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Abstract
Alkaptonuria (AKU) is an ultra-rare autosomal genetic disorder caused by a defect in the activity of
the enzyme homogentisate 1,2-dioxygenase (HGD) that leads to the accumulation of homogentisic
acid (HGA) and its oxidized product, benzoquinone acetic acid (BQA), in the connective tissues
causing a pigmentation called “ochronosis”. The consequent progressive formation of ochronotic
aggregates generate a severe condition of oxidative stress and inflammation in all the affected areas.
Experimental evidences have also proved the presence of serum amyloid A (SAA) in several AKU
tissues and it allowed classifying AKU as a secondary amyloidosis. Although AKU is a
multisystemic disease, the most affected system is the osteoarticular one and articular cartilage is
the most damaged tissue. In this work, we have analyzed for the first time the cytoskeleton of AKU
chondrocytes by means of immunofluorescence staining. We have shown the presence of SAA
within AKU chondrocytes and finally we have demonstrated the co-localization of SAA with three
cytoskeletal proteins: actin, vimentin and β-tubulin. Furthermore, in order to observe the
ultrastructural features of AKU chondrocytes we have performed TEM analysis, focusing on the
Golgi apparatus structure and, to demonstrate that pigmented areas in AKU cartilage are
correspondent to areas of oxidation, 4-HNE presence has been evaluated by means of
immunofluorescence. This article is protected by copyright. All rights reserved
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Introduction
Alkaptonuria (AKU; MIM no. 203500) is an ultra-rare (1:250.000-1.000.000 incidence) autosomal
recessive genetic disease (Nemethova et al., 2016) due to a deficient activity of the enzyme
homogentisate 1,2-dioxygenase (HGD) leading to the accumulation of homogentisic acid (2,5dihydroxyphenylacetic acid, HGA). HGA-oxidized derivative benzoquinone acetic acid (BQA)
forms polymer deposits that accumulate in the connective tissues, most commonly the joints, but
also in the cardiovascular system, in the kidneys and in the skin, causing a pigmentation known as
“ochronosis”, leading to dramatic organ damage (Phornphutkul et al., 2002). Recently, HGD
expression was also found in human neuronal cells (Bernardini et al., 2015), confirming that
alkaptonuria is a multisystemic disease.
Polymer deposition in cartilage leads to degeneration, chronic inflammation, pain and ochronotic
arthropaty, the most common clinical manifestation of AKU (Helliwell et al., 2008). So far, no
licensed cure for AKU is avaible. Treatment is symptomatic, while for the end-stage of the disease,
total joint replacement is required. Phase II and a phase III clinical trials with nitisinone (Ranganath
et al., 2016), the unique orphan drug recognized for AKU, are active at the moment.
Redox-proteomic analyses evidenced that HGA could lead to significant oxidation of several serum
and chondrocyte proteins (Braconi et al., 2010b; Braconi et al., 2011; Braconi et al., 2012; Braconi
et al., 2013). Further investigations highlighted that this oxidative stress condition, expressed in
terms of lipid peroxidation in AKU cartilage and chondrocytes (Spreafico et al., 2013), is related to
a particular form of apoptosis, named chondroptosis (Millucci et al., 2015b).
Experimental evidences have proved that AKU osteoarticular tissue contains AA-amyloid deposits
and that secondary amyloidosis is associated with AKU (Millucci et al., 2012; Millucci et al.,
2014a; Millucci et al., 2014b; Millucci et al., 2014c; Millucci et al., 2015a). Secondary amyloid-A
(AA) amyloidosis is a severe complication of chronic inflammatory conditions, such as rheumatoid
arthritis (RA), which in their acute phase are characterized by the deposition of an amyloid product,
the protein serum amyloid A (SAA) (Momohara et al., 2008). SAA in humans is mainly produced
by the liver, even though extrahepatic synthesis is also common (Urieli-Shoval et al., 1998). SAA
fragments were found in amyloidosis and the accumulation of these fibrils can lead to organ failure
(Yakar et al., 1996). In ex vivo alkaptonuric specimens, amyloid deposits were revealed in cartilage,
synovia, and bone, also due to a local HGD expression in the osteoarticular system (Bernardini et
al., 2012; Laschi et al., 2012). Moreover, by means of in vitro cell and tissue AKU models, it was
shown that pigment deposition is directly caused by HGA accumulation and co-localizes with SAA-
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amyloid (Braconi et al., 2010a; Braconi et al., 2010b; Braconi et al., 2011; Braconi et al., 2012;
Spreafico et al., 2013, Tinti et al., 2010; Tinti et al., 2011a; Tinti et al., 2011b).
The above mentioned features were useful to better understand the mechanisms that may lead to
cartilage degeneration in AKU, but a deeper investigation on the structural characteristics of AKU
chondrocytes, in relation to the oxidative stress status these cells and, consequently, cartilage
undergo to, may be of further help.
Articular cartilage is a highly specialized tissue composed of a dense extracellular matrix (ECM)
containing principally type II collagen fibers (5%), proteoglycans (20%) and water (75%) besides
its unique cell type, the chondrocyte, interspersed in the ECM. Chondrocytes are entirely
responsible for the turnover of the cartilage matrix through the production and secretion of collagen,
proteoglycans and enzymes for cartilage metabolism; the metabolic activity of chondrocytes is
regulated by the mechanical load that the tissue is subjected to (Blain, 2009).
The cytoskeleton of the chondrocytes is a dynamic three-dimensional network; it plays an essential
role in the physical interaction between the chondrocyte and its extracellular matrix and it may be
involved in the process of mechanical signal transduction in articular cartilage (Benjamin et al.,
1994). The cytoskeleton consists of microfilaments, microtubules and intermediate filaments,
whose main constituents are actin, tubulin and vimentin, respectively. In chondrocytes, the main
functions of actin microfilaments are to maintain the chondrocyte phenotype, by regulating cell
shape (Brown and Benya, 1988), and to provide cells with mechanical integrity to withstand
compressive load (Guilak, 1995). Tubulin microtubules play a key role in cellular division, in
organizing the distribution of organelles and eventually in collagen and proteoglycans synthesis and
secretion (Thyberg and Moskalewski, 1999). Less is known about the function of vimentin
intermediate filaments in chondrocytes; vimentin is more abundant in chondrocytes than in other
cells (Ruiz-Romero et al., 2005) and it contributes to the stiffness of healthy chondrocytes
(Haudenschild et al., 2011), as well as signal transduction (Traub, 1995).
In the present paper, we have studied for the first time, to the best of our knowledge, the
cytoskeleton organization of AKU chondrocytes isolated from articular cartilage of patients
suffering from ochronotic arthropathy, chondrocytes treated with HGA and healthy chondrocytes by
immunofluorescence techniques; we have also determined the presence of SAA within the cells and
its co-localization with the three examined cytoskeleton markers (actin, tubulin and vimentin).

