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Abstract

Introduction. This study develops assays to quantify collagen subtypes and crosslinks with liquid chromatography-mass
spectrometry (LC-MS) and characterizes the cartilages in the Yucatan minipig. Methods. For collagen subtyping, liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis was performed on tissues digested in trypsin. For
collagen crosslinks, LC-MS analysis was performed on hydrolysates. Samples were also examined histologically and
with bottom-up proteomics. Ten cartilages (femoral condyle, femoral head, facet joint, floating rib, true rib, auricular
cartilage, annulus fibrosus, 2 meniscus locations, and temporomandibular joint disc) were analyzed. Results. The collagen
subtyping assay quantified collagen types | and Il. The collagen crosslinks assay quantified mature and immature crosslinks.
Collagen subtyping revealed that collagen type | predominates in fibrocartilages and collagen type Il in hyaline cartilages, as
expected. Elastic cartilage and fibrocartilages had more mature collagen crosslink profiles than hyaline cartilages. Bottom-
up proteomics revealed a spectrum of ratios between collagen types | and Il, and quantified 42 proteins, including 24
collagen alpha-chains and 12 minor collagen types. Discussion. The novel assays developed in this work are sensitive,
inexpensive, and use a low operator time relative to other collagen analysis methods. Unlike the current collagen assays,
these assays quantify collagen subtypes and crosslinks without an antibody-based approach or lengthy chromatography.
They apply to any collagenous tissue, with broad applications in tissue characterization and tissue engineering. For example,
a novel finding of this work was the presence of a large quantity of collagen type Ill in the white-white knee meniscus and
a spectrum of hyaline and fibrous cartilages.
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Introduction Some imaging methods, such as immunohistochemistry,
can be used to visualize different collagen subtypes, but
these are nonquantitative.!

In this work, we introduce a liquid chromatography-tandem
mass spectrometry (LC-MS/MS) assay that uses multiple
reaction monitoring* to quantify collagen types I and II. This
assay is inexpensive compared with antibody-based methods
and applicable to collagenous tissues from human, bovine,
porcine, and murine sources. Enzymatic collagen crosslinks,
such as the mature trivalent crosslink pyridinoline (PYR) and
the immature divalent crosslink dihydroxylysinonorleucine

Collagen is the most abundant protein in the mammalian
body and is the foundation of the extracellular matrix
(ECM) of connective tissues.! Collagen is better described
as a superfamily of proteins consisting of 28 currently dis-
covered subtypes, each of which is a trimer consisting of 3
alpha-chains that associate into supercoiled triple helices.?
The main fibrillar collagen subtypes, collagen types I and
11, make up a large majority of collagens found in different
tissues all over the body.! A primary barrier to determining
the collagen composition of biological tissues is that high-
throughput and low-cost methods for collagen subtype
quantification remain a major Challenge'l The traditional 'Department of Biomedical Engineering, University of California, Irvine,
method of collagen quantification, the hydroxyproline Irvine, CA, USA
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(DHLNL), play important roles in the mechanical properties
of collagenous tissues.*® Recent work has introduced the use
of diamond hydride chromatography for collagen crosslink
quantification,” and, in this experiment, this chromatography
method is used on an LC-MS with high sensitivity and speci-
ficity. As a demonstration of these 2 novel assays, 10 carti-
lages of the Yucatan minipig are analyzed. This animal model
was selected because it is a well-recognized model for carti-
lage repair studies.®’

Cartilages are classified into 1 of 3 categories: hyaline car-
tilage, fibrocartilage, and elastic cartilage, based on the com-
position of the tissue’s ECM. Traditionally, cartilages are
classified by the types of fibrillar proteins within the tissue.
Hyaline cartilage, found on the ends of bones (articular carti-
lage) and in the ribs, nose, and trachea, is mostly collagen
type 1I by dry weight (DW).!° Fibrocartilage, found in the
knee meniscus, temporomandibular joint (TMJ), and annulus
fibrosus, has an ECM that contains mostly collagen type I by
DW.!! Elastic cartilage, found in the auricle of the ear and in
the epiglottis, has an ECM that contains both collagen types |
and II, as well as a substantial portion of elastin.'?

Previous tissue engineering studies have shown that it is
possible to engineer a spectrum of hyaline and fibrous car-
tilages, based on the ratio of collagen types I and II'3, that
is, more hyaline cartilage having more collagen type II and
less collagen type I, and more fibrous cartilage having more
collagen type I and less collagen type 1I. While there has
been evidence of higher collagen type II in the white-white
portion of the knee meniscus compared with the red-red
meniscus,'* it is not known whether a wide spectrum of col-
lagen ratios exist in native cartilages. Prior work has shown
that femoral condylar cartilage contains higher PYR cross-
links compared with knee meniscus in the immature knee
joint,? but it is unknown whether this trend holds true for
other cartilages or for mature joints.

