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A text-mining approach to further expand the clusterin connectome

To further identify interacting partners with clusterin, we used the PubMed query text-
mining service in Cytoscape to expand the clusterin connectome. In the expanded
connectome, additional interacting partners or proteins that were discussed together with
clusterin in research articles indexed in PubMed were retrieved (see 7able 3 in the main
document). However, due to spatial limitations, most of the interacting partners
identified using this text-mining approach are discussed in detail in the Supplementary
material below.

Although serum albumin (ALB) has the highest number of nodes (42), this is likely attributable
to the fact that clusterin levels are often monitored in various diseases in the serum where
albumin is present in very high quantities. Nevertheless, albumin is a protein that co-purifies
with clusterin from stressed plasma, forming clusterin-client complexes, which are proposed
to act as a vehicle to clear damaged misfolded extracellular proteins (1).

Clusterin is also known as apolipoprotein J (APOJ) based on its ability to bind to lipid
molecules. There is a clear association between apolipoproteins Al and E (APOA1 and
APOE), as well as clusterin with cerebral amyloid angiopathy (2). APOA1l, APOE, and
clusterin have also been identified as proteins bound to fibrin clots in the plasma, indicating
that they act as extracellular chaperones (3). APOALI is an amyloidogenic protein that may also
form amyloid deposits in the knee joints of OA patients (4). The antioxidant activity of high-
density lipoprotein (HDL) is partially attributed to the enzyme paraoxonase/arylesterasel
(PONT1). PONI1 is closely associated with a specific HDL subfraction which also contains
APOA1 and clusterin (5). PON1 and clusterin were present in higher concentrations in synovial
fluid samples from patients with knee OA than in synovial fluid from with 1% carpometacarpal
joint OA (6). In a study which analysed synovial fluid samples 12 months after anterior cruciate
ligament transection (ACLT), APOA4 levels were lower in the ACTL group than in the control
group (7). However, we could not find data indicating direct interactions between clusterin and
APOA2 or APOAA4.

In addition to clusterin, several proteins have been identified to non-covalently bind to fibrin
clots in the plasma, including haptoglobin (HB), a2-macroglobulin (A2M), and a1 -antitrypsin
(SERPINATI), which can also act as extracellular chaperones and possibly play a regulatory
role in thrombosis and haemostasis by inhibiting fibrin polymerisation and promoting the
clearance of unfolded fibrin(ogen) (3). HB exerts anti-inflammatory effects by blocking the
inappropriate self-assembly of misfolded extracellular proteins in most body fluids, similar to
clusterin (8). Haptoglobin protects various proteins from stress-induced precipitation, and its
effects suggest that this activity is relevant in vivo. Haptoglobin has been implicated as a
biomarker candidate for OA as its serum levels are markedly increased in patients with OA (9).



SERPINAI, al-microglobulin, clusterin, and HB have been identified as biomarkers of
preeclampsia-related serum proteins (10). A2M, which forms stable complexes with misfolded
proteins to inhibit their aggregation and precipitation but is unable to independently affect their
refolding, can bind to cytokines and growth factors, as well as to the AP peptide, prion protein,
and B2-microglobulin (B2M), which are associated with diseases such as AD or various forms
of amyloidosis (11). A2M acts as an endogenous inhibitor of ADAMTS-7 and ADAMTS-12,
enzymes involved in ECM degradation in OA (12). miR-146b plays a critical role in the
progression of injury-induced OA by directly targeting A2M (13). These extracellular
chaperones might also play a role in controlling amyloid formation and toxicity (11).
SERPINA1 and SERPINA3 are implicated as markers of chondrogenic differentiation (14),
and it has recently been shown that MMP-3, one of the most important cartilage-degrading
collagenase, inactivates al-antitrypsin, which, owing to its potent chondrogenic and cartilage-
protecting capabilities, may have major consequences for OA progression (15, 16). B2M, a
component of the major histocompatibility complex type 1, can also contribute to amyloid
formation and may affect the musculoskeletal system (17). B2M levels are significantly higher
in OA cartilage and synovial fluid than in healthy individuals, suggesting that it could
contribute to OA pathogenesis (18). In addition, given the predominant deposition of B2M
fibrils on the articular cartilage in OA, serum B2M levels are higher in patients with OA than
in healthy controls (19). Therefore, HB, A2M, and B2M may be novel therapeutic targets in
patients with OA.

