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Abstract

Alkaptonuria (AKU) is an ultra-rare genetic disease caused by a deficient activity of the
enzyme homogentisate 1,2-dioxygenase (HGD) leading to the accumulation of
homogentisic acid (HGA) on connective tissues. Even though AKU is a multi-systemic
disease, osteoarticular cartilage is the most affected system and the most damaged tissue
by the disease. In chondrocytes, HGA causes oxidative stress dysfunctions, which induce a
series of not fully characterized cellular responses. In this study, we used a human
chondrocytic cell line as an AKU model to evaluate, for the first time, the effect of HGA on
autophagy, the main homeostasis system in articular cartilage. Cells responded timely to
HGA treatment with an increase in autophagy as a mechanism of protection. In a chronic
state, HGA-induced oxidative stress decreased autophagy, and chondrocytes, unable to
restore balance, activated the chondroptosis pathway. This decrease in autophagy also
correlated with the accumulation of ochronotic pigment, a hallmark of AKU. Our data
suggest new perspectives for understanding AKU and a mechanistic model that rationalizes
the damaging role of HGA.
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1. Introduction

Alkaptonuria (AKU) is an ultra-rare autosomal recessive metabolic disease caused by
mutations on the homogentisate 1,2-dioxygenase (HGD) gene [1]. These mutations cause
loss of function of HGD [2], a cytosolic enzyme involved in the oxidation of homogentisic
acid (HGA) to maleylacetoacetate acid in the degradative pathway of the amino acids
tyrosine and phenylalanine. Defective HGD activity causes the accumulation of HGA in
connective tissues, leading to a black pigmentation typical of alkaptonuric disease. This
pigmentation, known with the term “ochronosis”, affects mostly the osteoarticular system
(cartilage, bone, synovia and tendons) causing tissue degeneration, chronic inflammation,
and ochronotic arthropathy [3]. Alkaptonuric cells, like chondrocytes and synoviocytes, also
have intracellular ochronotic pigment [8] included into smooth membrane vesicles in the
cytoplasm [9]. Comprehensive analysis has shown that AKU is a multisystemic disease [7]
with ochronotic deposition detected in the majority of the body tissues causing organ
damage and dysfunction [3-7]. In fact, ochronosis is concomitant with the production of free
radical species causing tissue oxidative damage and degeneration [13,14].

Cartilage is one of the most damaged tissues in AKU [15], due to alterations in the structure
and in the functionality of AKU chondrocytes that are characterized by aberrant
cytoskeleton proteins expression [10], HGA-induced oxidative stress related dysfunctions
[18,15,16], reduction of primary cilia length and alteration of Hedgehog signaling [17,18].
Additionally, HGA-induced chondroptosis (a particular form of apoptosis) occurs in AKU
chondrocytes causing cell morphologic changes [19]. AKU has been also linked to
secondary amyloidosis [10, 11] and angiogenesis [12]. In fact, recent studies have shown
that in AKU and HGA treated chondrocytes ochronotic pigment colocalized with SAA-
amyloid [12,20].

Autophagy is one of the processes allowing to maintain the homeostasis of articular
cartilage and consequently its functionality [21]. Autophagy also allows to balance energy
during critical periods of stress and damage, such as during nutrient deprivation [22].
Chondrocytes are the only resident cells in the articular cartilage and they are necessary for
the synthesis and the turnover of extracellular matrix. Since articular cartilage is a post-
mitotic tissue, the proliferation rate of its cells is very slow with low metabolic turnover
[23,24]. Cartilage is an avascular tissue, therefore low levels of nutrients are available for
chondrocytes. For this reason, in cartilage cells the autophagy process plays crucial roles in
housekeeping physiological processes through the intracellular clearance of unnecessary
proteins, pathogens and damaged organelles. Alteration of the autophagic process could
lead to the loss of cytoprotective effects in cartilage and, therefore, the occurrence of
different diseases, such as osteoarthritis (OA) in which a decrease in the autophagic
phenomena occurs [25].

Here we show that HGA causes a state of oxidative stress that over time decreases the
protective autophagic process, leading to chondroptosis. We also observed a concomitant
HGA-induced block of autophagy and accumulation of ochronotic pigment, which
recapitulates AKU physiopathology features.



2. Materials and methods
2.1. Cells culture and treatments

Immortalized human chondrocytes cell line C20 [28] was cultured at 37°C in a humidified
atmosphere of 5% CO2 in DMEM/Ham’s F-12 and 10% FBS, 1% P/S and 1% of L-
Glutamine.

Alkaptonuric tissue and chondrocytes were obtained from articular cartilage of AKU patients
who underwent surgery for total knee replacement. All the procedures were in accordance
with the ethical standards of the responsible committee on human experimentation
(Comitato Etico Policlinico Universitario di Siena, number GGP10058, date July 21, 2010)
and with the Declaration of Helsinki, 1975, as revised in 2000. Informed consent was
obtained from all patients. Chondrocytes were isolated by sequential enzymatic digestion:
30 min with 0.1% hyaluronidase, 1 h with 0.5% pronase, and 1 h with 0.2% collagenase at
37 °C in wash solution (DMEM + penicillin/streptomycin solution + amphotericin B). AKU
cartilage and cells were cultured in DMEM and 10% FBS, 1% P/S and 1% of L-Glutamine
and incubated at 37 -C in a humidified atmosphere of 5% CO2 95% air. The medium was
changed every two days.

