression and localization of serine pro-
tease HtrAl in human endometrium and first-trimester pla-
centa. Developmental Dynamics, 235, 3448-3455. https://doi.
org/10.1002/dvdy.20999

Rigoulay, C., Poquet, |., Madsen, S. M., & Gruss, A. (2004). Expression
of the Staphylococcus aureus surface proteins HtrA1 and HtrA2 in
Lactococcus lactis. FEMS Microbiology Letters, 237(2), 279-88.

Sahu, B., Chavali, V. R., Alapati, A., Suk, J., Bartsch, D. U., Jablonski, M.
M., & Ayyagari, R. (2015) Presence of rd8 mutation does not alter the
ocular phenotype of late-onset retinal degeneration mouse model.
Molecular Vision, 21, 273-284.

Selkoe, D. J. (2004). Cell biology of protein misfolding: The examples of
Alzheimer's and Parkinson's diseases. Nature Cell Biology, 6, 1054~
1061. https://doi.org/10.1038/ncb1104-1054

Shu, X., Luhmann, U. F. O., Aleman, T. S., Barker, S. E., Lennon, A,,
Tulloch, B., ... Wright, A. F. (2011). Characterisation of a C1qtnf5
Ser163Arg knock-in mouse model of late-onset retinal macular
degeneration. PLoS ONE, 6, e27433. https://doi.org/10.1371/journ
al.pone.0027433

Shu, X., Tulloch, B., Lennon, A., Vlachantoni, D., Zhou, X., Hayward, C., &
Wright, A. F. (2006). Disease mechanisms in late-onset retinal mac-
ular degeneration associated with mutation in C1QTNF5. Human


https://doi.org/10.1006/abbi.2001.2719
https://doi.org/10.1093/gerona/56.11.B459
https://doi.org/10.1093/hmg/ddg289
https://doi.org/10.1093/hmg/ddg289
https://doi.org/10.1074/jbc.273.51.34406
https://doi.org/10.1074/jbc.273.51.34406
https://doi.org/10.1074/jbc.M204955200
https://doi.org/10.1074/jbc.M204955200
https://doi.org/10.1001/archopht.120.3.376
https://doi.org/10.1073/pnas.1102853108
https://doi.org/10.1111/cge.12798
https://doi.org/10.1111/cge.12798
https://doi.org/10.1016/j.preteyeres.2016.04.008
https://doi.org/10.1016/j.preteyeres.2016.04.008
https://doi.org/10.1074/jbc.M403026200
https://doi.org/10.3389/fimmu.2015.00317
https://doi.org/10.3389/fimmu.2015.00317
https://doi.org/10.1167/iovs.13-13111
https://doi.org/10.1167/iovs.13-13111
https://doi.org/10.1016/j.tibs.2013.05.003
https://doi.org/10.1146/annurev.neuro.24.1.1121
https://doi.org/10.1146/annurev.neuro.24.1.1121
https://doi.org/10.1111/acel.12710
https://doi.org/10.1006/exer.1997.0317
https://doi.org/10.1006/exer.1997.0317
https://doi.org/10.1167/iovs.06-0449
https://doi.org/10.1167/iovs.06-0449
https://doi.org/10.1167/iovs.06-0312
https://doi.org/10.1167/iovs.06-0312
https://doi.org/10.1073/pnas.202491599
https://doi.org/10.1073/pnas.202491599
https://doi.org/10.1016/j.ebiom.2017.12.011
https://doi.org/10.1016/S0161-6420(00)00419-X
https://doi.org/10.1016/S0161-6420(00)00419-X
https://doi.org/10.1042/BJ20040435
https://doi.org/10.1002/dvdy.20999
https://doi.org/10.1002/dvdy.20999
https://doi.org/10.1038/ncb1104-1054
https://doi.org/10.1371/journal.pone.0027433
https://doi.org/10.1371/journal.pone.0027433

CHEKURI ET AL.

14 0f 14 Aglng

Molecular Genetics, 15, 1680-1689. https://doi.org/10.1093/hmg/
ddlo91

Spaide, R. F.,, Ooto, S., & Curcio, C. A. (2018). Subretinal drusenoid de-
posits AKA pseudodrusen. Survey of Ophthalmology, 63(6), 782-815.
https://doi.org/10.1016/j.survophthal.2018.05.005

Stanton, C. M., Borooah, S., Drake, C., Marsh, J. A., Campbell, S., Lennon,
A., ... Hayward, C. (2017). Novel pathogenic mutations in CIQTNF5
support a dominant negative disease mechanism in late-onset retinal
degeneration. Scientific Reports, 7, 12147. https://doi.org/10.1038/
s41598-017-11898-3

