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ABSTRACT:

Fibrillar collagens and proteoglycans (PGs) are quantitatively the major constituents of
extracellular matrices (ECM). They carry numerous crucial post-translational modifications
(PTMs) that tune the resulting biomechanical properties of the corresponding tissues. The
mechanisms determining these PTMs remain largely unknown, notably because available
established cell lines do not recapitulate much of the complexity of the machineries involved.
ATDCS cells are a model of chondrogenesis widely used for decades, but it remains described
mostly at histological and transcriptional levels. Here, we asked to what extent this model
recapitulates the events of ECM synthesis and processing occurring in cartilage. Insulin-
stimulated ATDCS cells exhibit up- or down-regulation of more than one-hundred proteins,
including a number of known participants in chondrogenesis and major markers thereof.
However, they also lack several ECM components considered of significant, yet more subtle,
function in cartilage. Still, they assemble the large PG aggrecan and type II collagen, both
carrying most of their in vivo PTMs, into an ECM. Remarkably, collagen crosslinking is fully
lysyl oxidase (LOX)-dependent. The ATDCS model recapitulates critical aspects of the
cartilage ECM-processing machinery and should be useful to decipher the mechanisms
involved.

Proteomics data are available via ProteomeXchange with identifier PXD014121.
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Username: reviewer21888 @ebi.ac.uk; Password: R4KJ8Kag

ABBREVIATIONS: AB (Ammonium Bicarbonate); BAPN (beta-aminopropionitrile); CNBr
(cyanogen bromide); dMMB (dimethyl methylene blue); ECM (extracellular matrix); FA
(formic acid); GO (Gene Ontology); IAA (iodoacetamide); LOX (lysyl oxidase); PG
(proteoglycan); PTM (post-translational modification); iIATDCS (insulin-stimulated ATDCS
cells); cATDCS (control ATDCS cells).



1. INTRODUCTION

The extracellular matrix (ECM) is primarily composed of proteoglycans (PGs) and fibrillar
collagens, the most abundant proteins of the human body. It provides a critical scaffold for
cells, is required for essential cell functions (motility, proliferation, survival and
differentiation) [1] and supports most of the biomechanical properties of tissues and organs
[2]. Although very distinct in their composition and elementary functions, both collagens and
PGs consist in particularly large macromolecular complexes. Their building blocks carry
multiple and tightly regulated post-translational modifications (PTMs) that perfectly cope
with intrinsic needs and solicitations of each organ [3]. The crucial role of the ECM is
highlighted by the wide spectrum of syndromes and diseases, from minor to lethal, that arise

from genetic abnormalities in ECM proteins [4-6] and enzymes which modify them [7-9].

Over decades, remarkable improvements were achieved in describing ECM molecules [2, 10],
notably through mass spectrometry [11-13] and characterizing the molecular mechanisms of
their processing [14-17]. In vertebrates, cartilage and bone cells produce among the most
abundant and dense ECM. In vivo high-throughput analysis of the chondrocyte transcriptome
[18, 19] and proteome [20, 21] has brought a global picture of the major genes and proteins
involved in cartilage ECM build-up. However, many of the processing mechanisms remain
unsolved. In order to promote a more comprehensive characterization of the molecular
mechanisms of cartilage ECM synthesis, the field would benefit from models of a lower
complexity, such as established cell lines that recapitulate a substantial part of the sequential
events occurring in vivo. Many established cell lines secrete procollagens and at least some of
their processing intermediates into the medium. Nevertheless, very few are capable of
assembling collagen into an insoluble network, and when they do, it is abnormally matured

[22, 23], demonstrating how unsatisfactorily they recapitulate in vivo situations.

The mouse embryonal carcinoma-derived cell line ATDCS is a widely used cellular model of
chondrogenesis [24-31], referenced in more than 600 publications. It could potentially
represent an instrumental model to investigate the mechanisms of ECM assembly in vitro.
However, to date, the ATDCS5 model has only been described at histological and
transcriptomic levels [32-34]. Herein, for the first time, we inspected the secreted proteome of
insulin-stimulated ATDCS (1ATDCS), compared to unstimulated ATDCS5 (cATDCS) as
controls, in order to determine to what extent these cells behave as a model of cartilage ECM

synthesis.