This article is protected by copyright. All rights reserved

4

Materials and Methods
Chondrocytes isolation and culture
Primary human alkaptonuric chondrocytes were obtained, after informed consent, from head of
femur cartilage fragments of three alkaptonuric patients suffering from ochronotic arthropathy and
undergone surgery for hip replacement. The study received approval from the Local Ethics
Committee and was conducted according to the principles of the Declaration of Helsinki (64th,
2013). The characteristics of patients enrolled for the study are schematically listed in Table 1.
Control chondrocytes (not alkaptonuric) were obtained from articular cartilage of three healthy
subjects who underwent surgery for a traumatic accident (Table 1).
Chondrocyte isolation was performed immediately after surgery as previously described (Braconi et
al., 2012). Cartilage tissue was minced under aseptic conditions and digested by three sequential
enzymatic digestions in medium containing 1mg/ml hyaluronidase (30 minutes), 5mg/ml pronase (1
hour) and 2mg/ml collagenase (Type I, 1hour) at 37°C; the cell suspension was then filtered twice
using 70m nylon meshes, washed and centrifuged for 10 min at 1500rpm. Finally, the pellet was
suspended in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 2%
penicillin/streptomycin (P/S) and 10% fetal bovine serum (FBS) and then cells were seeded in
10cm-Petri dishes and cultured at 37°C in a humidified atmosphere (95% air with 5% CO2).
For the set-up of an alkaptonuric cell model, healthy human chondrocytes were treated with HGA
(Sigma Aldrich) at a concentration of 0.066mM within the range concentration of blood HGA in
AKU patients. This concentration was selected as the lowest HGA concentration able to make the
pigment visible in the cells and the highest concentration at which the vitality of the cells was not
compromised (data not shown). In these conditions cells were cultured for 14 days, with media
change every two days.
Once isolated, chondrocytes were cultured until the 3rd generation to prevent the use of dedifferentiated cells. Within each experiment, all comparisons were done on cells from the same
donor at the same passage.
Fluorescence microscopy
Cells, passaged at 1 x 104 cells/well in sterile chamber slides (Ibidi®) and cultured until subconfluence (80-85% confluency) were fixed with 4% paraformaldehyde (15 minutes) and
permeabilized with 0.5% Triton X-100 (5 minutes) for the characterization of chondrocytes and
detection of lipid peroxidation. Alternatively, cells were fixed with methanol (20 minutes) and
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acetone (5 minutes) at -20°C for the cytoskeletal characterization. After blocking, samples were
incubated overnight at 4°C with anti-aggrecan (Sigma Aldrich), anti-HAPLN1 (Sigma Aldrich),
anti-osteocalcin (clone 2D5, Sigma Aldrich), anti-4-hydroxy-2-nonenal (4-HNE) (Percipio
Biosciences, Inc., Burlingame, CA), anti-β-actin (clone AC-15, Sigma Aldrich), anti-β-tubulin
(clone TUB 2.1, Sigma Aldrich), anti-vimentin (clone VIM 13.2, Sigma Aldrich) or anti-SAA
(Santa Cruz Biotechnology, CA) antibodies. The cells were then incubated for 1h at room
temperature with goat anti-mouse IgG-Texas Red conjugated secondary antibody or goat anti-rabbit
IgG-FITC conjugated secondary antibody (Santa Cruz Biotechnology, CA). Finally, the samples
were mounted with fluoroshield mounting medium with DAPI (Abcam, Cambrige, UK) and images
were captured by Leiz Aristoplan light microscope (Leica, Wetzlar, Germany).
Slices of control and AKU cartilage (5µm of thickness) were immunostained for detection of lipid
peroxidation as previously described.
The quantitative co-localization analyses of SAA and actin, β-tubulin or vimentin signals was
performed using ImageJ and the JACoP plug-in to determine the Manders’ coefficient (Galvagni et
al., 2016), which represents the percentage of SAA pixels that overlaps actin, β-tubulin or vimentin.
To show co-localization events by white dots, images were obtained using ImageJ and the
Colocalization plug-in.
Cartilage histology
For histological analysis, AKU and healthy cartilage fragments (5µm of thickness) were fixed with
4% of paraformaldehyde and then stained with hematoxylin-eosin (H/E).
Transmission Electron Microscopy (TEM)
Cells were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.4) containing 2% tannin
and post-fixed in 1% osmium tetroxide and then dehydrated in ethanol and embedded in epoxy
resin. Ultrathin sections were contrasted with uranyl acetate and lead citrate. Specimens were
examined in a transmission electron microscope (100CX II, JEOL U.S.A., Peabody, MA) operated
at 80 kV. Samples were also analysed by an electron dispersive X-ray (EDX) microanalysis system
using Quantex software (Kevex Corp., San Carlos, CA).
In Situ Proximity Ligation Assay (PLA)