The objectives of this work are to develop high-through-
put LC-MS assays to analyze collagen subtypes and cross-
links, to use these assays to characterize 10 cartilages of the
Yucatan minipig, and to use bottom-up proteomics to quan-
titatively characterize the proteome of these minipig carti-
lages. The hypotheses of this work are that: (1) the LC-MS/
MS collagen subtyping assay can quantify marker peptides
of collagen types I and II in a specific and sensitive manner,
and (2) the LC-MS collagen crosslinks assay can quantify
PYR, DHLNL, and hydroxyproline. Using minipig carti-
lages as examples, it is expected that: (1) the novel collagen
subtyping assay will show a majority of collagen type I in
fibrocartilages and a majority of collagen type II in hyaline
cartilages, (2) the collagen crosslinks assay will show dif-
ferent crosslink ratios in hyaline cartilages than fibrocarti-
lages, and (3) bottom-up proteomics will reveal different
ratios of collagen types I and II in different cartilages within
the traditional hyaline and fibrous classifications, revealing
a spectrum of cartilage tissues.

Methods
LC-MS/MS for Collagen Subtype Quantification

A Waters ACQUITY UPLC I-Class core system coupled to
a Waters Quattro Premier XE triple quadrupole mass spec-
trometer was used for the collagen subtype LC-MS/MS
assay. For all liquid chromatography in this study, solvent A
was 0.1% (v/v) formic acid in water and solvent B was
0.1% (v/v) formic acid in acetonitrile. Liquid chromatogra-
phy gradient settings were as follows: initial, 3% B; 2 min-
utes, 40% B; 3 minutes, 97% B; 4 minutes, 3% B; 5 minutes,
3% B; total run time, 5 minutes. An ACQUITY UPLC BEH
C18 column was used with a flow rate of 300 pl/min for
reverse-phase separation. Target peptides of collagen were
selected under the following criteria: susceptible to diges-
tion from trypsin; not found in any other protein aside from
1 specific collagen subtype; found in human, bovine, por-
cine, and murine tissues; and mass between 800 and 1800
Da. Briefly, PeptideRank was used for in silico prediction
of tryptic peptides for collagen subtypes with the best ion-
ization characteristics.'> Peptides were checked with NCBI
BLASTp to ensure uniqueness and identical sequence
across human, bovine, porcine, and murine proteomes. The
set of determined peptides is summarized in Table 1. After
a peptide was selected, a custom synthesis of the peptide
standard was ordered from GenScript. Multiple reaction
monitoring (MRM) methods were developed by diluting
peptide standards to 10 pg/ml in solvent A and then opti-
mizing cone voltage (CV) and collision energy (CE) to =1
V on repeated 5 pl injections. Standard curves were pre-
pared by 3x serial dilution of a 10 pg/ml mix of the collal
and col2al peptide standards. Limit of detection (LOD)
and limit of quantification (LOQ) were calculated based on
a signal-to-noise ratio of 3 (LOD) or 10 (LOQ), calculated
based on injections of the lowest concentration standard.

Quantification of Collagen Crosslinks and
Hydroxyproline

Liquid chromatography gradient settings were as follows:
initial, 90% B; 1 minute, 90% B; 2 minutes, 20% B; 4 min-
utes, 20% B; 5 minutes, 90% B; 10 minutes, 90% B; total
run time, 10 minutes. A Cogent Diamond Hydride 2.0
HPLC column was used with a flow rate of 400 ul/min for
aqueous normal phase separation, coupled to a Waters
ACQUITY QDa mass spectrometer. PYR standard was
ordered from BOC Sciences, DHLNL standard was ordered
from Santa Cruz Biotechnology, and hydroxyproline (OHP)
and pyridoxine (PDX) standards were ordered from Sigma
Aldrich. Quantification methods were developed by dilut-
ing PYR, DHLNL, OHP, and PDX standards to 1 pg/ml in
solvent A and then optimizing CV to =1 V on repeated 5 pl
injections. Standard curves were prepared by 3x serial dilu-
tion of a 1 pg/ml mix of PYR, DHLNL, and PDX and 10



1744S

CARTILAGE 13(Suppl 2)

Table |. Mass Spectrometry Settings for Target Analytes.

Analyte Peptide Sequence Mass (Da) Parent m/z Daughter m/z CV (V) CE (V)
Collal GVQGPPGPAGPR 1104.58 553.93 668.2 27 30
Col2al GIVGLPGQR 911.53 457.3 474.46 2| 13
Hydroxyproline n/a 131.13 132.17 n/a 6 n/a
PYR n/a 428.19 215.21 n/a 6 n/a
DHLNL n/a 307.34 308.30 n/a 6 n/a
Pyridoxine n/a 169.18 170.08 n/a 6 n/a

Bold P represents hydroxyproline.

CV = cone voltage; CE = collision energy; PYR = pyridinoline; DHLNL = dihydroxylysinonorleucine.

png/ml of OHP. PDX was used as an internal standard. LOD
and LOQ were calculated as described above.