10 mM HGA stock solution was prepared by dissolving HGA (Sigma Aldrich) in deionized
water. The stock solution was diluted in the cell culture medium reaching the concentrations
of 0.033 mM, 0.066 mM, 0.1 mM, 0.33 mM and 1 mM, values which included the HGA
range observed in AKU patients [29]. Among these, the treatment with a concentration of
0.1 mM for 2 week was chosen for the next experiments. The concentration of HGA was
selected according to cell viability and the appearance of ochronotic pigment, evaluated
with Schmorl’s staining. The viability of C20 cells after HGA treatment was evaluated
through the Muse Count et Viability Kit (Millipore) according to manufacturer instructions.
Briefly the differentiation between viable and non-viable cells is based on their permeability
to two DNA binding dyes.

Bafilomycin A1 (Baf) solution (Santa Cruz) was prepared after solubilization in DMSO
(dimethyl sulfoxide) and diluted in cell culture medium to reach the concentration of 100 nM,
200 nM, and 400 nM. The treatment was maintained in cells for 1 h, 2 h and 3 h. For the
analysis of the autophagic flux, the concentration that led to the total blocking of the
autophagosomal degradation was used for the experiment. For the simulation of starvation
condition was used Hank’s Balanced Salt Solution (HBSS). Starvation is a powerful
inductor of autophagy and it was used to set positive control condition. First the maximum
autophagic response to starvation was evaluated with HBSS treatment for 30 min, 1 h, 3 h
and 4 h. As positive control was starvation was induced for 3 h.

For short-time treatment, C20 cells were treated with HGA 0.1 mM for 1 h and 3 h. For the
evaluation of the autophagic flux cells were treated with HBSS (Starv), HGA 0.1 mM, Baf
400 nM, Baf 400 nM + HGA 0.1 mM (Baf + HGA) for 3 h. The long-time treatment was
carried out treating C20 cells with HGA 0.1 mM for 1 week and 2 weeks. The medium,
supplemented with HGA, was changed every 2 days.



2.2. Western blot analysis

Cells at 75-80% confluence were treated as reported above. After treatment, cells were
washed with sterile PBS and cellular lysate was prepared with RIPA buffer (Radio
immunoprecipitation assay buffer), containing phosphate and protease inhibitors, after
disruption by sonication for 7 min in ice bath. The protein concentration was quantified by
bicinchoninic acid (BCA) protein assay.

30 ug of protein were separated by 12% sodium dodecyl sulfate-polyacrylamide gel by
electrophoresis (SDS—PAGE) and transferred on nitrocellulose membrane.

The primary antibodies used included: anti-Rabbit LC3 (Novusbio, LC3B Antibody, 1:1000),
anti-Cytochrome C (Genetex 1:1000), anti-NDUFV1 (Genetex, 1:1000), anti-BCL-2 (Santa
Cruz, 1:500), anti SQSTM1/P62 (Genetex 1:1000) and anti-GAPDH HRP-conjugated
(Sigma-Aldrich, Anti-GAPDH, 1:50.000). The secondary antibody was an anti-rabbit HRP-
conjugated antibody (Sigma-Aldrich, Anti-rabbit IgG, 1:80000). The immunoreactive bands
were detected using ECL (Luminata Crescendo, Merck Millipore) and images acquired by
LAS4000 machine (GE Healthcare). Protein levels were normalized against GAPDH
(Glyceraldehyde 3-phosphate dehydrogenase), used as a protein-loading control.

2.3. Immuno-fluorescence microscopy

Cells were seeded in sterile chamber slides at a density of 4-104 cells for C20 cells. After
treatments, they were washed with PBS and fixed with methanol for 20 min at [1 20 -C and
acetone for 5 min at [1 20 -C. The blocking procedure was carried out with NGS 5% in PBS-
BSA 1% and incubated in wet room for 20 min. The anti LC3B antibody (Novusbio, LC3B
Antibody) was diluted to 1:200 in NGS 1%, PBS-BSA 0.1% and incubated overnight at 4 -C.
After three washes in PBS for 10 min, cells were incubated with the secondary antibody
goat anti-rabbit (Alexa Fluor 488 goat anti-rabbit IgG) in NGS 1%+PBS-BSA 0.1% and
incubated in a dark wet room for 1 h. After three washes with PBS, nuclei were stained
DAPI (Abcam) for 5 min. Samples were visualized by fluorescence microscopy (Zeiss
AxioLabA1). Fluorescence intensity quantification was carried out with ImagedJ software.

2.4. Evaluation of oxidative stress

The free thiol groups were measured on protein extracts using Ellman’s reagent (5,5 -
dithiobis-(2-nitrobenzoic acid), DTNB) [14]. Thiol groups in the samples react with Ellman’s
reagent producing 2-nitro-5--thiobenzoate (NTB) with an absorbance of 412 nm, directly
proportional to the concentration of thiol groups.

2.5. Transmission electron microscopy (TEM)

Alkaptonuric tissue and chondrocytes 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
dehydrated in ethanol and embedded in epoxy resin. Samples were examined in a
transmission electron microscope (100CX I, JEOL, Peabody, MA) operated at 80 kV.