In order to determine the co-localization between SAA and the three cytoskeleton markers (actin, βtubulin and vimentin) the in situ proximity ligation assay (Duolink kit, Olink Biosciences, Uppsala,
Sweden) was performed according to the manufacturer’s instruction.
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In brief, chondrocytes passaged at 1 x 104 cells/well in sterile chamber slides (Ibidi®) were grown
until sub-confluence (80-85% confluence) and then fixed, blocked and incubated with primary
antibodies that bind to the proteins to be detected as previously described. Next, cells were
incubated with secondary antibodies conjugated with oligonucleotides (mouse PLUS and rabbit
MINUS probes) and then, after hybridization and ligation of the oligonucleotides, the DNA was
amplified by addition of an amplification solution together with polymerase. The PLA detection
reaction products are seen as red fluorescence dots. Finally cells were mounted with fluoroshield
mounting medium with DAPI (Abcam, Cambrige, UK) and analysed with a fluorescent microscope
(Zeiss AXIO LAB AI). As a control, the cells were incubated without primary antibodies.
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Results
Characterization of chondrocytes extracted from human articular cartilage
In order to characterize both AKU and control (not alkaptonuric) chondrocytes extracted from
human articular cartilage, an immunofluorescence staining was performed. Aggrecan and
hyaluronan and proteoglycan link protein 1 (HAPLN1) were chosen as positive controls (Hamada et
al., 2013); both aggrecan and HAPLN1 are ECM proteins secreted by chondrocytes, whose function
is to endow the cartilage with water providing load-bearing properties (Kiani et al., 2002) and to
stabilize the aggregates of proteoglycan monomers with hyaluronic acid (Hardingham et al. 1979,
Morgelin et al., 1988), respectively. Conversely, the protein osteocalcin was chosen as a negative
control. Cells were positive to aggrecan and HAPLN1 and negative to osteocalcin
immunofluorescence (total absence of fluorescent signal), ultimately confirming their chondrocytic
nature (Figure 1).
AKU chondrocytes cytoskeleton is severely altered
AKU chondrocytes, isolated from femur cartilage fragments derived from alkaptonuric patients
subjected to hip replacement surgery, control chondrocytes and chondrocytes treated with 0.066mM
HGA were assessed for three cytoskeleton markers (actin, vimentin and β-tubulin) by fluorescent
microscopy. Representative images of cytoskeleton immunofluorescence are shown in Figure 2.
Overall, we could assert that the cytoskeleton of AKU chondrocytes, when compared with
chondrocytes derived from normal tissue, displayed an evident disordered distribution within cells.
Actin is the most abundant protein in eukaryotic cells; one of the essential functions of the actin
microfilaments in chondrocytes is the maintenance of the phenotype, which it does by regulating
cell shape. In control chondrocytes, weak actin staining was evidenced and cells seemed to preserve
their regular shape (Figure 2A); in AKU chondrocytes, actin staining was stronger, bundles
appeared surrounding the nucleus and cells lost their classical shape. Actin labelling was abundantly
observed within AKU chondrocytes, whereas in control cells it was remarkably faint. In addition,
AKU chondrocytes showed re-organization of the actin network into stress fibers and there was
augmented punctuate staining compared to normal chondrocytes, with an increase in filamentous
stress fibers (Figure 2B).
Vimentin intermediate filaments play an important role in signaling transduction and in
withstanding tensile stress, they also contributes to the viscoelastic properties of the chondrocytes;
they are generally evident as a dense network of filaments distributed throughout the cell
cytoplasm, from the nuclear surface to the plasma membrane (Figure 2D). In AKU chondrocytes
This article is protected by copyright. All rights reserved
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the loss of the original cell shape is mostly marked compared to cell type-control and it is mostly
noticeable the “shrinkage” of the cells probably due to the destruction of the vimentin network
(Figure 2E). AKU chondrocytes displayed a thick granular immunolabelling, which was absolutely
absent in healthy cells.
Microtubules are highly important components of the cell as they are essential to many important
processes including organelle transport, cell motility, cell division and morphogenesis. In normal
chondrocytes β-tubulin was equally distributed throughout the cytoplasm and formed an array
radiating from perinuclear to peripheral areas (Figure 2G,J); in AKU chondrocytes the microtubules
filamentous structure was transformed in aggregates mainly located at the periphery of the cell;
furthermore the β-tubulin signal was frequently absent in the area around the nucleus, right where it