Bottom-up Proteomics

For all bottom-up proteomics samples, the same peptide
digest used for the collagen I and IT LC-MS/MS assay
was used. For each tissue, digests from all 7 animals were
combined into 1 representative sample. The peptide
digests were subjected to LC-MS/MS analysis using a
Thermo Fischer Scientific UltiMate 3000 RSLC system
coupled on-line to a Thermo Fischer Scientific Orbitrap
Fusion Lumos mass spectrometer. Liquid chromatogra-
phy gradient was as follows: 4% to 25% solvent B over
57 minutes. A 50 cm X 75 pm [.D. Acclaim® PepMap
RSLC column was used at a flow rate of 300 nl/min for
reverse-phase separation. Each cycle consisted of 1 full
Fourier transform scan mass spectrum (375-1500 m/z,
resolution of 60,000 at m/z 400) followed by 15 data-
dependent MS/MS acquired in the linear ion trap with
collision-induced dissociation with normalized CE of
25%. Target ions already selected for MS/MS were
dynamically excluded for 30 seconds. Identification and
label-free quantification were carried out using MaxQuant,
as previously described.!® Briefly, raw files were searched
using MaxQuant (v. 1.6.0.16) against a FASTA containing
the sus scrofa proteome obtained from the SwissProt
open-source database (version from December 2020)
along with sus scrofa collagen proteins from TrEMBL.
The first search peptide tolerance was set to 20 ppm, with
main search peptide tolerance set to 4.5 ppm. The protein,
peptide, and peptide spectrum match level false discovery
rates were all 1% as determined by a target-decoy
approach. For quantification, intensities were determined
as the full peak volume over the retention time profile.
The degree of uniqueness required for peptides to be
included in quantification was “Unique plus razor
peptides.” The resulting label-free quantification (LFQ)
values calculated through MaxQuant were used for com-
paring protein relative abundance among different sam-
ples. The proteomics data have been deposited to the

ProteomeXchange Consortium via the PRIDE partner
repository with the data set identifier PXD025482.

Data Analysis and Statistical Analysis

For collagen types I and II and for collagen crosslinks,
MassLynx v4.1 software with QuanLynx was used to calcu-
late area-under-curve measurements for all MRM peaks for
interpolation into the standard curve. The resulting ng/ml
result was multiplied by the sample volume and appropriate
dilution factor to quantify the analyte quantity in the sam-
ple. Any analyte quantity below the LOQ was set to zero.
For crosslinks, the resulting mass of each crosslink was nor-
malized to DW or the amount of hydroxyproline in the
hydrolysate. For peptides, the peptide mass was converted
to protein mass. For collagen type II, the peptide mass
(M,,,) is multiplied by the mass ratio of the alpha-chain to
peptide (k) to calculate the mass of collagen type II in the
digest (M.,,,):

MC012 = kMpep

For collagen type I, protein mass is calculated based on the
quantification of the collal peptide; because collagen type
I is a heterotrimer which has 2 collal chains and 1 colla2
chain, the mass may be calculated, assuming the molar ratio
of collal to colla2 to be 2:1. Here, & is the mass ratio of a
col2al molecule to the col2al target peptide, and A4 is the
molar ratio of 1 colla2 molecule to 2 collal molecules as
calculated by their amino acid sequences and posttransla-
tional modifications:

M on =M congt +*Meongr = (1+A)MCO11a1

= (1+4)(kM )

For collagen type II, £ = 105.09. For collagen type I, & =

86.01 and A = 0.49. Molecular weights of the collagen pro-

teins were calculated after cleavage of the N-terminal pro-

peptides. Protein masses were normalized to sample DW.
Statistical analysis was performed in JMP Pro 14. Post

hoc Tukey tests were used after performing 1-way analyses
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Figure |. The locations of the different cartilages harvested
from the Yucatan minipig. lllustration by Chrisoula Skouritakis.
TMJ] = temporomandibular joint.

of variance (ANOVAs). Statistical significance (P < 0.05)
is indicated with a connecting-letters report on all bar
graphs; bars not sharing the same letter are significantly dif-
ferent from each other. All graphs were generated in
GraphPad Prism 8.

Sample Preparation

Ten cartilage tissues from the Yucatan minipig were ana-
lyzed: knee meniscus (both red-red portion and white-white
portion separately), TMJ disc (center region), annulus fibro-
sus of the intervertebral disc (L5/S1 or L6/S1 joint), auricu-
lar (ear) cartilage, femoral head cartilage, femoral condyle
cartilage, costal cartilages of the true rib (rib 1) and floating
rib (rib 14), and facet joint cartilage (Fig. 1). Cartilage pieces
were excised from N = 7 skeletally mature (5-6 month old)
Yucatan minipigs which were previously culled for reasons
unrelated to this study. For histological analysis, 5 mm biop-
sies from 3 representative pieces of each cartilage type were
fixed in formalin, embedded in paraffin, sectioned to 5 pm
thickness, and stained with hematoxylin and eosin (H&E) or
picrosirius red (PR) as previously described.!” Two 1.5-mm
biopsy samples (0.5-1 mg wet weight) from each cartilage
piece were washed in ultrapure water, dabbed dry, weighed
for wet weight, lyophilized, and weighed again for DW. One
biopsy sample was used for the collagen subtyping assay
and bottom-up proteomics, and the other was used for the
crosslinks assay.

For collagen subtyping and bottom-up proteomics, sam-
ples were washed twice in 10 mM ammonium citrate and
twice in 50 mM ammonium bicarbonate, and then mass
spectrometry—grade trypsin was added in a 1:20 (w/w) ratio
of trypsin to sample DW, and samples were digested at
65°C in 200 pl of 50 mM ammonium bicarbonate. After

digestion, samples were filtered through 100 kDa molecular
weight cut-off centrifugal filters and diluted 1:1 in 0.1%
formic acid, yielding a transparent, colorless peptide digest
solution. For the crosslinks assay, biopsy samples were sub-
merged in 1 mM NaOH containing NaBH, (1% weight to
sample weight) for 2 hours at room temperature, washed
overnight in ultrapure water, and then hydrolyzed in 6N
HCI at 105°C for 18 hours in a heat block. HCI was evapo-
rated, and samples were resuspended in 400 pl of 0.1% for-
mic acid, then filtered through 100 kDa molecular weight
cut-off centrifugal filters, and diluted 20:1 in 0.1% formic
acid, yielding a transparent, colorless hydrolysate.

