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Abstract

Fibulin-3 (F3) is an important, disulfide-rich, extracellular matrix glycoprotein that has been
associated with a number of diseases ranging from cancer to retinal degeneration. An Arg345Trp
(R345W) mutation in F3 causes the rare, autosomal dominant macular dystrophy, Malattia
Leventinese. The purpose of this study was to identify and validate novel intracellular interacting
partners of wild-type (WT) and R345W F3 in retinal pigment epithelium cells. We used stable
isotope labeling by amino acids in cell culture (SILAC) to generate ‘heavy’ and ‘light” isotopically
labeled ARPE-19 cell populations which were subsequently infected with adenovirus encoding for
FLAG-tagged (FT) WT or R345W F3. After immunoprecipitation, interacting proteins were
identified by multidimensional protein identification technology (MudPIT). We identified sixteen
new intracellular F3 interacting partners, the vast majority of which are involved in protein folding
and/or degradation in the endoplasmic reticulum (ER). Eight of these interactions (ANXAD5,
ERdj5, PDIA4, P4HB, PDIA6, RCN1, SDF2L1, and TXNDC5) were verified at the western
blotting level. These F3 interactome results can serve as the basis for pursuing targeted genetic or
pharmacologic approaches in an effort to alter the fate of either WT or mutant F3.

INTRODUCTION

Fibulin-3 (F3) is a 55 kDa, secreted, extracelluar matrix glycoprotein that is produced in a
number of tissues throughout the body, including the lung, skin, adipose tissue, and various
cell layers within the eye such as the ciliary body (Mackay et al., 2015) and the retinal
pigment epithelium (RPE) (Marmorstein et al., 2002). While the exact function of F3 is still
not clear, removal of F3 in mice leads to a general, aging-associated phenotype including
reduced lifespan, decreased body mass/fat and organ support failure (McLaughlin et al.,
2007). Surprisingly, F3 knockout mice show no indication of any ocular disorder/disease
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(McLaughlin et al., 2007), indicating that removal of F3 has no apparent affect on normal
eye development or physiology.

Interestingly, an autosomal dominant, gain-of-toxic-function mutation (Arg345Trp
[R345W]) was identified in F3 as the single cause of two nearly identical, rare retinal
diseases, Malattia Leventinese (ML) and Doyne honeycomb retinal dystrophy (Stone et al.,
1999). Subsequent cell culture studies found that the R345W mutation causes reductions to
F3 secretion and higher intracellular steady state levels, indicating that the protein is likely
misfolded (Hulleman et al., 2012; Hulleman et al., 2011; Hulleman and Kelly, 2015;
Marmorstein et al., 2002; Roybal et al., 2005). R345W transgenic mouse-based work has
demonstrated that this mutation increases complement activation and inflammation
(Fernandez-Godino et al., 2015; Fu et al., 2007; Garland et al., 2014; Marmorstein et al.,
2007). More recently, two independent studies have identified unique mutations in F3
associated with distinct eye diseases, reaffirming the notion that autosomal dominant genetic
alterations in F3 have the ability to disrupt homeostasis in the eye. For example, in 2015,
exome sequencing of a family with open-angle glaucoma identified an Arg140Trp (R140W)
mutation in F3 (Mackay et al., 2015). Moreover, in 2016, additional sequencing efforts
identified a Asp49Ala (D49A) mutation in F3 which was associated with cuticular drusen in
an age-related macular degeneration (AMD) patient (Duvvari et al., 2016). Furthermore,
copy number increases near the F3 locus have also been correlated with an increased
likelihood of developing AMD (Meyer et al., 2011).

Given the apparent importance of F3 in a number of eye diseases, it is surprising that there is
an absence of known interacting partners that bind to, and potentially influence F3 synthesis,
folding and secretion. To date, there are only nine identified interacting partners of wild-type
(WT) F3: tissue inhibitor of metalloproteinases-3 (TIMP3) (Klenotic et al., 2004),
extracellular matrix protein 1 (ECM-1) (Sercu et al., 2009), complement factor H (CFH)
(Wyatt et al., 2013), protein disulfide isomerase A3 (PDIA3) (Jessop et al., 2007), ERdj5
(Oka et al., 2013), calnexin (CNX), calreticulin (CALR), 78 kDa glucose regulated protein
(GRP78), and 94 kDa glucose regulated protein (GRP94) (Hulleman and Kelly, 2015).
Furthermore, only four of the listed binding partners (CNX, CALR, GRP78, GRP94), were
tested for binding to the pathogenic R345W F3 variant (Hulleman and Kelly, 2015).