2.6. Nuclear staining with 4°, 6-diamidine phenylindole (DAPI)

C20 cells were seeded in sterile chamber slides and, after treatment, they were washed in
PBS and fixed in 70% ethanol for 30 min. Finally, the slides were rinsed with PBS for two
times and mounted with fluoroshield mounting medium with DAPI (Abcam, ab104139).
Images were acquired by fluorescence microscopy (Zeiss AxioLabA1).

2.7. Detection and quantification of ochronotic pigment

C20 cells were seeded in sterile chamber slides and, after treatment period, the ochronotic
pigment formation was detected by two different methods: the Schmorl’s staining and
formaldehyde-induced fluorescence. In the first case, chamber slides were washed in PBS
twice, fixed in ethanol 75% and stained with Schmorl’s staining solution [29-31]. Nuclei
were counterstained with nuclear fast red solution. Cells were washed deeply in deionized
water and dehydrated with crescent concentrations of ethanol. After complete drying,
samples were submerged in xylene and mounted with Eukitt mounting medium (Sigma-
Aldrich). Stained samples were observed under bright-field microscope. The intensity of
blue pigmentation was quantified, for each cell, with the function Measure of Imaged
software, and the values obtained were normalized with area.

For the pigment detection with fluorescence [32], after treatment, cells were washed in PBS
and fixed in PFA 4% for 10 min, then the slides were washed in water and mounted with
Fluoroshield mounting medium (Abcam). Images were obtained with Zeiss AxioLabAf
fluorescence microscope in FITC filter. Fluorescence intensity quantification was carried out
with Imaged software.

2.8. Statistical analysis

All the experiments are expressed as mean = SD. ANOVA tests were used for the
evaluation of differences between data. Data were analyzed by one-way analysis of
variance with post hoc Tukey’s multiple comparisons. Differences of P < 0.05 were
considered significant and identified with asterisks in graphs.

2.9. Shotgun proteomics

After 2 weeks of HGA treatment, chondrocytes cells were washed twice with sterile PBS
and lysed in RIPA buffer with protease and phosphatase inhibitors. Protein content in cell
lysates was evaluated with the BCA assay. The enzymatic digestion protocol was based on
FASP technique [33]. A volume equal to 100 ug of proteins for every sample were mixed
with a solution of 8 M urea in 100 mM Tris HCI at pH 8.5 in the presence of 0.1 M DTT. The
solutions were then incubated at room temperature for 30 min. After disulphide bond
reduction, samples were transferred into the ultrafiltration units (Amicon Ultra-0.5 ml 10
kDa, Millipore) and centrifuged at 13,800 g for 30 min. For the alkylation, 200 pl of 0.05 M
iodoacetamide IAA (Sigma Aldrich) in 8 M urea pH 8.5 were added to every sample and
each mixture was incubated for 20 min at the dark. Filter units were centrifuged at 13,800 g
for 20 min, and then four washes were performed: the first two adding 100 ul of 8 M urea
pH 8.5 to the filter, and the remaining two using 100 ul of 50 mM Ammonium Bicarbonate.
Protein digestion was performed overnight at 37 -C adding 4 ug of trypsin. Filtered tryptic
peptides were collected in a new tube, and the filters were washed with 100 pl of 0.1%
formic acid.



Digested samples were desalted using OASIS cartridges (Waters), dried and reconstituted
in 97% water, 3% acetonitrile and 0.1% formic acid. LC-MS/MS measurements were
carried out using Q-Exactive Plus- Orbitrap mass spectrometer (Thermo Scientific). The
peptide separation was performed at 50 -C using an Acquity UPLCTM peptide CSH C18
column, 1 mM x 100 mM, 1,7 ym, 130 A (Waters) at a flow rate of 100 ul/min using a 230-
min gradient from 3% to 90% eluent B (acetonitrile plus 0.1% formic acid) in eluent A (water
with 0.1% formic acid). The mass spectrometer was set up in a data-dependent acquisition
(DDA) mode in which the most intense ions, a maximum of twelve in this kind of
experiments, from a full MS scan spectrum (200-2000 m/z) were selected for
fragmentation. Protein identification was performed using Proteome Discover (Thermo
Scientific) and Sequest as the protein database. A false discovery rate (FDR) correction of
1% was applied to the identified peptides to enhance the confidence level of identified
proteins.

The output of a proteome analysis is typically a long list of identified factors that have a
probability score and an associated quantitative value. In order to understand and decipher
these data and to generate testable hypothesis, the list has to be further classified and
filtered. Functional annotation analysis was carried out using DAVID 6.8 [34] and FunRich
3.1.3 [35] analytic tools aimed at systematically extracting biological meaning from large
gene/protein lists. For every pathway, we calculated the percentage of involved genes, fold
enrichment and p-value (Hypergeometric test) in order to evaluate significance of an
association between the two kinds of categorical classification for a set of objects (for
example, presence of a protein in the list of interest and its belonging to a pathway or any
other ontology term). In the case of enrichment analysis, the intersection between a protein
list of interest and a list of proteins involved in a certain pathway is calculated. The
estimated probability that a gene set with a given enrichment score (normalized for gene
set size) was settled with p value < 0.05. FDR, estimated probability that a gene set with a
given enrichment score (normalized for gene set size) was settled p value < 0.05. For a
functional interpretation of the results, the protein identifiers are associated to its related
Gene Ontology (GO) terms [36] overcoming the redundancy in terminology for “biological
process”, “molecular function” or “cellular component” [37].
2.9.1. emPAl protocol for quantitation