should be the centrosome; this leads us to think that the entire network could be destroyed (Figure
2H,K). Tubulin labelling showed a fine granular and fragmented immunolabelling that varied from
cell to cell and is present, with a minor intensity, also in HGA treated cells. Notable observation
was that the overall fluorescence intensity was highest in healthy chondrocytes, and that a scattered,
chopped labelling was observed in AKU, when tubulin networks resulted disrupted. In figure 2K a
dividing cell is shown, where the mitotic spindle is completely absent.
In contrast with the evident disorganization of the cytoskeletal markers in AKU chondrocytes,
HGA-treated cells did not display the same marked alterations, although they showed an evident
different organization of the main components of cytoskeleton, compared to control cells. Images
relative to staining with β-tubulin in HGA-treated chondrocytes (Figure 2I,L) revealed how
treatment with HGA may affect the organization of this protein: microtubules appeared randomly
distributed in comparison to the regular distribution in parallel filaments observed in healthy
chondrocytes. Intermediate filaments represented by vimentin in Figure 2F also showed a random
distribution with an initial loss of organization. On the basis of these observations,
immunofluorescence of HGA-treated chondrocytes revealed that cells started losing their original
shape after 14 days of treatment.
SAA co-localizes with actin, vimentin and β-tubulin
In order to determine the localization of SAA within AKU, HGA-treated and control chondrocytes
and its co-localization with the cytoskeleton, immunofluorescence staining was performed. In
control chondrocytes SAA was not detectable (Figure 3A,G,N), while a weak green fluorescence
was observed in HGA-treated chondrocytes, but only in few cells (4%) (Figure 3C,I,P). The most
remarkable result was obtained in AKU chondrocytes (Figure 3B,H,O); indeed, a strong green
staining was evident in almost all cells (95%), confirming the presence of SAA. Interestingly, SAA
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was mostly concentrated in the nucleus and in the closely surrounding area, whereas only a few
amount was located in the cell periphery (Figure 3B,H,O). White dot co-localization images of
SAA and actin (Figure 4A), β-tubulin (Figure 4B) or vimentin (Figure 4C) revealed a colocalization of the two signals leading us to suppose a potential interaction between SAA and
cytoskeletal markers.
To demonstrate the close proximity of labeled proteins, PLA method was carried out in AKU
chondrocytes (Figure 5) in which the strong presence of SAA was already showed. The in situ PLA
allows to detect protein-protein interactions in cell lines and tissues (Soderberg et al., 2006), the
strong signal makes it possible to use very simple instruments for acquiring the images without the
necessary for data processing to determine interaction (Weibrecht et al., 2010). This assay reveals
the co-localization between two proteins whose distance is lower than 30nm. The strong reaction
products, red fluorescent spots, confirmed the co-localization of SAA and actin, vimentin and
tubulin. In particular, the co-localization is visible throughout the cells in the reaction between SAA
and actin (Figure 5A), whereas in the case of SAA and vimentin (Figure 5B), but especially of SAA
and tubulin (Figure 5C), red fluorescent spots were concentrated around the nucleus and in the
periphery of the cells.
Lipid peroxidation is evident in AKU cartilage and chondrocytes
In order to evaluate the presence of major products of lipid peroxidation (LPO), AKU cartilage
sections were incubated with rabbit monoclonal anti-4-HNE. 4-HNE is an α, β-unsaturated
aldehyde, able to react with a wide variety of cellular components, including DNA and proteins
(Uchida and Stadtman, 1992). It is believed to be largely responsible for lipid peroxidation
(Pompella et al., 2002). The fluorescent signal detected in AKU specimen (Figure 6B,C), as
compared to the control (Figure 6A), demonstrated an evident LPO. These results were also
previously described in cartilage and in chondrocytes samples obtained from AKU patients
(Braconi et al., 2015; Millucci et al., 2015b). In AKU samples, HNE fluorescence was more intense
in hypertrophic and deep zone of cartilage (Figure 6B,C, white arrows), in correspondence of the
most pigmented areas (Figure 6E,F). In contrast, normal cartilage showed only a very weak staining
of the cartilage surface (Figure 6A) and phase contrast image highlighted that non AKU cartilage
appeared transparent (Figure 6D). It was interesting to observe a peri-lacunar increase of fluorescent
signal, corresponding to the first signs of pigmentation observed in the AKU mouse model (Taylor
et al., 2012) and suggesting a role for the HGA in the progress of LPO. A further evidence of LPO
was