As previously discussed, there is a known interaction between the complement system and
clusterin. Complement C3, which plays a role in the activation of the complement system, was
found to be highly expressed in OA osteochondral biopsy samples, especially after treatment
with IL-1PB, and high levels of C3a activation fragments were detected in cartilage and
synovium samples (20). Complement factor H (CFH) is a soluble complement inhibitor;
several ECM components, such as chondroadherin (21) and the G3 C-type lectin domain of
aggrecan (22) are known to interact with CFH. These data indicate that C factors are locally
produced and activated in all major joint tissues (cartilage, bone, and synovium) in OA.
However, no direct association between C3 and clusterin was found. Lower levels of CD59
(protectin), a potent inhibitor of the complement membrane attack complex (MAC), have been
observed in RA and other types of arthritis (23, 24). The complement receptor CR1 has been
identified in the synovial fluid of patients with joint inflammation, and probably originates
from infiltrating leukocytes (25). CR1 is one of the differentially expressed genes identified
between RA and OA patients (26), suggesting that it may be useful as a differential biomarker
between different forms of arthritis.

Ceruloplasmin (CP) is a major copper-carrying protein in blood and plays a role in iron
metabolism. In the plasma of patients with primary OA, the copper and CP levels were
significantly lower than those in patients with RA (27). CP is one of the proteins in stressed
serum that is co-purified with clusterin in higher abundance compared to control plasma (1).

Haemopexin (HPX) is an abundant plasma protein involved in the acute-phase response and
plays important roles in inflammation and tissue repair by suppressing the release of pro-
inflammatory cytokines from macrophages (28). In a study aimed at identifying potential
prognostic markers for knee OA using an N-glycoproteomic approach, increased levels of HPX
glycosylation were observed in patients undergoing disease progression, in a manner similar
to clusterin (29). It is plausible to assume that the increased level of glycosylation of HPX and
clusterin reduces their anti-inflammatory effects and facilitates disease progression.



Vitamin D-binding protein-macrophage activating factor (GC), present in the blood plasma
and other bodily fluids, was identified in the clusterin connectome with a high (26) node degree.
This may be due to its ability to bind chondroitin sulphate, a major constituent of cartilage
ECM, resulting in multimolecular complexes (30). However, we did not find any data
confirming a direct interaction between GC and clusterin.

a-2-HS-glycoprotein (AHSG) is an acute-phase protein which regulates inflammatory
responses. In patients with OA, serum AHSG levels were negatively correlated with clinical
severity, and lower serum AHSG levels were correlated with a more severe clinical
presentation of OA (31). In contrast, higher levels of AHSG were detected in cartilage samples
from patients with osteonecrosis of the femoral head, probably to protect the cartilage from the
harmful effects of inflammation (32). However, we found no data confirming a direct
interaction between AHSG and clusterin.

Cystatin C (CYST3) is a natural endogenous cysteine protease inhibitor that blocks the activity
of cathepsins, such as cathepsin K (CatK), and plays a role in the progression of OA. Cystatin
C plays arole in neurological disorders involving amyloid deposition, such as AD, and elevated
levels of cystatin C have been found in the cerebrospinal fluid of patients with chronic OA
(33), although overexpression of cystatin C in OA synovium did not alleviate cartilage
pathology in pre-existing OA (34). However, we did not find any data confirming the direct
interaction between cystatin C and clusterin.

Vitronectin (VTN, also known as “S protein”), a structural glycoprotein in cartilage ECM, is
also present in blood plasma, and it binds to the complement membrane attack complex that
has failed to insert into membranes to form the soluble terminal complement complex SC5b-
9, which is cleared by the kidneys (35). Clusterin inhibits the assembly of membrane attack
complex (36). Similar to clusterin, vitronectin also has extracellular chaperone activity, as it
inhibits both AP amyloid formation and the amorphous aggregation of citrate synthase (36).
V65, a proteolytic fragment of vitronectin, has been implicated as a biomarker of early-stage
OA (37). Glycosylated vitronectin, an attractive treatment option for OA, has been reported as
a potential candidate for CatK inhibition (38).