To estimate absolute protein contents in complex mixtures, we previously defined a protein
abundance index (PAI) [38]:

PAl= Number of observed peptides/ Number of observable peptides

Where “Number of observed peptides” is the number of experimentally observed
peptides and “Number of observable peptides” is the calculated number of observable
peptides for each protein. The Exponentially Modified Protein Abundance Index (emPAl) is
easily calculated starting from PAl value and it is defined as:

emPAIl = 10PAI-1
It offers an approximate, label-free, relative quantitation of the proteins in a mixture based

on protein coverage by the peptide matches in a database search result. Generally, it is
applied to comprehensive protein expression analysis adding important quantitation



information to proteomic experiments. However, it is not a consistent measure across
various samples. As a matter of the fact, each proteins individual emPAI was normalized to
the total emPAIl of that set [39]. Fold change ratios for identified proteins based on
normalized emPAIl values of treatment and control were calculated. We selected a cutoff for
biological significance of fold change which is < 0.5 for downregulated proteins and >1.5 for

the upregulated [39].
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3. Results

3.1. Selection of HGA treatment concentration

The optimal HGA concentration to be supplemented for the set up at C20 AKU model was
evaluated according to ochronotic pigment deposition by Schmorl’s staining. 0.033—1 mM
range HGA concentration was tested for 2 weeks. HGA 0.1 mM concentration was selected
for following experiments, since it produced evident pigmentation (Fig. 1A) while allowing



high cell viability (Fig. 1B), confirming previous data obtained in primary human cells [40].
Cell dimorphism was observable in HGA-treated cells, even at low HGA concentrations, in

the range of HGA plasma levels in AKU patients.
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3.2. HGA-induced autophagy alteration

In order to evaluate the HGA influence on the autophagic activity, protein extracts of C20
cells, treated with HGA 0.1 mM, were submitted to western blotting analysis to determine
the production of LC3-1l protein, an indicator of autophagosome formation. As shown in Fig.
2A, an alteration of the autophagy process was deduced by the increase in the amount of
LC3-1I protein following HGA treatment. A time-dependent effect of HGA on the quantity of



LC3-II could be noticed, since the protein amount was higher after 3 h (2.01 = 0.21 fold)
respectto 1 h (1.44 £ 0.11 fold) of treatment.

Along with the LC3-Il levels determination, it had been also analyzed the degradation of the
P62 protein. Indeed, P62 is strictly connected with the autophagic pathway, since it has an
essential role in the ubiquitinated proteins formation: P62 recognize toxic cellular wastes,
enabling their autophagic degradation. The intracellular level of P62 is modulated by
several signals, in particular is regulated at transcriptional level by oxidative stress, while at
post-translational level by autophagic degradation. HGA treatment caused in chondrocytes
the immediate onset of oxidative stress and inflammation, that induced in cells the
activation of several pathways as a defence response. Among others, oxidative stress and
inflammation activated P62 synthesis [79] and oxidation [80]. Indeed P62 is positively
regulated by oxidative stress, but at the same time it represents a key factor for the
autophagic flux [81]. Thereby, immediately after HGA treatment (1 h), the effect of oxidative
stress was visible on the P62 transcription, that increased, and on the activation of
autophagy. The autophagic signal increased over time, with a consequent rising of the
autophagic flux and cargo degradation. P62 acts as a substrate of autophagic degradation,
carrying ubiquitinated proteins. For this reason, the increase of LC3-Il after 3 h of HGA
treatment occurred together with the P62 reduction (Fig. 2A and B), demonstrating the
activation of the autophagic pathway.

Finally, to verify that the increase of LC3 was associated to the formation of new
autophagosomes, we counted the number of LC3 positive puncta through
Immunofluorescence. Results confirmed the marked increase of autophagosomes in HGA
treated cells, compared to the control (Fig. 2C).

3.3. HGA-induced autophagic flux

The increase in the amount of LC3-II can be linked to the formation of autophagosomes or
to a block in autophagosomal maturation and completion of autophagy pathway [41]. An
agent that blocks the fusion of autophagosomes with lysosome, Bafilomycin A1, was
adopted to distinguish if the increase of LC3-II after HGA treatment was caused by the real
induction of autophagy after treatment or if HGA may acts as a blocker of autophagosome
degradation. First, we determined the concentration of Bafilomycin A1 that blocked the total
autophagosomal degradation, selecting 3 h of treatment at a concentration of 400 nM (Fig.
3A). Then the time of starvation treatment leading to the maximal autophagic response in
C20 cells was evaluated. We found that 3 h of treatment with an inductor of starvation
condition, HBBS, caused the highest LC3-ll expression (Fig. 3B), thus deducing the
maximal autophagic response and setting the positive control conditions.

The treatment of C20 with 0.1 mM HGA caused an increment in the amount of LCS3-II
compared with untreated sample (1.98 = 0.09 fold; Fig. 3C). Western blotting levels of LC3-
II'in C20 cells co-treated with Bafilomycin A1 and HGA (Baf + HGA) (55.61 £ 1.31 fold)
were higher compared to the treatment with only Bafilomycin A1 (40.79 + 1.28 fold).