demonstrated

in

AKU

chondrocytes

(Figure

6K),

which

resulted

positive

to

immunofluorescence with anti-4-HNE antibody in respect to control chondrocytes where the signal
relative to LPO staining was very low or absent (Figure 6J).
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Cartilage degeneration due to pigment deposition
A further analysis of cartilage structure in AKU specimens was possible by means of hematoxylin
and eosin staining: AKU cartilage (Figure 6H,I) appeared more degenerated compared to the
control (Figure 6G), as it was possible to observe in correspondence of the lacunae, which in AKU
cartilage were more flattened with irregular edges, while in healthy cartilage showed a round
regular shape. Ochronotic pigmentation was detected in the pericellular matrix of chondrocytes
within the calcified cartilage, as well as in the cellular compartment. Viable and pigmented
chondrocytes within the same isogenous group were present, and a fully pigmented pyknotic
chondrocyte with heavy staining of the cellular materials also visible (Figure 6H, black arrow). The
tissue was clearly ripped and in advanced status of degradation; pigmentation was very marked in
the whole extracellular matrix and present extensively throughout the articular cartilage, in
consequence of fibrillation and erosion of the tissue.
Alterations of Golgi apparatus by TEM analysis
In order to observe the ultrastructural features of AKU chondrocytes, we performed TEM analysis.
Figure 7 shows typical alkaptonuric chondrocytes features: AKU chondrocytes were irregular and
dysmorphic, characterized by an abundant RER (Figure 7D) and by prominent Golgi complexes
(Figure 7A,B), with swollen cisternae and irregular membranes without distinguishable limits.
These features were typical of chondroptosis (Millucci et al., 2015b). Intense vacuolization,
organelle destruction, chromatin condensation, several protrusions of cell membrane were evident
in almost all the cells. Moreover, AKU chondrocytes showed characteristic signs of degeneration
and organelle shattering: annular chromatin condensation at the nuclear envelope, budding of the
nuclear envelope, numerous clusters of swollen mitochondria (Figure 7A,B,D) and multiple
protrusions of cell membrane (Figure 7C). Prominent RER, fragmented and expanded Golgi
membranes (Figure 7B), cell fragmentation and disintegration (Figure 7A,B).
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Discussion
Alkaptonuria (AKU) is a multisystemic degenerative disease with a strong involvement of the
osteoarticular system, with cartilage more severely affected than bone (Fisher and Davis, 2004).
Ochronosis leads to the weakening of cartilage, which becomes stiffer and prone to breakage, to
chronic inflammation and, finally, to osteoarthritis (Gallagher et al., 2015). Chondrocytes are the
only cell type present in cartilage; their main function is to synthetize the components of
extracellular matrix, such as collagen and proteoglycans, and to send them outside the cell to
constitute the cartilage. The structure and composition of extracellular matrix determine the ability
of articular cartilage to withstand highly frequent stresses and pressures. The cytoskeleton of
chondrocyte acts like a physical interface between the cell and the extracellular matrix, allowing to
sense the mechanical stimuli and to initiate the downstream biosynthetic responses. It is clear that
any cytoskeletal alteration could affect cartilage resistance and functioning. For this reason, it is
important to underline that this work provides, for the very first time, an in depth analysis of AKU
chondrocytes and cartilage, with a clear focus on the features of AKU chondrocytes cytoskeleton.
Immunofluorescence analysis of AKU chondrocytes cytoskeleton highlighted an abnormal
distribution of all three cytoskeletal elements in comparison with healthy chondrocytes. The altered
AKU phenotype might be especially a consequence of a modified actin cytoskeleton, which is
thought to play a major role in regulating chondrogenesis and chondrocyte differentiation, with
drastic changes in cell shape and gene expression (Benya et al., 1988; Brown and Benya, 1988;
Woods et al., 2005). Similarly, the integrity of microtubules is essential in chondrocytes for the
assembly and the maintenance of the Golgi apparatus (Kreis, 1990; Thyberg and Moskalewski,
1985; Thyberg and Moskalewski, 1999) and for the synthesis and the secretion of matrix
components, like collagen and proteoglycans, that are post-translationally modified and packaged
by the Golgi apparatus (Silbert and Sugumaran, 1995; Vertel et al., 1985). It has been demonstrated
that the destruction of tubulin network with colchicine (Jansen and Bornstein, 1974, Lohmander et
al., 1976; Lohmander et al., 1979) or other anti-microtubular agents (Jortikka et al., 2000) would
prevent the release of these extracellular matrix components and would impair the health of
articular cartilage. Studies carried out on chondrocytes extracted from human osteoarthritic articular
cartilage (Fioravanti et al., 2003; Holloway et al., 2004) and a rat model of osteoarthritis (CapinGutierrez et al., 2004) have shown the presence of a disorganized cytoskeleton and the reduction of
collagen and proteoglycans in the extracellular matrix, resulting in a damage of the cartilage tissue.
In previous works we demonstrated that the proteoglycan content is significantly decreased in AKU
cartilage when compared to normal cartilage, probably due not only to an involvement of