We rationalized that identifying additional interacting partners of WT and R345W would
uncover previously unknown pathways used by F3 during its maturation in the ER.
Furthermore, we speculated that identification of new F3 binding partners would provide a
framework of proteins which could be subsequently genetically manipulated to determine
their influence on F3 protein homeostasis. To this end, we performed an unbiased
identification, quantification and validation of intracellular interacting partners shared
between WT and R345W F3 using stable isotope labeling by amino acids in cell culture
(SILAC) in a human retinal pigment epithelial cell line.

To identify and quantify intracellular F3 binding partners, we first generated two SILAC
populations of human adult retinal pigment epithelium cells (ARPE-19, American Type
Culture Collection, CRL-2302, Manassas, VA verified by short tandem repeat DNA
profiling) labeled with either “heavy’ or ‘light’ isotopes (Cambridge Isotope Laboratories,
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Andover, MA, 93-97% labeling efficiency, Fig. 1A). Subsequently, a confluent monolayer
of the ‘light” isotope cell line was infected with FLAG-tagged (FT) WT F3 adenovirus,
while a confluent monolayer of the ‘heavy’ isotope cell line was infected with FT R345W
F3 virus at an identical, low-level multiplicity of infection (MOI) of 5 for 48 h, which does
not cause detectible endoplasmic reticulum (ER) stress (Hulleman and Kelly, 2015). Fresh
media was incubated on cells for 24 h prior to crosslinking the proteins with dithiobis-
succinimidyl propionate (DSP), which was followed by cell lysis with
radioimmunoprecipitation assay (RIPA) buffer. Proteins which bound to FT F3 were
immunoprecipitated (IP”d) using anti-FLAG M1 agarose beads (10 pL, 4°C, O/N, Sigma, St.
Louis, MO), washed with RIPA, eluted, and combined for quantitative mass spectrometry
analysis (Fig. 1A). Samples were prepared for multidimensional protein identification
technology (MudPIT) mass spectrometry analysis as described previously (Tan et al., 2014)
and run on a LTQ-Orbitrap Velos (Thermo Fisher, Waltham, MA). Tandem mass spectra
were extracted (Raw Xtractor 1.9.1) and searched against a human database (ProLuCID, (Xu
et al., 2015)). The heavy to light ratio was quantified by Census (Park et al., 2008).

MudPIT mass spectrometry analysis identified 22 common interacting partners of both WT
and R345W F3 in ARPE-19 cells (Fig. 1B), all of which were either ER resident proteins,
secreted proteins, or typically membrane-bound. Of the 22 identified interacting partners, six
were identified previously in prior studies; CALR, GRP78, and GRP94 (Hulleman and
Kelly, 2015), PDIA3 (Jessop et al., 2007), ERdj5 (Oka et al., 2013), and thioredoxin
domain-containing protein 5 (TXNDCS5, IntAct (Orchard et al., 2014), [http://
www.ebi.ac.uk/intact/], EBI-10259322). Thus, of the 22 identified proteins, 16 were
considered novel binding partners of both WT and R345W F3. The five most prominent F3
interacting proteins based on total spectral count were: hypoxia up-regulated-1 (HYOUL),
GRP78, GRP94, protein disulfide isomerase 6 (PDIA6), and CALR (Fig. 1B, asterisk).

Eight of the 22 total identified proteins were enriched in the R345W F3 IP between 1.10 and
2.32 fold (Fig. 1B, above green line) when compared to their levels in the WT F3 IP, and
after accounting for higher R345W F3 intracellular steady-state levels (i.e., 3.93 + 0.30 fold
vs WT F3, Fig. 1B). Of these proteins, the majority (5/8) were members of a multi-protein
chaperone complex (MPCC) identified previously to associate with unassembled,
incompletely folded immunoglobulin heavy chain or other unfolded substrates (Meunier et
al., 2002). In contrast, 14/22 of the remaining proteins were enriched in the WT F3 IP (Fig.
1B, below yellow line), again after accounting for higher R345W F3 intracellular steady-
state levels. Fifteen of the interacting proteins have been demonstrated to be regulated by
unfolded protein-triggered stress-responsive signaling pathways; the majority of identified
proteins (12/22) are downstream targets of either the inositol-requiring enzyme 1 (IREL, via
spliced X-box protein 1, XBP1s) and/or activating transcription factor 6 (ATF6) arms of the
unfolded protein response (UPR) (Shoulders et al., 2013), whereas three additional proteins
(annexin A2 [ANXAZ2], annexin A3 [ANXA3], and heat shock protein 47 [HSPA47]) are
downstream targets of activated heat shock factor 1 (HSF1) (Ryno et al., 2014) (Fig. 1B).
Furthermore, gene ontology (GO, http://geneontology.org/) pathway analysis (Ashburner et
al., 2000; Gene Ontology, 2015) of the 22 identified proteins demonstrated >5 fold
enrichment in proteins involved in protein folding, unfolded protein response, collagen fibril
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organization and ER-associated degradation, amongst other folding-related pathways (Fig.
1C).