Retinol binding protein 4 (RBP4), a member of the lipocalin family and a vitamin A carrier in
the blood, has been shown to be produced in OA joints and is associated with higher levels of
adipokines and MMPs, indicating that it could be a possible target for disease-modifying OA
drugs (DMOADs) (39). The association between obesity indices, plasma RBP4 levels, and
clusterin levels was confirmed (40).

Gelsolin (GSN), a protein involved in actin filament assembly and apoptosis regulation, plays
a role in amyloid binding/transport processes and has a circulating or plasma isoform, which
has been used as a biomarker alongside clusterin, under various conditions, including cancer
(41-43), neuropathic pain (44), AD (45), and multiple sclerosis (46). Gelsolin levels were lower
in the plasma (47) but higher in the synovial fluid of patients with RA than in non-RA samples
(48). The exogenous application of gelsolin, hemopexin, and al-antitrypsin (acute-phase
proteins released by the liver in case of systemic stress) abrogated the effects of IL-1p in an in
vivo OA model, and intra-articular injection of gelsolin exerted chondroprotective effects in
mice with inflammatory arthritis (49). Gelsolin is more abundant in human OA synovial fluid
than in RA samples (50), indicating its potential use as a disease biomarker.



Transferrin (TF) is a plasma glycoprotein that mediates iron transport and is one of the most
abundant proteins in OA synovial fluid samples (51). However, we did not find any data
confirming the direct interaction between transferrin and clusterin.

al-B glycoprotein (AIBG) is a plasma glycoprotein whose levels have been monitored in
various diseases, such as Crohn’s disease (52), and it has been proposed as a potential new
autoantigen of diagnostic importance for RA (48). a2-glycoprotein 1, zinc-binding (AZGP1)
stimulates lipid degradation in adipocytes and is implicated as a prognostic marker for lung
cancer (53). Moreover, AZGP1 has been identified in the functional network of genes involved
in the pathogenesis of osteochondrosis (54). However, we found no direct links between
A1BG, AZGP1, and clusterin in OA.

Leucine-rich a-2-glycoprotein 1 (LRG1) is a new regulator of pathogenic angiogenesis and a
novel oncogene-associated protein that contributes to angiogenesis-coupled de novo bone
formation by promoting angiogenesis and recruiting MSCs to the subchondral bone of OA
joints (55). LRG1, along with clusterin, is a candidate biomarker for the diagnosis of various
diseases, including acute lymphoblastic leukaemia (56) and ovarian cancer (57).

Lipocalin 2 (LCN2) is a secreted glycoprotein that belongs to a group of transporters of small
lipophilic molecules in the circulation. It is an adipose-derived cytokine involved in a number
of functions, such as the induction of apoptosis, transport of fatty acids and iron, modulation
of inflammation, and metabolic homeostasis. LCN2 has emerged as a useful biomarker of
rheumatic diseases (58). As an acute-phase protein, LCN2 is highly relevant as a potential
clinical biomarker for low-level systemic inflammatory diseases. LCN2 expression in
chondrocytes is modulated by IL-1B, leptin, adiponectin, lipopolysaccharide (LPS), and
dexamethasone (59). The synovial fluid levels of LCN2 are significantly higher in patients with
RA than in those with OA (60). However, we did not find any data confirming the direct
interaction between lipocalin 2 and clusterin.

Tissue inhibitor of metalloproteinase 1 (TIMP1), an inhibitor of matrix metalloproteinases
(MMPs) and disintegrin-metalloproteinases (ADAMs and ADAMTSs), is associated with
synovial inflammation, radiographic OA severity, and/or OA symptoms (61). TIMP1 is one of
the top genes most closely related to OA based on bioinformatics analysis (62). However, we
did not find any data confirming a direct interaction between TIMP1 and clusterin.