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proteoglycan-degrading enzymes (Millucci et al., 2015b), but also to an inadequate release of
proteoglycans (Tinti et al., 2010) as a result of the alteration and partially destruction of
microtubules network in AKU chondrocytes. An important contribution to the development of
cartilage pathologies may be represented by alterations in the responsiveness of chondrocytes to
mechanosensing and mechanoresponses. Intermediate filaments are known to be involved in
mechanosensing of chondrocytes, even if their role has not been completely understood; vimentin
filaments possess exclusive viscoelastic properties that allow greater resistance to mechanical stress
(Chen et al., 2016; Trickey et al., 2004). Studies on the differential distribution of actin and
vimentin networks in chondrocytes clearly suggest a role for these cytoskeletal elements in
transducing mechanical deformation of the matrix into a cellular response (Durrant et al., 1999;
Idowu et al., 2000). A disorganized vimentin cytoskeleton was observed in human osteoarthritic
chondrocytes (Fioravanti et al., 2003; Holloway et al., 2004), indicating that alterations in vimentin
network may be involved in osteoarthritis pathogenesis (Haudenschild et al., 2011). Proteomic
analysis carried out on AKU and healthy chondrocytes revealed that β-tubulin and vimentin were
under-expressed in AKU chondrocytes with respect to the control (Braconi et al., 2012). This
suggests that altered cytoskeletal structures observed in AKU chondrocytes could lead to cartilage
pathology by compromising the metabolism of the cells and consequently the biomechanical
integrity of the tissue.
A separate discussion needs to be done for chondrocytes extracted from healthy cartilage and
treated with HGA. We developed a cell model based on the use of human primary AKU
chondrocytes grown in a medium supplemented with HGA in order to simulate in vitro the
conditions that lead in vivo to the formation of ochronotic pigment, as a result of HGA
accumulation (Tinti et al., 2010; Tinti et al., 2011b). It is quite evident that cytoskeletal alterations
in HGA-treated chondrocytes were not as relevant as those observed in AKU chondrocytes,
presumably because the treatment was too short to reproduce in vitro the conditions AKU
chondrocytes were subjected to in vivo. Furthermore, even in AKU chondrocytes, cytoskeletal
alterations were sometimes not so evident, a phenomenon probably related to the health status of
cartilage from which cells were extracted and/or to the progress of the disease.
TEM analysis of AKU chondrocytes also confirmed what had already been highlighted by
immunofluorescence staining and evidenced severe alterations in the structure of Golgi apparatus,
normally constituted by regular flattened membranes, termed cisternae, that associate vertically to
form a Golgi stack. In chondrocytes isolated from AKU patients, this regular structure was not
maintained and cytoskeletal aberrations were extremely evident, providing a possible explanation
for these observations. The whole complex is physically connected to the cytoskeleton and its
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function and structure is strictly related to the cytoskeletal organization. Vesicles produced by the
Golgi apparatus are driven within the cytoplasm through an active mechanism of transport,
mediated by actin and microtubule filaments (Fokin et al., 2014). Therefore, general observations
have shown that microtubule depolymerization causes Golgi fragmentation while actin
depolymerization causes Golgi compaction (Thyberg and Moskalewski, 1999; Valderrama et al.,
1998). There are lines of evidence indicating that the structural integrity of the Golgi complex is
dependent on microtubules. In the presence of substances causing alteration in the structure of
microtubules, the Golgi stacks were broken down into tubulovesicular clusters, and protein
secretion ceased almost completely. In this study, disruption of microtubules led to the dispersion of
Golgi stacks in the cytoplasm and evidenced an altered morphology of the stacks with swollen
cisternae and few surrounding vesicles. In normal cells, the Golgi stacks consist of flattened
cisternae and are localized in the juxtanuclear region (Thyberg and Moskalewski, 1999). A
prominent Golgi, with swollen cisternae, has been also described as a peculiarity of chondroptosis,
a particular form of apoptosis affecting AKU chondrocytes (Millucci et al., 2015b).
Furthermore, in this study we have demonstrated that there is a positive 4-HNE fluorescent signal in
AKU cartilage and chondrocytes compared to control samples. Oxidative stress is a welldocumented condition in AKU. The toxic metabolite, HGA, undergoes spontaneous oxidation to
1,4-benzoquinone-2-acetic acid (BQA), with a concomitant production of reactive oxygen species
(Braconi et al., 2010a; Braconi et al., 2011; Braconi et al., 2013; Braconi et al., 2015). AKU
cartilage has shown a proportionality between the fluorescent signal of LPO and cartilage
pigmentation, being the fluorescence more intense in correspondence of the more pigmented areas
of the cartilage, in particular at the peri-lacunar level of empty lacunae. Moreover, where
chondrocytes were well visible within the lacunae, they appeared more fluorescent, confirming the
high level of oxidative stress they underwent. These observations suggest a direct role of HGA in
the progress of LPO. The concomitant positive LPO and cytoskeletal aberrations in AKU cartilage