To confirm the hits identified by mass spectrometry, we validated a subset of the F3
interacting partners by western blotting using an elevated MOI of 25. This level of
expression was necessary to visualize a number of F3 interactions by the less sensitive
western blotting method. However, this extent of F3 over-expression also leads to noticeable
UPR activation, especially in cells expressing the R345W variant (Hulleman and Kelly,
2015; Roybal et al., 2005).

Input lanes prior to IP demonstrated that ERd]j5 (Proteintech, Chicago, IL), protein disulfide
isomerase A4 (PDIAA4, Proteintech), prolyl 4-hydroxylase beta polypeptide (P4HB, Bethyl
Laboratories, Montgomery, TX), protein disulfide isomerase A6 (PDIAG6, Bethyl
Laboratories), and stromal-derived factor 2-like 1 (SDF2L1, Santa Cruz, Santa Cruz, CA)
were all stress-responsive (as expected), increasing in abundance with WT and/or R345W
F3 over-expression (Fig. 2). Intriguingly, two proteins, TXNDC5 (Proteintech) and
reticulocalbin 1 (RCN1, Bethyl Laboratories) were also increased in cells expressing WT
F3, and even more so in cells expressing R345W F3 (Fig. 2), suggesting that the expression
of these proteins is regulated by UPR activation in ARPE-19 cells. Steady-state input and IP
levels of R345W F3 were increased by 2-3 fold over WT F3 (Fig. 2, anti-FLAG M2,
Sigma), in general accordance with the MudPIT results (Fig. 1B) and previous observations
(Hulleman et al., 2011; Hulleman and Kelly, 2015; Marmorstein et al., 2002; Roybal et al.,
2005).

Qualitatively, the vast majority (8/9) of the selected proteins we analyzed by western blotting
were verified as F3 interacting partners of both WT and R345W F3. However, in a number
of instances, the stiochometry with which the proteins bound to WT or R345W F3 differed
from the mass spectrometry results (Fig. 2). After taking into account higher steady state
levels of R345W F3 in the IP, ERd]5, PDIA4, ANXADS (Bethyl Laboratories), and SDF2L1
demonstrated preference for binding to R345W F3, whereas P4HB, PDIA6 and TXNDC5
demonstrated preference for binding to WT F3 according to the western blotting results (Fig.
2). While binding of RCN1 to F3 was confirmed, these results were variable across the
independent triplicates (Fig. 2, hashtag). Annexin proteins (ANXA5 and ANXAZ2 [Santa
Cruz]) demonstrated a strong preference for binding to the M1 agarose beads, independent
of F3, and ANXAZ2 was the only mass spectrometry hit we identified as clearly non-specific
(Fig. 2). Furthermore, while the canonical ~35 kDa isoform of ANXADS also demonstrated
an affinity for the IP beads (Fig. 2), a previously uncharacterized, immunoreactive 80 kDa
species bound to F3, with a strong preference for R345W F3 (~25 fold, Fig. 2).

To the best of our knowledge, this is the first comprehensive analysis of F3 intracellular
binding partners. The redundancy of a portion of our hits, in addition to the observation that
eight out of nine interactions were qualitatively validated by western blotting, lends credence
to the data set and suggests that the identified proteins are likely bona fide binding partners
of F3. The majority of these interacting partners are components of the protein folding/
degradation machinery of the ER and are increased during conditions of cellular stress,
typically in response to unfolded proteins either in the cytosol (Ryno et al., 2014), or in the
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ER (Shoulders et al., 2013). These results, combined with the GO analysis, indicate that the
F3 which was IP’d may be misfolded, or in the process of being folded/refolded by ER
chaperones and/or protein disulfide isomerases.

Given the number of cysteine residues in F3 (40) and the number of disulfide bonds required
for F3 folding and secretion (15), it is not necessarily surprising that multiple proteins
involved in disulfide bond formation or isomerization such as prolyl 4-hydroxylase subunit
alpha 1 (P4HAL), P4HB, ERd]5, PDIA3, PDIA4, PDIAG, and TXNDCS interact with F3.
Furthermore, since F3 has a number of domains (6 epidermal growth factor (EGF) domains
followed by a C-terminal fibulin-type domain) that need to arrange prior to secretion, it is
conceivable that F3 requires interacting with chaperones or protein folding enzymes such as
GRP78, GRP94, HYQUL, or peptidylprolyl isomerase B (PPIB). Moreover, as an O- and N-
glycosylated protein (Djokic et al., 2013; Hulleman and Kelly, 2015), F3 was found to bind
to stromal derived factor 2 (SDF2), SDF2L1 (two O-mannosyltransferase-related proteins),
UDP-glucose glycoprotein glucosyltransferase 1 (UGGTL, an enzyme that reglucosylates
unfolded glycoproteins (Ferris et al., 2013)), and the ER lectin chaperone, CALR.
Nonetheless, the actual identity of many of the isomerases, chaperones or glycosylation-
dependent proteins remained elusive until now. Collectively, these data indicate that F3
synthesis, folding, and secretion is complex and involves a number of prominent protein ER
pathways.