Results

LC-MS Assays for Collagen Subtypes and
Crosslinks

The determined parameters required for running the
LC-MS/MS assays for collagen subtype and crosslink
quantification are displayed in Table 1. The collagen sub-
typing assay quantified collal and col2al marker peptides
in biological tissues in a 5-minute chromatography gradi-
ent, and the collagen crosslinks assay quantified PYR,
DHLNL, and hydroxyproline in a 10-minute chromatogra-
phy gradient. For the collal marker peptide, the LOD was
40.7 ng/ml and the LOQ was 135.7 ng/ml. For the col2al
marker peptide, the LOD was 9.5 ng/ml and the LOQ was
31.9 ng/ml. For a 200-pg DW sample, these LOQs corre-
spond to a quantifiable amount of collagen at approximately
3.5% collagen type I/DW and 0.7% collagen type II/DW.
Both marker peptides’ standard curves yielded a strong
goodness of fit (R? > 0.99). To translate the assay result of
peptide ng/ml to a protein/DW, complete digestion of the
tissue is necessary. The technique of single-step high-tem-
perature trypsin digestion at 65°C rather than the standard
37°C yielded peptide digests that were transparent, color-
less, and absent of any undigested tissue (with the exception
of mineralized tissues), indicating that digestion was
complete. For collagen crosslinks, the LOD and LOQ of
hydroxyproline were 2.7 and 8.9 ng/ml, LOD and LOQ
of PYR were 6.5 and 21.5 ng/ml, and LOD and LOQ of
DHLNL were 0.6 and 2.0 ng/ml, respectively. This degree
of sensitivity was sufficient to quantify PYR, DHLNL, and
hydroxyproline in all tested tissues.

Collagens in Minipig Cartilages

Collagen types I and II were quantified in 10 tissues via
LC-MS/MS high-throughput quantification (Fig. 2A and B);
data are presented as collagen mass per DW. For collagen
type I, the fibrocartilages had the highest amount per DW.
TMIJ disc had the highest content out of the fibrocartilages,
at 85.1% = 4.0% per DW. All hyaline cartilages (true rib,
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Figure 2. Collagen subtype quantification in the cartilages of the Yucatan minipig. (A) Collagen type | normalized to dry weight. (B)
Collagen type Il normalized to dry weight. Dashed lines: limits of quantification of the LC-MS/MS assay. (C) Bottom-up proteomics
analysis of collagens. Hyaline, elastic, and fibrocartilage x-axis labels are marked with blue, green, and red colors, respectively. LC-MS =
liquid chromatography-mass spectrometry; DW = dry weight; TM] = temporomandibular joint; RR = red-red; WW = white-white.

floating rib, femoral condyle, femoral head, facet joint) had
a quantity of collagen type I that was below the LOQ. The
articular cartilages (femoral head, femoral condyle, facet
joint) had the highest amount of collagen type II per DW

+

(69.5%

7.8%, 62.8% = 9.7%, 57.3%

+

11.1%,

respectively); the femoral head cartilage had significantly
(P = 0.02) higher collagen type II than facet joint cartilage.
None of the fibrocartilages had significantly different
amounts of collagen type II per DW, and in all TMJ disc
samples, the amount of collagen type II was below the
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LOQ. For the hyaline costal cartilages, collagen type II per
DW was significantly lower than other hyaline cartilages;
this is due to a high degree of calcification of rib cartilages
in the skeletally mature pigs.

Cartilage Crosslinks

The mature (PYR) and immature (DHLNL) crosslink con-
tents of the cartilages are depicted in Figure 3. Normalized
to collagen as measured by hydroxyproline content, the
highest PYR content was found in the auricular cartilage
(62.0 = 13.0 mmol/mol), while most fibrocartilages such as
the red-red meniscus (19.6 = 6.6 mmol/mol) had higher
mean PYR than hyaline cartilage such as the femoral con-
dyle (8.1 = 2.2 mmol/mol). Normalized to collagen, there
were no significant differences in DHLNL content among
all cartilage types. Normalized to dry weight, all elastic and
fibrocartilages except for annulus fibrosus have signifi-
cantly more PYR than hyaline cartilages. For example, red-
red meniscus has the highest PYR/DW at 2420 £ 568 ng/
mg, whereas true rib cartilage has the lowest PYR/DW at
609 * 381 ng/mg. A similar pattern was found with DHLNL
normalized to dry weight, where most fibrocartilages had
higher mean DHLNL/DW than hyaline cartilages, with
annulus fibrosus being an exception. For example, TMJ
disc (692 * 163 ng/mg) had significantly more DHLNL/
DW than true rib (242 = 106 ng/mg), The “maturity ratio,”
defined as the molar ratio of PYR to DHLNL (Fig. 3E), was
highest in the auricular cartilage (10.4 = 2.3 mol/mol) and
had a higher mean in all fibrocartilages than hyaline carti-
lages, but this difference was only significant for annulus
fibrosus (4.0 = 2.0 mol/mol).