and chondrocytes suggests a relationship between these two conditions. LPO in neuronal cells
incubated with 4-HNE led to the inhibition of tubulin polymerization (Neely et al., 2005). The same
result was observed in this study, where tubulin immunofluorescence of AKU chondrocytes
evidenced severe alterations in the structure of this cytoskeletal protein. Hematoxylin and eosin
staining of AKU cartilage highlighted a severe degradation state of AKU cartilage, witnessed by the
presence of flattened lacunae, with indented and irregular edges. This suggests that AKU cartilage
is subjected to a higher mechanical compression due to the deposition and accumulation of
ochronotic pigment aggregates.
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Experimental evidence revealed that AKU is a secondary amyloidosis, a complication of chronic
inflammation processes caused by the deposition of a cleaved product of the acute-phase protein
SAA (Millucci et al., 2012; Millucci et al., 2014a; Millucci et al., 2014b; Millucci et al., 2015b). In
AKU the chronic inflammation status is a consequence of the HGA-BQA-melanin-induced
oxidative stress. We demonstrated that oxidative stress was also related to LPO in vitro and in ex
vivo AKU samples (Braconi et al., 2011; Millucci et al., 2014c), to the release of nitric oxide
(Braconi et al., 2011) and pro-inflammatory cytokines by AKU chondrocytes (Braconi et al., 2012;
Braconi et al., 2013; Millucci et al., 2014c). Additionally, Spreafico et al. (2013) reported that HGA
treatment led to amyloid deposition, synthesis and release of SAA and pro-inflammatory cytokines
and lastly to LPO.
Based on such literature data, we wondered if the previously described cytoskeletal alterations
could be directly correlated with the presence of SAA in AKU chondrocytes. SAA has been
reported to be expressed in synovial cells (O'Hara et al., 2000; Vallon et al., 2001) and in
chondrocytes derived from rheumatoid arthritis patients (Momohara et al., 2008), but this is the first
time, to the best of our knowledge, that intracellular SAA has been detected in AKU chondrocytes.
AKU, HGA-treated and healthy chondrocytes were double labeled for co-distribution of SAA with
actin, vimentin and tubulin. Immunofluorescence staining revealed that SAA was present in
variable amounts within almost all the analyzed AKU chondrocytes, and that the green labelling
was localized mainly around the cellular nucleus, whereas it was absent in control chondrocytes and
only a weak staining was present in HGA-treated chondrocytes. Interestingly, microscopic analysis
revealed that alterations of microtubules in AKU chondrocytes were greater in the proximity of the
nucleus, exactly where the green labelling was stronger, leading us to hypothesize a possible SAAtubulin interaction.
The co-localization of SAA with cytoskeletal markers was hence confirmed with the in situ PLA
method, indicating a distance lower than 30nm between SAA and actin, β-tubulin and vimentin.
SAA co-localized with all cytoskeletal markers, but the most evident reaction occurred once again
with microtubules; microscopical analysis highlighted the presence of red fluorescent spots
especially in the area surrounding the nucleus, confirming a deep interaction between SAA and
tubulin. The positive reaction with PLA makes it fairly impossible for SAA to be contained in any
transport vesicles attached to microtubules, since vesicle membrane would prevent the ligation
process required for the reaction product to form, as already stated by Lakota et al. (2011) in a study
concerning the co-localization of SAA and tubulin in human primary coronary artery endothelial
cells. In a previous work we demonstrated that HGA-treated chondrocytes express and release SAA
(Spreafico et al., 2013); in the present study, we have shown for the first time that, besides a SAA
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with secretory function, a cytosolic SAA was present within AKU chondrocytes and that this
protein directly interacted with chondrocytes cytoskeleton.
What needs to be clarified is the role played by the cytoskeleton in the pathogenesis of AKU. Do
the cytoskeletal alterations observed in AKU chondrocytes determine the degeneration of the
cartilaginous tissue or, conversely, is the disease itself responsible for the alteration of chondrocyte
cytoskeleton? Probably both the hypotheses are conceivable. The chondrocytes cytoskeleton could
be damaged upon events closely linked to the disease, such as the release of pro-inflammatory
cytokines (Braconi et al., 2012; Millucci et al., 2014c; Spreafico et al., 2013) and, as demonstrated
in this work, the presence and the co-localization of SAA. Such severe alterations in chondrocytes
morphology will in turn have an impact on cellular functions, phenotype and mechanotransduction
processes, with potential direct implications in cartilage pathologies and further complications of
the overall picture of AKU.
In conclusion, the main purpose of this paper has been to analyze the cytoskeleton organization of
human primary chondrocytes extracted from articular cartilage of AKU patients. Our results have
confirmed that the cytoskeleton of AKU chondrocytes is severely compromised if compared to the
cytoskeleton of healthy chondrocytes and that the β-tubulin is the most damaged cytoskeletal
protein; the cytoskeleton of HGA-treated chondrocytes is not as altered as the cytoskeleton of AKU
chondrocytes even if we can observe disorganized structures. This is probably due to the shortness