Results from LC3-Il immuno-fluorescence assay (Fig. 3D) confirmed LC3 increment in
HGA-treated C20 cells, even more evident in cells co-treated with both HGA and
Bafilomycin A1 compared to the treatment with Bafilomycin A1 alone.



Taken together, data indicated that HGA acted as an inductor of autophagic flux and not as
a blocking agent of autophagosome degradation.

3.4. HGA-induced autophagy alteration after long term treatment

We then evaluated the C20 autophagic long-term response to HGA stimulus. Cells were
treated for 1 and 2 weeks with 0.1 mM HGA and LC3-Il and P62 expression were quantified
by western Dblotting, while autophagosomes number was quantified with
Immunofluorescence against LC3. After 1 week the increase in the marker of the
autophagosome was 1.78 £ 0.9 fold, while after a longer period of treatment (2 weeks) we
observed a decrease of the marker of 1.09 * 0.06 fold, suggesting a reduction of
autophagic activity back to the control levels (Fig. 4A). The fact that the autophagy pathway
was still active after long term HGA treatments was confirmed by the lower level of P62
detected in AKU cell model, compared to the control. Indeed, P62 was degraded with toxic
cargo by autophagosomes during the autophagic process (Fig. 4B).

Result was confirmed by the number of LC3 puncta detected, that reached the higher value
after 1 week of HGA treatment, and again decreased after 2 weeks of treatment (Fig. 4C).

3.5. HGA-induced oxidative stress

A cause of alteration of autophagic process in C20 cells could be linked to a state of
oxidative stress caused by HGA. We then measure the level of oxidative stress caused by
HGA action using total thiols and intracellular ROS quantifications. We found that HGA was
an inducer of oxidative stress also in C20 cell line, as indicated by the decrease in the
amount of free thiols. A time dependent progression of oxidative stress could be also
noticed, since the amount of thiols was low after 2 weeks of HGA (Fig. 5).
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Fig. 5. Induction of oxidative stress in C20 cells after HGA meamment. The
graph represents the quantification of protein thiols on pg of protein, calculated
by the use of Ellman’s reagent on the protein extract. In red are reported thiols
from C20 cells without wreatment (CTR), in blue thiols from C20 cells weated
with HGA 0.1 mM. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.}



3.6. Mitochondrial damage in AKU chondrocytes and cartilage

HGA could cause a complex damage situation in cells causing a chronic oxidative stress
which could lead to dysfunctional mitochondria. Mitochondrial damage was evaluated by
TEM analysis of AKU chondrocytes (Fig. 6A,C) and AKU cartilage (Fig. 6B). A non AKU
cartilage TEM image is reported in Supplementary Materials 1 (Fig. S1). AKU chondrocytes
appeared chondroptotic, characterized by an intense vacuolization, especially those
present within AKU cartilage (Fig. 6B). Particularly, both AKU chondrocytes and cartilage
were characterized by the presence of the typical autophagosomal vesicles. Mitochondria
were swollen with the loss of the internal cristae, characteristics of mitochondrial damage.
In AKU cartilage was notable the typical black pigmentation, included in lamellar bodies in
AKU chondrocytes.

Fig. 6. TEM observarion of AKU chondroeytes (A,C) and cartilage (B). Mitochondria are indicared by black arrows. The white arrow shows the black spors of black
pigment, hallmark of AKU, located in lamellar bodies (white asterisk). Black astericks indieate autophagosomal vesicles. Images were taken at 14,000x magnification.
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Fig. 7. Assessment of nuclear morphological changes and DNA damage in G20 cells after 0.1 mM HGA weament for 1week and 2weeks. Gells are shown ar x40
magnification. Red arrows indicare nuclear morphology change, considered a biochemical hallmark of chondroptosis. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)



3.7. HGA-induced nuclear morphology alteration and chondroptosis

DAPI staining allowed to detect apoptotic nuclei in C20 cells after HGA treatment. As
showed in Fig. 7, long time treatment caused an increase in the number of apoptotic cells
and a more intense DAPI staining due to the loss of membrane integrity. The alteration of
nuclear shape was mainly visible after 1 week and 2 weeks of HGA treatment. Nuclei loss
the regular shape and well-defined boundaries compared with control and a chromatin
condensation, is visible. This data suggests that HGA treatment act as an apoptosis
inducer.

3.8. HGA-induced ochronotic pigment deposition

A hallmark of AKU is the development of an intracellular ochronotic pigment. In order to
monitor the pigment deposition over time, HGA treated C20 cells were stained with the
melanin-specific Schmorl’s staining technique (Fig. 8A). The ochronotic pigment, evidenced
by blue [[fig6 & 7]] color spots, was present in the intracellular portion of cells after 1 week
and, mostly, after 2 weeks of HGA treatment. Formaldehyde-induced fluorescence was
adopted as an additional method for melanin-pigment identification. Formaldehyde fixation
induces a pronounced auto-fluorescence of cells which develop the ochronotic pigment
(Fig. 8B). Indeed, fluorescence became slightly evident after 1 week of HGA treatment and
became significantly higher after 2 weeks.

The quantification of fluorescence intensity revealed a time dependent increase in
pigmentation.