Consistent with its potential role in modulating the extracellular matrix (ECM) environment
(Fernandez-Godino et al., 2015; Fu et al., 2007; Marmorstein et al., 2007), we found that F3
bound to several proteins involved in ECM formation, including laminin subunit beta-2
(LAMB2), a major noncollagenous constituent of basement membranes (Sasaki et al., 2004),
HSP47, which is normally thought to be a collagen-specific chaperone (Ishida and Nagata,
2011), RCNL1, a largely uncharacterized protein that has the ability to bind to collagen |
(DiChiara et al., 2016), and the known ECM modulator and cytokine, transforming growth
factor beta 2 (TGFB2) (Fuchshofer et al., 2005). Furthermore, GO analysis showed an
enrichment in proteins involved in collagen fibril organization, an intriguing observation
given that i) the sub-RPE deposits observed in ML mice expressing F3 are composed of
wide-spaced collagen (Fu et al., 2007; Garland et al., 2014), ii) collagen VI was found to be
increased in the Bruch’s membrane of ML mice (Garland et al., 2014), and iii) collagen IV
was found to be a significant component of drusen isolated from ML patients (Sohn et al.,
2014). These data indicate that F3 may be able to directly or indirectly affect the
composition or and/or amount of ECM deposited by either binding to, or sequestering
proteins that influence ECM formation or degradation.

A surprising feature of our data set is that for the most part WT and R345W F3 bind to the
same partners within the ER. This observation begs the question of whether R345W F3
actually causes ML pathogenesis through intracellular or extracellular means (Hulleman,
2016). Recent work using primary RPE cultures strongly suggests the latter (Fernandez-
Godino et al., 2015). Future studies will be directed toward identifying extracellular F3
binding partners, which may more clearly delineate binding partner differences between WT
and R345W F3. Nonetheless, our findings provide a starting point for exploring how
validated interacting partners affect F3, and it is conceivable that other homologous fibulin
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protein family members (e.g., fibulin-4, or fibulin-5), may also use the same partners for
their maturation in the ER, and thus may be important in a number of other fibulin-based
physiologic or disease-related processes.
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Fig. 1.

Schematic of the SILAC/MudPIT approach used to identify F3 interacting partners. (A)
ARPE-19 cells were labeled with either ‘heavy’ or ‘light” isotopes. Subsequently, the ‘light
isotope cell line was infected with either FLAG-tagged (FT) WT F3, while the ‘heavy’
isotope cell line was infected with FT R345W F3 at an identical multiplicity of infection.
Proteins which bound to FT F3 were eluted, combined, and trypsinized for quantitative mass
spectrometry analysis by MudPIT. (B) List of identified F3 binding partners. An ‘x’ under
ATF6, XBP1s, or HSF1 indicates that the expression of these proteins is regulated by one or
more of the indicated transcription factors (Ryno et al., 2014; Shoulders et al., 2013). An ‘X’
under the MPCC column Indicates that the protein has been found in the “multi-protein
chaperone complex” (MPCC) (Meunier et al., 2002). Proteins above the green line were
found enriched in the R345W F3 interactome, while those below the yellow line were
enriched in the WT F3 interactome. Proteins with an asterisk were among the top five
enriched proteins based on spectral count. Data presented originate from two independent
experiments, false discovery rate < 1%, minimum of two peptides per protein. (C) Gene
ontology (GO) enrichment analysis of biological pathways of identified F3 binding partners.
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Western blot validation of identified F3 binding partners. ARPE-19 cells were infected with
adenovirus encoding for FT WT F3 or FT R345W F3 at an MOI of 25 and F3 binding
partners were co-1P’d with anti-FLAG M1 agarose beads. Eluted proteins were run on an
SDS-PAGE followed by western blotting. The numbers below each lane are the average
intensities relative to either uninfected (input lanes) or FT WT F3 (IP lanes) samples.
Representative images of = 3 independent experiments for all proteins but ANXAZ2 (n =2).
(#) — RCN1 bound to both WT and R345W F3, but the relative levels in the IP lanes were

Fig. 2.
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highly variable. Western blots were imaged and quantified using a LI-COR Odyssey Fc (LI-
COR, Lincoln, NE).
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