Bottom-up Proteomics Analysis

A full list of relative proportions of all quantified proteins
with greater than 0.1% protein per total protein can be found
in Table 2. Collagen results are summarized in Figure 2C.
In hyaline cartilages, collagen type II predominates over col-
lagen type I, varying from a 12-fold difference (floating rib)
to a 74-fold difference (femoral condyle). In auricular carti-
lage, collagen types I and II are very close, with about a 1.3-
fold higher amount of collagen type 1. This is consistent with
a 1.4-fold higher amount of collagen type I in auricular car-
tilage, as found via high-throughput subtyping (Fig. 1A and
B). All fibrocartilages have much higher collagen type I than
type 1I, ranging from a 9.5-fold difference in the annulus
fibrosus to a 157-fold difference in the red-red meniscus. In
most cartilages, minor collagens (those aside from collagen
types I and II) account for a small proportion of total colla-
gen, ranging from 2.7% in the annulus fibrosus to 12.7% in
the floating rib. The exception is the white-white meniscus
which contained 28.8%, most of which comes from collagen
type III; the white-white meniscus contained 24.7% of

collagen type III per total collagen, the highest among any
cartilages tested. The most prominent minor collagens were
collagen types III, IX, XI, and XVI in hyaline cartilages and
types 111, V, VI, and XI in elastic and fibrocartilages. Other
proteins that were found in the ECM include aggrecan core
protein, hyaluronan and proteoglycan link protein 1, bigly-
can, cartilage intermediate layer protein 1, and decorin.

Histology

Histological stains on all cartilages are shown in Figure 4.
H&E histology was used to visualize cells and ECM.
Fibrocartilages, which stained more heavily with eosin than
hyaline, and elastic cartilages showed striated patterns of
anisotropic collagen organization. Histological results were
consistent with the literature in terms of the morphology
and relative staining intensities; for example, hyaline and
clastic cartilages appeared more isotropic, with less strong
eosin staining and stronger hematoxylin staining due to
higher quantities of glycosaminoglycans (GAGs) in the tis-
sues.'® The true rib morphology had a fragmented appear-
ance in areas of high calcification. PR staining, similar to
H&E staining, stained more intensely for collagen in the
fibrocartilages and appeared fibrous and anisotropic. PR
staining intensity was lower in the nonfibrous cartilages,
and there was less organization of collagen fibers.

Discussion

In this experiment, we developed and optimized 2 LC-MS
assays for quantification of collagen subtypes and collagen
crosslinks, and confirmed the hypotheses that LC-MS can
be used as a sensitive, specific, quantification method for
collagen subtypes and crosslinks in biological tissues. With
the parameters detailed in Table 1, researchers with access
to mass spectrometers can run these assays. The collagen
subtyping assay has advantages over other collagen assays;
it is specific to collagen subtype, can be run with a 5-minute
chromatography gradient, and does not require expensive
antibodies. The collagen crosslinks assay can simultane-
ously detect hydroxyproline and crosslinks (immature and
mature) in a 10-minute gradient; this assay offers research-
ers an additional low-cost and low-operator-time technique
to study biological tissues.

To demonstrate these novel tools, 10 different cartilages
of the Yucatan minipig were analyzed with the collagen
subtype and crosslink quantification assays. The collagen
subtyping assay accurately showed a majority of collagen
type I in fibrocartilages and a majority of collagen type Il in
hyaline cartilages, and the crosslinks assay showed that the
collagen of hyaline cartilages contains more crosslinks than
the collagen of fibrocartilages. A bottom-up proteomics
analysis was also performed, and the proteomes, quantified
in Table 2, will allow cartilage researchers and clinicians to
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Figure 3. Crosslink quantification in the cartilages of the Yucatan minipig. (A, C) Mature crosslinks (PYR) normalized to
hydroxyproline and dry weight, respectively. (B, D) Immature crosslinks (DHLNL) normalized to hydroxyproline and dry weight,
respectively. (E) Maturity ratio, or the molar ratio of PYR to DHLNL. Hyaline, elastic, and fibrocartilage x-axis labels are marked with
blue, green, and red colors, respectively. DHLNL = dihydroxylysinonorleucine; PYR = pyridinoline; OHP = hydroxyproline; TM] =

temporomandibular joint; DW = dry weight.
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Table 2. Bottom-up Proteomics Results on Yucatan Minipig Cartilages.
Protein/Total Protein