3.9. Proteomic analysis in AKU chondrocytes model

A shotgun proteomics approach was performed to further evaluate C20 autophagic long-
term response to HGA stimulus. C20 cells were treated for 2 weeks with 0.1 mM HGA and
LC-MS/MS analysis was carried out.

The total amount of proteins with high confidence in C20 HGA-treated and untreated (CTR)
samples were respectively 2320 and 2482, with 2138 common proteins (Fig. 9) and an
overlap index based [[fig 8 fig 9]] on Jaccard coefficient (which measures similarity between
finite sample sets and it is defined as the size of the intersection divided by the size of the
union of the sample sets) of 0.45.

We performed a functional enrichment analysis of both datasets (for a complete pathways
list and the corresponding percentage of involved genes, fold enrichment and p-value
(Hypergeometric test) see Supplementary Materials 2). Interestingly, unsupervised
clustering of the resulting data distinguished the two C20 samples revealing a diverse
protein profile. A comparison between the two datasets was executed showing a difference
(p value (Hypergeometric test) < 0.05) in several GO terms related to biological processes,
such as mTOR signaling pathway (GO:0031929), p38 MAPK signaling pathway
(GO:0038066) and in p53 pathway (GO:0072332), which are all upregulated in HGA-
treated sample. mTOR is the main inhibitory signal of autophagy and it is regulated by an
array of diverse intracellular and environmental cues, including growth factors, energy
levels, nutrient availability and stresses, like oxidative stress [42]. Additionally, apoptotic
process (GO:0006915) resulted to be enriched in HGA-treated cells in comparison with



CTR HGA 1week HGA 1week
1 =
" L
t : 3
I - -
= ¥ ‘ .i
. . B & -
- w x 5 4 «
v e - : =
HGA 2weeks HGA 2weeks
{ -
:“K x ]
L : “
o b
] - "
ey N
s Yy . B
-~ "" : » -
3 e . 4 3 o'
v . 10+
2 d
w
E 5] s
= e 6+
e :
=14 E
o g
B 3 M
™ =
E o- E 0-
3 @ et o S & o »
z2 (L o e = © S
v ¥
O ¥ o 2
Sy L & &L

Fig. 8. Detection of time-dependent ochronotic pigment deposition in HGA-treated G20 cells. A) Upper panel: Schmorl's staining, in which the pigment acquired a blue discoloration. Lower panel: quantification of blue
pigmentation intensity normalized with area. B) Upper panel: ochronotic pigment detection by formaldehyde fixation. Lower panel: quantitative analysis of fluorescence intensity normalized with area and reported as

FC. Cells where meated with HGA 0.1 mM for 1week and Zweeks. Cells are shown at x40 magnification. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this arricle.)
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Fig. 9. Venn Diagram. It represents the number of reproducibly quantified
proteins for HGA-treated C20 cells (2320 proteins) and CTR G20 cells {2402
proteins); common proteins are 2138 with a Jaccard coefficient of 0.45.

CTR cells. Particularly interesting are three proteins exclusively included in the 182 HGA-
treated proteins subgroup such as: Keratin type | cytoskeletal 14 (KRT14), that in
association with of cathepsin D and cytokeratin 8 reflects a cellular adaptive response by
the autophagy -lysosomal pathway [66], Palmitoyl-protein thioesterase 1 (PPT1) which is
one of the target proteins upregulated by transcriptional factor EB (TFEB), the master
controller of autophagy and lysosome biogenesis [67—69] and Cytochrome b-c1 complex
subunit 8 (UQCRQ), part of the mitochondrial electron transport chain which drives
oxidative phosphorylation.

In order to better investigate the up- or down-regulation of proteins involved in the above
mentioned biological processes, we calculated the fold change of the normalized EmPAI of
the proteins listed in Table 1 (for more details see Supplementary Materials2). We selected
a cutoff for biological significance of fold change (FC) which is < 0.5 for down-regulated
proteins and >1.5 for the up-regulated.

Shotgun proteomics analysis confirmed a down-regulation of LC3-1l upon a longer period (2
weeks) of HGA treatment, confirming a reduction in the autophagic activity. Moreover, in
accordance with the study of Ruiz-Romero [43], NDUV1 resulted to be increased in HGA-
treated cells. The increased abundance of one of the core subunits of complex |
(GO:0005747), NDUV1 may also affect mitochondrial respiratory chain efficiency and,
consequently the mitochondrial dysregulation of energy production that takes place in OA
disease like AKU [43]. Complex | functions consist of the electrons transfer from NADH to
the respiratory chain. It is involved in mitochondrial electron transport, NADH to ubiquinone
(GO:0006120) and in response to oxidative stress (GO:0006979).