2.  EXPERIMENTAL PROCEDURES

2.1 Cell culture.

The ATDCS cell line was obtained from the Riken Cell Bank (Tsukubai, Japan) at passage 12
and cultured at all steps at 37 °C in a humidified atmosphere of 5% CO; — 20% O,. ATDCS5
cells were cultured in expansion medium consisting in DMEM/F-12 containing 5 % FBS
(11320-033 Gibco), 5.5 ug/ml human transferrin (T3309 Sigma), and 3.10® M sodium
selenite (S5261 Sigma) as previously described [24]. Here, we used the most consensual
differentiation method as follows: ATDCS cells were plated at 3.10° cells/cm? in 12-well
culture plates and grown in monolayer to confluence (day O of the experiment). From this
point and for the next 14 days, cells were either maintained further in expansion medium
(cATDCS) or switched to the same medium supplemented with 10 pg/mL insulin (I3146
Sigma) to induce chondrogenesis 1IATDCS). From day 14 until the end of the experiment,
DMEM/F12 was replaced with a-MEM medium (12561-056 Gibco) supplemented with 10
mM B-glycerophosphate (G9422 Sigma-Aldrich). Media were refreshed every other day. At
days 3, 7, 14, 17, 21, 28 and 35, dedicated cultures were rinsed once and washed once for 5
min in PBS and then FBS-starved in medium containing similar transferrin and insulin
concentrations for two more days, prior to analysis (allowing suitable analysis of secreted
proteins). This procedure was not found to alter mitochondrial activity, as found earlier with

primary cells [35].

2.2 Study design.

As the study required multiple analytical methods, which could not be performed from the
same samples, 15 replicate culture wells were prepared for each experimental point to be
investigated. Of them, 3 were used for mineral deposition analysis, 3 for proteoglycan
content, 3 for DNA content, 3 for mRNA studies and 3 for proteome studies, allowing
technical triplicate analysis in each analytical procedure. Most data reported here were
obtained from a single experiment, all technical replicates were grown and processed at the
same time, because our preliminary investigations suggested that independent experiments
exhibited differences in the folds and exact time-points of regulations, although in other

experiments the responses of IATDCS followed a similar trend.

2.3 Differentiation and mineralization.
ATDCS cells were stained with Alcian blue 8GX pH 0.1 (S/6-2 RA Lamb) and Alizarin red

(A5533 Sigma-Aldrich) at various time points to detect respectively the proteoglycan
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accumulation and mineralization. Cells were washed with PBS twice, then fixed with ethanol
90% at -20 °C until the end of the experiment, rinsed in PBS and stained with 0.1% Alcian
blue in HCl 0.1M overnight, or 1% Alizarin red in distilled water (pH 4.1-4.3) for 45 sec,
rinsed with distilled water, and photographed. Thereafter, Alcian blue was dissolved in 6 M
HCI overnight and absorbance at A = 600 nm was measured in 96-well plates using a
Varioscan spectrophotometer (Thermofisher). Measurements of Alizarin red staining was

performed as described [55].

2.4  Hoechst assay for DNA content.

Monolayer cell cultures were resuspended in 1 mL of 10 mM Tris, | mM EDTA, 0.1 M NaCl,
pH 7.4 and lysed by two pulse-mode sonication burst cycles of 30 seconds each. Samples
were centrifuged for 30 minutes at 4°C, 16 000g. 200 pL of 0.1 pg/mL Hoechst 33258
(H3569 Invitrogen) were added to 10 pL supernatants in a 96-well plates. Fluorometric
measurements (348 nm excitation wavelength, 456 nm absorption wavelength) were
performed with the Varioskan Flash (Thermo Scientific) running Skan it 2.4.3 software.
Absolute quantification was determined using standard curves prepared from calf thymus

DNA (D3664-2MG Sigma).

2.5  RNA extraction and reverse transcription-polymerase chain reaction analysis.
Total RNA was isolated from ATDCS cells using RNeasy mini kit® (74104 Qiagen). 100ng
of total RNA were reverse-transcribed using M-MLV reverse transcriptase (28025021

Invitrogen) with random hexamer primers, according to the manufacturer’s instructions.

2.6  Real-time quantitative polymerase chain reaction.

Real time quantitative PCR was performed with standard curve calibration, using the

following  primers : RPS29 _For, GGAGTCACCCACGGAAGTT; RPS29_Rev,
GCCTATGTCCTTCGCGTACT; COL1A1_For, GTCCCGCTGGTCAAGATG;
COL1A1_Rev, CTCCAGCCTTTCCAGGTTCT; COL2A1_For,
TGGTATTCCTGGAGCCAAAG; COL2A1 Rev, ACCAGTTGCACCTTGAGGAC;
COL10A1_For, TTCATCCCATACGCCATAAAG; COL10A1_Rev,
AGGGACCTGGGTGTCCTC; ACAN_For, GCTGCAGTGATCTCAGAAGAAG;
ACAN_Rev, GATGGTGAGGGAAGACCCTA; MMP13_For,

ACTCAAATGGTCCCAAACGA; MMP13_Rev, GGTGTCACATCAGACCAGACC. The
results were normalized to RPS29 mRNA levels as described [36] and expressed as fold

regulation over the control.