Secreted phosphoprotein 1 (SPP1; also known as osteopontin) is a sulphated phosphoprotein
with cell- and matrix-binding properties that has been identified in human OA chondrocytes
(63). Clusterin and osteopontin levels are often monitored together under various conditions,
such as asthma (64) and diabetes mellitus (65).

Box-dependent myc-interacting protein 1/bridging integrator 1 (BIN1) and hepatitis A virus
cellular receptor 1 (HAVCR1/KIM1) are often used together with clusterin as biomarkers for
various conditions (66, 67), but these proteins have not yet been characterised in cartilage
and/or OA.

The prevalence of OA is significantly higher among women, which in part may stem from the
fact that androgens are believed to exert anti-inflammatory effects in various inflammatory
models and in patients with inflammatory diseases (68). Androgen receptor (AR) expression
in synovial tissue is correlated with other steroid hormone receptors in OA but not in RA
patients (69). Oestrogen receptor B (ERp) is known to regulate AR signalling, and clusterin is



significantly upregulated in ERB”~ mice (70), suggesting that the interplay between these
pathways may modulate anti-inflammatory pathways through clusterin.

Trefoil factor 3 (TFF3) is a protease-resistant protein with multiple functions, including the
inhibition of apoptosis (71). TTF3 is absent from healthy cartilage but is present in OA and
induces MMP1, 3, and 13 (72), suggesting its involvement in disease progression. TTF3 is also
present in the synovial membrane and synovial fluid of OA patients (73). Although we did not
find evidence of direct interactions between TTF3 and clusterin, these two proteins are often
monitored together as biomarkers in urine (74, 75).

ABCA7 (ATP-binding cassette, sub-family A (ABCl), member 7), PICALM
(phosphatidylinositol-binding clathrin assembly protein), and clusterin have been identified in
genome-wide association studies (GWAS) as loci responsible for ~50% of late-onset AD (76,
77).

Ficolin 3 (FCN3, also known as collagen/fibrinogen domain-containing lectin 3, or H-ficolin)
is a serum P-2-macroglycoprotein that can activate the complement system via the lectin
pathway, and its synovial fluid levels in patients with RA are significantly higher than those in
patients with OA (78). FCN3, along with clusterin and gelsolin, has been studied as a biomarker
for amyotrophic lateral sclerosis (ALS), and serum FCN3 levels have been found to be higher
in patients with ALS than in healthy individuals (79).

Vitamin D-dependent calcium-binding protein calbindin 1 (CALBI) is expressed in
prechondroblasts, chondroblasts, and newly differentiated chondrocytes (80). Exogenous
vitamin D3 administration upregulates CALB1 expression in renal extracts of mice (81).
Although CALBI is often monitored together with clusterin as a biomarker for various
conditions (75), we could not find direct interactions between these two proteins in OA.

We identified three heat shock B proteins (HSPBI, 2, and 3) in the connectome of clusterin.
HSPBI1 protein expression has been reported to be attenuated by valdecoxib, a non-steroidal
anti-inflammatory drug that has been widely used for the treatment of RA and OA, thereby
alleviating ER stress (82). However, we found no evidence of a direct association between
clusterin and these heat-shock proteins.

BCL-2 is a key regulator of apoptosis and plays a role in OA development (83, 84). Clusterin
interacts with Bcl-2 family members, which may represent the molecular basis of its apoptosis-
regulatory function (85).

The clusterin connectome in OA using the Cytoscape text-mining approach

We also aimed at identifying interacting partners with clusterin in OA; to this end, we once
again employed the text mining service in CytoScape using the keywords ‘clusterin’ and
‘osteoarthritis’. The search returned only 13 interacting partners, of which five entities (AFM,
APOA4, HPX, CLU, and C7) were first-shell interactors, and seven proteins (PRG4, MMP3,
ORM?2, PROC, IGLLS, IGFALS, and SERPINA4) were second-shell interactors (Table S1).
The first shell interactors were discussed above.