Similarly, ATP5B is a subunit of mitochondrial membrane ATP synthase, responsible to
produce ATP from ADP in the presence of a proton gradient across the membrane which is
generated by electron transport complexes of the respiratory chain. Gene knockdown of
ATP5B resulted in decreased autophagic flux indicating a role for this protein in the
promotion of autophagy [70]. ATP5B, along with HSPE1 and PNP, was also outlined in the
study of Wang et al. [71] describing the proteins involved in the autophagy inducted via
amino acid starvation. Additionally, several of the proteasome components (such as
PSMC5) were among the proteins highly retained by autophagy in starvation [72]. Another



key regulator of autophagy is SNAP29, a critical components of vesicle trafficking and
endocytosis that in association with Syx17, is recruited from the ER to regulate the
autophagosomes formation [73]. Conversely, GAPDH stimulates autophagy by different
pathways. Various conditions exhibit a correlation between autophagy and the translocation
of GAPDH in different subcellular compartments, especially to nucleus [74]. In a situation of
oxidative stress and inflammation, as occur after HGA treatment, p53 and NO upregulating
the mRNA level of GAPDH via an unclear mechanism, enhancing GAPDH nuclear
translocation and pro-apoptotic function [75]. PRDX1, PRDX5 and NNT are other proteins
linked to oxidative stress. Specifically, PRDX1 plays a role in cell protection against
oxidative stress by detoxifying peroxides and as sensor of hydrogen peroxide-mediated
signaling events [76], PRDX5 is a mitochondrial dysfunctional — related protein, upregulated
in cases of ROS production and oxygen deprivation [77], whereas NNT critically regulates
mitochondrial redox balance [78]. Moreover, the enrichment of apoptotic process in HGA-
treated sample in comparison with CTR was also confirmed by the up-regulation of
BCL2L13, BCLAF1 and CYSC. The interaction network of the above-described proteins
and pathways are shown in Fig. 10.

In conclusion, shotgun proteomics confirmed the finding of C20 autophagic, apoptotic and
mitochondrial long-term response to HGA stimulus.

In order to confirm the proteomic results, wester blotting analysis were performed for
Cytochrome C, NDUFV1 and BCL2. Results are re- ported in Fig. 11.

4. Discussion

Autophagy is a fundamental homeostasis mechanism for the turnover of cytosolic
components and for the elimination of damaged organelles [22]. Especially in articular
cartilage, in which cells have a low rate of turnover, autophagy assumes an important role
for cell survival and activity [23]. Alteration of the autophagy process in chondrocytes is an
important characteristic in the development of osteoarticular pathology, e.g. osteoarthritis
(OA). AKU, for its similarity to osteoarticular diseases such as OA, could be characterized
by an alteration of the autophagic processes leading to a progressive loss of cell function
and damage of osteoarticular tissues. AKU chondrocytes undergo continuously to HGA
influence, which accumulates in cartilage tissues during the disease, causing morphological
and functional alteration of cells [10, 44]. Moreover, we previously found that in AKU and
HGA-treated chondrocytes an over activation of the Hedgehog pathway occurs [17, 18] that
is known to inhibit autophagy by blocking the autophagosome synthesis [45], thus
supporting the hypothesis of an alteration of autophagy. In the present study, we used a
chondrocytic model, based on C20 chondrocytic cell line, in order to evaluate the HGA
effect on the autophagic activity by the quantification of the expression of LC3-1l and of the
number of LC3-Il puncta.

Autophagy is the first line of defense against different types of stress and occurs at the first
steps of the damage, therefore the increased levels of autophagy that was observed after
short term HGA treatment in C20 cells, would probably act as a defensive protection
against the numerous stresses HGA has reported to be able to induce [5,13,16]. The
analysis of autophagy showed an increased level of LC3-1l and of autophagosomes after
HGA treatment, confirming its role as inducer and enhancer of short-term autophagy. It has
been shown that HGA can indirectly alter the cell protein folding machinery [44] by reducing
the amount of chaperones, like alpha-crystallin B chain (CRYAB) [15], and by carbonylation



of proteins involved in folding, like GRP75 and HSP7C [15]. Therefore, the increase in the
autophagy with the HGA action could be a response mechanism implemented by cells for
the elimination of malfunctioning proteins.

Table 1

Down and up-regulated proteins, in HGA-treated cells, involved in autophagy, mitochondrial damage and apoptosis.
Uniprot- Description Gene official symbel Foldchange  up/down regulation IN HGA-TrEATED
Accession SAMPLE
AGNCE7 bul iated inz 1A/1B light chain 3 beta 2 MAPILCIBZorLC3-m 0,32 down regulated
095721 Synaptosomal-associated protein 29 SNAP29 2,53 up-regulation
PO0491 Purine nucleoside phosphorylaze FNP 2,86 up-regulation
PO4405 Glyceraldehyde-3-phosphate dehydrogenaze GAPDH 2,04 up-regulation
POGS76 ATP synthasze subunit beta, mitochondrial ATPSB 1.73 up-regulation
P30044 Peroxiredooxdn-5, mitechondrial FRDXS 2,14 up-regulation
P40327 Fatty acid synthaze FASN 1.66 up-regulation
PG1604 10 kDa heat shock protein, mitechondrial HSPE1 2,10 up-regulation
P62195 265 protease regulatory subunit & PSMCS 2,37 up-regulation
Q06830 Peroxredoxn-1 FRDX1 1.97 up-regulation
Q13423 NAD(P) transhydrogenase, mitochondrial NNT 1.51 up-regulation
Q92520 Protein FAM3C FAM3C 2,54 up-regulation
P4982]1 NADH dehydrogenase [ubiquinone] flavoprotein 1, NDUFV] 1,64 up-regulation

mitochondrizl

Q9BXES Bel-2-like protein 13 BCL2L13 5,57 up-regulation
QONYFS Bel-2-aszociated tranzeription factor 1 BCLAF] 2,46 up-regulation
POooo0 Cytochrome ¢ CYCS 3,54 up-regulation

i PNP

] Up-regulated in HGA

Down-regulated in HGA

Biological processes

. Oxidoreductase activity (FDR: 0.0010)

s et @ vesiceFor:00029)