2.7  Protein fractionation.

All steps were performed at 4 °C unless stated otherwise. Centrifugations were all carried out
at 16,000 g for 5 min. All fractions were stored at -80°C until further use. Soluble secretomes
were collected, clarified and stored. Cell monolayers were washed twice in PBS, scrapped in
1 ml PBS-Triton X-100 1%, transferred to Eppendorf tubes and centrifuged. The soluble
fraction was collected and its protein content was measured using Pierce® BCA Protein
Assay Kit (23225 Thermo Scientific) as recommended by manufacturer’s instructions. The
insoluble fraction was washed once in 1 ml PBS-Triton X-100 1% and further extracted in
500 ul Guanidine Buffer [guanidine hydrochloride (G3272 Sigma-Aldrich), 6 M; Tris, 50
mM, DTT 50 mM, pH 8.0] overnight under rotation. The Guanidine-soluble fraction was
collected. The remaining insoluble material consisted mostly in crosslinked collagen, which
can be extracted only by proteolytic digestion. This was achieved by reaction with CNBr
(cyanogen bromide, C91492 Sigma-Aldrich), which specifically cleaves peptide bounds C-
terminal to methionine residues (and modifies methionine to homoserine lactone). To this
aim, the guanidine-resistant material was washed once in guanidine buffer and twice in
distilled water, then rotated overnight in 500 ul pure formic acid (FA; 405792 Carlos Erba). 1
volume water was added and the FA-soluble fraction was removed. Of note, this fraction
contained insignificant protein amounts as judged when running evaporated samples on
Coomassie gels. The remaining insoluble material was resuspended in 200 ul FA, 70%
containing 0.125 M CNBr and incubated overnight on a rotator at room temperature in the
dark under a chemical fume hood. At this point, no insoluble material was visible in any
sample. 5 volumes of distilled water were added and samples were dried overnight prior to

storage, effluents being collected in a cold trap containing excess NaOH.

2.8  Sample preparation for proteome studies.

Samples were all normalized based on the DNA content of the corresponding time points.
Secretomes were normalized by dilution according to cell numbers into fresh expansion
medium and precipitated using DOC 0.02% (D6750 Sigma)/TCA 15% (T6399 Sigma), rinsed
twice in acetone, resuspended in 50 ul Urea Buffer (6M Urea, 50 mM Tris, pH 8.0) and stored
until further use. Guanidine extracts were precipitated with 2 vol. ice-cold Ethanol overnight
at -20 °C, rinsed twice in Ethanol, dried for 5 min and resuspended in an adequate volume of
Laemmli loading buffer for normalization, the minimal volume being set to 100 ul. Samples
were resuspended through 3 freeze/thaw cycles and 20 ul aliquots were Ethanol-precipitated,

dried, resuspended in 20 ul Urea Buffer and stored until further use. Dried CNBr extracts



were directly resuspended in Laemmli Buffer, normalized and prepared for further use
similarly. Prior to tryptic digestion of soluble secretome and Guanidine extracts, 20 pl
samples prepared in Urea Buffer were treated at room temperature with 0.8 ul DTT 100 mM
for 45 min, then with 0.8 ul IAA (iodoacetamide) 1 M for 45 min and finally with 0.8 ul DTT
1 M for 10 min. These steps were avoided for CNBr extracts. Samples were then diluted 10-
fold in Tris, 50 mM, CaCI2 1 mM, pH 8.0, containing 200 ng sequencing grade trypsin
(V5280 Promega) and incubated at 37 °C overnight. Digests were purified using C18 spin
columns (89870 Thermofisher) according to manufacturer’s recommendations, resuspended

in 20 ul ACN 2 %, TFA 0.1 % and transferred to nanoHPLC sampler tubes.

2.9 Nano-HPLC setup for proteome investigations.

Fractionation was managed mostly as described in [37] with slight adjustments depending on
sample types. For soluble secretomes and Guanidine extracts, samples were separated into
340 fractions using longer LC runs, the ACN gradients being lengthened to 60 min, in order
to better cope with sample complexity. For CNBr extracts, considering the relatively low
hydrophobicity of most collagen peptides, LC gradients were kept to 30 min and the 170-

fraction collection was set between 17.5 and 34.5 min.

2.10 Relative peptide quantification based on label-free LC-MALDI.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium [38] via the PRIDE [39] partner repository with the dataset identifier PXD014121
and 10.6019/PXD014121. Measurements were performed mostly as described in [35]. Ratios
and t-test p-values for all (m/z ; retention time) coordinates were calculated using
ProfileAnalysis 2.3 (Bruker) by comparing MS ion chromatograms with the following filters:
50 ppm mass deviation; 30 sec retention time deviation; minimum 3 counts within one
biological group. Most calculations were made between a given iATDCS5 time-point and its
control counterpart. However, the soluble secretomes of control cells were incrementally
contaminated by FBS-derived proteins from day 21 to 35 (evidenced in figure 5. D), which
were likely to lower the apparent relative amounts of individual proteins of interest in the
corresponding samples. In order to avoid such bias, proteins found increased in iATDCS cells
at these time points were cross-validated by calculations of their changes in iATDCS cells
between successive time points, from day 14 to 35. All allowed calculations were exported to

proteinscape 2.4 server.