Gene Protein Name FC FH FJ TR FR AC AF MW TD MR
PGCA Aggrecan core protein 0.15 0.21 0.18  0.00 0.45 004 002 003 0.00 0.00
PGSI Biglycan 009 018 0.3 000 000 0.08 0.0l 0.02 000 0.00
CILPI Cartilage intermediate layer 0.13 014 0.2 000 000 000 002 006 0.0 0.00

protein |
COLIAl  Collagen type | alpha | I.11 217 365 634 638 3445 6001 5071 6371 61.32
COLIA2  Collagen type | alpha 2 0.11 0.08 051 046 031 18.08 2758 2146 2853 30.17
COL2Al  Collagen type Il alpha | 91.06 8987 8720 8460 8090 40.14 9.2I 481 .15 058
COL3AIl  Collagen type lll alpha | 442 321 336 032 002 384 .56 1968 419 576
COL4Al  Collagen type IV alpha | 007 009 005 079 032 003 002 000 000 0.00
COL4A2  Collagen type IV alpha 2 0.02 0.0l 0.0l 030 026 0.0l 0.00 0.00  0.00 0.00
COL4A3  Collagen type IV alpha 3 005 007 003 004 015 003 004 004 008 0.05
COL4A4  Collagen type IV alpha 4 000 000 000 000 0.00 0.0l 0.01 0.0l 0.10  0.02
COL4A5  Collagen type IV alpha 5 0.0l 0.02 0.0l 044 032 003 005 007 008 0.I5
COL5Al  Collagen type V alpha | 0.07 004 009 003 00l 005 009 042 0.6 025
COL5A2  Collagen type V alpha 2 0.07 003 0.07 0.0l 310 0.06 008 030 0.09 009
COL5A3  Collagen type V alpha 3 0.5 047 0.14 002 002 0.4 005 062 023 0.14
COL6A2  Collagen type VI alpha 2 0.06 009 0.08 0.0l 0.0l 0.16 005 0.10 0.04 0.05
COL6A3  Collagen type Vl alpha 3 0.0 018 014 000 000 0.7 017 033 019 o0.I9
COL9AI  Collagen type IX alpha | 0.21 026 037 08 076 000 000 000 002 0.06
COL9A2  Collagen type IX alpha 2 0.14 016 025 079 033 000 002 025 022 0.02
COLIOAI Collagen type X alpha | 000 000 000 017 098 003 0.0l 0.00 000 0.04
COLIIAl Collagen type Xl alpha | 040 043 073 1.15 1.6l 047 023 0.1 0.07 0.10
COLI1A2 Collagen type Xl alpha 2 058 0.70 1.05 102 203 048 010 005 0.10 006
COLI2A1 Collagen type Xll alpha | 004 022 0.3 00l 0.00 007 006 003 007 008
COLI5A1  Collagen type XV alpha | 000 000 000 000 000 000 004 006 0.8 0.08
COLI6AI Collagen type XVI alpha | 0.5 019 009 003 002 007 0.0l 0.00 0.0l 0.00
COL27A1 Collagen type XXVl alpha | 0.05 009 006 007 028 004 007 008 008 0.I9
COL28AI| Collagen type XXVl alpha | 0.00 000 000 000 08 000 000 000 000 0.00
CUBN Cubilin 0.00 000 000 000 000 O.II 025 0.0l 0.12 027
COX6C  Cytochrome c oxidase subunit 6C 0.00  0.00 000 0.17 0.14 0.00 000 000 000 0.00
PGS2 Decorin 0.16 0.1 0.14 009 O.lI 0.11 0.07 010 0.0 0.05
FMOD Fibromodulin 002 003 003 005 000 003 0.0l 0.02 0.0l 0.01
G3P Glyceraldehyde-3-phosphate 002 0.6 0.08 0.0l 0.00 0.0l 0.02 0.0l 0.01 0.00

dehydrogenase
HBA Hemoglobin subunit alpha 0.00 0.5 005 000 0.00 0.0l 0.02 0.0l 0.0l 0.00
H4 Histone H4 004 004 008 003 002 005 0.0l 0.0l 0.01 0.02
HPLNI Hyaluronan and proteoglycan link 0.10 014 030 0.13 0.11 0.16 0.03 004 000 0.0l

protein |
MFGM Lactadherin 007 013 023 008 010 0.0 002 008 000 0.00
MYG Myoglobin 0.00 0.0l 0.5 000 000 0.00 0.0l 0.00 000 0.00
MYH7 Myosin-7 0.00 0.0l 0.00 .75 003 000 000 000 0.00 000
ROCK2  Rho-associated protein kinase 2 0.0l 0.03 0.02 0.01 0.00 0.17 0.0l 0.19  0.23 0.0l
TENA Tenascin 0.14 009 0.1l 0.0l 0.00 0.0l 0.00 005 003 0.05
KSYK Tyrosine-protein kinase SYK 0.03 0.0l 004 003 014 002 000 000 005 0.03
VIME Vimentin 0.02 002 002 000 003 057 000 000 00l 0.02

Only proteins that comprise greater than 0.01% of total protein content are included.

FC = femoral condyle; FH = femoral head; F] = facet joint cartilage; TR = true rib; FR = floating rib; AC = auricular (ear) cartilage; AF = annulus

fibrosus; MW = meniscus white-white region; TD = temporomandibular joint disc; MR = meniscus red-red region.

better understand the matrix that comprises these tissues. the quantification of the ratio of collagen types I and II.
With bottom-up proteomics analysis, evidence that hyaline =~ Notably, the fibrocartilage of the knee meniscus revealed
and fibrous cartilages exist on a spectrum was supported by ~ regional differences between the white-white and red-red
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Figure 4. Histological stains on minipig cartilages. H&E, hematoxylin and eosin; PR, picrosirius red; TM] = temporomandibular joint.