. Cell redox homeostasis (FDR: 0.0472)

Regulation of programmed cell death
(FDR: 0.0238)
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Fig. 10. Specific interaction nerworks and enrichment analysis on diffs ially exp s ins. It is also shown the list of associated pathways with related p-
value (<0.05).
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Fig. 11. Increasing of NDUFV1 (panel A), Cytochrome C (panel B), BCL-2 (panel C) expression after HGA weatment. The ratio between band volume of Cytochrome
C, NDUFV1 and BCL2 over band volume of GAPDH is reported in fold change.
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When C20 cells were submitted to prolonged stress caused by HGA (until 2weeks) the
decrease in the autophagy was evident. The stress caused by HGA for longer time implied
that cells lost the ability to long term damage by the activation of autophagy and probably
the defense pathways failed. The decrease of this protective mechanism, therefore,
implicates the loss of cellular homeostasis and of cytoprotective effects and maybe
responsible of the reported devastating cell and tissue damages typical of cartilage
destruction, reported in AKU [46]. The decrease of autophagy is also confirmed by the
proteomic data that reported a different regulation of some pathways involved in autophagy,
such as the mTOR pathway. mTOR plays an important and complex role in the induction or
termination of autophagy and its activation leads to the decrease of autophagic processes
[47]. Also the activation of the p38 MAPK signaling pathway implicates the down regulation
of autophagy and an increase in apoptosis [48,49]. Moreover an important connection
between autophagy and p53 pathway is already reported, indeed autophagy suppresses
p53 and also p53 activates autophagy [50]. After proteomic analysis an upregulation of p53
pathway was evaluated, validating the hypothesis of a decrease of the autophagic
processes after a long HGA treatment.

In recent years, HGA was proved to generate and propagate oxidative stress in great
number of AKU models and samples [13,16] causing protein oxidation, carbonylation,
misfolding and malfunction. Thiols, important groups for the protection of cells against
various endogenous and exogenous stresses [51,52], are very sensitive to oxidative stress,
indeed free total thiol levels measurement is largely used to evaluate excess ROS and free
radical generation. The HGA action on C20 cells caused the decrease of free total thiols,
which corresponds with a concomitant decrease of ROS amount. ROS are probably so low
because they react directly with cellular free thiols. Moreover, the HGA oxidation product,
benzoquinone acetate (BQA), being a p-benzoquinone, could form adducts with protein
thiols, causing their depletion [14] and decreasing the cell ability to counterbalance the

oxidative stress.



Also oxidative stress has a role in the decrease of autophagy. Indeed in most cells oxidative
stress activate mTOR pathway through some processes of oxidation, concluding with the
blocking of autophagy [47]. An alteration of mitochondrial structure was demonstrated in
AKU chondrocytes, through TEM analysis, indicating the loss of their important activity.
Damaged mitochondria are known to induce a pre-autophagic pool with the formation of
new autophagosomes, causing the stabilization of the autophagic response to oxidative
stress [53]. In a state of continuous stress, cells lose the ability to response to long term
damage by the activation of autophagy and the defense pathways fail leading to a specific
type of cell death that occurs in AKU chondrocytes, chondroptosis. The caspase
involvement, convoluted nuclei and the presence of autophagic vacuoles are some of the
characteristics of chondroptosis [54,55], which is common in other articular disease, such
as OA [54,56]. Interestingly, we showed that HGA induces chondroptosis on our model,
confirming what seen in AKU primary chondrocytes [19]. The activation of apoptotic events
in cells treated with HGA was confirmed with proteomic analysis, where we see an increase
of BCL2L13 and BCLAF1, which can promote the activation of caspase-3 [57] and,
therefore, apoptosis. Indeed, the activation of pro-apoptotic members of the Bcl-2 family
leads to altered mitochondrial membrane permeability resulting in release of CYSC into the
cytosol [58]. Binding of CYSC to Apaf-1 triggers the activation of caspase-9, which then
accelerates apoptosis by activating other caspases [59].

Here we show that autophagy, at early stage of the damage, could be activated as a
response to avoid cell death and this process could act together with apoptosis. At the last
phase, autophagic processes give way to cellular death, which would recapitulate the
cartilage damage seen in AKU patients and the overall progression of AKU pathology (Fig.
12). These new findings and information will be integrated in ApreciseKUre, an AKU-
dedicated digital platform where all the biochemical, genetic clinical information, images
and data regarding AKU pathophysiology are collected and analyzed with the aim to
promote a better understanding of molecular mechanisms and signaling pathways in AKU
and in other related co-morbidities [60—65].

5. Conclusion

In this study new aspects of the AKU pathology were explored, characterizing the role of
HGA in the alteration of autophagic processes. HGA was shown to cause a state of
oxidative stress that over time decreases the protective autophagic process, leading the
chondrocytes to the irreversible state of cell death, chondroptosis. We speculate that HGA-
induced block of autophagy is responsible for the accumulation of ochronotic pigment,
characteristic of AKU manifestation.
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