2.11 Peptide, PTM and protein identifications.



All (m/z: retention time) coordinates found regulated with relative ratios below -2 or above +2
with significance (t—test p-value < 0.05) at any time point were selected by creating
corresponding scheduled precursor lists in ProfileAnalysis, which were then used for
automated MS/MS fragmentation in dedicated automatic methods in WARP-LC (Bruker). In
addition, all masses found with s/n > 20 in one random sample of each analysis were also
selected for MS/MS. All obtained MS/MS spectra together with the corresponding (m/z;
retention time) coordinates were exported to Proteinscape server 2.4 and used for Swissprot
mouse database interrogation through Mascot server 2.4. There were distinctions in database
interrogation filters and data handling, depending on the considered extracts, which are
detailed in Supplemental data legends. For global extract analysis, proteins were considered
as identified with sufficient certainty if obtaining an FDR below 0.5 % using the random

decoy strategy.

2.12 Protein ratio calculations and statistical interpretation.

Ratios and corresponding p-values were assigned to identified peptides in Proteinscape 2.4
using the following alinement criteria: m/z deviation < 0.03 Da, retention time deviation < 30
sec. For each protein identified from 4 or more peptides passing quality control, the two
peptides exhibiting lowest and highest ratio values were excluded. In addition, when
analyzing soluble secretomes, due to massive regulation of proline hydroxylation in fibrillar
collagens (explained in results), all peptides corresponding to their triple helices were
manually unselected, leaving for calculation only the peptides originating from C-propeptide
regions. The median value of ratios observed for all remaining peptides of a given protein was
used as the protein fold change and the median value of all remaining peptide p-values was
used as the protein p-value for the observed change (if any). In the case of qualitative changes
(peptides that were observed in all three replicates of a given group but lacking in the other),
ratios and t-tests could not be calculated and therefore, these peptides were not integrated into
the statistics of the corresponding protein. However, peptide qualitative changes were retained
in the protein tables, as there were proteins described only by such peptides, reflecting potent,
yet unquantifiable regulations. Such cases were considered whenever the corresponding
protein was described by a minimum of two such peptides (all of them exhibiting coherent

regulations).

2.13 SDS-PAGE and staining.
The same samples used in MS analysis were separated by SDS-PAGE on gradient 4-20%
PROTEAN® TGX Stain-Free™ Gels (456-8095 BIO-RAD), fixed, washed in water and
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stained either with colloidal Coomassie or dimethylmethylene Blue (dMMB, 03610
Polysciences) [40]. dMMB staining was chosen to estimate both the length of glycan chains
(based on electrophoretic mobility) and their sulfation (based on staining intensity) and was
performed as follows: 122 mg dMMB was first dissolved in 10 ml ethanol overnight under
rotation and then settled for 2 hours. The staining solution consisted in 5 ml of the obtained
soluble fraction diluted into 100 ml formic acid, 1mM, pH 3.5, 20% ethanol. Gels were
stained overnight and washed in pure water several times and scanned on a Chemidoc XRS+

imager (BIO-RAD).

2.14 Western blotting analysis.

SDS-PAGE was performed as described in the previous section and proteins were transferred
to polyvinylidene difluoride membranes within Trans-Blot® Turbo™ Transfer Packs (170-
4157 BIO-RAD) with Trans-Blot® Turbo™ transfert system. Antibodies against the C-
propeptide of type II procollagen as well as the corresponding HRP-conjugated secondary
antibodies were described elsewhere [41]. Blots were developed with the enhanced
chemiluminescence system (1705061 BIO-RAD) and acquired on a Chemidoc XRS+ imager

(BIO-RAD). Loading controls were performed based on stain-free signal.

2.15 Polyacrylamide gel band analysis.

For gel band protein content analysis, gel pieces were washed as follows : three times in 200
uL of amonium bicarbonate (AB) 100 mM for 15 min, once in 200 uL of ACN 50%/AB 50%
for 15 min, then once in 200 uL of AB for 15 min, and finally twice in 200 uL. ACN for 3
min. Gel fragments were then sonicated for 2 min, and dried 30 min. 100 ng of trypsin was
added in a total volume of 20 ul AB, 50 mM and digestion was performed overnight at room
temperature. Peptides were extracted twice in 25 pL. of TFA 1% /ACN 80% under sonication
for 7 minutes, supernatants were pooled, dried and resuspended in 10 uLL ACN 2% TFA 0,1%
and sonicated for 30 sec. Supernatants were transferred to nano-HPLC sampler tubes and
processed for MALDI analysis as described above without notion of relative quantification,
ions being selected for fragmentation based on their S/N ratio, the minimal S/N threshold

being set to 20.

2.16 Bioinformatic Gene Ontology Analysis.
Proteins identified by LC-MALDI-MS/MS were analyzed using DAVID Bioinformatics
Resources v6.7 [42] to obtain a comprehensive description of the overrepresented biological

processes and functional related groups of proteins within our data set. For DAVID analysis,



only FDR significant (p-value < 0.005) overrepresented terms were considered. As

background, the default Mus musculus genome was used.