Scale bar, 100 um.

region, although this difference is substantially less than
what has been reported in other work, as described below.
Overall, this study provides (1) a basis for researchers to
simultaneously quantify collagen types I and II in a high-
throughput manner, (2) relative quantities of the 42 most
abundant proteins found in 10 cartilages, and (3) evidence
for a spectrum of native hyaline and fibrous cartilages.
Determining collagen content is a vital step for charac-
terization of biological tissues and products. The currently
practiced methods for collagen quantification are described
in Table 3, which shows that the LC-MS/MS collagen sub-
type quantification technique developed in this work is
more cost-effective and specific than other options; the
novel subtyping assay is a fraction of the cost of ELISA or
Orbitrap-based label-free quantification. While some pre-
vious work has been done toward developing MS assays
for quantitative collagen subtyping,'® the high-throughput
method used in this study is faster (5-minute versus

60-minute chromatography), eliminates a lengthy salt cut-
ting procedure, and uses a single-step high-temperature
trypsin digestion rather than a combination of trypsin and
highly toxic cyanogen bromide.?’ Although some cartilage
types in this sample set yielded collagen readings below
the LOQ (collagen type I in hyaline cartilages and collagen
type II in TMJ disc), it is possible that these collagen types
can be quantified with the same assay on a different instru-
ment; more recent mass spectrometer models have been
advertised to greatly improve the signal-to-noise ratio
compared with older models, such as the one used in this
study. With these newer models, the target peptide approach
can be used to quantify minor collagen subtypes simultane-
ously with collagen types I and II in a high-throughput and
low-cost manner. The work presented in this study is rele-
vant to tissue engineers, who may use collagen content as a
benchmark due its role in mechanical properties of tissues
such as cartilages,?! blood vessels,?? ligaments,’ and skin.?



Bielajew et al. 1751S
Table 3. Comparison of Collagen Assays.
Method Price (Approx.)* Operator Time (h)* Notes
Hydroxyproline assay $50 6 Not specific to different types of
collagen
ELISA $500 6 Antibodies for many minor collagen
(I collagen type) types unavailable
Label-free Orbitrap-based $4,000 2 Low-throughput for large sample sets
quantification (All collagen types) (36-h machine time)
Label-free LC-MS/MS with $40 2 Requires additional method

multiple reaction monitoring (targeted collagen types)

(3-h machine time) development for minor collagens

LC-MS = liquid chromatography-mass spectrometry; ELISA = enzyme-linked immunosorbent assay.
2For 36 samples. Prices are estimated based on reagent costs and machine usage rates at the High-end Mass Spectrometry Facility and the Mass

Spectrometry Facility at the University of California, Irvine.

Collagen quantification is important in other fields as well;
collagen content has been correlated to malignancy of vari-
ous cancers,** and it is used in many products in the cos-
metics industry?>2® and food and beverage industry.?’

While collagen crosslink quantification assays have
recently seen improvements in the development of silica
hydride-based chromatography and mass spectrometry,’
the assay in this study features an improvement in using a
10-minute chromatography gradient for a low assay run-
time compared with commonly used crosslinks assays (30-
45 minutes). This collagen crosslink assay, like the collagen
subtype quantification assay, is applicable to collagenous
tissues all over the body. A novel aspect of this work is the
usage of a maturity ratio for cartilages. While other groups
have looked at the ratio of immature and mature crosslinks
in collagenous tissues,® this is the first study that compares
this ratio across different types of cartilage. This study
showed that fibrocartilages have a greater maturity ratio
than hyaline cartilages. Whether or not this is due to rates of
collagen turnover in these cartilages, mechanical demands
of the tissue, or other factors is yet to be determined.

The bottom-up proteomics method in this study provided
quantitative evidence that a spectrum of hyaline and fibro-
cartilages exists in the Yucatan minipig, shown in the ratio
of collagen type I to collagen type II. In hyaline cartilage,
the ratio of collagen type II to collagen type I varies from
about 74:1 in femoral condyle to about 12:1 in floating rib.
In fibrocartilage, the ratio of collagen type I to collagen type
IT ranges from over 150:1 in the red-red meniscus to less
than 10:1 in the annulus fibrosus. Auricular cartilage, the
only elastic cartilage in this data set, contains roughly the
same amount of collagen types I and II. This wide array of
ratios suggests the existence of a spectrum of fibrous and
hyaline cartilage rather than discrete categories.

A spectrum of cartilage properties also appears not only
in the collagen ratios but also in the collagen crosslinks. As
shown in Figure 3A and C, fibrocartilages had greater
quantities of mature crosslinks per hydroxyproline and dry
weight than hyaline cartilages. It is possible that this may

arise from the way that collagen type II crosslinks to colla-
gen type X1 in hyaline cartilage ECM,* given that the bot-
tom-up proteomics revealed 0.99% to 3.6% collagen type
XI per protein in the hyaline cartilages. Collagen type I can
crosslink to collagen type V,* and collagen type V was less
abundant, at 0.21% to 1.34% in the fibrocartilages, so it is
possible that more crosslinks are formed between collagen
types I and V than between II and XI. The difference in
crosslinking may also arise from differences in the structure
of the collagen molecules. One study has reported that a
higher amount of glycosylated hydroxylysine residues in
collagen type II results in a larger molecular spacing com-
pared with collagen type I, allowing collagen type II to con-
tain 50% to 100% more water than collagen type I, and this
property may allow collagen type II to resist osmotic swell-
ing from GAGs in cartilage ECM to dissipate compressive
loading.*® This increased spacing, which is needed for a col-
lagen network that better resists osmotic swelling, may
reduce the efficiency of collagen crosslink kinematics.
Additional experiments will need to be performed to fully
understand the differences in crosslinking between hyaline
cartilages and fibrocartilages.