Tennstaedt, A., Popsel, S., Truebestein, L., Hauske, P., Brockmann, A.,
Schmidt, N., ... Ehrmann, M. (2012). Human high temperature re-
quirement serine protease A1 (HTRA1) degrades tau protein aggre-
gates. Journal of Biological Chemistry, 287, 20931-20941. https://doi.
org/10.1074/jbc.M111.316232

Truebestein, L., Tennstaedt, A., Monig, T., Krojer, T., Canellas, F., Kaiser,
M., ... Ehrmann, M. (2011). Substrate-induced remodeling of the
active site regulates human HTRA1 activity. Nature Structural &
Molecular Biology, 18, 386-388. https://doi.org/10.1038/nsmb.2013

Tsuchiya, A., Yano, M., Tocharus, J., Kojima, H., Fukumoto, M., Kawaichi,
M., & Oka, C. (2005) Expression of mouse HtrA1l serine protease
in normal bone and cartilage and its upregulation in joint cartilage
damaged by experimental arthritis. Bone, 37(3), 323-336. https://doi.
org/10.1016/j.bone.2005.03.015

Tu, X., & Palczewski, K. (2012). Crystal structure of the globular do-
main of C1QTNF5: Implications for late-onset retinal macular de-
generation. Journal of Structural Biology, 180, 439-446. https://doi.
org/10.1016/j.jsb.2012.07.011

Tu, X., & Palczewski, K. (2014). The macular degeneration-linked
CI1QTNF5 (S163) mutation causes higher-order structural rear-
rangements. Journal of Structural Biology, 186, 86-94. https://doi.
org/10.1016/j.jsb.2014.02.001

Tzekov, R., Stein, L., & Kaushal, S. (2011). Protein misfolding and reti-
nal degeneration. Cold Spring Harbor Perspectives in Biology, 3(11),
a007492-a007492. https://doi.org/10.1101/cshperspect.a007492

Usui, H., Nishiwaki, A., Landiev, L., Kacza, J., Eichler, W., Wako, R., &
Yasukawa, T. (2019). In vitro drusen model - three-dimensional
spheroid culture of retinal pigment epithelial cells. Journal of Cell
Science, 132(4). https://doi.org/10.1242/jcs.215798

Wong, G. W., Krawczyk, S. A,, Kitidis-Mitrokostas, C., Revett, T., Gimeno,
R., & Lodish, H. F. (2008). Molecular, biochemical and functional
characterizations of C1g/TNF family members: Adipose-tissue-se-
lective expression patterns, regulation by PPAR-gamma agonist,
cysteine-mediated oligomerizations, combinatorial associations and
metabolic functions. The Biochemical Journal, 416, 161-177. https://
doi.org/10.1042/BJ20081240

Yan, Q. I, Ding, Y., Liu, Y. I., Sun, T., Fritsche, L. G., Clemons, T., ... Chen,
W. (2018). Genome-wide analysis of disease progression in age-re-
lated macular degeneration. Human Molecular Genetics, 27, 929-940.
https://doi.org/10.1093/hmg/ddy002

Yang, Z., Camp, N. J., Sun, H., Tong, Z., Gibbs, D., Cameron, D. J,, ... Zhang,
K. (2006). A variant of the HTRA1 gene increases susceptibility to
age-related macular degeneration. Science, 314, 992-993. https://
doi.org/10.1126/science.1133811

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Chekuri A, Zientara-Rytter K,
Soto-Hermida A, et al. Late-onset retinal degeneration
pathology due to mutations in CTRP5 is mediated through
HTRAZ1. Aging Cell. 2019;18:€13011. https://doi.org/10.1111/
acel.13011



https://doi.org/10.1093/hmg/ddl091
https://doi.org/10.1093/hmg/ddl091
https://doi.org/10.1016/j.survophthal.2018.05.005
https://doi.org/10.1038/s41598-017-11898-3
https://doi.org/10.1038/s41598-017-11898-3
https://doi.org/10.1074/jbc.M111.316232
https://doi.org/10.1074/jbc.M111.316232
https://doi.org/10.1038/nsmb.2013
https://doi.org/10.1016/j.bone.2005.03.015
https://doi.org/10.1016/j.bone.2005.03.015
https://doi.org/10.1016/j.jsb.2012.07.011
https://doi.org/10.1016/j.jsb.2012.07.011
https://doi.org/10.1016/j.jsb.2014.02.001
https://doi.org/10.1016/j.jsb.2014.02.001
https://doi.org/10.1101/cshperspect.a007492
https://doi.org/10.1242/jcs.215798
https://doi.org/10.1042/BJ20081240
https://doi.org/10.1042/BJ20081240
https://doi.org/10.1093/hmg/ddy002
https://doi.org/10.1126/science.1133811
https://doi.org/10.1126/science.1133811
https://doi.org/10.1111/acel.13011
https://doi.org/10.1111/acel.13011