2.17 Abbreviations of protein names.

Most protein names reported here are abbreviated according to the Uniprot nomenclature.
However, in the field of collagen biology, a specific nomenclature is preferred. For clarity, all
abbreviated protein names were reported in Supplemental data S.1 together with full protein

names and links to the corresponding Uniprot web pages.

3. RESULTS

3.1  The chondrogenic-like phenotype of iATDCS confirmed at the proteome level by
soluble secretome analysis.

After confirming that the phenotype of our samples were in accordance with the literature [26,
28] (Supplemental data S.2), we examined their soluble secretomes [43] as previously
described [35, 37]. 72 proteins being significantly up- or down-regulated were revealed. To
obtain a comprehensive description of the related groups of regulated proteins, we performed
Gene Ontology (GO) annotation enrichment analyses, focusing on biological processes.
[figure 1] Figure 1. A shows the significant top four enriched GO term categorization that
classifies 33 proteins. Two of the most enriched terms are consistent with chondrogenic
differentiation. Collagen fibril organization [GO: 0030199; including al(Il), al(V), a2(V),
al(XI), a2(XI) collagens, but also PGCA, ANXA2, FMOD, LYOX], the most enriched of all,
and ECM organization (GO: 0030198; SMOC2, CCD80, FBLN1, FBLNS, LEG3, NID2,
POSTN, PGBM), with both early and late protein regulations, depicting one major valuable
feature of 1ATDCS5 cells: the ability to produce large amounts of ECM components.
Noticeably, glycolytic process (GO: 0006096; ALDOA, ENOA, PGK1, PGAMI1, KPYM,
TPIS), the second most enriched term, was upregulated in iATDC5 immediately upon insulin

stimulation and throughout the whole experiment.

Among the 72 regulated proteins in the soluble secretome, 42 proteins (figure 2. B) have
previously been reported as regulated at the mRNA level in chondrogenic differentiation of
ATDCS cells [33] or at the protein level upon chondrogenesis in vivo [20] and ex vivo [21].
Among them, al(IT) and aggrecan (PGCA) were dramatically upregulated from day 7 (figure

1. B), demonstrating at the proteome level the chondrocyte-like expression profile of
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iATDCS. Type XI collagen [al(XI) and a2(XI)], although poorly used as a marker in the
model, is a component of functional heterofibrils found in vivo in cartilage [44] and was
observed concomitantly with al(II). Noteworthy, among ECM-related components, there
were not only up- but also dramatically down-regulated proteins, including Periostin
(POSTN), Fibulin-1 (FBLN1), type V collagen [al(V)] and type XII collagen [al(XII)],
suggesting that iIATDCS cells not only started synthesizing cartilage-related proteins but also

ceased synthesizing a number of proteins related to their basal phenotype.

3.2  The composition of the guanidine-soluble ECM of ATDCS cells.

Next, we examined guanidine extracts, which, when prepared from cartilage, are mostly
composed of PGs, non-fibrillar collagens and accessory ECM proteins [20]. Guanidine
extracts obtained from cATDCS5 were negligible at time points earlier than day 7 of the
experiment and therefore we started investigating iATDCS vs cATDCS regulation ratios from
this time point. [figure 2] By day 17, however, the content of guanidine extracts from
cATDCS increased and reached total levels comparable to those of iATDCS (figure 2. A),
suggesting that switching the medium to aMEM favored their ECM synthesis. In this fraction,
52 proteins were found regulated (figure. 2. B), demonstrating both early and late ECM
remodeling events. Regarding the common markers of chondrogenesis, guanidine extracts
demonstrated again the upregulation of al(Il) and PGCA, suggesting that iATDCS5 not only
synthesized major cartilage components, but also integrated them to their ECM. In addition,
this fraction revealed the upregulation of al(X) (type X collagen), as early as day 7, while it
was absent from soluble secretomes. However, although COLI0 mRNA levels were found
400-fold upregulated (supplemental data S.2, in agreement with the literature), it remained a
very minor component of the ECM, as suggested by its relatively low identification score
until the end of the experiment (not included in figure 2 but available from Supplemental data
S.4). Among the 52 proteins found regulated in this fraction, 24 proteins were previously
reported through proteome analysis of guanidine extracts prepared from chondrogenesis
models, either in vivo [20] or ex vivo [21]. These included, in addition to the common markers
of chondrogenesis, other fibrillar [al(I), a2(I), al(XII)] and non-fibrillar [a1(VI) and a2(VI)]
collagens, PGs (PGS1, PGBM), accessory ECM proteins (NID2, SRPX2, EMIL1, TENA,
TSP1), extracellular (LOXL4) and intracellular (G3P, PDIA3) enzymes, transporters
(VDACI1, ADTI, ADT?2), a chaperone (GRP78), but also cytoskeletal (TBA1B, VIM) and

nuclear (LMNA) components. We also found a number of regulations not described earlier in
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chondrogenesis (notably, RPN1, PDIA1, GRP75, ACTB, TBBS5, TIMP3, ATPB), including
several nuclear proteins (H11, H13, H13, H15, H2A1H and H2B1H, HNRH1, ROA1, ROA2,
DHX9, RMXL1).