When damage to hyaline articular cartilage results in
fibrocartilage formation, via bleeding either from subchon-
dral bone or from microfracture procedures, a fibrocartilage
repair tissue is formed in the defect that contains both col-
lagen types I and II,3! which fails mechanically in the long
term.*? The failure of this fibrocartilage repair tissue may be
in part due to the aforementioned role of collagen II in dis-
sipating compressive forces; if the ECM of the repair tissue
is of the wrong composition, it may not stand up to the
large, repeated forces withstood by hyaline articular carti-
lage. While current methods for repair of cartilage defects
are unsuccessful in the long term, tissue engineering is a
promising strategy to generate biomimetic cartilage
implants for cartilage regeneration.>

Because different types of collagen are implicated in the
loading capabilities of cartilage tissues, engineered cartilages
must be designed to match the ECM of the cartilage that they
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are designed to replace. The bottom-up proteomics analysis
of the cartilages in this study can be used to define gold stan-
dard ratios of collagen types I and II in engineered cartilages.
Tissue engineering studies using the self-assembling process
have engineered a spectrum of fibrous and hyaline neocarti-
lages by varying the time of 3-dimensional aggregate cul-
ture,'? although collagen types I and II were not quantified.
Other studies have used different ratios of cell sources (e.g.,
meniscus fibroblasts and articular chondrocytes) to achieve
different ratios of collagen types.** Additional studies to fine-
tune these techniques and generate specific collagen type I:11
ratios must be completed to replace different cartilages
around the body. While the minipig is a promising animal
model for cartilage repair®® and has been used in attempts at
cartilage regeneration using tissue-engineered implants,>® a
thorough characterization on the hyaline-fibrocartilage spec-
trum of human cartilage must also be completed to determine
engineering specifications for tissue-engineered cartilage in
humans because interspecies differences in collagen content
have been noted.*® In addition, the Yucatan minipigs in this
study were all skeletally mature. Because the collagen and
crosslink content of cartilage changes with age and dis-
case,’’8 additional characterization of cartilages at different
ages will be needed for a diverse patient population.

The relative proportion of collagen types I and II in the
knee meniscus is supported by conflicting literature. An
early study claimed that collagen of the porcine meniscus is
completely type 1,* but a subsequent study claimed that the
white-white portion of the bovine meniscus is 60% collagen
type I and 40% collagen type I.'* This idea that the white-
white meniscus contains abundant collagen type II, and,
thus, is reminiscent of hyaline articular cartilage, has
become accepted in the meniscus field.>* A more recent
proteomics analysis on various cartilages reveals over a
12-fold ratio of collagen type I to collagen type II in the
human knee meniscus,*' although the region was not speci-
fied. The bottom-up proteomics analysis in our study
revealed a 15-fold ratio of collagen type I to type II in the
white-white region and a greater than 150-fold ratio in the
red-red region. While there is indeed a stark difference in
this ratio between the 2 regions, these data, in conjunction
with the histological staining (Fig. 4), suggest that the
white-white meniscus of the Yucatan minipig is indeed a
true fibrocartilage, with a substantially dissimilar ECM
from hyaline cartilage. The white-white meniscus also had
the highest amount of collagen type III out of any of the
cartilages studied. To our knowledge, this is the first study
that reports a high amount of collagen type III in the white-
white meniscus. One study has shown that collagen type 11
is intensely expressed at the surfaces of the meniscus*;
because the white-white region is exceedingly thin com-
pared with the red-red region, the higher quantity of colla-
gen type III could be a result of this high surface area to
volume ratio. Another study has highlighted that collagen

type III plays a crucial structural role in meniscus ECM by
maintaining fibril spacing and diameter,*® but did not quan-
tify the amount of collagen type III in the tissue. Collagen
type III comprises up to 20% of the protein in cartilages,
suggesting that collagen type III should be considered a
major collagen type, along with collagen types I and II. This
finding warrants further investigation into the mechanical
roles of collagen type III in cartilages. A study on human
cartilages will be important to determine the ECM charac-
teristics of the human meniscus, particularly the quantity of
collagen types I, 11, and III in different regions.

In this study, we developed LC-MS assays to quantify
collagen subtypes and crosslinks in biological tissues. These
assays are inexpensive, require a low operator time, and can
be modified to quantify minor collagen types and their
crosslinks. As a demonstration of these assays, they were
applied to the cartilages of the Yucatan minipig, a promising
animal model for cartilage repair. Collagen types I and II,
along with the crosslinks PYR and DHLNL, were quantified
in hyaline, elastic, and fibrocartilages. Bottom-up pro-
teomics revealed a spectrum of collagen ratios in these tis-
sues, thus showing the existence of a hyaline-fibrocartilage
spectrum in native cartilage. This is one of many potential
ways that the high-throughput collagen subtyping developed
in this work can be used for characterization of collagenous
tissues, informing best practices for tissue engineers and sur-
geons as they develop treatment strategies.
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