Entity Protein name Node degree
First shell interactors

AFM alpha-albumin 6
APOA4 apolipoprotein A-4 6
HPX beta-1B-glycoprotein/hemopexin S
CLU clusterin 4
C7 complement component C7 2
Second shell interactors

PRG4 lubricin 15
MMP3 matrix metallopeptidase 3 11
ORM2 alpha-1-acid glycoprotein 2/oromucosid 2 4
PROC protein C 3
IGLLS immunoglobulin lambda like polypeptide 5 1
IGFALS insulin-like growth factor-binding protein complex acid labile subunit 1
SERPINA4  serpin peptidase inhibitor, clade A, member 4 1

Table S1. Entities in the OA-related connectome network of clusterin ranked by node degree
as identified by text-mining using Cytoscape. First and second shell interactors are listed
separately.

Among the second-shell interactors, lubricin/proteoglycan 4 (PRG4) has the highest node
degree (15). When human OA chondrocytes were cultured in serum-free differentiation media
supplemented with TGF3, the superficial zone of neocartilage formed contained lubricin and
clusterin (86). The plasma levels of clusterin and lubricin peptides can be used as predictive
biomarkers for OA (87). Elevated lubricin levels in the synovial fluid may be a potential
biomarker for early joint injury prior to the radiographic manifestations of OA (88).
Simultaneously, serum lubricin levels significantly decreased after intense exercise in horses
(89).

Matrix metallopeptidase 3 (MMP3), a protease involved in the breakdown of cartilage ECM,
is detectable in the secretome of pathophysiologically relevant in vitro models of OA, together
with clusterin (90, 91).

Orosomucoid 2 (ORM?2), an acute-phase plasma protein, has recently been identified as one of
the six predictive serum biomarkers of response to chondroitin sulfate/glucosamine
hydrochloride treatment in patients with knee OA. In fact, ORM2 serum levels at baseline,
combined with other relevant variables, could predict patient response to chondroitin
sulfate/glucosamine hydrochloride treatment with very high specificity and sensitivity (92).

Protein C (PROC) is a serine protease involved in the degradation of activated forms of
coagulation factors V and VIII. Elevated PROC levels are detectable in the synovial fluid of
patients with OA and PROC induces aggrecan and collagen proteolysis and release via
increased MMP activity (93, 94). PROC has been identified as one of the secreted proteins in
synovial fluid samples 12 months after anterior cruciate ligament transection (ACLT), and its
abundance is correlated with cartilage damage (7). Higher PROC levels were observed in the
untreated ACTL group than those in the bridge-enhanced ACL repair group. In contrast,
APOAA4 levels were lower in the ACTL group. In the same study, increased clusterin and HPX
levels were associated with a larger cartilage lesion area.



Immunoglobulin lambda-like polypeptide 5 (IGLLS) is a hub gene associated with the
pathogenesis and prognosis of RA (95). However, we did not find any further evidence for an
association between IGLLS5, clusterin, and OA.

Insulin-like growth factor-1 (IGF-1) is a hormone that regulates skeletal growth and
development (96), and increased serum levels are causally related to a higher risk of hip and
knee OA (97). Approximately 80% of circulating IGF-1 exists in the form of a complex that
plays an important role in regulating the bioavailability of IGF-1 by prolonging its half-life.
The complex is composed of IGF-1, IGF-binding protein-3 (IGFBP-3), and insulin-like growth
factor-binding protein acid-labile subunit (IGFALS), the latter of which is identified as a
second-shell interactor for clusterin in the context of OA. IGFALS has been associated with
skeletal defects such as idiopathic short stature (98). SERPINA4 (also known as kallistatin) is
a multifunctional protein produced by the liver, and its plasma levels may serve as prognostic
or diagnostic biomarkers for various conditions such as chronic liver disease (99) and lung
cancer (100). In a study aimed at identifying plasma biomarkers to predict radiographic
progression of knee OA, several factors, including clusterin, SERPINA4, and IGFALS levels,
were monitored in matched serum and synovial fluid levels using mass spectrometry (87).
However, neither SERPINA4 nor IGFALS performed well in this study. Instead, a combined
analysis of clusterin and lubricin peptide levels in the plasma has been suggested as a predictive
biomarker of OA progression.
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