3.3 iATDCS accumulate largely mature aggrecan in their ECM.

In the guanidine extract data set, peptide identification of aggrecan core protein was restricted
to the G1, G2, and G3 globular domains, suggesting that interglobular glycosaminoglycan
carrier domains must be heavily modified, preventing identification by LC-MS/MS [45]. To
better characterize the length of glycan chains and sulfation of the PGs, we performed SDS-
PAGE coupled to dMMB staining (figure 2. C). It did not reveal any staining against samples
obtained from cATDCS (figure 2. C) even at the latest time-points, while both iATDCS, as
early as day 14, and bovine articular cartilage samples exhibited very high molecular weight
PGs. The major corresponding protein was found by mass spectrometry to be aggrecan in
both cases (data not shown). These findings were in accordance with the notion that aggrecan
was largely glycosylated and sulfated (based on dMMB staining [40]). When the same
samples were investigated after protein backbone removal, the observed patterns smeared
over almost the entire lanes, reflecting the heterogeneity of glycosaminoglycan chain lengths.
There were apparently less chains of the highest molecular weights from iATDCS5 than from
bovine cartilage however. Still, aggrecan of iATDCS appears highly glycosylated and sulfated
in a way that resembles the ex vivo sample, indicating that iATDCS possess most of the

naturally occurring PG processing machinery in cartilage.

34 Composition and regulation of the collagen fraction.

Up to day 14 of the experiment, cATDCS5 did not contain any guanidine-resistant material.
Therefore, the CNBr contents at earliest time-points could not be compared and we
investigated only the composition of the corresponding iATDCS5 CNBr extracts. [figure 3]
These were almost uniquely composed of fibrillar collagens, with the only significant
exception of Fibronectin (FINC, figure 3. A). Therefore, iIATDCS were capable of integrating
fibrillar collagens into a solid network, as found in vivo. Based on the number of identified
peptides for each of them, al(Il) came second, preceded only by al(I), and representing about
1/4™ of the total collagen. From day 17 onward, cATDCS5 started accumulating material in
the CNBr fraction, enabling comparisons with iATDCS5 (figure 3. B). In addition to al(Il),
which was substantially upregulated at all time-points, type III collagen [al(III)] was very

robustly down-regulated. Others regulations, although less prominent, were concomitantly
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evidenced, notably upregulation of a1(XI) and downregulation of FINC. Therefore, collagens

are not only produced by iATDCS, but also crosslinked into the ECM.

3.5  Full inhibition of collagen crosslinking by BAPN.

In vivo, collagen crosslinking requires LOX-mediated oxidative deamination of key lysine
residues [13]. IATDCS cells were treated during the whole experiment with 0.2 mM beta-
aminopropionitrile (BAPN), which irreversibly inhibits enzymes of the LOX family (figure. 3.
C). In contrast to non-treated iATDCS, BAPN-treated iATDCS5 exhibited a total shift of the
collagen content from the CNBr digest to the guanidine extract, reflecting potent inhibition of
collagen crosslinking. Therefore, in the ATDCS model, collagen crosslinking appears to be

fully dependent on LOX activity.

3.6  Type Il procollagen proteolytic cleavage in iATDCS.

As the proteolytic processing of procollagen is a critical step of fibrillogenesis [46], we next
questioned whether N- and C-propeptides were cleaved from the type II procollagen secreted
by iATDCS. [figure 4] We found peptides that unequivocally demonstrated cleavage of both
the N- and C-propeptides at their conventional locations (figure 4), but none corresponding to
the uncleaved precursor. Indeed, our western blotting experiments using an antibody directed
against the C-propeptide of type II procollagen revealed, as early as day 7 and until day 35, a
single reactive species corresponding to the cleaved C-propeptide (Supplemental data 7).
Altogether, these data indicate that synthesized al(Il) by iATDCS is fully processed in terms

of proteolytic cleavage.

3.7  The PTMs of type II collagen in iATDCS are very similar to those found in vivo.

In order to further characterize type II collagen synthesized by iATDCS, we investigated its
chemical modifications (figures 4&5). [figure 5] Remarkably, many of the peptides identified
in this approach were found under several distinct chemical states. This finding highlights the
heterogeneity of PTM combinations carried by the population of al(Il) molecules (proline
hydroxylation, lysine hydroxylation, galactosylation and glucosyl-galactosylation). Overall,
combining findings from the CNBr digests and soluble secretomes, 59 % of the triple helix
sequence was covered by this analysis. This rate is insufficient to report on the exact PTM
status of al(Il) in the model, especially considering that several regions of particular interest,
such as the N-telopeptide and both GXKGHR motifs involved in cross-linking, were missing.

Still, this level of sequence coverage allows to compare the observed PTMs to those found in
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vivo (figure 5), taking as a reference the most exhaustive al(Il) PTM mapping reported to
date, obtained from bovine cartilage pepsin extracts [47]. The vast majority of the PTMs

found in iIATDCS was consistent with those reported in vivo.