of the treatment. Immunofluorescence staining has demonstrated that the acute-phase protein SAA
is absent in healthy chondrocytes and present, but only in minim amount, in HGA-treated
chondrocytes, while in AKU chondrocytes it is present in high concentration and mostly located in
the area surrounding the nucleus. We have also established that SAA co-localizes with the three
cytoskeletal markers analyzed in this paper and that it binds directly to the cytoskeleton confirming
the presence of a cytosolic extra-vesicular SAA.
In this work we have made a further step forward in the understanding of the pathological
mechanisms of a rare disease as AKU, focusing our attention on this tight connection between the
cytoskeleton of chondrocyte and the cartilage.
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Figure Legends
Figure 1. Characterization of control and AKU chondrocytes by immunofluorescence. Both control
and AKU cells were positive to aggregan (A, B) and HAPLN1 (C, D) staining, confirming their
chondrocytic nature. Osteocalcin was chosen as a negative control (E, F). Nuclei are labeled with
DAPI. Cells are shown at x63 magnification.
Figure 2. Characterization of cytoskeletal elements by immunofluorescence staining. Control
chondrocytes (A,D,G,J) preserved their regular shape. Intermediate filaments (D) were distributed
throughout the cell cytoplasm, whereas microtubules were diffused from the nucleus to the cell
periphery (G,J). In AKU chondrocytes (B,E,H,K) actin staining was stronger, cells seemed to lose
their classical shape (B) and a shrinkage of intermediate filaments was evident (E). Tubulin signal
was absent in the area around the nucleus and microtubules were disassembled (H,K). Mitotic
spindle was not present (K). Chondrocytes treated with 0.066mM HGA (+HGA, C,F,I,L) began to
lose their structure (C) and intermediate filaments (F) and microtubules organization (I,L). Nuclei
are labeled with DAPI. Cells are shown at x63 magnification.
Figure 3. Double labeling of SAA (green) and cytoskeletal markers (red). (A-F) Control
chondrocytes. (A,B,C) Merge. (D,E,F) absence of SAA staining. (G-L) AKU chondrocytes. (G,H,I)
Merge. (J,K,L) SAA staining was very strong and was particularly evident in the area around the
nucleus. (M-R) Chondrocytes treated with 0.066mM HGA. (M,N,O) Merge. (P,Q,R) Weak SAA
staining was present in few cells. Nuclei are labeled with DAPI. Cells are shown at x63
magnification.
Figure 4. White dot co-localization images of AKU chondrocytes analyzed by immunofluorescence
using anti-SAA and (A) anti-β-actin, (B) anti-β-tubulin or (C) anti-vimentin antibodies. Bar graph
shows the quantification (using Manders’ coefficient) of SAA co-localization with cytoskeletal
markers (D) (mean ± SD). Cells are shown at x63 magnification.
Figure 5. Duolink PLA assay show co-localization of SAA and actin (A), vimentin (B) and tubulin
(C) in AKU chondrocytes (red fluorescent spots). Nuclei are stained with DAPI. Cells are shown at
x63 magnification.
Figure 6. 4-HNE detection and hematoxylin (H)/Eosin (E) staining. (A, B, C) AKU cartilage (B,
C), incubated with a primary anti-4-HNE antibody showed a positive detection of lipid peroxidation
in the whole cartilage surface, with higher intensity in correspondence of the most pigmented areas
and at the level of cartilage lacunae (arrows). The same protocol used for healthy cartilage led to a
very low fluorescent signal (A). (D, E, F) Phase contrast images of cartilage, in which control
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sample (D) appeared transparent compared to AKU samples that showed an evident pigmentation
(E, F). (G, H, I) Hematoxylin and eosin staining resulted in a brown coloration of AKU cartilage in
correspondence of pigmented areas (H, I), compared to the pink coloration of the healthy cartilage
(G). Cartilage lacunae appeared flattened and degraded in AKU cartilage. (J, K) LPO was also
detected in AKU chondrocytes, following 4-HNE immunofluorescence (K), whereas it was absent
in control chondrocytes (J).
Figure 7. TEM observation of AKU chondrocytes extracted from articular cartilage of two different
patients. (A) Golgi’s cisternae appeared swollen with vesicles dispersed in the cytoplasm (arrow).
(B) Golgi with disorganized cisternae in which the limits of membranes were difficult to
distinguish. G, Golgi. (C) Membrane disintegration (arrow), vesicular detritus (vd) in autophagic
vacuole, myelin figures involving pigment (asterisk). (D) Ribosomes in prominent RER (arrow). A
frequent structure appearing in the cytoplasm of AKU chondrocytes were vesicles enclosed by a
smooth membrane containing ochronotic pigment in different stages of polymerization (g =
granular pigment; f = fibrous, lamellar pigment). The cytoplasm protrudes into the pericellular
matrix in numerous short cytoplasmic processes (one was shown by arrowhead).
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Table 1. Patients and control details. F, female; HE, hematoxylin-eosin; IF, immunofluorescence;
M, male; TEM, transmission electron microscopy.
Control 1

Control 2

Control 3

Patient 1

Patient 2

Patient 3

37

44

60

68

63

Age
(years)

40

Sex

M

F

M

F

M

M

Pathology

Healthy

Healthy

Healthy

Alkaptonuria

Alkaptonuria

Alkaptonuria

Cartilage
sample

Knee

Knee

Knee

Head of
femur

Head of
femur

Shoulder

Sample
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IF, HE,
TEM

IF, HE,
TEM
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TEM
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