4.  DISCUSSION

Since its first description in 1990 [24], the ATDCS5 model has become truly popular in the
field of chondrogenesis and spread through worldwide laboratories, allowing pertinent
functional characterization of multiple actors of chondrogenesis without the complexity of in
vivo experiments [25, 27, 28, 51-53]. Noticeably, iATDCS cells accumulate fibrillar collagen-

resembling structures into their ECM, as shown by electron microscopy [31].

However, the ATDCS5 proteome remained largely unknown until now. Here we investigated
the time-course of proteome regulations occurring in iATDCS, taking cATDCS as controls, in
order to better describe the actual composition of their ECM, and found 106 proteins
significantly regulated proteins, taking into consideration all time points and extracts (72 from
soluble secretomes and 34 additional ones from Guanidine/CNBr extracts). Among them, 62
proteins had been described earlier in proteomics studies of chondrogenesis, either in vivo or
ex vivo [20, 21], consolidating the biological significance of the model. Several of the
presently identified proteins have not been characterized in chondrogenesis yet and ATDC5

cells may thus be considered as a good model to assess their functions in the future.

The present findings also indicate that a number of proteins considered important in
chondrogenesis are missing or at unexpectedly low levels in this model. In particular,
Cartilage Oligomeric Matrix Protein (COMP) is abundant (and functionally important) in
cartilage. Indeed, it is among the most abundantly secreted proteins in primary chondrocytes
[37, 54] and in mesenchymal stem cells undergoing chondrogenesis [35, 55]. Yet, it is
absolutely missing in the present dataset. Likewise, other functionally important cartilage
ECM components, notably, type IX collagen [56] and Matrilins [57], though less obviously
evidenced by mass spectrometry in cell culture systems, are not found either. Type X collagen
is found specifically in guanidine extracts prepared from iATDCS (figure 2), but it remains
close to the minimal detection threshold. These findings are worth being considered prior to
using the model, especially when interested in the processes in which these proteins are

involved. In particular, COMP, type IX collagen and Matrilins are believed to work

14



collectively at interconnecting ECM molecules within cartilage and their absence in the model

is likely to alter the ECM ultrastructure [58].

Nevertheless, the model synthesizes and assembles into its ECM the major cartilage
components, aggrecan and type II collagen. In the ATDCS model, aggrecan resembles that
found in vivo (figure 2). Type II collagen is fully cleaved proteolytically (figure 4). Its
crosslinking is fully dependent on LOX activity (figure 3), like it is in cartilage [59]. These
are appreciable behaviors of the model, in comparison to previously characterized cell lines
[22, 60]. In addition, many of the post-translational modifications of type Il collagen are
similar to those observed in vivo (figure 5). Maturation processes of PGs and collagens
involve multiple and coordinated steps, that remain largely uncharacterized, precisely because
established cellular models that recapitulate them are lacking. In this respect, in the light of
our findings, ATDCS cells should be instrumental to better dissect the mechanisms of

cartilage ECM assembly.
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FIGURE LEGENDS

Figure 1: Proteins found modulated in the soluble secretomes of the ATDCS5 model. A.
Gene Ontology focused on biological process of the significantly overrepresented terms in
ATDCS undergoing chondrogenic differentiation (FDR <0.005). Only the four highest
overrepresented terms for biological process category are shown. Numbers embedded in the
bars indicate the percentage of involved proteins within a term among all proteins within our
data set. B. Time-dependent regulation of secreted proteins of iATDCS5 versus cATDCS5 are

hierarchically clustered in the form of a two-dimensional heat map. Protein abbreviations are
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according to the Uniprot database, excepted for collagen a-chains, which follow the collagen
nomenclature (Supplemental data S.1). The scale bar indicates color coding in the range from
one hundred-fold down-regulation to one hundred-fold up-regulation. Arrows pointing down
or up indicate proteins found only in cATDCS5 or iATDCS, respectively. Note that proteins
found unregulated at any time point were not listed here. Proteins/genes previously reported
in vivo [20], ex vivo [21] or in vitro [33] are highlighted in blue, grey and purple respectively.
Lack of data is indicated by white boxes. Proteins implicated in at least one of four described

biological processes are in bold. The whole output data are listed in Supplemental data S.3.

Figure 2: The overall ATDCS phenotype revealed by guanidine extract analysis. A.
Examination of the protein content of guanidine extracts obtained at major time points by
SDS-PAGE coupled to Coomassie staining. The pattern shown here are representative of all
replicates. This panel highlights the low content of extracts obtained at early time-points in
cATDCS5 and also serves as loading controls for panel C. B. The regulations of iATDCS5
versus cATDCS5 guanidine extracts are hierarchically clustered in the form of a two-
dimensional heat map. Protein abbreviations are according to the Uniprot database, excepted
for collagen a-chains which follow the collagen nomenclature (Supplemental data S.1). The
scale bar indicates color coding in the range from one hundred-fold down-regulation to one
hundred-fold up-regulation. Arrows pointing down or up indicate proteins found only in
cATDCS5 or iATDCS, respectively. Lack of data is indicated by white boxes. Note that
proteins found unregulated at any time point were not listed here. The whole output data are
listed in Supplemental data S.4. Proteins/genes previously reported in vivo [20], ex vivo [21]
or in vitro [33] are highlighted in blue, grey and purple respectively. C. Examination by SDS-
PAGE coupled to dMMB staining of the PG content of guanidine extracts obtained from
1ATDCS at day 14 and 35, compared to chondroitin sulfate standards, guanidine extracts
prepared from bovine articular cartilage as positive control and cATDCS at day 35 as negative

control, with or without proteinase K treatment.

Figure 3: Profound and biologically relevant regulation of collagen assembly by iATDC5
cells as revealed by CNBr extract analysis. A. Number of identified peptides (mascot score
> 35) in CNBr extracts from iATDCS at day 14. The corresponding output data are listed in
Supplemental data S.5. B. Time-dependent regulations of CNBr extract contents during
chondrogenic differentiation of ATDCS cells. The regulation profiles of proteins found in
CNBEr extracts of IATDCS versus cATDCS are hierarchically clustered in the form of a two-

dimensional heat map. The scale bar indicates color-coding in the range from one hundred-
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fold down-regulation to one hundred-fold up-regulation. Arrows pointing down or up indicate
proteins found only in cATDCS or iATDCS, respectively. Lack of data is indicated by white
boxes. Note that proteins found unregulated at any time point were not listed here. The
corresponding output data are listed in Supplemental data S.6. C. BAPN fully inhibits collagen
crosslinking. ATDCS5 chondrogenesis was induced by insulin with or without BAPN, and
cultures were analyzed for the production of covalently cross-linked ECM (bottom panel) and
of non-crosslinked ECM (top panel) by SDS-PAGE coupled to Coomassie staining. Results
shown here are from one replicate obtained from iATDCS at day 21, but are representative of
the whole experiment. The major content, as determined by mass spectrometry of tryptic
peptides, of most prominent bands were annotated. In the bottom panel, annotations are

according to the collagen cyanogen bromide peptide nomenclature.

Figure 4. Mass spectral evidence of type II procollagen maturation in iATDCS. (A)
MALDI-TOF analysis of the LC fraction exhibiting maximal signal for a compound observed
at m/z = 3016.37 at day 14 in the soluble secretome from iATDCS (top panel) and its absence
in the corresponding LC fraction obtained from cATDCS (bottom panel). The m/z window
was shorten to show the isotopic pattern. (B) TOF/TOF analysis of the major compound
evidenced in A and mass spectral interpretation of the fragments, evidencing N-propeptide
cleavage site. The fragmentation does not allow identifying the exact locations of
hydroxylations, which could only be deduced from the fragmentations of the other peptide
version, the precursor of which is seen in (A) at m/z = 3000.36, actually corresponding to the
same peptide with 5 hydroxylations instead of 6. (C) TOF/TOF analysis identifying the C-
propeptide cleavage site, also from the soluble secretome. (D) TOF/TOF analysis identifying
a version containing hydroxylations and galactosyl-glucosylation at an internal triple-helical
peptide (residues 786-818 according to the Uniprot precursor sequence), from the CNBr
digest. In this case (and several others), the residue localization of hydroxylations could not
be ascertained based on fragmentation only but was considered more likely at indicated
residues based on their Y position in the GXY triplet. Bold residues indicate the positions of

post-translational modifications.

Figure 5. PTMs of type II collagen synthesized by iATDCS. Residues are numbered
according to their position in al(II) precursor of mouse and bovine origin as annotated in the
UniprotKB database. The PTMs annotated here for the bovine protein are according to [47]
and serve as comparison to those found here in iIATDCS. Residues annotated in grey

correspond to peptides which were not identified. Residues annotated in italic correspond to
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peptides which were identified only from soluble secretome analysis, the others being from
CNBr extracts. Residues in red were found hydroxylated and those underlined were optionally
modified. The prolines in green were found hydroxylated but not conserved between species.
Yellow circles indicate lysine galactosylation and blue circles indicate additional
glucosylation. Arrows indicate the theoretical proteolytic cleavage sites by N- and C-
proteinases, respectively [48-50], respectively, the two of which were confirmed from soluble
secretome analysis in the present study. The PTM residue positions shown here are those
matching best peptide Mascot scores according to MSMS fragmentation. Many of the
peptides were identified under several versions differing by the number of PTMs and there
were cases of peptide versions for which the exact residue position of a given PTM could not
be certified. In such cases, the PTM localization was considered more likely at a position
found in other versions of the same peptide. The double arrows show a situation where the
exact PTM localization could not be discriminated. The corresponding output data are listed

in Supplemental data S.8 and Supplemental data S.9.
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